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Abstract
In this work an experimental study of size varied, neutral, and free metal
clusters using synchrotron radiation excited photoelectron spectroscopy was
performed. The combined core-level and valence photoelectron spectroscopic
investigation indicates metallic properties for nanoscale Rb, K, Sn, and Bi
clusters. In the case of Sn the experimental results suggest a metal-toinsulator transition occurring at the studied size range. In addition to the
experimental results the technical implementation of the cluster production
set-up is presented and jellium-model-based simulations are compared with
the experimental results of the Rb and K clusters.
Key words: Metal clusters, cluster formation, metallic properties, synchrotron
radiation, electron spectroscopy, core-level photoelectron spectroscopy, valence photoelectron spectroscopy, jellium model simulations
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Chapter 1
Introduction
Clusters consist of a finite and arbitrary number of constituent atoms or
molecules and form an intermediate state of matter between individual atoms
and the solid state. Especially for clusters made of metallic elements the
cluster size is a critical property and while large clusters may have a metallic
character close to that of the respective solid, smaller clusters may resemble
non-metallic semiconductive particles. This phenomenon has been related
to the evolution of clusters’ discrete energy levels to the solid-like bands at
large cluster sizes [1], and it is one of the key topics of metal cluster research.
In photoelectron spectroscopy the electronic structure of matter is probed
by irradiating the investigated system by ionizing radiation and detecting
the emitted photoelectrons. This technique was introduced for the chemical
analysis by Siegbahn in the 1960’s [2, 3] and since then it has become an
established technique in the research of metal clusters [4]. Even though the
first experiments on free cluster jets were already carried out by Becker in
the 1950’s [5], the core-level photoelectron spectroscopy of free clusters could
not be performed until much later [6]. This was due to the 3rd generation
synchrotron radiation sources and enhanced instrumentation o↵ering higher
signal intensities which made electron spectroscopy of these relatively dilute
targets feasible. Study of free clusters located in vacuum is of great importance for the photoelectron spectroscopy, since the perturbing chemical
environment (e.g. substrate) is not present - as in the case of deposited clusters on surfaces - and therefore the observed photoelectron spectra of free
clusters are undisturbed and describe the properties of the studied clusters
in general.
Core-level and valence photoelectron spectroscopy provides information
about the clusters’ electronic structure and gives an insight to the bonding
mechanisms of the constituent atoms. Properties of the photoelectron spectra
can be also used to probe the metallic properties of the studied clusters and
obtain information about their physical dimensions [4]. Furthermore, in the
case of size selected and charged clusters, the band gap closure at the valence
1

has been observed directly using photoelectron spectroscopy [7].
In the present work we have used the synchrotron radiation excited photoelectron spectroscopy to probe the metallic properties of free and neutral
Rb, K, Sn and Bi metal clusters in nanoscale dimensions. The high brightness and energy tunability of the synchrotron radiation has made it possible
to study both the deep core-level and the outer valence orbitals and has provided a unified picture of the evolution of clusters’ properties as a function
of cluster size. Moreover, jellium-model-based simulations have been carried
out and compared with the experimental results. In addition to the scientific discoveries a great part of this work was to develop, build and test the
used cluster source set-up which is capable to produce free and size varied
clusters from various elements and to provide adequate sample densities for
the core-level and valence photoelectron spectroscopy.
The introductory part of the thesis is arranged into six chapters. In Chapter 2, Methods and concepts, the main principles concerning the photoelectron spectroscopy of free metal clusters are treated. In Chapters 3, Cluster
formation, and 4, Experiments and instrumentation, the cluster formation
techniques and the experimental set-ups and instrumentation used in Papers
I-VI are presented and discussed. And finally, in Chapters 5, Summary and
discussion of the included papers, and 6, Conclusion and outlook, the results
of the Papers I-VI and the outlook of future plans are briefly discussed.

2

Chapter 2
Methods and concepts
2.1
2.1.1

Electronic structure of matter
Schrödinger equation and electronic orbitals

In the theory of quantum mechanics all physical systems, such as atoms,
molecules and clusters, can be characterised by a wave function . In
non-relativistic case the wave function can be obtained by solving the timeindependent Schrödinger equation [8, 9]:
Ĥ

=E ,

(2.1)

where Ĥ is Hamiltonian operator of the system, and eigenvalue E is the total
energy of the system. Hamiltonian operator depends on the investigated
system and includes all the interactions.
The Schrödinger equation can be solved in a closed-form only in the
case of a single electron systems (e.g. hydrogen) and typically solutions for
more complex systems which include electron-electron interaction - such as
multi-electron atoms, molecules and clusters - require various approximations
and initial guesses for the wave functions. In the Hartree-Fock method the
electron-electron interaction is replaced by a central field approximation and
Schrödinger equation is typically solved using variational principle and iterative approach. For heavy systems where relativistic approach is required, the
Dirac-Fock theory [10] can be used and the Schrödinger equation is replaced
by the Dirac equation.
Electronic configurations and coupling schemes in atoms
Atomic electrons’ wave functions, orbitals, can be described in terms of the
so-called quantum numbers which correspond to the conserved quantities of
the system in dynamical processes. In the case of atoms the following quantum numbers are defined [9]: The principle quantum number n = 1, 2, 3, ...,
3

the angular momentum quantum number 0  l  n 1, the magnetic quantum number l  ml  l, which is a projection of the angular momentum,
and the spin quantum number ms = ±1/2 which relates to the projection
of electrons’ inherent angular momentum. Additionally the angular quantum numbers are typically designated by alphabetical letters as s, p, d, f...
for l = 0, l = 1, l = 2, l = 3, ..., respectively [9].
The orbitals are occupied by electrons via Aufbau (“building up”) and
Pauli’s exclusion principles and this forms a system with a specific electronic
configuration which can be described in terms of the orbitals’ quantum numbers. In the case of atoms the configurations are nominated by nljk notation,
where k is the total number of electrons per orbital defined by the principle
quantum number n and j = l + ms . For example, by using this notation we
get for atomic Rb the electron configuration: 1s21/2 2s21/2 2p21/2 2p43/2 3s21/2 3p21/2
3p43/2 3d43/2 3d65/2 4s21/2 4p21/2 4p43/2 5s11/2 . Here, the outermost shell (5s) is called as
a valence orbital and the inner shells (1s 4p) as core-level orbitals, and the
electrons occupying these states are called valence and core-level electrons,
respectively. The orbitals energetically close to the valence are sometimes
also called as inner valence orbitals.
In order to describe the specific states belonging to a single electronic
configuration, angular momenta are usually coupled in the so-called LS- or
jj-coupling schemes. In the LS-coupling the orbital angular momentum l and
spin angular momentum s are coupled
P separately
Pand give the total angular
momentum J = L+S, where L = li and S = si . In the jj-coupling the l
and sPare coupled individually to ji = li + si and the total momentum is then
J = ji . LS-coupling is more appropriate for light elements (Z < 30) where
Coulomb interaction is strong in comparison to spin-orbit interaction and jjcoupling is better for heavier elements with a strong spin-orbit interaction.[9]

Molecular orbitals
In the case of multi-atom systems further approximations, such as the BornOppenheimer approximation [11] which separates the nuclear and electronic
wave functions, are usually applied. Moreover, instead of atomic-like orbitals molecules are described by molecular orbitals and the molecular orbitals can be described, for example, as a linear combinations of atomic
orbitals (LCAO)[11].
For molecules and small clusters the energy levels of the molecular orbitals
are very discrete and approach more band-like structure when the number
of the constituents is increased. This e↵ect is discussed later in Section 2.2.4
where we treat the energy di↵erence between the highest occupied molecular
orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) as
a function of cluster size.
4
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Figure 2.1: Schematic illustration of discrete and band energy levels in solid
state.

2.1.2

Relevant aspects of band theory and metallicity
in solid state

In solid state the core-level electrons are located on localized atomic- or
molecular-like discrete orbitals. However the uppermost valence or innervalence electrons may occupy states which are so densely packed that they
form continuous energy intervals, so-called bands [12, 13]. In principle an
infinite number of bands exists but typically only few bands are completely
or partially occupied by electrons and the uppermost band is called valence
band. The rest of the bands are vacant and they are called conduction bands.
A schematic illustration of core-level and valence energy levels in metal-like
solid is shown in Figure 2.1. Since the occupation of the solid state valence
bands cannot be described by discrete integer numbers therefore the density
of states (DOS) is typically used which describes the number of states per a
unit of energy.
Metallicity
Using a simple band model the solid state matter can be classified according
to their valence and conduction band structure and the magnitude of the
band gap of the latter two bands into following four categories : metals,
semimetals, semi-conductors and insulators [12]. Di↵erent kinds of solid
state classifications are illustrated in Figure 2.2.
In metals the occupied valence band is either partially filled or, in other
words, the valence band and the empty conduction band overlap. By definition metals have high electric conductivity at absolute zero temperature
when infinitely low static electric field is applied. High conductivity is due
5
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Figure 2.2: Schematic presentation of the valence and conduction bands in
the di↵erent types of solid states at 0 K temperature.

to the fact that the valence electrons are highly mobile and act as a free
electron gas in positive-ion-core lattice [12]. Like metals, also semimetals are
metal-like and possess non-zero conductivity. However the valence and the
conduction bands have a so-called indirect overlap in the momentum space
of conduction electrons and this causes part of the valence band electrons to
reside at the bottom of the conduction band inducing electron hole states at
the top of the valence band. In semimetals both positive electron holes and
negative electrons act as a charge carriers but typical electric conductivities
are smaller for semimetals than metals [12].
For semi-conductors the valence and the conduction bands are separated
in energy by a band gap which restricts the mobility of valence electrons to
empty conduction states and therefore semiconductors are not conductive
at absolute zero temperature [12]. However band gaps of semiconductors
are relatively small and at higher temperatures the valence electrons may
be excited thermally to the conduction band states and therefore at nonzero temperatures semi-conductors can be conductive. The band structure
of insulators and semi-conductors is otherwise very similar except the band
gap of insulators is larger and therefore insulators are non-conductive even
at high temperatures [12].
Work function
Work function designates the energy which is required to remove an electron
from the Fermi level of a sample under investigation, such as a solid or a
cluster, to the vacuum zero level [12]. In Figure 2.2 the work function and
the location of Fermi level in di↵erent kinds of solids are illustrated.
6

2.2
2.2.1

Metal clusters
Bonding in clusters

Molecules, clusters and solid state objects are all assembled from individual
atoms which are bound together by various kinds of bonding mechanisms.
The interatomic forces are defined mostly by the atoms’ uppermost valence
electrons and are usually very characteristic for each element. [12, 13]
Conventionally the bonding forces are divided into four main categories
according to their bonding mechanisms and the strength of the bonding:
covalent, ionic, metallic and van der Waals bonding [12, 13]. This is done
even though in principle the bonding mechanisms cannot be separated so
rigorously and usually the elements may pose several bonding characters
at the same time. However, in practice this kind of classification provides a
viable tool to describe the typical chemical and physical properties of di↵erent
elements.
The van der Waals bonding is typical for rare gas atoms and it is the
weakest of the four main bonding mechanisms. Attractive van der Waals
force is induced between the bound atoms due to dipole-dipole interaction
which is caused by the polarization of the atoms’ electron clouds [12, 13].
In the metallic and covalent bonding the charges of the valence electrons
are shared between the constituent atoms in the cluster and in principle the
covalent and metallic bonding are very similar and di↵er in the extent of the
charge sharing. In the metallic bonding the valence electrons are not bound
to any specific atom-core but are instead delocalized across the whole solid
or large cluster and shared between all positively charged ion-cores [12, 13].
The most ideal metallically bound substances are monovalent alkali-metals
while for the other metal-elements delocalization of the valence electrons is
not as simple. In the case of covalent bonding the valence electrons are
mostly shared between the nearest atoms and are relatively localized. Especially semi-conductor elements, such as Si, are bound in the solid covalently
[12, 13]. In the case of very small clusters, consisting of metal atoms, separating covalent and metallic bonding between the constituent atoms can be
challenging, because typically at this size regime clusters of metallic- and
semi-conductor elements can pose similar bonding mechanisms. [13]
The main principle of ionic bonding is the charge transfer between the
atoms involved. The ionic bonding can occur between two di↵erent kinds of
atoms where the valence electron of one of the atoms is so loosely bound that
it is energetically favourable for it to be bound to another atom (participating in the bond) with deeper valence states. In this case a charge transfer
takes place and the atoms are bound by electrostatic attraction between oppositely charged species. Alkali-halides which consist of bound alkali-metal
and halogen group atoms are the most typical elements for the ionic bond7

Type Strength
Ionic 2 4 eV
Covalent 1 4 eV
Metallic 0.5 3 eV
van der Waals  0.3 eV

Example
NaCl, KCl, NaI ...
C60 , S
Na, Al, Ag, Cu, Pt
He, Ne, Ar, Xe, Kr

Table 2.1: Typical bonding strengths and examples of the main four bonding
mechanisms [13].
ing. Di↵erent bonding categories, their characteristic strengths and some
examples of typical elements are presented in the Table 2.1.

2.2.2

Geometric structure

The most common lattice symmetries for solid metals are face-centered cubic
(fcc) (e.g. group 10 & 11 transition metals), body-centered cubic (bcc) (e.g.
alkali-metals) and hexagonal close packing (hcp) (e.g. Be, Mg, Zn, Cd) [12].
In addition to these symmetries some metals follow more unusual structures,
such as tetragonal (e.g. -Sn) [14] and rhombohedral (e.g. Bi) [12].
Lattice structures of nanoscale clusters can deviate from the corresponding solid symmetries and typically pose symmetries which are not found in
solids, such as icosahedral symmetry [15–18]. Especially small clusters can
have various kinds of symmetries and the symmetry may be very size dependent. For larger clusters the interatomic distances and lattice symmetry
is expected to approach solid properties at some size regime, characteristic
for each element [19–22]. Depending on the experimental conditions metal
clusters can be also in a melted state and therefore lacking any kind of lattice
structure [23].

2.2.3

Jellium electronic shell model and magic numbers of metal clusters

The electronic structure of “simple-metal” metal clusters, such as alkali metal
clusters, can be explained using the so-called jellium model, where the cluster
electrons are held together in a uniform spherical square well potential created by the positive ion-cores and independent delocalized valence electrons
[24, 25]. In this model the valence electrons occupy specific orbitals or shells
which can be characterized by a radial quantum number and an angular momentum (1s, 1p, 1d, 2s, 1f, 2p, 1g, 2d, 1h, ...). For each angular momentum l
there are (2l +1) degenerate orbitals, which together constitute a shell. With
increasing cluster size more and more of the orbitals are occupied [26]. This
behaviour was for the first time experimentally confirmed by Knight et al.
in 1984 for Na clusters [27] for which specific abundancies were observed in
8

the mass spectra due to the closing of the electron shells. Cluster sizes corresponding to these closed electronic shells are called magic numbers and are
found to be physically and chemically stable [28]. Such electronic structure
of clusters has been confirmed also by the observations of ionization energies and electron affinities as a function of cluster size. Typically the term
“magic numbers” is also used for clusters which have closed geometric shell
structure, as in the case of icosahedral symmetry.
In Papers V and VI the jellium-model-based calculations are found to
describe well the experimental response of nanoscale Rb and K clusters. The
results and the applied calculations are discussed more in detail in Section
5.2.2.

2.2.4

Metal-to-insulator transition

At sufficiently small sizes metal clusters can become non-metallic, moreover
metallicity of clusters can oscillate as a function of cluster size: it can become
periodically either metallic or non-metallic with the decreasing size [1, 29].
At larger cluster sizes the HOMO-LUMO gap changes typically in a more
monotonic way [1]. This transition from metallic to insulating properties is
known as metal-to-insulator transition (MIT) and it is one of the key topics
of this work. Multiple reasons why MIT occurs in nanoscale entities have
been addressed and they are related to a change of coordination numbers and
energy level structure such as, for example hybridization of the uppermost
orbitals close to the Fermi level, as observed for bivalent Zn, Mg and Hg
clusters [1].
Clusters of monovalent metals such as alkali and noble metals, have been
found to pose oscillating metallic behaviour at small cluster sizes and most
of the clusters with the sizes equal to magic numbers have been found to
be non-metallic [1]. Metallic properties for Rb and K clusters, close to this
size regime, are supported by Paper II of this work. In Paper III the MIT
of Sn clusters approximately at cluster size of N = 40, has been observed
this result being consistent with the previous work on anionic Sn clusters
[30]. Furthermore in Paper IV metallic properties of Bi clusters have been
disclosed down to size of few tens of atoms per cluster so no sign of MIT in
the studied size range and conditions are observed.

2.3

Photoelectron spectroscopy of metal clusters

Photoelectron spectroscopy is a viable tool for investigating electronic structure of a wide range of objects, such as atoms, molecules, clusters and solids
[2, 3]. The most distinct influence on photoelectron spectra of metal clus9

ters has the local chemical environment, and various final state e↵ects of
the photoionization [4, 31]. Furthermore, dynamics of the valence electrons
and cluster size distribution can have pronounced e↵ects on the observations.
Information obtained from the core-level and valence is complementary and
therefore in order to carry out a comprehensive study of metallic properties of
metal clusters both types of levels should be investigated concurrently. This
has been approached in Papers I-VI in which various properties of core-level
and valence spectra of metal clusters have been investigated.

2.3.1

Photoionization and excitation

The photoelectron spectroscopy is based on the photoelectric e↵ect, which was
observed experimentally for the first time by H. Hertz in 1887 [32] and was
later theoretically explained by A. Einstein in 1905 [33]. In a photoionization
process a target such as atom, molecule, cluster or solid, is irradiated by
energetic photons - typically from ultraviolet to hard X-ray radiation - which
may lead to a removal of a bound electron from the system. In such a process
a photon of the exciting radiation is absorbed and the energy of the photon
is transferred to the electronic system. If the energy of the incoming photon
is higher than the binding energy of the electron (h⌫ > Eb ) the electron is
ejected out of the system and the system is left in an ionized state and often
also in an excited state [9]:
A + h⌫ ! A+⇤ + e .

(2.2)

Moreover, the excess energy of the photon is transformed into the kinetic
energy of the outgoing electron [9]:
Ekin = h⌫

Ebin = h⌫

(Ef

Ei ).

(2.3)

Here Ebin is defined as the binding energy of the electron and Ei and Ef are
the total energies of the initial and final state of the system, respectively.
Schematic illustrations of core-level and valence photoionizations in an atom
are shown in Figure 2.3 a-b).
Apart from a direct photoionization, incoming photons may also excite
the system by promoting a bound electron from a lower core-level or valence
energy state into a higher energy state in a process which is called photoexcitation [9]:
A + h⌫ ! A⇤ .

(2.4)

This kind of process leaves the system in an excited state which will decay
ultimately into a non-excited state via di↵erent decay mechanisms. Photoexcitation of a core-level electron to an higher vacant, so-called Rydberg state,
is illustrated in Figure 2.3.
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Figure 2.3: Schematic view of a core-level a) and valence b) photoionization,
and photoexcitation c) in an atom.

Transition probabilities and angular distribution
In quantum mechanics the probability of a transition between an initial and
a final state of a system, caused by a time-independent operator V̂ , is determined by the so-called Fermi’s golden rule [9]:
Pi!f / |h

f |V̂

|

i i|

2

,

(2.5)

where i and f are the initial and final state wave functions of the system,
respectively. This relation determines also the transition probabilities of
photoionization and photoexcitation processes and typically the transition
probabilities are described by cross sections. [9]
If the wavelength of the exciting radiation is much larger than the dimensions of the atom, then the so-called dipole approximation [9] is valid
which yields specific selection rules between the initial and final states. In
the dipole approximation with linearly polarized radiation the angular distribution (i.e. di↵erential cross sections at angle ✓) of the electron emission
can be described by the following formula [9]:
d
(h⌫)
=
[1 + P2 (cos ✓)]
d⌦
4⇡

(2.6)

where is the so-called angular anisotropy parameter describing the angular
distribution of the electron emission, ✓ is the angle between the observation
11
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Figure 2.4: Schematic view of fluorescence decay transition and normal and
two di↵erent resonant Auger decays transitions following the initial core-level
photoionized state.

and the electric field vector of the exciting radiation, P2 is the second order
Legendre polynomial and (h⌫) is the photon energy dependent total cross
section. With the so-called magic angle value ✓ ⇡ 54.7 the term P2 (cos ✓) =
0 and the angular dependence of the di↵erential cross sections disappears.

2.3.2

Fluorescence and Auger decay

After photoionization or excitation the electronic system is typically left in
an excited state which is unstable and will decay into an energetically lower
excited or non-excited state. Decay of an excited state can occur either
by radiative fluorescence decay involving emission of a photon or by Auger
decay involving emission of an electron [9]. Schematic presentation of the
decay mechanisms are illustrated in Figure 2.4.
In the final state of a photoionization or photoexcitation a vacancy exists
at core-level or valence states of the system. If the vacancy is in a core-level
orbital it is filled by an electron lying at energetically higher state. This is
the first stage of the so-called Auger and fluorescence decays [9].
Auger decay transitions are divided into two categories, so-called normal
Auger transitions and resonant Auger transitions. In a normal Auger transition the core-level vacancy of a photoionized state is filled up by a core-level
or valence electron and as a subsequent result another electron is ejected out
of the system. This emitted electron is called Auger electron and its kinetic
energy is determined by the energy di↵erence of the initial and final state of
the Auger transition [9].
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In the resonant Auger transition the decay by electron emission takes
place from the initially core-excited state. If the initially excited electron
participates in the resonant Auger transition the transition is called a resonant participator Auger decay and if not the transition is called a resonant
spectator Auger decay.
In the fluorescence transition emission of a photon follows the electronic
transition and the photon energy of the emitted photon is determined by the
energy release of the decaying electronic transition [9].

2.3.3

Core-level photoelectron spectroscopy of metal
clusters

In the core-level photoelectron spectroscopy of this work the localized corelevel orbitals are probed by soft X-ray radiation [4, 9]. Even for the solid state
samples the observed photoelectron spectra plotted as a function of electron
binding energy consist of very often separate spectral lines. Moreover, these
responses often lack the complex multiplet spectral structure which is characteristic for free atoms of the same material. This is due to the disappearance
of the coupling between the core-vacancies and the valence electrons in solids.
Clusters have been observed to have similar features to the solid core-level
spectra [4]. However, the cluster and solid core-level responses are a↵ected
by the probed atoms’ local chemical environment which influences the electron binding energy. The binding energy values in metal clusters deviate
from both the atomic and solid values. This is due to the various initial and
final state e↵ects which have an influence on photoionization process [4]. By
analyzing the photoelectron spectra recorded for metal clusters of di↵erent
sizes, information about these e↵ects and physical properties behind them
can be obtained. In this work this approach is used to probe the metallic
properties of nanoscale metal clusters.
The environment of a probed atom in metal clusters and solids, which
consists of neighbouring atoms and the delocalized valence electrons, a↵ects
the energies of the core-level orbitals already before the photoionization takes
place and therefore it is often denoted as an initial state e↵ect. After the
core-hole has been created in the atom being probed in the cluster, the charge
of the core-hole is screened by the valence electrons, and this screening a↵ects
the final state energy. Since clusters can be seen as an intermediate state of
matter and their properties change as a function of size, the initial and final
state e↵ects are not constant but gradually become less prominent for very
small clusters and approach solid values for very large clusters.
Since in this work we have studied metallic properties of metal clusters, it
is sensible to examine how the core-level energies of clusters change relative
13

to the corresponding solid values and therefore to define:
C S
(R) =
Ebin

Ei (R) +

Ef (R),

(2.7)

C S
is the binding energy di↵erence between a core-level orbital
where Ebin
in a cluster of a radius R and the respective solid, and Ei and Ef are
the energy di↵erences of the initial and the final state energies between the
metal cluster and the solid, respectively.
Evolution of the initial- and the final-state terms Ei (R) and Ef (R) as
a function of cluster size has been investigated and disputed for supported
clusters in various studies [34–37]. The final state e↵ect has been assigned to
be mostly due to electronic relaxation and screening by the valence electrons,
while the initial state e↵ects has been suggested to be due to the change in the
lattice structure or bonding length with the cluster size, coordination of the
atoms in a cluster or the change in the character of the inter-atomic bonding
(e.g. from semiconductor to metallic-like). In this work we have assumed
that only the final state e↵ects change significantly with the cluster size [38]
and therefore in Equation 2.7 the term Ei (R) ⇡ 0. In this approach the
final state e↵ect change is described by a single term Ef (R) / R1 which
originates mainly from the Coulombic interaction between the positive charge
left on the cluster (assuming clusters are initially neutral) and the outgoing
photoelectron in a situation where the screening of the core-level hole is
considered to remain solid-like. Another contribution to the R1 term is due
to a di↵erent work necessary to move the electron over a planar or spherical
border of the solid. This model is presented in more detail in Section 2.3.5.
To illustrate a typical core-level photoelectron spectrum of free metal
clusters, 4f7/2 core-level photoelectron spectra for nanoscale bismuth clusters, similar to that in Paper IV, for two cluster sizes are presented in Figure
2.5. In addition to the clusters, Bi atoms and dimers are visible in the spectra
due to the cluster production technique in use (see Section 4.3). In the spectra constituents due to di↵erent species present in the ionization volume are
clearly resolved as separate photolines at di↵erent binding energies. Respective binding energy of the 4f7/2 macroscopic solid is depicted by a vertical
bar [39] and the cluster responses are observed at higher binding energies
C S
shifted up by Ebin
.
Since the chemical environment is not the same for di↵erent sites in a
cluster, separate responses from the each geometric site can be observed in a
photoelectron spectrum. Typically for solids only bulk and surface sites di↵er
significantly, and therefore usually two components for each core-level orbital
are observed. In clusters, in addition to bulk and surface sites also other sites
can be more pronounced, such as in the case of icosahedral geometries (often
adopted by free clusters) where atoms residing at the edge or at the vertices of
an icosahedron can give di↵erent binding energies [4]. In the case of Rb and K
clusters, studied in Paper II, separate responses of the bulk and surface atoms
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Figure 2.5: 4f7/2 core-level photoelectron spectrum of nanoscale bismuth
clusters for two cluster sizes. Spectrum a) corresponds to the larger clusters
and spectrum b) corresponds the smaller clusters. The figure is similar to
that in Paper IV.
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of the clusters are clearly resolved, and the observed cluster photoelectron
spectra are very similar to those of the respective solid. However in the case
of Bi, as presented in Paper IV and in Figure 2.5, di↵erent geometric sites
are not resolved, and this is partly due to the inherent broadening of the
photolines, partly due to the broadening caused, for example, by the size
distribution of clusters. The magnitude and the sign of the bulk and surface
shifts can be estimated using di↵erent models considering the initial and final
state e↵ects [40–42] or determined experimentally [43].
The bulk and surface components of a cluster photoelectron spectrum
have also cluster size dependence, and this has been studied in Paper II.
Since small clusters down to sizes of few to few tens of atoms per cluster
consist mainly of “surface” atoms the relative intensity of surface components
rapidly decreases in the core-level spectrum when size of these smaller clusters
becomes larger. Also the relative widths of the surface and bulk components
may change as a function of cluster size, as demonstrated in Paper II. This
e↵ect may be assigned to the existence of several di↵erent kinds of surface
states for smaller clusters. The ratio between bulk and surface response
intensities has been also used in some previous studies for rare gas and alkalimetal clusters to estimate cluster sizes [44, 45], however in this work this
method was not applied.

2.3.4

Valence photoelectron spectrum of metal clusters

The valence photoelectron spectroscopy investigation of free metal clusters’
response as a function of cluster size has been carried out in the work described in Papers II-VI. An example of a valence photoelectron spectrum of
Bi clusters - similar to that in Paper IV - is shown in Figure 2.6. In contrast to core-level orbitals, valence orbitals of metals are completely or semidelocalized across the whole cluster volume with valence electrons filling the
specific states in the corresponding energy band. Thus a valence photoelectron spectrum consists of multiple responses from each valence state. Due to
the delocalization of valence electrons responses of di↵erent geometric sites of
clusters are not resolved in valence spectra. This is illustrated by Figure 2.6
where a broad and continuous band-like spectrum is observed without any
peculiar fine-structure. As in the case of solid metals, at zero temperature
the onset of the valence spectrum corresponds the work function of clusters.
However, in practice due to the size distribution and non-zero temperatures
determining the correct Fermi-level energy from a valence spectrum can be
challenging.
Similarly to core-level photoionization, the valence photoionization energy
is defined by the initial and the final state. However, the same e↵ects as for
the core-level orbitals, such as coordination number, do not have necessarily
16

as important or any influence on the initial and the final states. In the same
way as for the core-levels, the confined positive charge which is left on the
cluster after the photoionization, a↵ects the observed binding energy of the
photoelectron and gives a cluster size dependency. Thus the similar R1 model
as described above for the core-level ionization energies incorporating only
this final state e↵ect is also viable for the valence photoelectron spectroscopy.
In Paper II a valence spectrum of large alkali-metal clusters closely resembles the macroscopic solid spectrum with a sharp rise at the Fermi edge
while a spectrum of smaller alkali-metal clusters has a more symmetric profile. For Bi clusters in Paper IV no drastic changes in the profile of the valence
spectrum have been observed, and in Paper III for Sn clusters the observed
responses have been fairly weak and no specific profile has been detected. In
Paper V the valence responses of Rb and K clusters have been also simulated
using a jellium-based computational model, and in Paper VI an experimental study of the photon energy dependence of Rb valence spectrum along
with the computed simulations was carried out. In the first approximation
the photoelectron intensity spectral profile of the valence response is mostly
defined by the density of states (DOS) at a specific binding energy and the
orbital specific cross sections. However, as demonstrated in Papers V and VI
for Rb and K clusters, this does not always describe adequately the valence
photoelectron spectra.

2.3.5

Conductive sphere approximation

The deviation of the ionization energies of metal clusters from those of the
corresponding macroscopic solid can be explained using the so-called conductive sphere approximation (CSA) or, as it is sometimes called, a metal-droplet
model [38]. In this model the initially neutral metal cluster is approximated
by a conductive metal sphere with a radius R and ionization energy IC is
expressed by the following relation:
e2 ↵
,
(2.8)
4⇡✏0 R
where W is the work function of the respective planar infinite solid and
R is the radius of the cluster. Here the work function corresponds to the
ionization energy of an electron at the Fermi-level of the solid metal relative
to the vacuum zero level. In the classical theory the constant ↵ = 1/2 [38].
However using quantum mechanical corrections somewhat di↵erent values
for ↵ can be derived [38]. Experimentally di↵erent values of ↵ parameter
have been observed for di↵erent metals. For example, ↵ = 0.42 has been
determined for some simple metals [38].
The cluster radius is typically expressed as:
IC = W +

R = rs · N 1/3 + r0 ,
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(2.9)
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Figure 2.6: Valence photoelectron spectrum of nanoscale bismuth clusters.
The valence band is centered around 6 eV. The valence ionization potential
is determined from the onset of the valence spectrum and is designated by IE
in the figure. Respective work function of 4.27 eV[46] of solid Bi is marked
by a vertical bar with the width of the bar corresponding to the estimated
C S
error of the value. Cluster-to-solid shift is denoted as Ebin
. The figure is
similar to that in Paper IV.

where N is the cluster size in atoms, rs is the so-called Wigner-Seitz radius describing the atomic density in solid (i.e. volume which a single atom
occupies in a solid metal) calculated from the solid density and r0 is an additional correction term which takes into account the so-called spill-out of
valence electron density.
Typically the tabulated values for rs in many sources do not describe
the atomic densities but the densities of the conduction electrons (i.e. volume which a single conduction electron occupies) and therefore according to
the definition of rs for electron densities [47, 48], the cluster radius can be
expressed as:
R = rs⇤ · (Nel · N )1/3 + r0 ,

(2.10)

where rs⇤ is Wigner-Seitz radius of the conduction electrons in solid and Nel is
the number of valence electrons per atom from the viewpoint of the periodic
table.
Equation 2.8 can be applied directly in analysis of valence photoelectron
spectra, and a similar expression can be also composed for the core-level
energy [45]:
core
ECcore =E1
+
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e2 ↵
,
4⇡✏0 R

(2.11)

core
where E1
is the core-level ionization energy of the respective solid relative
to the vacuum zero level.
Typically the macroscopic solid binding energies are measured relative to
F ermi
the Fermi level E1
of the metal and therefore work function has to be
also taken account:
F ermi
ECcore =(E1
+ W) +

e2 ↵
.
4⇡✏0 R

(2.12)

In Papers I-VI equations 2.8, 2.11 and 2.12 have been used to estimate
the cluster radii and the cluster sizes from the experimental core-level and
valence ionization energies. Typically work functions are not known to a high
degree of accuracy introducing an uncertainty to the cluster size estimation.
As mentioned above, responses in the core-level photoelectron spectra are
often well resolved narrow lines so the binding energies can be reliably deduced by fitting the core-level spectra. In this sense the latter is better suited
for the size estimation than the valence spectra. The obtained binding energies from the core-level studies correspond to the mean size of the clusters in
the beam. As explained briefly earlier, determining the ionization threshold
from the experimental valence measurements is challenging. Furthermore in
this work the onset of the valence spectra corresponds to the clusters with
the size higher than the mean size in the distribution.

2.3.6

Line profiles and related e↵ects

An excited state of an atom which decays into energetically lower state has a
lifetime ⌧ and an energy release E. According to the Heisenberg’s uncertainty
principle [49] the uncertainties of lifetime t and energy E are connected
by the following relation:
E·

t

h̄.

(2.13)

This relation means that the observed spectral lines in photoelectron spectra
are inherently not infinitely narrow but have a so-called natural linewidth
and that the energy distribution of the photoelectrons follow the Lorentzian
profile [9]:
L(E0 , E) =

E
2⇡ (E

E0

)2

1
,
+ ( E/2)2

(2.14)

where E0 is the energy value corresponding to the maximum of the profile,
E is the profile’s full width at half maximum (FWHM), and E - a variable
determined relative to E0 .
In contrast to atoms and molecules in a core-level photoionization process
of solid metals the ejected photoelectrons may induce electron-hole pairs
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near the Fermi-level [50, 51] for what a part of the photoelectron kinetic
energy will be lost. As the result an asymmetric tail (towards lower kinetic
energies) of the core-level photolines will be observed. The asymmetry can
be described using the so-called asymmetry index ↵ which depends on the
density of states at the Fermi level and degree of the final state screening
of the photoionization. A profile of this kind with an asymmetric line shape
can be described using Doniach-Sunjic formula (DS) [52]:
⇣
⌘i
h
1 E E0
+
(1
↵)
tan
cos ⇡↵
2
DS(↵, E0 , E, ) =
.
(2.15)
[(E E0 )2 + 2 ](1 ↵)/2
Here is the half of the photoline’s FWHM ( = 2E ), E0 is the energy
of the profile’s maximum and E is a variable determined relative to E0 . If
the asymmetry index ↵ = 0 then the profile is equivalent to the Lorentzian
function 2.14. The observation of DS-profile bares a witness of metallic properties of the studied clusters [53, 54]. The study of the spectral profiles has
been applied in Paper II to probe qualitatively the presence of metallicity in
clusters.
In practice the observed line profiles of photoelectron lines are not purely
Lorentzian or DS-like but have also contributions from other inherent or external experimental factors which can be typically described or approximated
by a Gaussian distribution function [9]:
G(E0 , E) = e

(E E0 )2 /

2

,

(2.16)

where E0 is the energy of the profile’s maximum, E is an energy variable
relative to E0 , and = 2p1ln 2 · E. Thus the Lorentzian and DS profiles are
typically convoluted by a Gaussian function. In the case of Lorentzian and
Gaussian convolution the result is so-called Voigt function. Thermal motion
of free atoms, molecules and clusters a↵ects the kinetic energies of photoelectrons via Doppler e↵ect and in this case the spectral lines are broadened
by a Gaussian function [55]. Also in clusters and solids the vibrations of the
lattice atoms (phonons) cause line broadening which can be described by a
Gaussian profile [51].

2.3.7

Fitting and background analysis

In Papers I, II, and IV fitting has been used to derive spectral characteristics
from the experimental photoelectron spectra. In a typical fitting procedure
a group of predefined functions are ”fitted” with optimizing parameters to
the experimental data using least-squares minimization algorithms. Fitting
is typically restricted by some a priori known information about the studied
system what defines the number of free parameters and enhances the stability
and sensibility of the whole process.
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One of the most important factors of the fitting and analysis of experimental data in general is the background analysis. The experimental photoelectron spectra do not only incorporate a finite number of well defined
photolines but also a continuous background which is induced e.g. by inelastically scattered and secondary electrons. In order to be able to carry
out peak fitting the background has to be subtracted or taken into account
in the fitting procedure. Thus, always in the fitting some specific profile for
the background has to be selected. The most typical background profiles are
simple constant or linear profiles, and of Shirley-type [56]. In this work only
simple constant and linear background profiles have been used and typically
the fitting procedure has been let to optimize the selected background profile to the studied data. In this work the fitting of core-level photolines and
background has been carried out using the SPANCF macro package for the
Igor Pro software [57].
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Chapter 3
Cluster formation
Free clusters can be formed using several di↵erent techniques. In this chapter
the main cluster formation techniques used in Papers I-VI are presented. In
the work reflected in Papers I-VI pick-up and adiabatic expansion processes
were used to create metal clusters in the size range from few tens to few
hundreds of atoms per cluster.

3.1

Adiabatic expansion sources

An intense beam of atoms, molecules or clusters with specific properties can
be created by an adiabatic (isentropic) expansion of gas through a nozzle into
vacuum. In this process translational temperature of the expanded medium
decreases. At certain temperatures and pressures cluster formation occurs
in the vicinity of the exit of the nozzle, creating clusters in the size range of
few tens to tens and hundreds of thousands of atoms per cluster. Using an
adiabatic expansion source clusters from di↵erent kinds of gaseous elements
such as rare gases, and from molecular compounds such as H2 O, CO2 , etc.
can be produced [58–60].
Since the Ar clusters were used in the experiments of Papers I-VI, in
the following sections we mostly review and discuss the main principles of
adiabatic expansion and cluster formation in Ar. The treatment follows for
some parts the books by H. Pauly [61] and H. Haberland [62] and references
therein.

3.1.1

Properties of the adiabatic expansion

In a typical construction of an adiabatic expansion source, gas from a pressurized stagnation reservoir flows through a nozzle into a low pressure (vacuum)
expansion chamber. Stagnation conditions can be described by variables of
pressure P0 and temperature T0 . A typical adiabatic expansion set-up used
in the works reflected in Papers I-VI is illustrated in Fig 3.1. Expansion pro23
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Figure 3.1: Simplified schematic view of an adiabatic expansion via a nozzle
into vacuum. Before the expansion the gas flow is described by the stagnation
parameters P0 , T0 and Mach parameter (a ratio of the actual speed to the
speed of sound) Ma < 1. At the throat of the nozzle the flow is sonic
Ma = 1 and on the exhaust side of the nozzle the flow becomes supersonic
Ma >> 1. The most of the condensation and cluster formation occurs at the
centerline of the jet up to few nozzle diameters downstream from the nozzle.
The particles formed at the centerline are subsequently selected by a conical
skimmer.
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cess can be described qualitatively by a simple one dimensional treatment
which assumes only minor changes in the cross-sectional areas of the flow passage through the nozzle and ideal compressible gas without friction and heat
transfer. Since no heat is transferred in the expansion process and entropy
is constant on each streamline of the expansion, an adiabatic (isentropic)
expansion process is assumed to happen.
For ideal gases the speed of sound, which describes the propagation velocity of a sound wave, is defined as:
r
RT
c=
,
(3.1)
M
where = cp /cv is gas specific ratio of heats, R is the universal gas constant,
T is the absolute temperature of the gas and M molar mass of the gas. For
monoatomic ideal gases (e.g. noble gases) = 5/3.
In the gas dynamics, the speed of sound is used often to introduce a
relative measure of speed and the velocity of a flow is typically described by
the so-called Mach number :
w
Ma = ,
(3.2)
c
which describes the ratio of the flow’s velocity w and the local speed of sound
c in the gas. Flow is called subsonic when Ma < 1, sonic when Ma = 1, and
supersonic when Ma > 1.
The gas flow on the stagnation side has usually relatively low speed much lower than the local speed of sound in the gas. On the stagnation side
the gas is also in thermal equilibrium with the stagnation reservoir which
acts as a thermostat for the gas. Sonic velocities can be achieved in the
throat of a nozzle, if pressure di↵erence between stagnation conditions and
the expansion chamber is adequately high. Note that the term supersonic
used in the case of gas expansions means supersonic velocity relatively to the
local speed of sound in the expanded gas. Typical velocities of supersonic
jets are not much higher than comparable velocities in traditional e↵usive
vapour sources [61].
In figure 3.2 di↵erent kinds of nozzles are illustrated. Sonic nozzle consists of only a converging part on the stagnation side and in optimal situation
sonic velocities are achieved at the throat of the nozzle. Nozzles consisting
of both converging and diverging parts are called conical nozzles. Due to
historical reasons conical nozzles are sometimes also called de Laval nozzles
according the Swedish inventor G. de Laval. In a conical nozzle the converging part on the stagnation side acts in a similar way as in the sonic nozzle.
However on the exhaust side of the nozzle the diverging part accelerates the
sonic beam from the convergent part and forms a supersonic flow (Ma >> 1).
Furthermore collision rates of gas particles are increased in the conical nozzle which increases efficiency of cluster formation in the expansion process.
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Figure 3.2: Schematic illustration of nozzles with di↵erent geometries.

This is especially important feature for photoelectron spectroscopy based on
cluster experiments.

3.1.2

Jet profile characteristics

In an adiabatic expansion mechanism the gas is emitted into a conical space
angle from the exit of the nozzle, expanding into the surrounding volume.
Direction of the flow is however disturbed and turned back into the center
of the jet by pressure boundary conditions and shock waves around the expanding gas and compress the jet at the downstream from the nozzle. At this
region a so-called Mach disk is formed and the pressure of the gas is drastically increased and velocity of jet may reach subsonic values. A simplified
example of boundary conditions in a typical expansion process are illustrated
in Fig. 3.1. These kind of boundary conditions may a↵ect the formed beam
and have to be taken account in design procedure of experimental set-ups.
As depicted in Fig. 3.1 it is advantageous to introduce selective skimmer before the Mach disk region to minimize any disturbing e↵ects on the produced
cluster beam.
Profile of the expansion flow has been found to be relatively independent
of the nozzle geometries [63]. The nozzle geometries are observed to have
an e↵ect mostly in the vicinity of the exit of the nozzle in the range of few
nozzle orifice diameters. Thus geometry of a nozzle mostly a↵ects processes
occurring close to the nozzle exit such as cluster formation.
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3.1.3

Cluster formation in the adiabatic expansion

Even though dynamics of adiabatic expansion are well known, no exact models exist for cluster formation and thus in this section only a qualitative
description of the cluster formation is given. The cluster formation in adiabatic expansion can be seen as an agglomeration process of individual atoms,
dimers or clusters, based on three- and two-body elastic and inelastic collisions.
In the beginning of a cluster formation three-body collisions predominate
and individual atoms are nucleated into dimers:
3A1 ! A2 + A1

dimer formation.

(3.3)

The dimer formation requires at least three-body collisions where the additional energy released by the bonding of two gas atoms is transformed into
additional kinetic energy of the third not bound atom.
Later when cluster contribution in the jet increases two-body cluster-tocluster collisions begin to dominate and further cluster growth can be via
direct two-body cluster growth between two clusters:
AN + AM ! AN +M

cluster growth.

(3.4)

Here the energy released in the agglomeration of two clusters increases the
temperature of the formed cluster which can be dissipated via several di↵erent
cluster cooling mechanisms.
These kind of three- and two-body collisions take typically place only
in the vicinity of the nozzle exit and at higher distances than few nozzle
diameters away the collisions rates may reduce considerably. Due to lack
of collisions the formed cluster jet freezes at some point from the nozzle at
region which is called sudden freeze or quitting surface. After this surface
continuous flow of the gas is changed into free molecular flow and formation
of clusters ceases.

3.1.4

Cluster cooling and terminal temperature

Even though translational temperatures of expanded jets may be low, internal vibrational or rotational temperatures of formed clusters might be
not. Released energy in the successive cluster growth processes heats up the
formed clusters and may lead into substantially higher temperatures than
the surrounding expanded gas [64].
In the vicinity of the nozzle exit formed clusters interact with the expanded gas via two- and three-body collisions. If the number of collisions at
this region is high enough clusters may achieve thermal equilibrium with the
surrounding gas and cool down:
AN + A1 ! AN + A1

energy exchange.
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(3.5)

Alternatively the cluster can also cool down by evaporation of monomers
or emission of photons:
AN ! AN 1 + A1
AN ! AN + h⌫

evaporation,
photon emission.

(3.6)
(3.7)

These processes are still possible even after the quitting zone, when all other
cooling mechanisms have already frozen and the terminal temperature which
these cooling mechanisms can achieve depends on the time scale of the experiment.

3.1.5

Cluster size distribution

Due to statistical nature of cluster formation in the adiabatic expansion, a
distribution of cluster sizes is formed and typically clusters are designated
by the mean size hN i of the distribution. Typically size distributions are
described by log-normal, linear-exponential or Gaussian profiles and profiles
are observed to be depending on the expansion conditions [60–62, 65]. Distribution profiles are relatively broad and usually have values close to the
mean size of the distribution [65, 66].

3.1.6

Scaling laws - semi-empirical approach to determine cluster sizes

Since no exact models of cluster formation in the adiabatic expansion exist, semi-empirical scaling laws have been derived [67–70]. Formulation of
the scaling laws allows comparison of di↵erent kinds of expansion conditions
and estimation of cluster sizes. In this framework the expansion process and
the subsequent cluster formation can be described by a single ⇤ parameter, introduced by Hagena [69, 70]. Because the cluster size is completely
determined by ⇤ , equal values of ⇤ for di↵erent expansion conditions yield
always the same cluster size. This relation makes it possible to change some
parameters of the expansion while still produce similar cluster sizes - if the
value of ⇤ remains the same.
Small values of ⇤ has not been observed experimentally to induce any
clustering of the expanded gas. Only in conditions where ⇤ > 200 1000
some clustering occurs [69]. Dependence of clustering from the ⇤ parameter
is characterized below:
No clusters
Transition region with some clustering
Intensive clustering, hN i ⇡ 100
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0<
200 <

⇤

⇤
⇤

 200
 1000
> 1000.

Kch

He

Ne

Ar

Kr

Xe

H2

D2

N2

O2

CO2

CH4

3.85

185

1646

2980

5554

184

181

528

1400

3660

2360

Table 3.1: Characteristic constants Kch for various gases from Ref. [71] and
[72].
In the ⇤ formalism the expansion is determined completely from the initial stagnation conditions (P0 , T0 ) of the expansion, geometrical parameters
of the nozzle, and the characteristic parameter of the expanded gas. Using
these variables the ⇤ can be expressed as:
= Kch P0 dqeq T00.25q

⇤

2.5

,

(3.8)

where Kch [K 2.5 0.25q mbar 1 µm 1 ] represents the gas specific constant, P0
[mbar] stagnation pressure, T0 [K] stagnation temperature, deq [µm] e↵ective
diameter of the nozzle, and q is an experimentally determined parameter.
Values for the q parameter have to be determined experimentally and 0.5 <
q  1.0. For values ⇤ < 104 , the value q = 0.85 has been proposed [66, 70]
and is commonly used. Values for the constant Kch for various gases in the
case of q = 0.85 are presented in Table 3.1.
In the case of a conical nozzle the equal diameter of a nozzle deq can be
expressed as:
d
,
(3.9)
tan ↵
where d [µm] is the diameter of the nozzle’s throat orifice and ↵ is the halfopening angle of the diverging part of the conical nozzle (2↵ = total opening
angle).
Several formulae has been proposed for the mean cluster size hN i as
function of the ⇤ parameter. Relation for the hN i has been observed to be
di↵erent for the di↵erent ⇤ regimes and below relations for the mean cluster
size hN i for di↵erent values of the ⇤ are presented from Refs. [66, 73].
✓ ⇤ ◆1.64
hN i = 38.4
350  ⇤  1800
(3.10)
1000
deq = 0.74

hN i = 33

✓

⇤

1000

hN i = 100

✓

◆2.35
⇤

1000

1800 <

◆1.8

⇤

⇤

 104

> 104 .

(3.11)

(3.12)

Equation 3.10 is the original relation suggested by Hagena [70]. For the case
⇤
> 1800 Buck et al. [66] have also proposed alternative relations for the
conical nozzles.
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Figure 3.3: Schematic view of a pick-up process.

3.2

Pick-up technique

An adiabatic expansion cluster source can be used in combination with the socalled pick-up technique - in order to form an intense beam of metal (or other
parent solid materials) clusters containing from few atoms to few hundreds
of atoms. The resulting cluster-production process utilizes agglomeration of
guest atoms or molecules picked up by large host clusters [65, 74, 75]. In this
section we mostly examine the pick-up of metal atoms and their subsequent
cluster formation on host Ar rare gas clusters.

3.2.1

Properties of pick-up mechanism and cluster formation

In a typical pick-up set-up - illustrated in Fig. 3.3 - rare gas clusters produced
by the supersonic expansion are guided through a pick-up cell - usually an
oven or a gas cell - in which vapour of monomers are picked up and captured
by the host clusters acting as a cold thermal reservoir for the captured constituents. Successively picked up and cooled down monomers agglomerate
and form guest clusters at the surface or inside of the rare cluster [65].
Additional energy released in the capture and coagulation processes of
guest monomers is dissipated by evaporation of the rare gas cluster atoms
resulting in shrinkage of the rare gas cluster [65, 76, 77]. For a macroscopic
solid metal the cohesive energy of an atom is typically in the range of 1 5
eV [12], whereas for Ar atoms the cohesive energy of a rare gas atom is about
100 meV [12]. Thus as a rule of thumb estimate of the dissipation efficiency
can be as follows: 1 eV of released energy may lead into evaporation of
approximately 10 Ar atoms.
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1. Initial state

2. Monomer
capture

3. Relaxation

5. Cluster growth and massive
shrinkage of the host cluster

4. Coagulation

6. Free metal cluster

Figure 3.4: Formation of free and pure metal clusters in a pick-up process.
Guest metal atoms are captured and coagulated until the host rare gas cluster
is completely evaporated.

3.2.2

Formation of mixed and pure guest clusters

If only few pick-up collisions occur and shrinkage of the host cluster has not
led to its disintegration a mixed guest-host cluster can be formed, and the
guest cluster may locate at the surface or inside of the host cluster [65, 76–88].
Massive coagulation of guest atoms may lead to complete evaporation of
surrounding host-cluster atoms and formation of a pure guest cluster [76, 77,
85, 88]. Stepwise formation of pure metal clusters via the pick-up technique
in the case of complete host cluster evaporation is schematically depicted
in Fig. 3.4. This condition can be achieved by high pick-up cell pressures,
which are typically in the range of 10 3 10 2 mbar [76, 77, 85, 88].
In this work the cluster source has been operated at such conditions where
the production of pure metal clusters was expected [88]. Furthermore due to
the weak interaction between metal atoms and rare gas atoms the e↵ect of
rare gas environment may also be negligible for the study by photoelectron
spectroscopy.

3.2.3

Terminal temperature of the guest clusters

Pick-up and agglomeration of metal clusters occurs only inside the pick-up
cell, as depicted in Fig. 3.3. After this region, in the case of mixed metalrare gas clusters no additional heat is brought into the rare gas cluster and
evaporation of rare gas atoms continues as long as the system reaches thermal
equilibrium. In this state the system - including the guest cluster - typically
approaches terminal evaporational temperature of the rare gas cluster. In
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the case of doped Ar clusters temperatures down to approximately 30 K
have been observed [89].
In the case of pure metal clusters where all the rare gas atoms have been
evaporated, determination of the terminal temperature is difficult. Since
the dissipation of energy via rare gas evaporation is not possible anymore
the terminal temperature of a metal cluster may be, in principle, drastically
higher than the temperature of a mixed rare gas cluster in an equilibrium
state.

3.2.4

Cluster size distribution

As in the case of cluster formation in adiabatic expansion, formation of clusters using the pick-up technique is a statistical process and formed metal
clusters have a distribution of sizes. In a simple case where interaction with
the guest particles can be treated as a process of independent collisions with
the cross-sections for the pick-up procedure being invariant Poissonian statistics is valid and Poissonian shaped cluster size distribution is expected [90].
However, strong deviations from the Poissonian profiles can be observed due
to the shrinkage of the host rare gas cluster and the influence of the initial
size distribution of the rare gas clusters. [91, 92].
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Chapter 4
Experiments and
instrumentation
4.1

Storage rings and synchrotron radiation

At a synchrotron electromagnetic radiation is created when charged particles,
typically electrons, are kept on a circular-like path by strong magnetic fields
and the charged particles experience a centripetal acceleration [93, 94]. The
modern 3rd generation synchrotron storage rings are viable tools for many
fields of physics, since high flux of radiation and tunability of the radiation
energy in a wide range from vacuum ultraviolet light to hard X-rays [94].
Furthermore, the polarization properties are also well defined.
In this work all the experiments have been carried out using soft X-ray
synchrotron radiation at the synchrotron radiation facility MAX IV laboratory.

4.1.1

The main principles of synchrotron radiation

In a typical synchrotron storage ring a beam of electron bunches moves at
relativistic velocities (v ⇡ c) inside the circular-like vacuum chamber. Usually the electron beam is injected to the storage ring from an external source,
and the function of the storage ring is to keep this electron beam stable in
dimensions and not loosing the current inside the ring for as long time as
possible.
Electric and magnetic fields force electrons to change their trajectory
under the so-called Lorentz force:
F = q(E + v ⇥ B),

(4.1)

where q = e is the charge of an electron, is v is the velocity vector of an
electron, E is the electric field vector, and B is the applied external magnetic
field. This equation shows that if electrons are moving at relativistic velocities
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magnetic fields can cause much stronger force than static electric fields. Thus
in a storage ring magnetic fields are used to control the moving electrons.
Some of the most important parts of the ring are bending magnets in
the junctions of the straight sections of the ring and the so-called insertion
devices, such as wigglers and undulators, located at the straight sections of
the ring. The purpose of the bending magnets is to deflect the electron beam
and to ensure that the beam stays on the correct path, inside the ring. Since
the electrons experience centripetal acceleration inside the bending magnets,
synchrotron radiation is created at that point and this kind of radiation is
so-called bending magnet radiation. The energy profile of bending magnet
radiation is typically very broad and continuous.
Wigglers and undulators consist of a periodic array of magnets so they
can be characterised by a dimensionless parameter:
K=

eB u
,
2⇡me c

(4.2)

where B is the strength of magnetic field between the magnet arrays and u
is the period of the magnets, e is the elementary charge, me is the mass of
an electron, and c is the speed of light. For wigglers K
1 and undulators
K ⇡ 1.
In a wiggler the produced radiation is continuous and similar to the bending magnet radiation. However, the radiation from a wiggler has much higher
flux than from a bending magnet (intensity / 2N , where N is the number
of magnets in a wiggler).
Undulators do not generate a continuous and broad profile of photon
energies but a discrete spectrum with intensity maxima at specific energies
[94]:
✓
◆
K2
u
2 2
+ ✓ ,
1+
(4.3)
n =
2n 2
2
where n is a positive integer, a so-called harmonic number. Intensity of these
maxima is much higher than the radiation from bending magnets or wigglers
(intensity / N 2 ).
In addition a storage ring contains quadrupole magnets to focus the electron beam and RF-cavities to maintain the energy of the electrons, which
is partially lost due to the emission of synchrotron radiation in the bending
magnets and in the insertion devices.

4.1.2

MAX-IV laboratory: Beamline I411

Soft X-ray beamline I411 is located at 1.5 GeV MAX-II storage ring, at MAX
IV laboratory, in Sweden [95, 96]1 . The beamline is designed for gas and
1

For more information see: www.maxlab.lu.se
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solid phase measurements, and a di↵erential pumping stage in front of the
end-station makes it possible to carry out experiments at low high-vacuum
conditions. The linearly and horizontally polarized synchrotron radiation is
produced by a 2.65 m long 87-pole undulator with a maximum K = 3.6
value. The distance between the magnetic arrays (gap) can be adjusted from
20 mm to 300 mm.
The synchrotron radiation coming out from the undulator is focused to
a modified SX-700 plane grating monochromator by spherical mirror, and
from the monochromator the beam is focused by a plane elliptical mirror to
an exit-slit where a slice of the beam is selected and the monochromatization
of the beam is realized. The synchrotron radiation coming out from the exit
slit is focused by a torroidal mirror, into a permanent end-station, located
at the end of the beamline [97]. Currently the photon energy range of the
beamline is from 40 eV to 1500 eV and the resolving power is about 6 · 103 .
Spot size of the synchrotron radiation beam at the end-station is horizontally
approximately 0.5 mm and vertically around 1.0 mm, depending on the applied monochromator settings [95]. A typical photon flux obtained at I411 is
in range of 1011 1013 photons/s/100 mA/0.1% BW at the experiment [95].

4.2

Electron energy analyzers

Intensity distribution of electrons as a function of their kinetic energy can
be determined by electrostatic electron energy analyzers. In this work a
hemispherical electron analyzer has been used in which the electrons travel
between the inner and outer hemispheres on a circular path in a static electric
field. The electric field induces a Lorentz force, according to Equation 4.1,
and the radius of the electrons’ flight path depends on their initial kinetic
energy. The kinetic energy which is required from the electrons to stay on
the centre path is the so-called pass energy. The pass energy is kept constant
and in a certain measurements the electrons are retarded and focused by
an electrostatic lens before entering the electric field of the hemispherical
electrodes. In this way the energy of the electrons ejected by the sample can
be scanned and a photoelectron spectrum over a chosen energy range can
be acquired. A schematic presentation of a typical hemispherical analyzer is
shown in Figure 4.1. The electrons which reach the end of the hemispherical
electrodes are registered typically by a detector incorporating MCP plates
and a CCD camera or by the so-called resistive anode detectors.
Base-resolution of a hemispherical analyzer can be defined as:
E=

d
Epass ,
2R

(4.4)

where d is the size of the entrance slit, R is the radius of the centre circular
path in the analyzer and Epass is the pass energy.
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Figure 4.1: Schematic illustration of a typical hemispherical electron energy
analyzer.

If the photon energy of the used exciting radiation is known then the photoelectrons and their photoelectron spectrum can be described by a binding
energy scale using the following relation:
Ebin = h⌫

Ekin ,

(4.5)

where h⌫ is the photon energy of the exciting radiation and Ekin is the kinetic
energy of the studied electrons.
Photoelectron spectroscopy measurements are in practice always a tradeo↵ between the signal intensity and the spectral resolution. In the experiments of this work, the applied experimental settings of the analyzer and the
beamline are typically chosen to match the experimental broadening to the
widths of the studied spectral structures.

4.2.1

Scienta R4000

In this work a hemispherical Scienta R40002 spectrometer located at the
permanent end-station of beamline I411 was used to record the photoelectron
spectra. The R4000 spectrometer has a circular flight path with a radius
of R = 200 mm and the electrons are detected by a CCD detector. The
spectrometer is installed at the beamline in such a way that the observation
2

For more information see: www.vgscienta.com
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Figure 4.2: Schematic view of the EXMEC set-up.

angle relative to the synchrotron radiation polarization can be adjusted and
in this work the spectra were collected either at 90 or at the “magic” 54.7
angle.

4.3

Exchange Metal Cluster Source (EXMEC)

In this work the metal clusters have been formed by a pick-up technique
implemented in the so-called Exchange Metal Cluster Source (EXMEC), capable of producing free, pure and neutral metal clusters from various metallic
elements. The EXMEC set-up consists of two main sections: a rare gas cluster source based on the adiabatic expansion and a pick-up cell where the
metal sample is evaporated and rare gas clusters interact with metal vapour.
A schematic view of the EXMEC set-up is shown in Figure 4.2 and its more
detailed presentation is given in Paper I.
As described earlier, in the rare gas cluster source Ar clusters are formed
by expansion of pressurized Ar gas via a conical stainless steel nozzle which
is mounted on a XYZ-manipulator for aligning purposes. The nozzle has
a fixed orifice of 150 µm and the divergent cone at the vacuum side is 20
mm long and has a 10 total opening angle. The temperature of the nozzle
can be varied using Peltier elements and a liquid agent cooling arrangement
mounted directly on the nozzle’s copper housing. Typically in the experi37

ments the nozzle was cooled down by a liquid nitrogen circulation and the
final temperature of the nozzle was adjusted by the Peltier elements. Furthermore, in addition to the liquid nitrogen cooling, also an in-house developed
liquid-glycol cooling device was used to control the nozzle temperature. This
arrangement as a whole (with di↵erent cooling agents) provides a wide adjustable range of nozzle temperatures from room temperature down to the
temperature of 196 C of liquid nitrogen.
The rare gas expansion chamber is pumped by two horizontally mounted
turbo pumps with a pumping speed of 1000 l/s per pump and at typical
operating conditions in the expansion chamber the pressure is in the range
of 10 3 to 10 2 mbar. The produced Ar jet containing Ar clusters and Ar
atoms comes through a conical copper skimmer (orifice diameter 500 µm)
which is located downstream from the nozzle. The distance between the
skimmer and the nozzle can be adjusted by the XYZ-manipulator.
The skimmer also separates the expansion chamber from the experimental (ionization) chamber where the pick-up cell is located and the cluster jet
is crossed by the X-ray photon beam. The experimental chamber is typically kept at the pressure of 10 5 10 7 mbar, depending on the operating
parameters of the EXMEC set-up. In this work the pick-up cell with two
horizontal orifices was made compatible with the Scienta R4000 electron analyzer mounted on the experimental chamber. The pick-up cell consists of a
stainless steel or a molybdenum crucible which is heated by either resistive
heating (based on the absorption of thermal radiation) or induction heating
(based on induction of eddy currents on the crucible and metallic sample by
fluctuating magnetic fields) [98]. In Papers I-II and IV-VI Rb, K and Bi
samples were evaporated using resistive heating, while in Papers I and III
Sn sample was evaporated by induction heating. The use of resistive and
induction heating allows to cover a wide range of temperatures from room
temperature up to 2000 C and thus makes it viable to evaporate a wide
range of low and high vapour pressure elements.
As explained in Section 3.2, inside of the pick-up cell metal atoms are
picked-up by Ar clusters and metal clusters are gradually formed via the
pick-up procedure. In this work the estimated metal vapour pressure inside
of the crucible was in the range of 10 2 10 3 mbar what is expected to
provide high doping rate of the Ar clusters and ensure production of pure
metal clusters [88]. As again discussed in Section 3.2, due to the nature of the
cluster formation mechanism a distribution of metal cluster sizes is produced
with the mean size of the distribution possible to control by varying the main
parameters of the EXMEC set-up: Ar cluster size and the oven pressure.
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Chapter 5
Summary and discussion of the
included papers
5.1

Experimental set-up for electron spectroscopy based cluster research (Paper I)

In Paper I technical design of the EXMEC set-up and first results on Rb
and Sn clusters are presented. The aim of this work has been to develop
the first version of the EXMEC set-up and to show its capability to produce
clusters in the size regime of few tens to few hundreds of atoms per cluster.
Moreover the set-up was found to be capable to produce clusters from high
and low vapour pressure metals using two kinds of evaporation techniques:
High vapour pressure Rb was evaporated using resistively heated oven while
low vapour pressure Sn was evaporated using induction heating.
Core-level photoelectron spectroscopy has been used to investigate the
electronic structure of Rb and Sn clusters. Photoelectron spectra of Rb 4p1/2
and Sn 4d5/2,3/2 have been recorded and properties of clusters have been
determined by spectral analysis. Four di↵erent experimental conditions each
creating Rb clusters of a certain size are presented in Paper I. For Sn a
spectrum for one size of clusters is presented. Core electron spectra have
been used to determine the mean sizes of the produced clusters using the
CSA-model, presented in Section 2.3.5. The sizes of Rb clusters have been
estimated to be in the range of hN i ⇡ 60 220. Mean size of Sn clusters
have been estimated to be approximately ⇡ 200 atoms. The Ar cluster sizes
used in the experiments or Rb, have been estimated using the similar scaling
law approach as presented in Section 3.1.6, with a cluster size range from
1400 to 25700 atoms per cluster.
The first results, presented in Paper I have demonstrated the capabilities
of the EXMEC set-up for photoelectron spectroscopic studies. In later works
some modifications and enhancements were made to the set-up to enhance
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the operational stability but for the larger part the set-up has remained the
same. The development of the EXMEC set-up has provided also a solid foundation for further cluster research of metal and molecular clusters presented
in Papers B-F.

5.2

Study of metallic clusters using photoelectron spectroscopy (Papers II-VI)

In Papers II-VI core-level and valence photoelectron spectroscopy has been
used to investigate the evolution of metallic properties of free, neutral and
size varied nanoscale Rb, K, Sn, and Bi metal clusters.

5.2.1

Core-level photoelectron spectroscopy of clusters

In Paper II a more thorough investigation of Rb clusters has been presented,
as well as a study of K clusters. 4p core-level spectra have been recorded for
four Rb cluster sizes: hNRb i = 40, 90, 110, 170 and 3p core-level spectra for
two K cluster sizes: hNK i = 90, 650. In Paper III 4d core-level photoelectron spectroscopy has been used to study Sn clusters in detail presenting the
spectra for four Sn cluster sizes: hNSn i = 40, 60, 200, 500. Size of Ar clusters
in the Sn experiments have been also estimated to be in the size range from
400 to 140000 atoms per cluster. In Paper IV 4f and 5d core-level photoelectron spectroscopic investigation of Bi clusters has been performed presenting
spectra for seven cluster sizes: hNBi i = 20, 30, 50, 60, 80, 150, 330.
In each work for the largest clusters of the series cluster-to-solid binding
energy shifts are observed to be rather small, suggesting metallic properties
at least for the largest studied clusters. Furthermore, for each metal except for Sn, the evolution of the cluster-to-solid shift has been smooth and
monotonous indicating no drastic changes in the properties of the clusters
and therefore suggesting metallic properties for all cluster sizes, except for
the smallest Sn clusters. In the case of the smallest Sn clusters (N ⇡ 40),
in Paper III, an additional spectral feature appearing in the 4d core-level
spectrum is proposed to be due to the non-metallic phase of Sn clusters.
For such non-metallic energy structure the final state screening can decrease
remarkably and thus the cluster features are expected at di↵erent binding
energies in spectra relative to metallic Sn clusters of a similar size. This idea
is supported by an earlier study on anionic Sn clusters, where semiconductorto-metal transition has been observed close to cluster size hNSn i = 40 [30].
Similarly to Paper I, in Papers II-VI the cluster sizes have been estimated
using the CSA-model and the core-level binding energies determined in the
experiments. In Papers II, III, V and VI the cluster size estimations have
had to involve the macroscopic solid work functions known with a limited
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accuracy. In Paper IV the core-level solid energies measured directly relative
to the vacuum level in Ref. [39] have been used.
In Paper II each of the 4p1/2 and 4p3/2 core-level photolines of Rb clusters
is split into two sub-components due to bulk and surface states. In the
case of K clusters’ study, presented in Paper II, separate bulk and surface
components have not been resolved, partly due to the inherent line width of
the K 3p1/2 and 3p3/2 . Similarly in Papers III and IV for Sn and Bi clusters
bulk and surface states have not been resolved due to the widths of the
core-level photolines.
Since intensity (total area) of bulk and surface components of cluster
responses depends on the number of bulk and surface atoms the ratio between
the components provides additional information on the size and geometric
structure. In the case of Rb clusters (Paper II) the bulk-to-surface ratio
has been observed to decrease rapidly as a function of cluster size. This
indicates that the size of the clusters is in the regime where surface atoms
are in majority, suggesting size range of few tens to few hundreds atoms.
In Papers II and IV the width of the core-level cluster responses has been
observed to increase with the decreasing cluster size. Since the EXMEC setup produces a distribution of sizes and because the binding energy di↵erence
becomes larger for smaller sizes, some broadening of the core-level lines can
be expected with the decreasing cluster size. However, for Rb and K clusters
(Paper II) the widths of the bulk components are observed to increase only
slightly when the surface components increase drastically. This di↵erence in
spectral changes with the size is proposed to be due to the increased number
of di↵erent surface sites for the smallest cluster sizes. In the case of Bi clusters
(Paper IV), the bulk and surface components are not resolved and therefore
only an increase in the overall widths of the cluster responses is observed at
smaller sizes.
As described above, to determine spectral characteristics of core-level
photolines least-square fitting has been used. In Papers II and IV the spectral characteristics of Rb, K and Bi clusters have been determined by fitting
using Igor Pro macro package SPANCF [57]. In our spectra cluster features
consist of multiple photolines due to all the clusters in the size distribution.
However because of the inherent line widths and of the limited experimental
resolution separate peaks for each cluster size are not resolved. Thus single
lines for each spin-orbit or bulk/surface component have been used. To address the question whether small Rb and K clusters are metallic, di↵erent
spectral profiles for the Rb 4p and K 3p responses, among them DoniachSunjic profile, have been tested in the data handling of Paper II. It has been
found that Doniach-Sunjic spectral shapes with the solid Rb and K asymmetry indices gave the best description of the clusters responses and this
suggests metallicity of the studied Rb and K clusters. In the study of Bi
clusters presented in Paper IV, asymmetric line profiles have not been ob41

served and therefore for simplicity the cluster responses have been fitted with
Voigt profiles. In Paper III presenting the results on Sn clusters, the binding
energy values of Sn 4d5/2 and 4d3/2 cluster responses have been determined
using the centre-of-gravity positions of the peaks instead of fitting.
In solid state a Bi crystal has a poorly conductive bulk and a well conductive surface, and this special property has been a topic of studies related
to nanoelectronics and topological-insulators [99–107]. In Paper IV we have
studied how this surface conductivity scales down to nanoscale clusters. In
solid the conductive surface states may penetrate in to the bulk and this
addresses a question whether the nanoscale Bi clusters are completely nonmetallic or metallic, or have a heterogeneous structure consisting of a poorly
conductive bulk and a highly metallic surface. For nanoscale Bi ensembles
the MIT has been proposed but not unambiguously verified [107, 108] and a
phase transition of crystal structure from well defined lattice symmetries to
amorphous features has been suggested to happen in supported Bi granules at
dimensions close to 4 nm [106]. The experimental core-level spectra of Bi do
not indicate any resolvable components due to the metallic and non-metallic
phases of Bi and therefore the core-level analysis suggests homogenous Bi
clusters across the whole cluster size range N = 20 330 (R = 0.5 1.4 nm),
which is well below the dimensions of 4 nm.

5.2.2

Valence photoelectron spectroscopy of clusters

Valence photoelectron spectra of Rb, K, Sn and Bi clusters have been recorded
for the same clustering conditions as the core-level spectra in Papers II-IV. In
Paper VI the valence spectra of Rb clusters were recorded for several photon
energies and a single cluster size. The valence responses have been observed
at higher binding energies than the corresponding solid work-functions and
posed similar cluster size dependence as the core-level features.
In Paper II the valence spectra have been recorded for two cluster sizes:
hNRb i = 40, 170 and hNK i = 90, 650, respectively which correspond to the
smallest and the largest cluster sizes in the series with the core-level spectra.
For the largest Rb and K clusters the profiles of the valence responses have
been observed to be solid-like with a Fermi-edge type of a steep flank, while
for the smallest clusters the valence responses have more smooth symmetric shapes. Noticeable changes in the shape of the valence spectrum - in
addition to the cluster size dependent binding energy shift - indicates substantial change in the DOS structure between the larger and the smaller sizes.
Change of DOS from a solid-like response to something drastically di↵erent
is an expected feature for clusters with a size in the range of few tens to
few hundreds atoms an thus the experimental valence spectra of Rb and K
clusters support the core-level analysis which indicated metallic properties.
For Sn clusters (Paper III) the valence spectra have been recorded for
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three cluster sizes: hNSn i = 60, 200, 500. Due to weak valence responses the
valence spectrum has not been recorded for the smallest hNSn i = 40 clusters.
Thus possible changes in the valence spectra corresponding to the additional
feature observed in the core-level spectra could not be investigated.
For Bi clusters (Paper IV) the valence spectra have been recorded for
seven cluster sizes: hNBi i = 20, 30, 50, 60, 80, 150, 330. The valence responses
have been observed to be remain quite similar through the whole size range
and only size dependent shifting and some change in the width of the cluster responses has been observed. The latter has been proposed to be due
decreased coordination as a function of decreasing cluster size. In addition
to this, there may also be changes in the spectra due to a change in the
DOS. Additional fine-structure is not observed in the valence spectra of Bi
clusters and the cluster responses resemble smooth profiles observed for the
poly-crystalline Bi [109]. Solid-like surface responses [110] were not expected
to be observed, due to absence of fixed geometry in the experiments. Thus
valence spectra do not indicate any proof of heterogenous Bi clusters - with
conductive surface and non-metallic bulk - and therefore the results of the
valence analysis are consistent with the core-level investigation.
In Paper II on Rb and K clusters the valence onsets have been determined
and the cluster-to-solid binding energy shifts have been found to be close to
the corresponding core-level values, even though somewhat smaller. Thus
the cluster size estimations from the valence spectra yields larger cluster sizes
than the core-level treatment. However, due to the size distribution of the
studied metal clusters and the fact that the lower binding energy side of the
valence profile gets most from the largest clusters, the smaller cluster-to-solid
binding energy shifts in valence relative to core-levels have been proposed to
be due to the cluster size distribution. Therefore the results of the valence
analysis are consistent with that of the core-level. For Sn and Bi clusters
(Papers III and IV), the valence onsets have not been determined but the
core-level cluster-to-solid shifts have been added to the solid work-functions.
Similarly to Rb and K clusters, the core-level cluster-to-solid shifts of Sn and
Bi correspond relatively well to the valence shifts when the uncertainties in
the determined cluster and reference solid values are taken into account.
The determination of the Fermi-edge is also challenged by the change of
the DOS (i.e. shape of the valence response), as observed for Rb and K
clusters. The change of the DOS has been studied in Paper V, in which
the jellium model simulated valence spectra have been compared with the
experimental ones for Rb and K clusters, presented in Paper II. The estimated mean cluster sizes, in Paper V, were hNRb i = 50, 200 for Rb and
hNK i = 30, 650 for K, and the jellium-simulations have been carried out for
electronic-shell magic numbers close to the estimated experimental cluster
sizes. Spectra of the Rb clusters have been simulated using cluster the sizes:
58 and 198. Spectra of the smallest K clusters have been simulated using
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the two cluster sizes 34 and 40 in order to get a better agreement with the
experimental spectra for which a distribution of sizes exists. The larger K
cluster spectra have been simulated for a single size of 676. In order to evaluate the e↵ect of the continuum wave functions for the cross sections of the
valence ionization transition every simulation was carried out using two approaches: 1) a description where the valence responses are determined only
by the electron occupation of the jellium orbitals (i.e. DOS description) and
2) where the continuum wave functions for the final ionized states are taken
into account in the cross sections. While the first approach provides a reasonable description with some deviation of the calculated spectral overall shape
from the experiment, the inclusion of continuum wave functions enhances
the description remarkably. The simulation confirms that the changes in the
valence photoelectron spectra are indeed due to the change of the DOS and
therefore the valence spectra are not well suited for performing cluster size
estimations using the CSA-model.
In Paper VI the valence spectra of Rb clusters have been studied as a
function of photon energy and the experimental valence spectra have been
recorded for a single mean cluster size of hNRb i ⇡ 90±20 and for three photon
energies: 40.2, 48.8 and 58.6 eV. In the valence band region (2.4 3.6 eV) the
relative intensities of the experimental cluster responses have been observed
to change as a function of photon energy and these oscillations have been
described by the jellium model simulations - similar to those of Paper V with the continuum wave functions for the final states. In order to take into
account the cluster size distribution the simulations have been carried out
for several cluster sizes N = 90 ± 10 with a Gaussian weight and FWHM
of 12 atoms. The simulations suggest that the intensity deviations of the
experimental valence spectra are due to the photon energy dependent cross
section oscillations of the 1h, 2d, 1g, and 2p jellium-orbitals. This kind of
behaviour has been predicted previously for Na clusters [111] and it is verified
by the experimental and theoretical results of Paper VI.
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Chapter 6
Conclusion and outlook
Synchrotron radiation excited core-level and valence photoelectron spectroscopy has been used to study electronic properties of free, neutral and size
varied metal clusters in nanoscale dimensions using the EXMEC set-up. In
this work we reported experimental results of K, Rb, Sn and Bi clusters which
indicated metallic properties for the cluster size range from few tens to few
hundreds atoms per cluster and only for Sn clusters, close to size 40, a MIT
has been indicated by the spectral analysis. We also presented the results
of the jellium-based simulations for Rb and K clusters which described the
responses in the valence spectra and revealed that an approach which takes
account the continuum wave functions of the photoelectrons is required for
the satisfactory description. Furthermore, the jellium simulations and the experimental observations for Rb clusters, confirmed the previously predicted
oscillations of the jellium orbitals’ cross sections as a function of photon
energy. In addition to the scientific results of metal clusters, we presented
the main principles of the EXMEC set-up and discussed about the technical
implementation.
The research of metal clusters is expected to continue for other metallic
elements in the future and concentrate on their metallic and chemical (i.e.
catalytic) properties. Since the neutral metal clusters cannot be size selected
in the present experimental set-up, in this work, we studied clusters with a
size distribution and the cluster sizes had to be estimated using the CSAmodel. However, the photoelectrons can be connected to the size of the
host cluster by the so-called photoelectron-photoion coincidence (PEPICO)
technique, which have been used lately in the study of small metal clusters
[112–114]. This approach makes it possible to record photoelectron spectra
from the known cluster sizes and avoid the e↵ects related to the cluster size
distribution. The EXMEC set-up used in this work was not compatible with
the PEPICO experiments and therefore in the future a new version of the
EXMEC set-up will be developed which will enable such experiments. The
new set-up is also planned to be capable to form metal clusters made of two
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di↵erent metallic elements (i.e. bi-metal clusters) and provide a possibility
to deposit the formed clusters on surfaces.
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