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Clusters are aggregates of a finite number of atoms or molecules. In the present work, free
clusters out of metallic parent materials have been created and studied by synchrotron radiation-
based photoelectron spectroscopy. The clusters have been formed and studied in a beam and
the electronic structure of the clusters has been investigated. Conclusions have been drawn
about the spatial distribution of atoms of different elements in bi-component clusters, about the
development of metallicity in small clusters, and about the excitation of plasmons.

Bi-component alloy clusters of sodium and potassium and of copper and silver have been
produced. The site-sensitivity of the photoelectron spectroscopy technique has allowed us to
probe the geometric distribution of the atoms of the constituent elements by comparing the
responses from the bulk and surface of the clusters. In both cases, we have found evidence for a
surface-segregated structure, with the element with the largest atoms and lowest cohesive energy
(potassium and silver, correspondingly) dominating the surface and with a mixed bulk.

Small clusters of tin and lead have been probed to investigate the development of metallicity.
The difference in screening efficiency between metals and non-metals has been utilized to
determine in what size range an aggregate of atoms of these metallic parent materials stops to
be metallic. For tin this has been found to occur below ~40 atoms while for lead it happened
somewhere below 20-30 atoms.

The excitation of bulk and surface plasmons has been studied in clusters of sodium, potassium,
magnesium and aluminium, with radii in the nanometer range. The excitation energies have
been found to be close to those of the corresponding macroscopic solids. We have also observed
spectral features corresponding to multi-quantum plasmon excitation in clusters of Na and
K. Such features have in macroscopic solids been interpreted as due to harmonic plasmon
excitation. Our observations of features corresponding to the excitation of one bulk and one
surface plasmon however suggest the presence of sequential excitation in clusters.
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1. Introduction

1.1. Clusters

Clusters are particles consisting of a finite number of atoms, from 2 and up
to ~10” [1]. They can be considered an intermediate state of matter, bridging
the gap between atoms and small molecules on the one hand and solids on
the other. There is no clear limit on the number of constituent atoms that a
large assembly of atoms can contain before it is to be considered a solid.
Likewise, one can say that there are no general rules stating the number of
atoms at which a molecule becomes a small cluster. When clusters are
formed, the constituent atoms will strive to arrange themselves in a geomet-
ric structure that minimizes the total energy of the system. Which structure
this is depends on the type, and number, of incorporated atoms and the type
of bonding between them.

Chemical and physical properties of clusters may vary significantly with
size. For example, clusters of macroscopically metallic elements may, in
some size regime, exhibit semiconductor-like properties. With an increasing
amount of constituent atoms the energy bands gradually widen until the band
gap eventually disappears and the metal band structure of the solid is
reached [2, 3]. From the point of view of fundamental research, clusters are
studied to gain understanding of how the properties of solids evolve from
those of separate atoms as more and more atoms are bound together.

The possibility to produce particles of specific properties, not only by
varying size but also by combining different kinds of atoms in clusters,
makes clusters interesting also from the perspective of applied research, e.g.
materials science [4]. Another property potentially important for

- G

Figure 1.1. Schematic illustration of a transition: Atoms — Molecules — Clusters —
Solids.




applications, is the large surface-to-bulk ratio, i.e. the fact that a relatively
large fraction of the constituent atoms are situated at the surface. This is not
the case in solids where the vast majority of atoms are located in the bulk,
without contact with the surrounding medium. Since chemical reactions take
place at surfaces, clusters are promising as catalysts [4].

Fundamental natural science, materials science, and catalysis-related re-
search have in general benefited a lot from implementing photoelectron
spectroscopy (PES), a unique tool with element- and site-sensitivity, espe-
cially suitable in the studies of surfaces. The tuneable x-ray radiation pro-
duced at synchrotron facilities provides an optimal way for such studies. The
use of PES together with synchrotron radiation in cluster science was for a
long time limited to studies of clusters supported on some substrate [5]. The
presence of the substrate, however, changes the properties of clusters—both
their geometric and electronic structures are influenced. Thus, the inherent
properties of clusters can be better understood when looking at free clusters.
These can be produced in beams or as aerosols but due to the typically dilute
concentrations it was not until the 3rd generation synchrotron radiation facil-
ities came into operation, providing sufficiently intense light of high energy,
that the electronic structure of unsupported clusters could be efficiently stud-
ied.

1.2. Electronic structure

In the work presented here, free clusters with constituent atoms of metal
elements have been studied using synchrotron radiation-based x-ray photoe-
lectron spectroscopy. The electronic structure has been investigated in order
to shed light on various properties of the produced clusters.

The electrons bound in a system, e.g. an atom, molecule or solid, occupy
a number of discrete states or continuous bands. Those of these levels that
have the highest main quantum number, 7, for the system are referred to as
the valence levels while those of lower 7 are, as a rule, core levels (in some

Atom Molecule / Large cluster Solid
Small cluster
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levels/bands -
it — [ 1
levels/bands -

Core levels

Figure 1.2. A schematic illustration of the principal evolution of electronic structure
with size.



cases, like for the transition metal solids also levels with lower main quan-
tum numbers can form the valence bands). The valence electrons determine
how a system interacts with its surroundings. As mentioned earlier, clusters
can be seen as an intermediate phase between separate atoms/molecules on
one side and solids on the other. From this perspective it is helpful to start
with a brief repetition of the well-established atom/molecule and solid ener-
gy-level structure in order to understand the electronic structure of clusters.

For single atoms, the electronic structure consists of a number of discrete
energy levels. When atoms combine into molecules the valence orbitals of
the atoms form new molecular valence orbitals participating in the intera-
tomic bonds. These orbitals are as a rule not associated with any specific
atom but are distributed over the whole molecule, i.e. they are delocalized.
The number of orbitals increases with the number of constituent atoms. The
orbitals of the core levels, whose electrons are not involved in the bonding,
remain discrete and localized, i.e. they can still be considered to belong to
the specific atom to which they were bound before the formation of the mol-
ecule.

In solids, the atomic valence orbitals combine to form energetically con-
tinuous electronic bands, delocalized over the whole solid. In a simple pic-
ture of a ground-state solid, a continuous interval of populated levels formed
out of the valence electrons is referred to as the valence band, while the un-
populated set of levels next in energy is called the conduction band. If there
is no separation between these two bands, the solid is a metal while if there
is a gap, the solid is an insulator or a semiconductor, depending on the gap
size (see figure 1.3).

As stated above the core levels maintain their discrete, atomic-like nature
also when the atom with which they are associated is part of a larger system,
so they do not form bands, but the core-electron binding energies anyway
experience significant changes in the atom-to-solid transition, especially for
metals. As a rule, the binding energy of a certain core level is several elec-
tron volts lower in the solid than in a separate atom of the same element.
This is due to two factors, partly due to the cohesive energy, i.e. the energy
released in the formation of the solid and keeping the constituent atoms to-
gether, and partly due to the interaction of the core vacancy/hole (a positive
charge), appearing as a result of the core-level electron removal, with the
surrounding atoms. This interaction with the surroundings, often referred to
as screening of the core-hole, will be further discussed in section 3.3.

Another characteristic change in the electronic structure of the core-levels
is the loss of coupling to the valence electrons, which is a consequence of the
valence electron delocalization. In separate atoms and molecules the interac-
tion between the valence and core electrons often causes a rich variety of
possible ionic multiplet states, which manifests itself in several different
binding energies for the core electrons. In solids, the role of the delocalized
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Figure 1.3. A schematic illustration of the principal electronic structure of the solid
State.

electrons is limited to just the screening of the positive charge created in the
core-level of the probed constituent atom.

For clusters, electronic structure varies with size, between the extremes of
a separate atom and a solid. The valence structure goes from the molecular-
like discrete orbitals [6] for small clusters towards the solid-like band struc-
ture for large clusters [7].Generally, the binding energies of the core levels
decrease with size from their atomic to their solid state values. There are,
however, some exceptions like, for example, for the halogen atoms in alkali-
halide clusters [8].

1.3. Thesis outline

In addition to this introduction chapter, the thesis will continue with the fol-
lowing chapters;

2. descriptions of the two different methods, gas aggregation and the
pick-up technique, used to produce free clusters and the equip-
ment involved,

3. a description of the probing technique (electron spectroscopy)
used to investigate the clusters, their spectral response, and how
the recorded spectra are analysed,

4. the analysis of our experimental results, allowing us to address the
spatial distribution of atoms from the different elements in bi-
component self-assembled nanoalloy clusters (Papers I, VI), the
development of metallicity with size in small clusters (Paper II,
V), and the behaviour of plasmon excitations in free metal clusters
(Paper 111, IV),

5. asummary and an outlook.
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2. Methods of cluster production

The clusters in the present studies have been produced through the condensa-
tion of metal-vapour atoms. In the studies described in papers I, III, IV and
V1, this has been achieved using a so-called gas-aggregation source (section
2.1) while in the work covered by papers Il and V, a “pick-up” source (also
entitled as the EXMEC (EXchange MEtal Cluster) source, section 2.2) has
been used. The vapours of the metals under investigation have been obtained
through either resistive or inductive heating of solid samples in dedicated
ovens or via magnetron-based sputtering.

2.1. Gas-aggregation source

The schematics of the gas-aggregation source [9] is shown in figure 2.1. Its
design is based on that of the Haberland group in Freiburg, Germany [10].
As mentioned above, clusters are formed through the condensation of vapour
atoms. As a vapour source, either a resistively heated oven or a magnetron-
based sputtering source is used. The oven used in the present experiments
consists of a steel cylinder with a so-called Thermocoax heating element
[11] wrapped around it. In such an element, in order to electrically isolate the
steel cylinder, and the sample, the heating wire is isolated by a ceramic pow-
der kept in place by an outer metal shielding. To reduce the heating of the
outer surroundings of the oven, in this case argon gas (see below), the cylin-
der, along with the wire, is inserted into a container consisting of one ceram-
ic and one steel cylinder. The schematics and a picture of the resistive oven
can be seen in figure 2.2. The oven is preferably used to vaporize low

Liquid nitrogen
-cooled cryostat

A few
mbars _l
Metal vapour
of Ar — source g Js ST SRS AR S L T L A

Expansion Chamber lonization Chamber
10°-10" mbars 107-10"° mbars
B [ 1 B [ 1
|F'ump| |F'ump|

Figure 1.1 Schematics of the gas-aggregation source.
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sample-containing
steel cylinder

steel heat groove for ceramic heat
insulator heating wire  insulator

Figure 2.2. Schematics of the resistive oven (left). The oven after having been used
to vaporize magnesium (right).

melting point elements, e.g. alkali metals, since their vapour pressures are
relatively high already at a few hundred degrees Celsius. For the experi-
ments presented in this thesis, the resistive oven has been used for vaporiz-
ing Na, Mg and K. Na and K become liquid before the desired vapour con-
centrations are reached. The alkali-earth metal magnesium sublimates from
the solid phase and demands substantially higher heating than Na and K.

For higher melting point elements, the temperatures that can be reached
with the resistive oven are not enough to achieve sufficient vapour pressure.
Vapours of these elements may instead be produced through sputtering. En-
ergetic particles (atomic/molecular ions as a rule) accelerated into a surface
may, provided that their kinetic energy is high enough, break the bonds of
one or a few of the surface atoms and have them emitted—sputtered. In this
way vaporization can be achieved.

The sample to be vaporized is kept at a negative potential. When the pow-
er is turned on, atoms present in the vicinity of the sample (in our case it is

+ metal atoms
Ar o and ions plasma area

Target
(negative high

. voltage)
magnetic field

magnets cooling core

Figure 2.2. Schematic cross-section of a magnetron-based sputtering source. Figure
provided by S. Peredkov.
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argon atoms) will be ionized and the released electrons will be accelerated
away from the sample. The positively charged Ar ions will then be acceler-
ated towards the negatively charged sample and knock out atoms from the
surface. The electrons collide with the other atoms and provide their outer
shell electrons with enough energy to be ejected. Hence new atoms become
ionized and provide further ions for the sputtering process.

To increase the sputtering rate, magnets are placed behind the sample
(hence the name magnetron). The magnetic fields will, to a large degree,
confine the electrons to the volume just above the sample. The increase in
electron density caused by the magnets will increase the number of argon
gas ionization events and hence the sputtering rate [12]. With the sputtering
source, depending on the applied power and argon pressure, a significant
fraction of the outgoing particles can be ionized [13]. In this work, the sput-
tering source has been used for vaporization of Al, Cu and Ag. The schemat-
ics of the magnetron-based sputtering source is illustrated in figure 2.3.

Since atoms are increasingly inclined to condense with decreasing tem-
perature, the vapour atoms should be cooled. The vapour source is placed
inside a liquid nitrogen-cooled cryostat (figure 2.4) into which a few mbar of
argon is continuously injected. The cryostat is in turn placed inside a vacuum
chamber (expansion chamber) where the pressure is 10°-10* mbar (during
operation). The vapour atoms are effectively cooled through collisions with
the cold inert-gas atoms. The argon gas flow continues out from the cryostat
into the expansion chamber and carries the clustering vapour atoms along.
On the way out from the cryostat the clusters, and the argon gas, passes
through a nozzle with a diameter around 1 mm and a length of about 3 cm.
The flow through the nozzle increases the condensation additionally. The
nozzle also serves to collimate the gas flow into a beam directed towards the
experimental chamber (ionization chamber) opening. On its way towards the

Figure 2.3. The cryostat moved out from the expansion chamber (nozzle not at-
tached).

13



ionization chamber (a distance of a few cm), the beam passes through a con-
ical skimmer, with a diameter of 1-2 mm, placed at the entrance to the ioni-
zation chamber. In this way the clusters are allowed to enter and the stray
atoms are rejected.

The size of the produced clusters depends mainly on the metal-vapour and
argon pressures, the cryostat temperature and the nozzle geometry. Atoms of
different elements are differently inclined to form clusters. For the work
presented here the cluster sizes vary between ~10° atoms for sodium to ~10
atoms for magnesium. In the beam there is a size distribution around some
mean number of constituent atoms, < /N >. In the present type of experi-
ments with the gas-aggregation source in question, the range of produced
mean cluster sizes, that can be probed, is limited since the cluster abundance
in the beam decreases with decreasing size. (Using a different technique,
time-of-flight electron spectroscopy with laser ionization, similar gas-
aggregation sources have however shown the capability of producing clus-
ters containing down to just a few atoms [14]). The mean radius and number
of constituent atoms can be estimated from the photoelectron signal, as will
be described in the discussion of the spectral response of clusters in chapter
3.

2.2. Pick-up source (EXMEC source)

The schematics of the pick-up source [15] is shown in figure 2.5. The central
idea is to seed metal vapour with a beam of cold Ar clusters, which collect
(pick up) metal atoms on their way through the vapour. The picked-up metal
atoms agglomerate at the surface/inside of the Ar clusters which gradually,
and in the long run completely, evaporate due to the thermal energy trans-
ferred from the metal atoms, so that only a beam of assemblies of metal at-
oms—clusters—remains.

The Ar cluster beam is formed using an adiabatic expansion source, the
principles of which have been described in ref. [16]. Ar gas is allowed to
expand out through a conical, liquid nitrogen-cooled, steel nozzle into an
evacuated expansion chamber (pumped down to 10°-107 mbar before the
experiments) which causes the argon atoms to aggregate into clusters (the
expansion chamber pressure then increases to 102-10” mbar). The resulting
beam then passes through a skimmer which, as in the gas-aggregation
source, serves to sort out uncondensed Ar atoms and let the formed clusters
pass into the ionization chamber. Here the clusters are sent through the metal
vapour. The larger the Ar clusters are, the more metal atoms they can pick
up, and the larger metal clusters will be formed.

The vapour source is again an oven, but smaller and of another construc-
tion than the one used in the gas-aggregation source. The sample to be va-
porized is loaded into a detachable cylindrical crucible. At the upper part of

14
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Figure 2.4. Schematics of the pick-up source. Figure provided by M.-H. Mikkela.

the crucible there are two oppositely placed circular 3 mm diameter openings
through which the argon-cluster beam can enter and the resulting metal-
cluster beam can exit. The crucible is placed inside a heating arrangement
which is either resistive or inductive. For the work presented in this thesis,
resistive heating has been used to vaporize lead (paper V), while the induc-
tive heating setup has been used in the tin cluster experiments (paper II), as
the latter requires higher temperatures. The induction arrangement consists
of a water-cooled copper induction coil which surrounds the crucible. The
heating is achieved by the resistive losses of the eddy currents induced in the
conductive molybdenum crucible. In the case of resistive heating, current is
sent through a tantalum wire insulated by boron nitride and the sample is
heated though absorption of the thermal radiation from the wire.

The experimental method (photoelectron spectroscopy) applied in the pre-
sent work and described in detail in the next chapter is demanding in the
sense of sample density. Thus, the implemented cluster sources have been
used in the regimes when the densities of the cluster beams have been the
highest. The principle of operation for both sources is such that an increase
in the cluster beam density simultaneously means an increase in cluster size.
For the gas-aggregation source the densest beam has been achieved when the
clusters contained from ~10° atoms and above. The pick-up source generally
produces smaller clusters, from a few tens up to a few hundreds of atoms,
where the efficiency of our gas-aggregation source is worse. This is why the
EXMEC pick-up source has been developed and implemented. In compari-
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son with the oven-based gas aggregation source the EXMEC setup can reach
much higher temperatures for vaporization of the samples. The heating ar-
rangement of the pick-up source allows temperatures well above 1000 de-
grees Celsius while the oven-based gas-aggregation source is limited to a
few hundred °C. Thus, the EXMEC source allows production of clusters in
an important size-range, unreachable for the gas-aggregation source in our
experiments, and can also vaporize high-melting point metals for which the
oven of our gas-aggregation source is insufficient. However, to produce
large (~10° atoms and above) clusters out of these high melting point materi-
als, one can turn to the sputtering-based gas-aggregation source. For the case
of nanoalloy clusters we have, for both cases presented here (NaK and
CuAg), used the gas-aggregation source. There have been several reasons for
this, both fundamental and technical. The gas-aggregation source allows
creating nanoparticles close in size to the practically interesting range, where
the laws known from the macroscopic world can be studied at the nanoscale.
Additionally, it is easier to control the mixing ratio of two vapours with a
magnetron source. Also, the metal cluster signal from the chosen systems is
obscured to a larger extent by the photoelectron signal from argon in the
pick-up source. A future perspective is to combine the gas-aggregation and
the pick-up source: to seed the metal vapour created in the EXMEC oven by
a beam of metal clusters instead of the argon cluster beam and in this way
promote formation of clusters with a certain core-shell geometry.
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3. Photoelectron spectroscopy applied to
clusters

The work presented in this thesis has been aimed at probing the electronic
structure of free metal clusters using synchrotron radiation. Here an over-
view of the probing method is given in the first section, followed by descrip-
tions of the experimental equipment, the expected spectral response and
finally, the details of the spectral analysis.

3.1. Photoelectron spectroscopy

Photoelectron spectroscopy is based on the photoelectric effect, i.e. the emis-
sion of an electron from an object, e.g. atom, cluster or solid, due to absorp-
tion of a photon of sufficient energy. The probing radiation can be generated
by different sources, e.g. a laser, a discharge lamp, or, like in the experi-
ments in this work, at a synchrotron facility (see section 3.2.1). If the energy
of the absorbed photon is high enough, an electron from the sample can be
emitted with the kinetic energy, £, , given by the photoelectric equation

E, =hv-(E, -E)=hv-E,, (3.1)

where hv is the photon energy, E , and E, are the final and initial state
energies of the system, and E,, =E —F, is the electron binding energy.
The kinetic energies of the emitted photoelectrons can be determined by an

- Electrostatic
oton analyzer
source Ellectron
enses
hv / Detector
Sample

Figure 3.1. The principle of photoelectron spectroscopy. Figure provided by S.
Peredkov.
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electron-energy analyser (electron spectrometer) [17], and their binding en-
ergies can be derived, provided that the photon energy is known. In many
cases, for the studies of valence levels/bands, ultraviolet photon energies are
enough while the ionization of the deeper-lying core levels requires x-ray
photons. Depending on what kind of radiation is used, photoelectron spec-
troscopy is referred to as either UPS (Ultraviolet Photoelectron Spectrosco-
py) or XPS (X-ray Electron Spectroscopy). The principle of PES is shown in
figure 3.1.

The x-rays used in the present experiments (see details below) are able to
reach a few pm into a condensed matter system. Thus not only the outermost
atomic layer of the sample can be ionized but also its inner part—the bulk.
The photoelectrons emitted by the bulk atoms undergo efficient attenuation
due to the interaction with the atoms and electrons of the system. This atten-
uation can phenomenologically be described via an exponential dependence,
e *'*, where x is the distance the photoelectron must travel to reach the
surface and A is the inelastic mean free path, i.e. the average distance the
photoelectron travels between consecutive inelastic scattering events. This
mean free path, or escape depth, of electrons in solids is dependent on the
electron energy: it has a minimum at some tens of eV and increases both
with increasing and decreasing electron energy. If the photon energy is cho-
sen so that the ejected electrons have energies near the minimum, then a high
surface sensitivity, i.e. the most intense response from the surface relative to
the bulk signal, will be achieved. On the contrary, if one instead chooses to
use a very high photon energy or a photon energy just above the ionization
threshold, the resulting long mean free paths will provide a more favourable
situation for the photoelectrons coming from the interior of the sample.

When choosing photon energy one has to take into account the photon
energy dependence of the surface-to-bulk intensity ratio but also the spectral
photon flux provided by the radiation source and the ionization cross-section
for the level under investigation. The cross-section can be a non-monotonous
function of the photon energy with maxima and minima [18]. Additionally,
one must consider the achievable radiation bandwidth which can be varying
for different photon energies and thus influencing the total energy resolution
in an experiment.
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3.2. Practical setup

For the photoelectron spectroscopy experiments presented in this thesis,
photoelectron emission has been studied using synchrotron radiation as a
probing tool. The experiments have been performed at the MAX-lab syn-
chrotron radiation facility (figure 3.2). In section 3.2.1, the generation of
synchrotron light and the way a specific photon energy is selected in the
present experiments is described. As mentioned above, the photoelectron
energy is measured using an electron energy analyser described in section
3.2.2.

3.2.1. Light source—synchrotron radiation

Synchrotron radiation is emitted when charged particles, e.g. electrons, are
accelerated. For relativistic electrons, the radiation is emitted in a narrow
cone in the forward direction. Relativistic electrons can be produced and
stored in stable orbits in storage rings using magnetic fields. Storage rings
usually consist of a number of straight sections with so-called bending mag-
nets in the junctions between them. At earlier synchrotron facilities the ra-
diation generated in these bending magnets was the main tool used for vari-
ous types of experiments, e.g. photoelectron spectroscopy. The MAX 1I stor-
age ring, which acted as light source in the experiments of this work, is a so-
called 3rd generation synchrotron radiation source. In such a source, the
bending magnets used to maintain the beam in its orbit are not the main
sources of the output light. Instead, large arrays of alternating dipole mag-
nets, wigglers and undulators, are placed in the straight sections of the stor-
age rings. These so-called insertion devices cause the electrons passing be-
tween the magnets to move in an oscillatory trajectory, emitting radiation

Figure 3.2. The MAX-lab synchrotron radiation facility. Figure provided by S.
Peredkov and MAX-lab.
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Figure 3.3. The 1411 soft x-ray undulator beamline. Figure provided by M.
Lundwall.

mainly along the insertion device axis. For undulators, one of which was
used in this work, the dipole magnets of the array are arranged in such a way
that the radiation interference is constructive for one specific wavelength. In
this way, a high peak intensity can be achieved for this wavelength while the
others are damped. The wavelength to be amplified can be changed by vary-
ing the strength of the magnetic field. Thus produced synchrotron radiation
has a number of properties making it especially suitable for spectroscopic
purposes. Output light of any wavelength in a continuous interval between
the infrared and hard x-rays can in principle be achieved (although not by
one and the same undulator). It has a very high brilliance, is well collimated
and also has a well-defined time structure.

The experiments in this work were carried out at the undulator beamline
1411 (layout in figure 3.3) at the MAX-II storage ring. The undulator for this
beamline produces synchrotron radiation in an energy interval of ~40-1500
eV. Before the light is used in an experiment it is monochromatized. This is
done using a modified Zeiss SX700 monochromator that disperses the light
and makes it possible to select a narrow wavelength interval. The light from
the undulator is reflected onto the first mirror of the monochromator by an-
other, spherical, mirror (M1). The first part of the monochromator is a plane
mirror (M2) that reflects the incoming light onto a plane diffraction grating
(G1) with 1221 lines/mm where light of different wavelengths is reflected at
different angles. Then the light is focused onto an adjustable (0-800 um) exit
slit by a plane elliptical mirror (M3). The desired wavelength is selected by
tilting both the grating and the plane (M2) mirror simultaneously according
to a certain algorithm, which allows a fixed focus position. Having exited the
monochromator the radiation is refocused, both vertically and horizontally,
by a toroidal mirror (M4), into a certain point in the end station, where the
electron spectrometer also has its focal point and where the sample is placed.

3.2.2. Electron spectrometer

The kinetic energies of the ejected photoelectrons are measured using a hem-
ispherical Scienta R4000 electron analyzer/spectrometer (schematics in fig-
ure 3.4). The incoming electrons are focused by an electrostatic lens and
then forced to travel in a radial electric field between two hemispherical
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Figure 3.4. Schematics of an electron analyser. Figure provided by M. Lundwall.

electrodes. Electrons of different kinetic energies have their trajectories dif-
ferently bent and only electrons within a specific energy interval can reach
the detector system. The width of this interval is chosen by varying the elec-
tric potentials of the lens and the hemispherical electrodes. As the detector
has a fixed number of physical channels, a wider detection interval leads to a
lower energy resolution. The result of a measurement with such a spectrome-
ter is a so-called photoelectron spectrum: a distribution of the electron signal
over a kinetic/binding energy interval. The signals from the electrons arriv-
ing at each detector channel (corresponding to a certain energy interval)
within a chosen time are summed up and these intensities for all detector
channels constitute the spectrum.

3.3. Spectral response

3.3.1. Free atoms

When photoelectron spectroscopy is used to probe the electronic structure of
single atoms, ionization-transition selection rules and the spin-orbit splitting
give rise to a number of peaks in the photoelectron spectrum. For example, a
rare gas atom in its ground state has only filled shells. If ionized, the atom is
left in one of the allowed spin-orbit split states given by the coupling be-
tween the angular momentum, [, of the level from which the atom is re-
moved, and the electron spin, s, which is either plus or minus 2. According
to the spin-orbit coupling rules, there are, except for / = 0 (s-states) then two
possible spin-orbit split states for the ionized atom, so ionization of any level
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with />0 gives rise to two peaks in the spectrum. s-state ionization gives
only one peak.

If there are open shells in the ground state of the atom, the situation is dif-
ferent. In alkali metal (e.g. sodium and potassium) atoms, the valence level
is a half-filled s-shell (one electron). The core-levels are fully filled. If a core
level in such an atom is ionized, the appearing vacancy in this level will
couple to the valence electron which opens up several possible spin-orbit
split states for the ionized atom. The core level from which the electron is
removed has, provided it has [/ > 0 , two possible electronic configurations,
giving rise to a total of four possible spin-orbit states for the atom. For ex-
ample, the electron configuration for a potassium atom is
15*25°2 p®3s°3p°4s. If the 3p core level is ionized, the angular momenta
of the 3p level (l = 1) and the 4s valence level (l = O) will couple to a total
momentum, L =1. Likewise, the spins will couple to a total spin,
S =0or 1. This will give two terms, one singlet and one triplet and hence
four spin-orbit split states, which correspond to four peaks in the photoelec-
tron spectrum. This scheme of LS -coupling is known to be relevant for
lighter elements. With increasing mass however, the case of jj-coupling
becomes more and more prominent. In this case, the orbital- and spin-
momenta of each electronic shell first couples into a total momentum j for
the shell. The j-momenta of the individual shells then couple to each other
and the result is two doublets. The total number of states is four also in this
case. The transformation from the LS - to jj -coupling can be well seen, for
example, in the ionization of the d levels in separate atoms of copper and
silver. While in the case of copper 3d ionization there is a singlet and a tri-
plet, in silver 4d the lines are grouped in two doublets [9].

Even in the simplest case of photoemission from a separate atom, each
spectral feature in the observed signal assumes a certain spectral profile.
Again, in the simplest case, the profile is a symmetric peak with a maximum
corresponding to the most probable binding energy. The observed width of
the peak is determined by many different mechanisms, defined both by the
inherent properties of the investigated system and by the experimental condi-
tions.

Core-level photoemission leaves the ionized atom in an excited state. This
state will decay after a finite time, the lifetime of the excited state. For the
core levels of lighter elements this most often proceeds via Auger decay,
when an electron from a higher shell will fill the core vacancy and another
electron will be emitted. This leaves the system in a doubly ionized, relaxed
state.

If no external broadening mechanisms were present, the lifetime broaden-
ing would give a peak of a Lorentzian shape. In practice, however, the peaks
are always further broadened due to the experimental conditions. Among the
most important broadening reasons for the present work are the limitations in
photon monochromaticity and photoelectron detector energy resolution. The
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broadening contributions due to these mechanisms are described by a Gauss-
ian shape. There are also other contributions to the line broadening. In the
general case for free atoms, collisions between them can broaden the Lo-
rentzian while the Gaussian will have its width further increased by the
Doppler effect due to the thermal energy of the system. The Gaussian width,
AE , could be estimated in a photoelectron spectroscopy experiment as

AE = [AE? +AE2, +AE, (3.2)

where AE  is the width introduced by the final spectral interval of the inci-
dent radiation cut out by the monochromator slit, AE, is the width due to
the limited spectrometer resolution and AE, is the width due to thermal
broadening. The contributions from the experimental equipment are known,
while for the inherent spectral line width of an atom this is not always the
case. The result of the Lorentzian and Gaussian contributions to a spectral
line-shape is the so-called Voigt profile (a convolution of a Lorentzian and a
Gaussian) which adequately describes the peak.

Apart from the main spectral lines due to the direct ionization of a certain
energy level discussed above, various other features due to the same primary
ionization process can be present in the spectra. Some of them are referred to
as satellite features and arise from numerous processes, e.g. photoelectron
energy-losses to excitations of valence electrons to higher, normally unoccu-
pied states. The kinetic energy loss in these “shake-up” processes causes the
photoelectron signal to appear at a higher binding energy in the spectrum.
Excitation to several levels leads to a certain set of discrete features on the
binding energy scale [19].

The considerations presented above are in general valid not only for the
core-level ionization case, but also for the valence ionization. The multiplet
structure of the spectrum is then caused by different possible configurations
of the final ionic states with an electron vacancy in the valence shell. One of
the main differences for the valence state ionization in separate atoms is the
infinite lifetime of the ionized states, since no de-excitation occurs after the
ionization. This leads to practically zero Lorentzian widths, so the spectral
shape of such valence lines is purely Gaussian.

3.3.2. Solids

As arule, the spectral response of solids differs significantly from that of the
corresponding free atoms. As discussed in the introduction, the discrete va-
lence levels of the atom are replaced by continuous valence bands in the
solid. Due to the wide range of electron energies of these bands, the valence
photoelectron spectra no longer consist of individual discrete peaks due to
the different possible ionic states but rather wide features extending over
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Figure 3.5. a) Complete metallic screening. b) Incomplete polarization screening.
Figure provided by S. Peredkov.

several eV on the binding energy scale, reflecting the distribution of the elec-
tronic density of states in the valence bands.

Also for the core levels the situation is different. Since the core orbitals
remain localized they, as a rule, show up as relatively narrow, atomic-like
peaks also in photoelectron spectra of solids. The number of multiplet ionic
final states, however, is generally not the same as for the corresponding sep-
arate atoms. Core-level solid-state spectra can display splittings of other
origins. These splittings can be due to differences in both initial- and final-
state energies of the probed atoms in the sample. One of the peculiarities of
the core-level spectra is the often well-separated response of the surface
atomic layer and of the bulk. The initial and final state energy can vary for
the surface and bulk atoms due to the lower coordination number at the sur-
face (the coordination number can also vary between different surface sites).
For the initial states this can result in a significant difference in the cohesive
energy for the atoms of these sites. This can cause each electronic state to
give rise to one peak for each site in the core-level photoelectron spectra,
often one for the surface atoms and one for the atoms in the bulk. The differ-
ences in the final-state appear due to differences in the screening efficiency.
For metals, this is not relevant as the free mobility of the valence electrons
always provides a complete screening of the core-hole (figure 3.5 a), regard-
less of whether it is positioned at the surface or in the bulk. For insulators
and semiconductors, the situation is different. As the valence electrons are
not allowed to move freely throughout the sample, the complete screening
present in metals is not possible. Instead, the core-hole will polarize the
neighbour atoms, attracting the electrons (figure 3.5 b). This partial, polari-
zation screening will, typically, be less efficient with fewer neighbours so
the decrease in energy will be smaller for surface atoms than for atoms in the
bulk.

Returning to the example of potassium discussed above for the atomic
case, one observes that the spectral response for the solid state changes in the
way described in the two last paragraphs for the general case. If the 3p core
level is ionized in a solid, the spectrum can be well-explained under the as-
sumption that there is no coupling between the 3p-level electrons and the
electrons of the valence-band [20]. In such a case the total angular momen-
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tum of the ionic state would be the same as the angular momentum of the 3p
level, [ =1. Because of the two possibilities for the spin =%, there would
be two spin-orbit split states. Each of these states gives rise to two peaks,
one for the bulk atoms and one for the surface atoms, as discussed above. As
will be discussed in detail below, the photoelectron spectra of alkali- and
alkali-earth metal clusters created by the gas-aggregation source resemble to
a great extent in the energy and spectral shape those of the corresponding
solid metals, both in the valence and in the core-level response.

There are also differences between the atomic and solid cases regarding
the peak shapes. The shake-up processes existing in the free-atom case are
present also in solids, but as the available states to which the electrons can be
excited are no longer discrete, neither are the satellites. In metals the shake-
ups manifest themselves in the spectral shape of the photoelectron main fea-
tures. Valence-band electrons are excited into the conduction band by the
outgoing photoelectrons which leads to corresponding kinetic energy losses
for the latter. The excitation probability decreases with energy above the
Fermi edge, which results in asymmetric tails of the main features towards
higher binding energies. To account for this process, the Voigt profiles of the
atomic case are replaced by so-called Doniach-Sunji¢ profiles [21], featuring
an asymmetry parameter, the singularity index, & . The spectral profiles are
thermally broadened also in solids, but the cause for this broadening is here
vibrations in the lattice. The total Gaussian width, due to this broadening and
due to the instrumental contributions, can still be estimated by formula (3.2),
even if the thermal broadening term now doesn’t have exactly the same
origin. For the metallic clusters studied in the present work the spectral
shapes of the core-level features have also been assumed to have Doniach-
Sunji¢ profiles.

In photoelectron spectra of solids there are satellites without any corre-
spondence in the atomic case. Among these are the plasmons. These are
quantized collective oscillations of the valence electrons relative to the ion
lattice, predicted already in the simplest theoretical description of metallic
solids, the Drude free electron model [22], which is known to be a satisfacto-
ry good approximation for the alkali metals. Plasmons can be excited direct-
ly by the interaction between the electron gas and the created core hole, and
are then called intrinsic, or by scattering of the outgoing photoelectrons on
the electron gas as a whole, and are then referred to as extrinsic plasmons.
Both types of plasmons have the same excitation energy [23]. According to
the Drude model the bulk plasmon energy, Ebp , 1s given by

E, =eh |— (3.3)
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where m, is the electron mass and 7 is the electron density. The surface

plasmon energy, E_, is then, in the planar macroscopic case, given by

sp?

E, 6 =E, /2. Plasmons have been observed in numerous photoelectron

spectroscopy experiments on planar macroscopic solids, see e.g. [23-25] for
Na, K, Mg and Al, the elements for which plasmon excitation in clusters
have been investigated in this thesis. In photoelectron spectra, the plasmons
show up as features centred at binding energies an integer number of plas-
mon energies higher than the main feature. In the case of a single-plasmon
excitation there should, in principle, be one plasmon peak for each peak in
the main feature, both surface and bulk ones, though in our treatment we
assume that the photoelectrons from the surface are less likely to excite the
bulk plasmons. In practice however, all of these peaks can not always be
resolved. Instead, one has to treat several close-lying peaks together as one
peak. In photoelectron spectra plasmon-related satellites have been observed
also separated from the main features by energies corresponding to more
than one quantum of plasmon excitation. These features have been interpret-
ed as due to harmonic plasmon overtones [23, 25]. As will be discussed in
detail below, for the free nanoscale metallic clusters created in the present
work, both single- and double-quantum plasmon excitations have been ob-
served in the experiments.

For solids, the photoelectron spectra have a non-uniform and often struc-
tureless background of significant intensity. This background appears due to
multiple scattering mechanisms present in solids but absent for free atoms
and molecules. Photoelectrons and Auger electrons can lose energy to exci-
tations of electrons to higher states (like those in metals described above, or
excitons in non-conductive substances), phonons, plasmons, and secondary
ionization processes etc. These secondary electrons are also recorded after
they leave the system, contributing to the background of a spectrum. The
backgrounds are difficult to analyse and describe as a whole for a long ener-
gy interval. To circumvent this problem one can split the energy range under
investigation into several shorter parts containing the relevant features and
fit them separately.

3.3.3. Clusters

As mentioned earlier, for clusters, the spectral response depends on the clus-
ter size. In this work, most of the produced clusters are large enough to be
considered metallic. Hence, they can be expected to display solid-like fea-
tures in the recorded photoelectron spectra. Due to the remaining charge on
the initially neutral cluster after the photoionization, as opposed to the
grounded solid, there is an additional electrostatic interaction between the
cluster and the outgoing electron that increases the ionization energy for
such initially neutral clusters. The binding energy is also influenced by the
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curvature of the non-planar cluster surface. As the clusters become larger the
combined effect becomes weaker and the ionization energy gradually ap-
proaches the solid value [26]. The core levels of large, initially neutral, metal
clusters show up in photoelectron spectra as solid-like features shifted to-
wards higher binding energies relative to the solid case. As briefly men-
tioned above, also the shape and width of the cluster spectral features have
been shown to resemble those of the corresponding solids to a large extent.
In the experiments of this work, the nature of the broadening contributions is
considered the same as for solids, and Doniach-Sunji¢ profiles are used for
fitting the peaks. There should also be an additional broadening due to the
size distribution of the produced clusters which becomes increasingly im-
portant with decreasing size.

The spectral shape of the valence band response in a photoelectron spec-
trum reflects first of all the density of states which varies with size—as more
and more atoms are added new states are introduced until a solid-state-like
electronic structure is reached. For this work the size dependence of the va-
lence band on-set, i.e. the lowest binding energy of the valence electrons, as
well as the width of the band, are the most relevant. With increasing cluster
size the valence band width increases and the on-set shifts towards the solid-
state limit.

In the present experiments, the cluster size can be estimated from the
binding energies of electrons, ejected either from the core or valence levels.
As mentioned above the binding energies of both the core and valence elec-
trons should shift away from the solid state values with decreasing size. Pro-
vided that the clusters are large enough to be considered metallic, which they
are in most cases in this work, they can be approximated as uniform, con-
ducting spheres [26]. The cluster radius, R, can then be estimated from the
equation

EZ

cluster

2
Z+1/2'€ (34)
dme, R

Fermi
= E solid + ¢ +

where £ is the binding energy of a cluster of initial charge Z, E "
is the solid state binding energy relative to the Fermi level (which is the
binding energy usually determined in solid state experiments) and ¢ is the
solid state work function. Assuming that the cluster atomic density is the
same as for the macroscopic solid, the number of constituent atoms, N, can

then be calculated through

3
N=£4ﬂf (3.5)
m
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where p is the solid state density and m is the atomic mass. The presence
of a size distribution in the cluster beam makes the situation more complex:
electrons with a range of binding energies contribute to the experimental
signal. The advantage of the core-level spectra for determining the cluster
size is in the well-defined shape and maximum of a typical core-level re-
sponse. The maximum of such a core-level response corresponds to the most
abundant size in the distribution, and the radius calculated from this maxi-
mum energy and number of atoms will be close to the mean value of the
produced size distribution. In a corresponding estimation of the cluster radi-
us from the on-set of the valence band, the presence of a size distribution and
the DOS-defined shape leads to larger uncertainties: The energy value for
formula 3.4 above is determined from a flank of the valence band feature,
and not at the maximum of the signal which gives an estimate shifted either
towards larger sizes, for initially neutral clusters or cluster cations, or to-
wards smaller clusters, for initially negatively charged clusters.

As for the presence of satellites in the cluster spectra, the same features as
found for the solid-state case can be expected, and have indeed been ob-
served. Concerning plasmons in clusters (which is the topic of papers III and
IV) however, clear differences to the solid state case have been observed in
experiments performed with other probing methods than photoelectron spec-
troscopy. In free clusters, the most common approach to the studies of plas-
mons has been optical absorption cross-section measurements which give the
value of the so-called Mie resonance [27]. The implementation of this tech-
nique to bulk plasmons is problematic both theoretically and experimentally
[22, 28]. The Mie absorption resonance, which is known to exist for small
metallic spheres [29], is the surface plasmon mode for metallic particles
which are considerably smaller than the wavelength of the absorbed radia-
tion. The excitation energy of the Mie plasmon has a limit value ﬁ times
smaller than the solid state bulk plasmon value. Photoelectron spectroscopy
experiments performed earlier by our group have not shown any presence of
Mie-energy plasmons for nanoscale K clusters. The derived surface plasmon
excitation energies have instead been found to be rather close to those of
planar solid surface plasmons [30]. Regarding the excitation of plasmon
overtones in clusters, the laser-excitation-based methods have again only
been used to probe the surface plasmons. A change in the fragmentation
pattern of Na clusters following multi-photon absorption has been interpret-
ed as due to harmonic excitation, or overtone excitation as it is called [31].
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3.4. Data analysis

The core-level photoelectron spectra were analysed using an Igor Pro-based
script by Edwin Kukk [32]. In this program, the lines can be given certain
pre-defined shapes such as e.g. Voigt or Doniach-Sunji¢ profiles. For each
line, certain initial values of binding energies, intensities, widths of Lo-
rentzian and Gaussian contributions to spectral profiles, and asymmetry fac-
tors can be given independently. The line parameters (intensity, width, posi-
tion) can be fixed, or linked, to those of the others. If the spin-orbit and bulk-
surface splittings are known, the energy difference between the peaks can be
fixed to the relevant values. Likewise, for intensities, the known spin-orbit
ratios can also be fixed. Further, the singularity indices and the widths of
Lorentzians and Gaussians can be fixed if the values are known, or linked to
those of other lines if the relations are known. Also, different types of back-
grounds can be used but for the work in this thesis the backgrounds have
always been approximated as straight lines. The experimental features are
fitted using the least-squares method.
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4. Results & Discussion

4.1. Surface segregation in self-assembled nanoalloy
clusters: Papers [ & VI

When a condensed matter system is created out of separate atoms or mole-
cules, it strives to have its constituent atoms arranged in such a way that the
total energy is minimized. This is valid also for metals, the type of materials
studied in the present work. For clusters consisting of just one type of atoms
this is a question of geometric structures and interatomic distances. When
atoms of different elements are mixed, like in an alloy, there is also the issue
how these atoms arrange themselves relative to each other.

When a cluster is formed from vapours of elements A and B the parame-
ters most relevant for the resulting spatial distribution of the atoms are the
bond strengths A-A, B-B and A-B. An A-B bond that is strong compared to
the other bonds will typically lead to a well-mixed cluster, while a compara-
bly weak A-B bond instead will promote segregation. A quite common situa-
tion for a bi-component alloy is when one of the substances has a weaker
bond between its own atoms (A-A or B-B) than the other substance, and as a
result is pushed out to the surface. An atom at the surface has fewer nearest
neighbours, or in other words, a lower coordination number than a bulk at-
om. The total energy release per atom, roughly proportional to the number of
the bonds with the neighbours, is smaller for the surface atoms than for the
bulk ones. Placing the species with the weaker bond at the surface thus leads
to a smaller increase of the total energy of the system. The energy per bond
of the elemental solid can be estimated by dividing its cohesive energy by
the coordination number of its solid. If the systems are alike, i.e. if they have
the same crystal structure, like for example two alkali or two coinage metals
as in the present study, or two inert gases, like in the previous works of our
group, one can compare the cohesive energies directly. The principle of en-
ergy minimization favours the element with the higher cohesive energy to be
placed in the bulk. Apart from the bond strengths also the size of the atoms
matters, with the larger of the two species being more likely to be found at
the surface. Also, parameters like temperature, pressure and time in the clus-
ter formation process are important. Surface segregation in free clusters self-
assembled out of two different elements of the same type has been observed
earlier for noble gas clusters [33-35], manifested in a way similar to the ex-
pectations described above.
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In the work presented here we have, using the gas aggregation source,
produced free NaK (paper 1) and CuAg (paper VI) clusters from the mixed
vapours of the two metals in question. The electronic and geometric struc-
tures of these nanoalloy clusters have been investigated utilizing photoelec-
tron spectroscopy. With the discussion in the previous paragraph in mind,
and noting that the cohesive energy is higher for sodium than for potassium
and that K atoms are larger than Na atoms, it is reasonable to expect a potas-
sium-dominated surface for mixed NaK clusters. Likewise, concerning the
CuAg nanoparticles, one can expect a surface consisting mainly of silver.

In the case of sodium-potassium clusters the resistive oven has been used
as a vapour source. In an initial series of experiments we have produced
pure, mono-component Na and K clusters (with one sample at a time placed
in the oven) and probed their core-levels for which the surface and bulk re-
sponses are known to be resolved (2p for Na, 3p for K). The corresponding
spectra are presented at the top of figure 4.1 below. In the next series of ex-
periments we have simultaneously placed approximately equal volumes of
sodium and potassium (~1:2 in mass) into the oven and recorded spectra of
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Figure 4.1. Photoelectron spectra of the Na (2p) and K (3p) core levels. The top
spectra are recorded for pure clusters while the others are recorded for mixed clus-
ters formed from different Na/K vapour ratios (middle: lower, bottom: higher). In
the mixed-cluster cases the Na and K signals are parts of the same spectra, where the
Na intensity has been divided by 1.4 (middle) and 6.6 (bottom). Absolute calibration
has been done using Ar lines. The binding energies are relative to the vacuum level.
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the clusters formed out of the vapour mixture—in the energy range contain-
ing both the Na 2p and K 3p responses. As potassium produces a considera-
bly higher vapour concentration than sodium at the same temperature, there
has for a certain time been a surplus of this element in the primary vapour
mixture. At a later time of the measurement however, as K was to a large
extent used out, we instead have had a situation with a surplus of sodium.
This allowed us to study clusters formed from two different Na/K vapour-
concentration ratios, one lower (middle spectra in figure 4.1) and one higher
(bottom spectra).

If we first look at the pure-case spectra, we see that their shapes are prac-
tically identical to those of the macroscopic metal samples and both cases
(Na and K) can be fitted with four peaks, bulk and surface components of
each of two spin-orbit states, 2p;, and 2p;,, for Na and 3ps,, and 3p, for K.
For the clusters produced from mixed vapours the situation is clearly differ-
ent. For K 3p, one can note that the spectra are shifted towards lower binding
energies compared to the pure case. If the probed clusters were pure then
such a shift would correspond to an increase in size. However, we also see
that the K 3p bulk intensity has decreased relative to that of the surface. For
pure clusters this would imply a decrease in cluster size. This contradic-
tion—between the lower binding energy and the decrease in the relative
response of the bulk—suggests that the clusters are not pure but mixed.
Switching to sodium one can see that, apart from the negative binding ener-
gy shift, which is clearly larger than for K, only one pair of peaks is required
to fit the Na spectrum. This can be either the bulk or the surface pair of the
two spin-orbit states. The decrease in the K 3p relative bulk intensity men-
tioned above suggests that what we see are the spectra of clusters consisting
of a mixed NaK bulk and a strongly K-dominated surface. This structure
explains the larger binding energy shift for the Na spectra. With a potassium-
dominated surface the cluster work function would be that of K, i.e. for the
photoelectrons originating from K atoms the work function is the same as in
the pure case, while for electrons coming from Na atoms it is about 0.5 eV
lower. For the K 3p level, the smaller shift compared to the pure case (rela-
tive to the macroscopic sample response) is a result of differences in the
local chemical environment in the alloy and probably also in size. These
differences of course also matter for the Na 2p shift.

The size of the produced clusters can be estimated from the relative inten-
sity of the bulk and surface peaks. This relative intensity reflects the size-
dependent ratio between bulk and surface atoms. For the bi-component case
one has to take into account the difference in the ionization cross-section for
Na 2p and K 3p and the mean free path between the elemental solids (the
latter happens to be approximately the same at the relevant photon energy).
From comparisons with previously published measurements on pure Na and
K clusters [30, 36], the clusters are estimated to contain 10°-10° atoms.
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From the different peak intensities it is also possible to extract infor-
mation about the bulk stoichiometry of the clusters, i.e. how large are the
fractions of Na and K. Assuming a homogeneous mixture in the bulk, and
again taking into account the different ionization cross-sections, we find that
in the lower Na/K vapour-ratio case (middle spectra) the bulk consists of
~40% Na while in the higher Na/K vapour ratio case (bottom spectra) the Na
constitutes ~60% of the bulk. This suggests that even when sodium is the
majority species in the clusters, potassium still strongly dominates the sur-
face.

The outcome of our experiments on CuAg clusters is similar. Also in this
case the gas-aggregation source has been used but instead of the oven, the
sputtering source has been implemented to vaporize two targets, one consist-
ing of ~60% silver and ~40% copper, the other one vice versa. Considering
the volumes sputtered from the target and the molar volumes of the elements
in the two cases, the ratios of copper-to-silver atoms should be approximate-
ly 1:1 and 2:1, respectively. Photoelectron spectra have been recorded in the
binding energy range 3-17 eV, where the 3d and 4s levels of copper as well
as the 4d and 5s levels of silver can be found (the response from the s-levels
is however rather weak at certain photon energies within these measure-
ments). The binding energy region has been probed with several different
photon energies from 40 eV (cross-section maxima for both elements) up to
108 eV. As the silver signal weakens to a much greater extent with the pho-
ton energy increase over this interval, due to a rapid fall of the Ag 4d ioniza-
tion cross-section, the spectrum with the highest energy will strongly favour
the copper response, which allows us to disentangle the two overlapping
signals from Cu 3d and Ag 4d. A set of spectra is presented in figure 4.2,
together with a spectrum of pure silver clusters (/=40 eV, at the top) and
one of pure copper clusters (7v=108 eV, at the bottom) for comparison.
Starting from the bottom one can note that the Cu 3d band is shifted upwards
by ~0.5 eV for the alloy clusters compared to the pure copper clusters and
also that the band width is considerably narrower. Our interpretation of this
narrowing is that copper atoms can be either only in the bulk or only at the
surface. With no correspondingly strong change in the silver signal, it is
likely that this latter element is present both in the bulk and at the surface.
Considering that silver atoms are significantly larger than copper atoms and
that the cohesive energy is larger for Cu than for Ag, the most probable ex-
planation for the Cu and Ag spectral behaviour is that the cluster surface is
made up mostly of silver while the bulk consists of both elements. This is
what we see also for the case when the target made up of 60% copper was
sputtered.

In figure 4.3, three spectra of clusters of different stoichiometry, formed
out of vapour mixtures with ~1/3 silver atoms, ~1/2 silver atoms and pure
silver, respectively, are presented. Here one can notice a clear decrease in
silver spin-orbit splitting with the decreasing fraction of silver atoms. Such a
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Figure 4.2. Photoelectron spectra of CuAg-clusters with approximately equal
amounts of silver and copper atoms in the primary vapour mixture, recorded at dif-
ferent photon energies. For comparison, also spectra of pure silver clusters (top
spectrum) and pure copper clusters (bottom) are included. Absolute calibration has
been done using Ar lines. The binding energies are relative to the vacuum level.

change has been seen earlier in studies of concentration dependence in silver
alloys, and has been attributed to differences in silver-silver coordination
[37]. When the copper-to-silver ratio increases, the silver atoms will more
likely have copper-atom neighbours, which changes the local electric field
and decreases the spin-orbit splitting [37]. This suggests that the constituent
elements in the bulk of our alloy cluster are well intermixed.

These findings on the geometric structure of self-assembled, bi-
component, nanoalloy clusters, together with previous results from our group
on clusters formed from noble-gas mixtures [33-35], provide a consistent
picture on how the constituent elements arrange themselves relative to each
other at the nanoscale, in the absence of any substrate influence. The element
with larger atoms and lower cohesive energy is generally more likely to be
found on the surface, than the element with smaller atoms and higher cohe-
sive energy. The studies of free non-supported nanoalloy clusters are espe-
cially important as a test for fundamental theory predictions [38]. NaK alloy
clusters have been a good model system in this respect. Our more recent
work on CuAg nanoalloy perhaps in addition has a more practical side. Sil-
ver nanoparticles have been used for quite some now as catalysts for
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Figure 4.3. Photoelectron spectra of clusters consisting of ~1/3 silver atoms (blue
spectrum), ~1/2 silver atoms (red) and only silver atoms (black). Absolute calibra-
tion has been done using Ar lines. The binding energies are relative to the vacuum
level.

ethylene oxidation [39]. The addition of some copper to these particles has
been seen to make the catalytic process more efficient and selective [40, 41].
The mechanism behind this improvement is not fully understood but the
spatial distribution of the two components should definitely play an im-
portant role in the interaction with the chemicals involved [41].

4.2. Size-dependence of the electronic structure: Papers
H&V

As mentioned in chapter 1, the size-dependence of the properties of a na-
noscale condensed-matter-system is probably the most central question in
fundamental cluster science. The evolution of the energy structure, from
metallic towards non-metallic, with a decreasing number of constituent at-
oms is of great interest within this field [3]. In the present work we have
investigated the valence band and the core levels of clusters of tin (paper II)
and lead (paper V), two rather “poor” metals that follow the semiconductors
silicon and germanium in group IV of the periodic table.

For tin the 4d core level and the 5p valence band in clusters containing
from a few tens to a few hundreds of atoms have been probed. The tin clus-
ters have been produced using the EXMEC source with the induction-
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Figure 4.4. Photoelectron spectra of the 4d core level of clusters containing around
40 (a), 60 (b), 200 (c) and 500 (d) atoms. The binding energies are relative to the
vacuum level.

heating oven. The different cluster sizes (mean number of constituent atoms
estimated by the metal sphere approximation) of ~40, 60, 200 and 500 were
achieved by varying the Ar cluster size and the oven temperature. The rec-
orded spectra are shown in figures 4.4 (4d region) and 4.5 (valence region).
Apart from the signal from tin clusters the binding energy region present-
ed in figure 4.4 contains a few other features. The two peaks (of which one
becomes too weak to be seen for larger clusters) just above 28 eV are due to
the 3s bulk and surface response in Ar clusters. The 3s level signal of Ar
atoms (clearly resolved in a) and b)) overlaps with the Sn cluster peaks
which can be seen from roughly 29 eV and above. If we first look at the
spectrum for Sn clusters of ~500 atoms we observe two peaks at ~28.9 eV
and ~30.0 eV. These two peaks are due to the spin-orbit split states of tin
clusters, 4ds, (lowest binding energy) and 4d;,, separated by 1.1 eV. Each
of them contains unresolved bulk and surface contributions. The correspond-
ing position of the 4ds, peak in macroscopic solid tin is at 28.4 eV, i.e. the
cluster signal is shifted by ~0.5 eV towards higher binding energies com-
pared to the “infinite” solid case. As the cluster size decreases, the two peaks
can be seen to shift further away from the macroscopic solid energy. The
most drastic change comes as we produce the smallest clusters (spectrum a)).
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For these clusters there are instead four peaks, denoted A;, A,, By and B,.
First one can note that the 1.1 eV spin-orbit splitting established for the larg-
er clusters and for the solid, is present also here, namely between peaks A
and B;, and between peaks A, and B,. The peaks of index 2 are found at
binding energies ~0.2 eV higher than the peaks for the clusters of 60 atoms
seen in spectrum b). We assign these two peaks with the same 1.1-eV spin-
orbit splitting as for all the larger clusters, to be the response of smaller me-
tallic clusters shifted up in binding energy due to the decrease in size. With
such an assignment the cluster size can then be estimated to ~40 constituent
atoms. The index 1 peaks, being separated from each other by the same 1.1
eV, are likely to be another spin-orbit split 4d doublet, but at ~0.5 eV higher
binding energy. The presence of this extra pair of peaks can be sought in the
produced size distribution. One of the suggestions can be that two specific
cluster sizes may be significantly more stable than those in between them.
This is however unlikely as mass spectroscopy measurements on tin cluster
beams [42-44, and refs. therein] show no such differences in cluster stability.
Instead we explain the extra features by differences in electronic structure
between two groups of clusters in the beam, which has a certain distribution
of sizes. From earlier photoelectron spectroscopy experiments on valence
levels [42-44] it is known that the transition from non-metallic to metallic
properties occurs in this size range. One can from this propose that for a part
of the produced size distribution we have reached a cluster size where the
electronic structure is no longer metallic. In a non-metallic system the
screening of the created core-hole is not complete, which leads to an abrupt
change (increase) in binding energy. In principle, apart from this final-state
difference, the observed change in binding energy could also be the result of
the differences in the cohesive energy for clusters of different sizes. For var-
ious isomers realized in the self-assembling process of cluster formation
there might be two prevailing bonding energy values. However, from theo-
retical considerations on lead clusters [45], one can expect that any signifi-
cant changes of cohesive energy with decreasing size should happen only at
even smaller sizes—below N=10.

For the three larger cluster sizes, we probed also the 5p valence band, un-
der the same conditions as for the 4d level, presented as cases b, ¢, and d of
figure 4.4. As can be seen in figure 4.5, the onset of the valence band,
mapped by photoelectron spectroscopy, is shifting upwards in binding ener-
gy with decreasing size, in a similar way as the 4d features. The cluster work
functions, calculated by adding the cluster 4d core-level shift to the work
function of the macroscopic solid, have been marked as vertical lines in the
figure. A qualitative agreement between these calculated work functions and
the actual 5p-band is observed. It means that when the clusters are metallic,
the core-level energies measured relative to the cluster Fermi edge (on-set of
the valence band) are similar (at least with the accuracy of the present
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Figure 4.5. Photoelectron spectra of the 5p valence band of clusters containing
around 60 (a), 200 (b) and 500 (c) atoms. The binding energies are relative to the
vacuum level.

experiment) for all cluster sizes and are close to the corresponding macro-
scopic solid value.

In similar experiments on Pb clusters we have looked at the 5d core level
and the 6p valence level. Using the pick-up source we have produced clus-
ters ranging in size from ~80 atoms and down to 30 and below. The recorded
spectra are displayed in figure 4.6 (E-A) below. The left panel shows the
5d;), feature in which, like for tin, the bulk-surface splitting is too small to be
resolved (~0.2 eV for solid lead). The right panel shows corresponding va-
lence-region spectra for some of the clustering conditions for which the 5d
spectra have been recorded. For comparison we have also included a spec-
trum of larger clusters, with a mean number of constituent atoms of ~10%,
produced using the gas-aggregation source (spectrum F). A general trend can
be immediately identified; the spectral features shift downwards in energy
with increasing size. Furthermore, at smaller sizes one notices that the 5d
feature broadens, and in the spectrum of clusters with a mean number of
constituent atoms of ~30, a shoulder (feature C,) towards higher binding
energies appears. In the spectra of the smallest clusters two separate maxima
(B, B, & Ay, A;), being ~0.4 eV from each other, can be observed. This can
be interpreted in the same way as for Sn; when we go down in size, below 30
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Figure 4.6. Photoelectron spectra of lead clusters of different mean numbers of con-
stituent atoms; < 30 (spectrum A and B), ~30 (C), ~40 (D), ~80 (E), and ~10" (F).
The left panel displays spectra of the 5d core level while the right panel shows the
valence band. Absolute calibration has been done using atomic Pb lines (spectra A-
E) and atomic argon lines (spectrum F). The binding energies are relative to the
vacuum level.

atoms the smaller clusters in the size distribution of the beam will no longer
be metallic and the much less efficient screening of the core-holes in these
clusters will cause an increase in binding energy, shifting their spectral re-
sponse (B, and A,) away from the response of the larger, still metallic, clus-
ters (B; and A;). This is in agreement with theoretical calculations [45] that
predict a transition from metal to non-metal at around 20 atoms, with a geo-
metric and electronic structure similar to that of semiconductors Si and Ge in
the non-metallic clusters. This structure is claimed to be present for clusters
of 22 atoms and less, while the structure of the macroscopic solid co-exists
down to 14 atoms [45]. Also, experiments on negatively charged Pb clusters
performed with a free-electron laser have shown a comparably large change
in binding energy to occur below 20 atoms [46].

For the valence spectra in the right panel of figure 4.6, one can note an
up-shift in binding energy with decreasing cluster size for the on-set of the
valence band. The shape of the band is also observed to change; when going
down in size the width becomes gradually smaller. It is interesting to note

39



that for clusters of about 80 atoms (spectrum E) with a valence band width
~25% smaller than for the largest clusters, there is no sign of non-metallic
clusters in the corresponding 5d spectrum. The features due to such non-
metallic clusters cannot be clearly detected until we reach sizes of less than
30 atoms (spectrum A and B), when the corresponding valence band has
narrowed to below 25% of the band-width of the macroscopic solid. For the
clusters of intermediate sizes (spectrum C, ~30 atoms), for which we ap-
proach the transition region, the valence band has approximately half the
width compared to the “infinite” solid band and here we see only a shoulder,
C,, hinting about a deviation from metallicity.

To summarize, when the cluster size decreases, we observe in our photoe-
lectron spectra features suggesting non-metallic electronic structure. As
mentioned in the beginning of this section, tin and lead are both rather poor
metals and belong to group IV of the periodic table, in periods 5 and 6, re-
spectively. The two lighter elements in the same group, in periods 3 and 4,
are the semiconductors silicon and germanium. In view of this it is perhaps
not surprising that the overlap between the valence and conduction bands
disappears when the number of atoms becomes small and the bands become
narrower.

4.3. Plasmons in free metal clusters: Papers 111 & IV

Plasmons are a condensed matter phenomenon where the valence electron
density is excited into quantized vibrations relative to the ion lattice of the
system. In the work presented in this thesis, the bulk and surface plasmons of
free nanoscale Na, K, Mg (Paper III) and Al (Paper 1V) clusters have been
studied using photoelectron spectroscopy. The outer-most core levels (2p for
Na, Mg and Al, 3p for K) have been probed over an extended binding energy
interval to include kinetic-energy-loss features due to plasmon excitation.
For Na and K, due to the comparably low excitation energy, we have been
able to record not only the single-quantum excitations but also the features
corresponding to energy losses to two plasmon quanta. The latter have been
out of reach for magnesium and aluminium clusters, since these elements
have considerably higher plasmon excitation energies. At the same time, this
fact should also make the detection of any deviation of the plasmon energies
from the corresponding solid-state energies more reliable.

Typical photoelectron spectra are shown in figure 4.7, with the peaks cor-
responding to the core-level main features and to the plasmon loss-features.
Since the plasmon features appear on top of an unknown and complex back-
ground, determining the loss-feature positions by fitting over the entire ener-
gy range has been difficult. To circumvent this problem we have fitted se-
lected, shorter energy intervals, one at a time, approximating the back-
grounds as straight lines within each interval. This approach does not give
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Figure 4.7. Typical photoelectron spectra of the core levels of, from top to bottom,
K, Na, Mg, and Al clusters, with the fits. The energy intervals with the main fea-
tures, the energy loss features corresponding to excitation of one plasmon quantum,
and the features corresponding to excitations of two quanta, have been fitted sepa-
rately. The details of these fittings are shown for Na, as an example, in figure 4.8.
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Figure 4.8. The separate fittings are shown for Na, as an example. The resulting
curves have then been inserted into the Na overview spectra in figure 4.7. The bind-
ing energies are relative to the vacuum level.

accurate relative intensities for the plasmon peaks, but provides reasonable
peak positions, especially considering that the plasmon peaks are broad and
that some of them are well separated. As an example, the fitting results for
the three different energy intervals of Na clusters are shown in figure 4.8.
The clusters are, using the metal sphere approximation, estimated to have
mean radii of ~5 nm (K), ~3 nm (Na), amply 10 nm (Mg) and 3-4 nm (Al).
For the elements of paper 1II, the main features could be assigned and de-
scribed well under the assumption of the same subcomponents and spectral
characteristics as for the macroscopic solids of the same materials, with four
peaks corresponding to bulk and surface contributions of two spin-orbit split
states. In the case of Al, the bulk-surface splitting is too small to motivate
the use of separate peaks for these two sites for each spin-orbit component,
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so only one peak for each spin-orbit state has been used in the fitting. Under
the assumption that all photoelectrons can excite surface plasmons while
bulk-plasmon excitations are mostly caused by bulk photoelectrons, the bulk
and surface plasmons are expected to consist of two and four peaks respec-
tively. Since the spin-orbit and bulk-surface splittings are small compared to
the plasmon peak widths observed in the present work, we have, for Na, K
and Mg, chosen to fit the plasmon features due to the energy losses for sin-
gle-quantum plasmon excitations with three peaks: two spin-orbit peaks for
the bulk and one common for the four possible surface plasmon contribu-
tions. For Al we have limited ourselves to one peak for the bulk and one for
the surface.

At the macroscopic scale, in a number of metals, additional energy loss
features have been observed and interpreted as arising from harmonic excita-
tions of plasmon overtones. In our work, for K and Na clusters, we have
observed features in the energy regions corresponding to the overtones. As-
suming that also these peaks are due to the harmonic overtone excitation,
one could expect two peaks, one of them separated from the main feature by
twice the surface plasmon energy E (“surface-surface” plasmons) and the
other one by twice the bulk plasmon energy FE yp (“bulk-bulk” plasmons).
Indeed, at around the energy where the bulk-bulk plasmons are expected
spectral features have been observed for K and Na clusters. However, no
peaks could be seen where the surface-surface plasmons have been expected.
Instead there is a peak separated from the main feature by the sum of one
bulk and one surface plasmon quanta (“bulk-surface” plasmon). Features of
this latter kind have typically not been observed for the planar sample case
and are unlikely to be the result of harmonic excitation. Their presence indi-
cates the occurrence of sequential excitations, which may also contribute
significantly to the bulk-bulk plasmon peaks. In the fitting procedure, these
bulk-bulk and bulk-surface peaks have been given fixed energies at a corre-
sponding separation from the main features and peak widths that appeared
reasonable.

The observed plasmon energies are in all cases found to be rather close to
the experimental values for the planar macroscopic samples of the same
materials. The good agreement between the values given by the Drude-
model formulas and the experimental macroscopic solid values, and the
measured cluster values in our experiments suggest that the electronic densi-
ties in clusters of the actual sizes are close to the solid state densities. This
can be seen as an additional confirmation of cluster metallicity.

Interestingly, there is a clear difference in the surface plasmon energy be-
tween the cases of optical excitation and excitation due to core-hole ioniza-
tion of free metal clusters. Most investigations of plasmons in free clusters
have been done by measuring the optical absorption in search of resonances.
While mainly smaller clusters have been probed, Bréchignac and co-workers
have studied surface plasmons in clusters in a size range up ~900 atoms [47].
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They found the plasmon excitation energies to be all the time smaller than
the Mie resonance, of energy E, =E, / \/§ , and to be increasing towards

this energy with increasing size. For macroscopic planar surfaces, theory
claims that the surface plasmon excitation energies should instead have the

value we have observed in this work, Esp =F by / \/5 , both for optical and

the electron scattering excitation [22, 48]. The question arises then why, for
these particles, the response of electron density is different to optical absorp-
tion and core-level ionization? Or more specifically; why is it that at the
spherical surfaces of clusters, the external electromagnetic field (optical ra-
diation) excites collective electron oscillations with a frequency around the
Mie resonance or below, while the internal field—due to the electron—hole
pair appearance—causes electron oscillations with a frequency close to that
of the planar solid?
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5. Summary & Outlook

Using synchrotron radiation-based photoelectron spectroscopy the electronic
structure of free clusters of several metallic elements has been investigated.
All experiments have been performed at the soft x-ray beamline 1411 at the
MAX II storage ring at MAX-lab. The studied clusters have been produced
using two different cluster sources, a gas-aggregation source (for the larger
clusters in papers I, III, IV and VI) and a pick-up source (for the smaller
clusters in papers Il and V). From the recorded photoelectron spectra various
information about 1) surface segregation in self-assembled nanoalloy (NaK,
CuAg) clusters (papers I and VI), 2) size-dependence of the electronic struc-
ture and the development of metallicity in tin and lead clusters (papers II and
V), and 3) the excitation of plasmons in sodium, magnesium, potassium and
aluminium clusters (papers III and IV) has been derived.

Surface segregation in free self-assembled clusters has been observed ear-
lier for various noble gas mixtures. Noble gas clusters have frequently been
seen as simple model systems for other clusters that may have closer connec-
tions to applications [4]. As a next step after the inert-gas clusters we have
addressed the clusters formed from a mixture of Na and K vapours. From the
Na 2p and K 3p core-level photoelectron spectra we have been able to con-
clude that mixed NaK nanoalloy clusters were formed, with a clearly potas-
sium-dominated surface and a mixed sodium-potassium bulk. The K surface
dominance holds even when the clusters contain over 60% sodium. This
finding is in line with theory which says that the surface sites are more likely
to be occupied by atoms of the largest size and lowest cohesive energy—K
fulfils both conditions. We have made a similar investigation of clusters
condensed from mixed vapours of silver and copper. Also here the recorded
spectra suggest that the clusters assume a core-shell structure with the sur-
face consisting mainly of the element with lowest cohesive energy and larg-
est atoms, i.e. silver, and a mixed bulk. This possibility to investigate the
structure of clusters consisting of more than one type of atoms can, of
course, be used also for the clusters where the different types of constituent
atoms are not as similar as for those studied so far. First results of this kind
have been obtained both for clusters formed from a vaporized CdS target and
for clusters formed from lead-atom vapour in an oxygen atmosphere.

The development of metallicity in tin clusters with increasing size has
previously been addressed using valence photoelectron spectroscopy, and
has, for initially negatively charged clusters, been found to occur already for
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clusters of ~40 atoms. We have probed the 4d core level of neutral Sn clus-
ters with mean numbers of constituent atoms of approximately 40, 60, 200
and 500 atoms. The photoelectron spectra of the clusters of the three largest
mean sizes display spectral features implying that the clusters have assumed
an electronic structure similar to the metallic solid state. For the clusters
containing around 40 atoms, the spectrum contains additional features sug-
gesting that a part of the produced cluster size distribution is instead in a
non-metallic phase. The occurrence of this phase transition at around this
size is in agreement with the above mentioned valence band studies. From
our experiments the difference in binding energy for these two phases is
approximately 0.5 eV. Additionally we have probed the 5p valence band for
the three largest sizes and noted that the work functions derived from the
core level spectra agree fairly well with the minimum ionization energies
(on-sets of the valence bands) which provides additional confirmation for the
validity of the metallicity assumption for these sizes. In our experiments on
lead clusters in the size range below 100 atoms we start to see this kind of
additional features, interpreted to correspond to another, non-metallic phase,
when we go below 30 atoms in size. This observation is in agreement both
with theoretical considerations suggesting a transition from a metallic to a
non-metallic state at ~20 atoms and with free-electron-laser experiments
where non-metallic clusters were seen for sizes below 20. After tin and lead,
a natural direction to proceed is to investigate the energy structure size-
dependence of other group 14 elements like silicon and germanium. Since
the latter two are semiconductors, such a drastic change as a metal-to-non-
metal transition cannot be expected but there could still be observable
changes in the electronic structure. For example, some photoelectron spec-
troscopy studies of the valence levels suggest silicon clusters to have a much
larger band gap than macroscopic Si [49].

The nature of plasmon excitations as a result of photoionization has been
investigated for free clusters out of sodium, potassium, magnesium and alu-
minium atoms. Until recently, the studies of plasmons in free clusters have
mainly been performed using optical absorption. With this method, the value
of the Mie absorption resonance can be derived but the study of bulk plas-
mons is problematic. The bulk plasmons have however been studied in mac-
roscopic solids using photoelectron spectroscopy. Here, for the planar solids,
not only signals due to the excitation of single-quantum plasmons but also
features corresponding to harmonic plasmon overtone excitation have been
observed. Our group has earlier managed to implement the photoelectron
spectroscopy technique in the studies of plasmons in free clusters and record
spectra with both bulk and surface plasmon features in potassium clusters
[30]. As a next step we have extended our studies in this field, not only to
bulk and surface plasmon in the clusters of additional elements, sodium,
magnesium and aluminium, but also to plasmon features corresponding to
the excitation of more than one plasmon quantum. As previously for potassi-
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um, we found that also for Na, Mg and Al, both the bulk and surface excita-
tion energies are very similar to the energies measured for the macroscopic
solid case. Interestingly, we see no sign of plasmon excitation of the energies
corresponding to the Mie resonance. For K and Na clusters we have ob-
served features corresponding to the excitation of two bulk plasmon quanta
and to one bulk and one surface quantum. While the “bulk-bulk” plasmons
can be explained by a harmonic overtone excitation, the presence of the
“bulk-surface” plasmons indicates the occurrence of sequential plasmon
excitation. This means that such sequential processes are possibly involved,
to a not insignificant extent, also in the case of the “bulk-bulk” plasmon ex-
citation. As a continuation of our plasmon studies we hope to be able to ob-
serve plasmon features also for smaller clusters, produced with the pick-up
source. This with the aim of investigating how far down in size the plasmon
excitation energies remain the same as in the corresponding macroscopic
solids.
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Summary in Swedish: Fria metallkluster
studerade med fotoelektronspektroskopi

Klusterfysik

Ett kluster &r i det aktuella fysikaliska sammanhanget en partikel bestdende
av ett dndligt antal atomer. Innehéller kluster endast ett fatal atomer har det
egenskaper liknande enskilda atomer eller molekyler. Om antalet ingdende
atomer dr vildigt stort borjar egenskaperna istéllet likna dem hos det fasta
tillstdndet. Lagger man till fler och fler atomer till ett litet kluster kommer
man alltsd se en fordndring av klustrets egenskaper mot det fasta tillstdndets.
Den centrala frdgan inom klusterfysik &r kartliggningen av detta storleksbe-
roende. I detta arbete har elektronstrukturen hos kluster studerats med hjalp
av synktrontronljusbaserad fotoelektronspektroskopi.

Elektronstruktur

Elektroner i en atom &r ordnade i ett antal diskreta energinivéer, som kan
sdgas omge atomkérnan. De yttersta av dessa kallas valensnivder och det ar i
huvudsak elektronerna i dessa som avgor atomens kemiska och fysikaliska
egenskaper som t.ex. hur den binder sig till andra atomer och formar mole-
kyler, fasta objekt, eller kluster. Elektronerna i de inre energinivierna har
inte samma direkta paverkan pa atomens beteende men de bér likvil pa in-
tressant information om atomen och dess omgivning. I molekyler &r
elektronstrukturen véldigt lik den hos atomer. Skillnaden ligger framst hos
valensnivderna. De har fortfarande specifika energier men tillhor ej lingre en
enskild atom utan dr gemensamma for hela molekylen. I smé kluster besta-
ende av nigra fi atomer dr situationen densamma, fast antalet tilldtna va-
lensnivaer &r fler. Efterhand som klusterstorleken 6kar kommer dessa nivaer
att bli fler och fler for att s sméningom 6verlappa och ge upphov till sé kal-
lade energiband. Det &r den hér typen av elektronstruktur som aterfinns hos
fasta objekt. De inre energinivéerna behaller dock sin atomlika natur oavsett
storleken pé objektet de tillhor.

Elektronstrukturen dr vad som avgdr om ett &mne dr en metall eller inte.
Utanfor valensbandet finns det ytterligare, tomma, band. Om det ndrmaste av
dessa band, det sa kallade ledningsbandet, 6verlappar med valensbandet ar
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amnet en metall. Ett sddant 6verlapp later valensbandets elektroner dvergé
till ledningsbandet dir de fritt kan rora sig genom dmnet, vilket ger metaller
deras typiska forméga att leda strom. Om banden inte 6verlappar utan har ett
gap mellan sig finns normalt ingen sddan ledningsférméaga och @mnet ar dé
en isolator (eller en halvledare om gapet ar litet). Om ett kluster av ett metal-
liskt dmne blir véldigt litet kommer inte valensnivderna att vara tillrackligt
manga for att ge upphov till lika breda band. Ett gap kan d& uppsta och klust-
ret blir en isolator.

Det faktum att valenselektronerna i ett fast objekt &r gemensamma for
hela objektet kan de ocksa reagera kollektivt pa ett sdtt som vore omdojligt
om de ingdende atomerna ej var bundna till varandra, som i en gas. Ett ex-
empel pa ett sddant kollektivt agerande fran elektronernas sida ar sé kallade
plasmoner, som kan uppsta till foljd av t.ex. fotojonisering. Dessa kan enkl-
ast beskrivas som en sorts vigrorelser som uppstér i ett objekt till foljd av att
det utsétts for elektromagnetiskt félt. En enkel mekanisk motsvarighet ar
vagorna som orsakas av att en sten slépps i en sjo.

Fotoelektronspektroskopi

Fotoelektronspektroskopi dr en experimentell teknik baserad pd den fotoe-
lektriska effekten. Nér en foton (ljuspartikel) tréffar ett foremal kan den ab-
sorberas av detta. Fotonens energi dverlamnas da till foremalet. Om fotonen
har en tillrdckligt hog energi kan foremaélet joniseras. Det innebér att en
elektron slits loss och skickas ut fran foremalet. Detta kallas fotojonisering.
Den energi som inte gar at for att [6sgora elektronen fran féremalet dverfors
som rorelseenergi till elektronen. Om man vet fotonens energi kan man, om
man maéter elektronens rorelseenergi, rdkna ut elektronens bindningsenergi,
d.v.s. energin som krivdes for att slita loss den. En elektrons bindningse-
nergi beror pa till vilkens sorts atom den dr bunden och i vilket skal inom
atomen den befinner sig. Dessutom péverkas den av sin virdatoms kemiska
omgivning (har den andra atomer omkring sig och i s fall ur ménga och
vilka sorter?).

I ett fotoelektronspektroskopiskt experiment sdnder man in ett stort antal
fotoner mot ett foremél och méter de utkommande elektronernas energifor-
delning (antalet elektroner av varje energi). Resultatet blir ett fotoelektron-
spektrum. Fran ett sddant spektrum kan man dra slutsatser om vilka atomer
foremalet bestdr av och hur de &r fordelade inom foremalet m.m. Fotoe-
lektroner fir olika energier beroende pa frén vilken sorts atom de kommer
ifrn, var atomen &r placerad (pd ytan eller i innandémet), hur effektivt det
positivt laddade objekt den ldmnar efter sig skdrmar sin positiva laddning,
om den ger upphov till en plasmon, etc. Ddrmed kan saddana detaljer under-
sokas med hjélp av denna metod.
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Synkrotronljus

I det hér arbetet har elektronstrukturen hos kluster studerats med hjélp av
synkrotronljusbaserad fotoelektronspektroskopi. Synkrotronljus ir en typ av
stralning som uppstar nér elektriskt laddade partiklar (i det hér fallet elektro-
ner), som fardas i hastigheter néira ljusets, accelereras. I en synkrotrotron-
ljusanlédggning later man elektroner firdas genom magnetiska félt for att fa
dem att dndra riktning. De ger da ifrdn sig synktrontronljus som har flera
anvidndbara egenskaper. Stralningen kommer att vara vél kollimerad, d.v.s.
allt ljus kommer att fardas i samma riktning som hos en laser och inte &t alla
hall som ljuset frdn en glodlampa. Detta gor att allt ljus kan utnyttjas. Stral-
ningen kommer att vara monokromatisk, vilket betyder att alla fotoner
(ljuspartiklar) kommer att ha, s gott som, samma energi (samma véglingd,
firg”). Aven detta 4r en egenskap som delas av lasrar, medan ménga andra
ljuskéllor istillet sdnder ut stridlning med ett brett spektrum av energier. D
varje ljusenergi ger upphov till olika energier hos de utkommande elektro-
nerna sd skulle ett spektrum uppmétt med en sddan flerfargad” ljuskélla
gora det svért, ofta omdjligt, att dra ndgra slutsatser. Synktronljusets fordel
framfor lasern dr framforallt de tillgéngliga energierna. En typisk laser ger
ifrén sig en specifik energi, vill man ha en annan energi fir man byta laser-
system. Vilken laser man dn viljer kan aldrig nd djupare i elektronstrukturen
an till valensnivéerna. P4 en synkrotronljusanldggning kan man fritt vilja
energi i ett brett interval och framforallt kan man na ldngt hogre energier dn
med en laser. Ddarmed blir d4ven de djupare energinivderna tillgédngliga for
spektroskopiska undersdkningar.

Resultaten av detta arbete

Tre saker har studerats:

1. Om kluster produceras av atomer av tva olika &mnen, hur kommer
de olika atomerna att formera sig inom klustret?

2. Klustrens egenskaper fordndras med storleken. Vid vilken storlek
kommer kluster av metalliska grunddmnen att forlora sina metal-
liska egenskaper?

3. Hur paverkas plasmonerna av klustrens storlek?
I vért arbete med den forsta punkten har vi producerat kluster av natrium
och kalium och av koppar och silver. Vi har i bada fallen funnit klustren

antar en segregerad struktur, med en yta som domineras av ett av dmnena
och ett inre bestdende av bdda. Detta har vi kunnat avgéra genom fotoe-
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lektronspektroskopins forméga att sirskilja elektronsignalerna fran ytan och
innandomet. Vilka dmnen som hamnar pa ytan (natrium och silver) avgors
av atomstorleken men dven av atomernas olika bendgenhet att binda sig till
sin omgivning.

For att studera de metalliska egenskaperna hos sma kluster har vi produ-
cerat kluster av tenn och bly av en rad olika storlekar. Néir antalet atomer i
klustren blir sa f& som nagra tiotal (under 40 for tenn, under 20-30 for bly)
ser vi tydliga tecken pé att bandgap uppstatt i klustren. P.g.a. detta far fotoe-
lektronerna far en annan energi vilket gor att de forskuts i spektrumet.

Aven nir fotojoniseringen ger upphov till en plasmon, forskjuts fotoe-
lektronen. Denna forskjutning 4r av samma storlek som denna energi som
krévs for att orsaka végrorelsen. For att undersoka hur denna energi paverkas
nér storleken minskar har vi studerat forskjutningen for kluster av natrium,
kalium, magnesium och aluminium bestdende av ~1000 atomer eller mer. Vi
har sett att energierna fortfarande dr desamma for dessa partiklar med radier
pa bara nigra fa nanometer.

Sammanfattning

Med hjilp av synkrotronljusbaserad fotoelektronspektroskopi har vi har vi
studerat egenskaper hos kluster som &r intressanta for var grundliggande
forstaelse for hur fasta objekts egenskaper utvecklas med antalet ingdende
atomer. Just detta storleksberoende hos klustren gor dem dock intressanta
aven fran ett mer tillimpat perspektiv. En mojlighet &r att anvéndas kluster
av vissa utvalda storklerkar, och ddrmed vissa utvalda egenskaper, som
byggstenar i nya material. Till exempel anvénds nanopartiklar av silver som
katalysatorer for oxidering av etylen. Dessa har funnits bli mer effektiva om
man tillsdtter smd mangder koppar. En viktig detalj hos dessa nanolegeringar
ar hur atomerna fran de olika &mnena ar ordnade i forhallande till varandra,
vilket dr en av anledningarna for vara studier av kluster producerade av kop-
par och silver.
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