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Abstract
In this work, evolution of structural properties of anhydrous and hydrated
alkali halide clusters are studied using synchrotron radiation based photoelectron spectroscopy. Alkali metal core level spectra of small anhydrous
RbCl, RbBr, CsCl and CsBr clusters indicate a NaCl structure. For larger
CsBr clusters a structural phase transition to CsCl structure is likely the
case. Alkali halide core level spectra of mixed RbBr-water clusters indicate
that at dilute concentration the salt is dissolved by the water cluster but
ion pairing increases with concentration. Modeling of gas phase cluster formation and electronic structure calculations of core level chemical shifts are
used to interpret the experimental spectra.
Key words: Photoelectron spectroscopy, XPS, molecular cluster, nanoparticle, cluster formation, alkali metal halide, phase transition, coordination,
chemical shift, synchrotron radiation
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1
Introduction

Clusters - What and where?
Clusters are particles consisting roughly from 2 to 106 atoms, ions or molecules
(or combinations of these). The characteristic size of clusters is in the
nanometer range which in many cases makes their physical and chemical
properties diﬀerent from those in corresponding macroscopic (bulk) matter
[1]. Furthermore, these properties are often size dependent unlike in ordinary matter where size of the object does not usually play any significant
role. It is this possibility of observing novel and unexplored material properties which drives many cluster related research projects. Another reason to
be interested in clusters is that they can be found everywhere:
• Atmosphere: Both natural and human (anthropogenic) sources either
create clusters (aerosol particles) directly or clusters are formed from
atoms and molecules present in the atmosphere [2, 3].
• Biological matter: Some proteins such as the iron-sulphur protein contain a cluster as part of their structure [4]. An example is illustrated
in Figure 1.1 a).
• Interplanetary space: Clusters are ejected for example from Saturn’s
moon Enceladus [5].
• Technology: Semiconductor clusters or nanoparticles called quantum
dots are starting to be used in modern electronics due to their tuneable
properties [6].

Alkali metal halide clusters
Alkali metal halides (alkali halides) are a group of inorganic compounds commonly known as “salts” since one of the best known examples is the sodium
chloride (NaCl) which is the main component of table salt. The general formula for alkali halides is MX, where M denotes the alkali metal atom and X
denotes the halogen atom. Alkali halides appear in many contexts ranging
from bio- and electrochemistry (electrolytes) to geoscience (minerals). Out
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a)

b)

Fe

Cl

S

Na

Figure 1.1: a) Diﬀerent iron-sulphur clusters (one type illustrated) are part of
iron-sulphur proteins and have a role in oxidation-reduction reactions of mitochondrial electron transport. b) NaCl clusters are encountered for example
as part of sea salt aerosols among other chemical species.
of the various salts dissolved in sea water, sodium chloride has the highest
concentration which is also the reason why some amount of it ends up in the
atmosphere in the form of or as part of aerosol particles.
Alkali halides are often viewed as a textbook example of material with
ionic bonds. Rather than neutral alkali metal and halogen atoms coming
together, alkali halides consist of an ion lattice with alternating positive alkali
metal cations (e.g. Na+ ) and negative halogen anions (e.g. Cl− ). At normal
temperature and pressure (NTP) conditions, most alkali halides form a facecentered cubic lattice [7] where each (interior) ion is six-fold coordinated as
illustrated in Figure 1.1 b). This lattice structure is also known as NaCl
(or rocksalt) lattice. However, halides of cesium (except for fluorides) adopt
a body-centered cubic lattice [7] with eight-fold coordinated (interior) ions.
For this reason it is also known as CsCl lattice. At high pressure however
most of the alkali halides with NaCl structure undergo a structural phase
transition to CsCl structure (see e.g. Ref. [8] and references therein). At
even higher pressures other stoichiometries diﬀerent from the usual 1:1 ratio
become possible [9]. The properties of such high pressure forms of materials
might be relevant for geological and planetary science [10].
Bulk alkali halides have a well characterized crystal structure. The same
structures are mostly observed in alkali halide clusters [11], but exceptions
are known especially for small clusters [12, 13, 14]. Also for some alkali
halides the structure adopted might be cluster size dependent [15]. Alkali
halide clusters thus form an ideal case for testing and developing methods
for structure and morphology studies which can then be applied to other
multicomponent clusters.
In case the alkali halide is part of a more complex nanoparticle, for example a sea salt aerosol particle, first knowing the properties of the isolated
component species in cluster form is advantageous. The addition of wa-

3
ter, one of the most common substances in the atmosphere, might already
complicate and modify the particle structure. Controlled laboratory-based
experiments on cluster structure and morphology development as a function
of size, substance and composition can help to interpret results gathered from
atmospheric particle studies.
Seeing clusters through their electronic structure
Spectroscopic methods rely on the interaction of electromagnetic radiation
with the sample material’s electronic structure [16]. In photoelectron spectroscopy, electromagnetic radiation with known photon energy ionizes the
sample and kinetic energy of the emitted (photo)electron is recorded. Core
level photoelectron spectroscopy utilizes electrons originating from one of the
core orbitals which do not participate to chemical bond formation [17].
The study of clusters using core level photoelectron spectroscopy can give
a lot of information. Firstly, for fixed photon energy the electron kinetic energies are unique enough for each chemical element so that one can study
specific elements within the cluster. This is convenient if the cluster happens to contain multiple elements. Secondly, for a given photon energy and
element, the electron kinetic energies depend on the local environment of
the ionized atom, inducing so-called chemical shift to the measured kinetic
energy. This includes factors such as coordination, bond length, charge state
and elemental composition of the neighbouring atoms, to name a few. It is
this chemical information that has the potential of describing the structural
and morphological properties of the cluster.
The small size of clusters introduces many complications in terms of how
and with what spectroscopic techniques they can be studied. Furthermore,
if the clusters are in gas phase and not collected for example on a surface
prior to probing, their low number density poses additional restrictions to
the method selection. In order to compensate for the small size and dilute
nature of the sample material, a bright radiation source is needed. A third
generation synchrotron radiation facility can oﬀer this with only lasers surpassing it in intensity. With much larger photon energy range synchrotron
light sources are, however, unsurpassed in terms of experimental flexibility.
Present work
This thesis studies the structural evolution of freestanding, neutral alkali
halide clusters in anhydrous (without water) and hydrated (with water) forms
using synchrotron radiation based photoelectron spectroscopy. The view of
the electronic structure of these clusters reveals size and composition dependent changes which stem from specific changes in the cluster structure. These
changes are interpreted with the help of a gas phase cluster formation modeling and electronic structure calculations. In a longer time-frame this work
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aims at providing some of the information basis for producing and studying atmospherically relevant particles and their properties using synchrotron
based spectroscopy.
Organization of the thesis
The introductory part of the present thesis is arranged as follows. Chapter 2,
Gas phase synthesis of clusters, presents the technical details and operating
principle of the EXMEC source employed for generating clusters in studies
I–III. Chapter 3, Photoelectron spectroscopy, describes briefly the basics of
photoelectron spectroscopy for the study of free clusters. Chapter 4, Synchrotron radiation, introduces the reader to the properties of synchrotron radiation, how it is generated and used in, for example, spectroscopic research.
The chapter also presents the details of the beamline where the experiments
related to studies I–III were conducted. Chapter 5, Research summary and
discussion, summarizes the results of the included publications I–III and
also includes a brief discussion of their context. Chapter 6, Conclusions and
outlook, ends the introductory part of the thesis with few concluding words
and provides an outlook on possible future research directions. Lastly, Chapter 7, Corrigenda, contains corrections for publication I noticed during the
thesis preparation.

2
Gas phase synthesis of clusters

Clusters can be generated in the gas phase in various ways. The choice of
an appropriate method for a given experiment/application depends on the
preferred characteristics of the formed clusters (e.g. size, charge state) and
the clustering material. Presentations of several cluster formation techniques
and related apparatus can be found, for example, in the books by Haberland
[18], Johnston [19] and Alonso [20].
In this chapter, cluster formation by a so-called exchange method is described. The first section describes the cluster source used in studies I–III,
the EXMEC source. The cluster formation details related to adiabatic expansion and pick-up method are described in the subsequent sections.

2.1

EXMEC source

Figure 2.1 depicts schematically the EXMEC source used to generate clusters in studies I–III. The acronym originates from Exchange Metal Cluster
source as first experiments with this configuration involved generation of
metal clusters [21]. The setup consists of an adiabatic expansion source1
and a pick-up oven. Cluster formation in the former part of the source is
based on gas/vapour expansion through a nozzle into vacuum. During the
expansion, the gas cools down and condenses into clusters. A skimmer separates diﬀerent vacuum regions through which the created clusters go. Before
being probed at the interaction region, the clusters pass through a pick-up
oven where they can be doped with secondary material. During an experiment, the distance from the nozzle of the adiabatic expansion source to the
interaction region is of the order of 10 cm or less.
All the operational parts within the cluster source are enclosed inside a
two part vacuum chamber separated by a small conical skimmer. The first,
cluster source chamber housing the adiabatic expansion source is equipped
with two large throughput turbo-molecular pumps with total pumping capacity for N2 of the order of 2000 l/s. The second, measurement chamber
contains the pick-up oven as well as instruments for studying the clusters.
It is vacuum pumped by several smaller turbo-molecular pumps. Two-stage
1

Also known as a supersonic jet/nozzle source.
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Cluster source chamber

Measurement chamber

Uncondensed gas

Adiabatic expansion source

Pick-up oven

Interaction
region

Gas

Cluster

Nozzle
Skimmer

Figure 2.1: Schematic illustration of the EXMEC source.
rotary vane pumps were used as backing pumps for all the turbo-molecular
pumps. The pressure inside the cluster source chamber was usually of the
order of 10−3 – 10−2 mbar while the measurement chamber pressure was of
the order of 5 · 10−6 – 2 · 10−5 mbar. In study III involving water clusters,
each fore-vacuum line was equipped with a liquid nitrogen (LN2 ) cold trap
for protecting the rotary vane pumps from the water vapor. Furthermore,
a cold trap was used to capture the cluster beam after being probed at the
interaction region.
2.1.1

Adiabatic expansion source

The adiabatic expansion source can be used to form clusters out of gas and
liquid phase materials. In studies I and II, it was used to generate Ar clusters
while in study III, water clusters were formed. Other examples can be found
in the literature. In both cases our setup included a converging–diverging
nozzle to which a gas line is connected. The nozzle is mounted on a three axis
manipulator facilitating its alignment with respect to the skimmer attached
rigidly to the cluster source chamber wall.
Production of Ar clusters
In studies I and II, relatively large Ar clusters were needed and the nozzle
was therefore cooled with continuously flowing LN2 from a pressurized dewar. The heat transfer between the nozzle and the LN2 was mediated by a
copper block to which the cooling circuit was connected. The nozzle temperature was monitored with a K–type thermocouple connected to the copper
block. A very rough adjustment of the nozzle temperature could be done by
limiting the LN2 flow. The nozzle temperature usually ranged from −150 ◦ C
to −180 ◦ C.
The nozzle orifice size was 150 µm and the full opening angle of the diverging cone was 20◦ . The orifice size also determined the maximum Ar
stagnation pressure (pressure behind the nozzle) to around 2 bar. Too high
mass flow through the nozzle results in high pressure in the cluster source

2.1 EXMEC source
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chamber which compromises the pumping capacity of the turbo-molecular
pumps. With only a single conical skimmer with 300 µm orifice before the
measurement chamber, the background pressure can become excessive for
electron spectroscopy studies if high gas pressure is used. The practical upper limit for the measurement chamber pressure was usually set to around
2 · 10−5 mbar.
Production of H2 O clusters
If clusters are made from high vapor pressure substances such as water, heating rather than cooling has to be applied. In this case the copper block and
the nozzle assembly described above can be replaced by a liquid oven. The
liquid oven used in study III to produce H2 O clusters is shown schematically
in Figure 2.2. The precursor liquid (in this case water) is contained in a
stainless steel cylinder. The vessel is only partly filled with about 100 ml per
experimental cycle so that the gas inlet and the nozzle are not submerged
under any circumstances even when the whole cluster source is held at the
“magic angle” (see Chapter 3). Standard VCR and Swagelok connections
for gas and liquid filling, respectively, are located at the back of the cylinR
der. The liquid container and the nozzle contain independent Thermocoax⃝
heating elements and K–type thermocouples. The critical dimensions (orifice
size, opening angle) of the exchangeable nozzle were the same as in the case
of rare gas cluster production.
During the measurements, the temperature of the liquid vessel is adjusted
so that the required vapor pressure of the liquid is reached. With water,
temperatures in the range of 60–80 ◦ C were often used. Nozzle temperature
is usually set slightly higher at 100–140 ◦ C in order to prevent the nozzle
from being blocked by ice. Carrier gas such as He or Ar can be introduced
to enhance cluster production. The applied pressure depends on the carrier
gas type and pressure limits in the vacuum chambers, but has been usually
of the order of 1 bar in our experiments.

Thermocoax
Gas

Liquid

Figure 2.2: Schematic drawing of the liquid oven used in study III.
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Pick-up oven

Clusters generated by the adiabatic expansion source can be studied as such.
In studies I–III, however, a pick-up oven was included right after the skimmer. The purpose of this oven is to introduce another material into the
clusters generated by the adiabatic expansion source. By carefully tuning
the pick-up oven temperature, one can dope the primary clusters by a controlled amount of the secondary material. It is also possible to convert the
host cluster completely into one that is formed by the picked up secondary
material. The latter method is referred to as the exchange method.
During the experiments, two diﬀerent pick-up oven configurations were
used which diﬀer by the type of heating system employed. Common for
both systems is a crucible which is used to contain the secondary material.
The crucible has two 3 mm holes (see Figure 2.1) through which the primary
cluster beam travels and a cap which is used for loading the material. As
the required temperatures in the present experiments did not exceed 700 ◦ C,
stainless steel (grade: AISI 316LN) crucibles were used. In general, suitable
crucible material choice depends on the heating method, required temperature and sample material as described by Ross and Sonntag [22].
Resistive heating system
The resistive heating system is based on Joule heating in a current carrying
wire. Schematic cut through of the assembly is given in Figure 2.3. Support
and mounting details have been left out for clarity. The heating element is
formed by tantalum (Ta) wire wound between boron nitride (BN) rings so
that between two neighbouring wires the current passes in opposite directions. This reduces the net magnetic field generated by the electric current.
Four hollow alumina (Al2 O3 ) struts (not depicted) are used between the BN
BN ring

Cap
BN ring
(top view)
Cooling coil

Ta wire

Heat shield

Crucible

Figure 2.3: (Left) Cut through of the resistive heating system. (Right) Top
view of the BN ring and the hole pattern.
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rings to hold the structure in correct form. Stainless steel heat shield supports the heating element and is surrounded by an (optional) cooling water
coil made from copper.

Induction heating system
The second system employed in the studies is based on induction heating.
Figure 2.4 shows a photograph of the pick-up oven used during the measurements. The system contains a coiled copper tube surrounding a stainless
steel crucible. High frequency alternating current is fed to the coil which
creates an alternating magnetic field. This field induces eddy currents on
the crucible’s surface. Since the crucible material has a certain resistivity,
its temperature will rise due to the Joule heating. While operated, cooling
water runs through the induction coil in order to keep its resistance low and
prevent it from melting. Compared to the resistive heating system, induction
heating has low response time due to direct application of the heating power
to the work piece (the crucible).
The induction coil was driven by a 5.4 kW Hüttinger AXIO 5/450 RF
generator. When the AC current is on, magnetic field generated by the
inductor interferes with the electrons that are emitted from the clusters at
the interaction region. In order to prevent this, the RF generator was used in
a pulsed mode where a short heating pulse was applied periodically at 1–2 Hz
frequency. During the heating pulse all emitted photoelectrons were rejected
by a gating circuit for the photoelectron spectrometer which connected a

Induction coil

Copper shroud

Interaction region
Primary cluster beam
Crucible

BN support

Support arm

Figure 2.4: Photograph of the induction oven used in studies I and III.
Copper tube acts as the induction coil surrounding the stainless steel crucible.
The interaction region is surrounded by a copper shroud. The crucible sits
on top of a boron nitride (BN) piece but is not isolated from the ground.
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displacement voltage of few tens of volts to one of the deflection lenses of
the spectrometer. By adjusting the width of the heating pulse, the eﬀective
heating power could be altered from 0 to 100 % of the full power. In the
present studies 200–300 W eﬀective heating power was suﬃcient. The gate
and heating pulses were generated using a standard pulse generator. The
spectrometer gating pulse was adjusted to start earlier and stop some time
after the heating pulse was applied. Suitable “detector deadtime” was sought
by monitoring the spectrometer detector image.

2.2

Cluster formation in adiabatic expansion source

Cluster formation in the first part of the EXMEC source is based on condensation of gas as it expands from a relatively high pressure region to low pressure (vacuum) region through a narrow constriction called nozzle. The total
gas pressure in these regions is often of the order 1000 mbar and 10−3 mbar,
respectively. Practical parameters that aﬀect the generated cluster size include gas pressure behind the nozzle, nozzle temperature, nozzle size and
shape, and gas type. In case of gas mixtures, the component gas type and
their mixing ratio aﬀect the obtained cluster size and composition. Depending on these factors, a wide range of cluster sizes can be generated from
dimers up to microdroplets or crystals containing millions of atoms.
2.2.1

Properties of supersonic gas flow

Flow properties as a function of space coordinates can be calculated from conservation laws of mass, momentum and energy. From these one can calculate
for example the density (ρ), pressure (P ), velocity (v) and temperature (T )
of the flow at any point in space and time [23]. The governing equations are
∇(ρv) = 0,
Dv
ρ
+ ∇P = 0,
(Dt
)
D
v2
H+
= 0,
Dt
2
where

(2.1)
(2.2)
(2.3)

∂
D
=
+v·∇
(2.4)
Dt
∂t
is called the convective derivate and H is the specific enthalpy. Equations
(2.1)–(2.3) are known as continuity, momentum and energy equations, respectively.
Solving these equations is complicated for a full three dimensional (3D)
problem and simplified 1D or 2D variants are used when possible. For example, if the rate of change of the flow passage area in a nozzle is small in the
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direction of the flow, one can calculate the flow properties (such as v, ρ, P
and T ) using a 1D theory. Then the properties depend only on one coordinate x measured in the direction of the flow. Furthermore, one can assume
explicitly time independent flow. In this case, by following the derivation
presented by Pauly [23], Eqs. (2.1)–(2.3) can be simplified to
dv dρ dA
+
+
= 0,
v
ρ
A
dP
v dv +
= 0,
ρ
v dv + dH = 0,

(2.5)
(2.6)
(2.7)

where A is the flow area perpendicular to the flow direction. Using these, one
can derive the following equation describing the relation of the flow passage
area and the flow speed:
) 1 dv
1 dA ( 2
= M −1
,
A dx
v dx

(2.8)

where M is called the Mach number which is the ratio of flow speed v and the
local speed of sound c. The speed of sound is given by the Newton-Laplace
equation
√
c=

Ks
,
ρ

where Ks is the isentropic bulk modulus. For an ideal gas, Ks = γP , and
the speed of sound is given by
√
√
P
kB T
c= γ = γ
,
(2.9)
ρ
m
where γ = Cp /Cv is the ratio of specific heats at constant pressure Cp and
constant volume Cv and m is the atomic or molecular mass.
Using Eq. (2.8) we can deduce how the flow behaves when the crosssectional area of the flow passage first decreases and then increases. This is
the case with a converging-diverging nozzle used for cluster production (as
illustrated in Fig. 2.1). Before the nozzle the gas flows with subsonic speed,
i.e. M < 1. When the cross-sectional flow area decreases (dA/dx < 0) the
speed of the flow increases (dv/dx > 0). Speed of sound is achieved (M = 1)
at the throat of the nozzle where dA/dx = 0 if the pressure gradient over
the nozzle is large enough (see below). At the diverging section of the nozzle
(dA/dx > 0) the flow reaches speed higher than the local speed of sound
(M > 1). Depending on the magnitude of the Mach number, the flow is
called either supersonic (1 < M ≤ 5) or hypersonic (M > 5). Although
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usually only the former name is used, the Mach number of the flow can reach
high hypersonic values depending on the case (M > 10). The condition for
the flow to become sonic at the nozzle throat and subsequently supersonic
at the diverging part is [23]
P
≤
P0

(

2
γ+1

)γ/(γ−1)
,

(2.10)

where P0 is the stagnation pressure and P is the pressure at the nozzle exit.
For example, for Ar (γ = 5/3) at P0 = 1 bar, P ≤ 0.49 bar so this condition
is always well satisfied in practice.
Although from the name supersonic jet one could deduce that the speed
of the flow is very fast, it turns out not to be the case. Actually, the flow is
fast only relative to the local speed of sound. It can be shown [23] that the
maximum expansion speed of the gas into vacuum is
√
√
√
γ
γ
2kB T0
v=
vmol =
,
(2.11)
γ−1
γ−1
m
where vmol is the most probable speed of a gas with Maxwellian speed distribution at temperature T0 . Since the prefactor [γ/(γ − 1)]1/2 is not much
larger than unity, the expansion speed is of the same order than the most
probable speed of the gas in normal equilibrium state.
Since the flow speed itself is not very high, it must be that the local
speed of sound is very low. This can happen if the gas temperature is low
as is evident from Eq. (2.9). Figure 2.5 illustrates the flow parameters as a
function of distance from the nozzle. The Mach number plotted in Figure
2.5 b) is obtained by solving the governing partial diﬀerential equations of
the flow from which all other properties (T , ρ and P ) can be calculated as
described by Haberland [18]. Analytical formulae for M (x/d) can be found
from Ref. [23].
As can be seen from Figure 2.5, the flow temperature decreases drastically
with increasing distance from the nozzle. This decrease does not continue indefinitely but ultimately terminates some distance away from the nozzle. At
that point the presented continuum treatment of the gas becomes gradually
invalid as collisions between the atoms/molecules cease due to gas rarefaction. A model has been devised where a so called freezing or quitting surface
is used to separate the continuum and molecular flow regimes. This is also
known as sudden freeze model. In reality the collision frequency between
atoms/molecules decreases smoothly (although within a relatively narrow
spatial region near the nozzle) with the particle number density, ultimately
ceasing completely. This reduction of collisions has also implications on cooling of diﬀerent degrees of freedom (translation, rotation, vibration). Further
information can be found for example from the book by Pauly [23].
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Figure 2.5: a) Temperature, density and pressure of the flow as a function
of reduced distance from the nozzle with throat diameter d when γ = 5/3.
The stagnation values are indicated by the subscript zero. b) Mach number
M as a function of reduced distance from the nozzle when γ = 5/3 or 7/5.
Adapted from [18].
2.2.2

Semiempirical scaling law of cluster formation

Cluster formation is believed to begin by dimer formation in three-body
collisions in the cold environment of the supersonic beam [23, 24]. Dimers
then act as condensation seeds for additional atoms/molecules. At the initial stages of cluster formation there are more monomers than clusters and
cluster growth occurs through monomer addition. At certain conditions the
cluster formation is so extensive that further growth happens by clustercluster aggregation, i.e. clusters attach to each other to form bigger clusters
[18]. Suﬃciently far away from the nozzle, the cluster sizes form a distribution which can be characterized either as exponentially decaying, log-normal
or bimodal depending on the clustering conditions [25, 26]. The diﬀerent
distributions are presented in the following subsection.
A semi-empirical model for estimating the mean cluster size from a set of
experimental variables characterizing the expansion source was developed by
Hagena et al. [27, 28, 29]. It was discovered that by changing the stagnation
pressure P0 and temperature T0 according to the isentrope
γ/(1−γ)

P0 T0

= constant,

(2.12)

the cluster size distribution remained almost constant for a constant nozzle
geometry. Another observation concerning diﬀerent gases was made where
similar mean cluster size could be produced if
1. the specific heat ratio γ of the two gases was similar,
2. the gases were in corresponding states (P0 , T0 ), and
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3. the nozzle geometry was scaled in proportion to the length parameter
σ of the intermolecular Lennard-Jones potential2 .

Changes in the pressure P0 , temperature T0 and nozzle geometry modify
the expansion kinetics such as the temperature gradient, expansion speed
and particle number density altering the cluster size distribution. Detailed
discussion of these topics can be found from Refs. [27] and [28].
In the Hagena model, the average cluster size ⟨n⟩ is related to a reduced
scaling parameter Γ∗ as [30, 31, 32]
(

)1.64
Γ∗
⟨n⟩ = 38.4
,
1000
( ∗ )2.35
Γ
⟨n⟩ = 33
,
1000
( ∗ )1.8
Γ
⟨n⟩ = 100
,
1000

350 ≤ Γ∗ ≤ 1800,

(2.13)

1800 < Γ∗ ≤ 104 ,

(2.14)

104 < Γ∗ ≤ 106 .

(2.15)

Although Hagena [29] summarizes several studies and reports a general observation that no clustering is observed when Γ∗ < 200, Buck and Krohne
[30] observe very small clusters when 100 ≤ Γ∗ < 350 and the following
polynomial gives the average cluster size
⟨n⟩ = a0 + a1 Γ∗ + a2 (Γ∗ )2 + a3 (Γ∗ )3 ,

(2.16)

where a0 = 2.23, a1 = 7.00 · 10−3 , a2 = 8.30 · 10−5 and a3 = 2.55 · 10−7 . Buck
and Krohne [30] also suggest an alternative to Eq. (2.14) when Γ∗ > 1800
and a conical nozzle is used:
[
]
⟨n⟩ = exp b0 + b1 (ln Γ∗ )0.8 ,
(2.17)
where b0 = −12.83 and b1 = 3.51. All of these equations are plotted in Figure
2.6. Diﬀerences in the scaling relations are likely to be caused by diﬀerent
cluster beam isolation (skimming) and detection schemes [31].
The (dimensionless) reduced scaling parameter Γ∗ is calculated using the
stagnation values P0 (given in mbar) and T0 (given in K), as well as the
equivalent nozzle dimension deq (given in µm):
Γ∗ = kch P0 dqeq T00.25q−2.5 ,

(2.18)

where q = 0.85 is an experimentally derived constant [31] and kch is material
dependent constant. Values of kch for rare gases can be found e.g. from
Ref. [26] and for other gases (H2 , N2 , O2 , etc.) from Ref. [33]. For example,
2
The parameter σ is the finite distance value for which the intermolecular potential is
zero.
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Figure 2.6: Visual presentation of the relations between scaling parameter
Γ∗ and average cluster size ⟨n⟩ given by Eqs. (2.13)–(2.17).
for Ar, kch = 1646. A more thorough explanation of the meaning and calculation of kch for many elements, including metals, is given by Hagena [29, 31].
Furthermore, Bobbert et al. [25] describe the application of this formalism
to clusters made of ammonia and water. Finally, the equivalent nozzle dimension deq for conical nozzle in monatomic gas expansion is calculated from
[27]
d
deq = 0.736
,
(2.19)
tan α
where d is the orifice diameter of the nozzle throat (in µm) and α is the
half-opening angle of the diverging part of the nozzle. In expansions of gases
with more than three active degrees of freedom (molecular gases), diﬀerent
numerical pre-factors needs to be used [27, 25].
Role of a carrier gas
In study III, a mixture of He carrier gas and water vapor was used in the expansion source. The addition of carrier gas can promote clustering compared
to one component expansion and in some cases is even essential for clustering
[27]. We denote the stagnation (partial) pressure of the main clustering gas
by P0,v in order to reach a certain mean cluster size Nv . By adding a carrier
gas, it has been observed experimentally that P0,v can be reduced while the
same cluster size Nv is still achieved. The relative reduction in P0,v
- increases with heavier carrier gases (e.g. using Ar instead of He), and
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- increases if the carrier gas is added to a molecular gas (e.g. H2 O with
He carrier) instead of atomic gas (e.g. Ar with He carrier).

Appropriate choice for the carrier gas also depends on its cost and condensation properties. For example, a recent study on ethanol clusters by
Abu-samha et al. [34] confirmed the above mentioned enhancement of clustering with heavier carrier gas, but they also observed the formation of mixed
clusters of ethanol and Ar when the stagnation pressure of Ar was increased
beyond 1.3 bar. Below this threshold only pure ethanol clusters were observed. No mixed clusters were observed when He carrier gas was used with
any stagnation pressure value. Mixed clusters of Ar and H2 O were also observed by Kočišek et al. [35]. The use of even heavier rare gases has been
studied in connection to seeded supersonic molecular beams. Amirav, Even
and Jortner [36, 37] found that the degree of internal (rotational and vibrational) cooling of heavy molecules increased in the order He < Ne < Ar <
Kr < Xe. For corresponding cooling of tetracene (C18 H12 ), 400 times lower
flow rate of Xe could be used compared to He. For high enough stagnation
pressures of the heavier carrier gases, formation of van der Waals complexes
with the seeded molecule was observed.
Two mechanisms are believed to be behind the condensation enhancement
eﬀect [31]. First, the carrier gas cools the forming clusters by removing some
of the heat of condensation. Second, when a heavier carrier gas is used the
beam speed is reduced (see Eq. (2.11)) which leaves more time for the clusters
to grow before they reach the quitting surface.
2.2.3

Cluster size distribution

Some typical cluster size distributions observed from nozzle expansion are
presented in Figure 2.7. In conditions tuned for producing small clusters
consisting of around few tens of atoms/molecules (panel a), the distribution can be described by a monotonously decaying exponential function and
cluster formation occurs through addition of monomers. Large clusters with
hundreds of atoms/molecules (panel d) on the other hand obey a log-normal
distribution and cluster-cluster agglomeration also takes place. In intermediate sizes, the cluster size distribution might take a bimodal form which can
be described using two log-normal distributions. These type of distributions
have been observed for example in water clusters [25] and Ar clusters [26].
The illustrated size distributions concerned the overall properties of the
cluster beam. Yang et al. [38] reported that there is also a possible lateral size
distribution in the plane perpendicular to the cluster beam. They observed
that heavier clusters are concentrated more on the cluster beam center and
that the mean cluster size decreases towards the periphery of the beam.
The lateral size distributions showed less diﬀerence between the center and
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Figure 2.7: Schematic presentation of cluster size distributions observed for
small (panel a), medium (panels b and c) and large clusters (panel d).
periphery when the average cluster size in the overall beam was larger or
when the speed of the beam was increased.

2.3

Pick-up of monomers

In the second stage of the EXMEC source, clusters formed by the adiabatic
expansion source can be doped, mixed or even transformed to other types of
clusters. In studies I and II, Ar clusters were used as hosts for creating alkali
halide clusters from RbCl, CsCl and CsBr. In study III, RbBr was mixed
with H2 O and Ar clusters.
In all the cases the host cluster flies through a “cloud” of monomers (the
alkali halides) and captures some of them. The probability for monomer pickup and what happens then is material dependent. Of practical interest would
be to predict the cluster composition given a set of cluster source parameters.
For the heated pick-up ovens described in Section 2.1 these parameters can
be classified into
1. material properties, and
2. cluster source parameters.
These parameters create a complex problem which, at the moment, has to be
evaluated individually for each experiment. A program script for estimating
the number of picked-up monomers was implemented. A summary of the
calculation procedure is presented below focusing on alkali halide pick-up
either by Ar or water clusters.
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Host cluster beam parameters

The first part of the pick-up process evaluation involves the calculation of
host cluster beam properties such as beam speed and cluster size. For singlecomponent flow, the beam speed can be calculated using Eq. (2.11) by inserting the specific heat ratio γ and atomic/molecular mass m of the gas in
question, and the nozzle temperature T0 . In study III, the beam speed was
calculated using the same equation but with average values for the ratio of
specific heats γ̄ and mass m̄ weighted by the mole fractions x1 and x2 of the
component gases. These are defined as [24]
x1 Cp1 + x2 Cp2
C̄p
γ̄ =
=
,
x1 Cv1 + x2 Cv2
C̄v
m̄ = x1 m1 + x2 m2 .

(2.20)
(2.21)

In the case of Ar expansion, the mean Ar cluster size ⟨n⟩ can be obtained
by using the equations of the Hagena scaling parameter formalism presented
in Section 2.2. The corresponding Ar cluster diameter d was then calculated
as
(
)1/3
3M
1/3
d = 2rws ⟨n⟩ = 2
⟨n⟩1/3 ,
(2.22)
4πρNA
where rws is the Wigner-Seitz radius of Ar, calculated from its molar mass M
and bulk density ρ, and NA is the Avogadro constant. Wigner-Seitz radius is
defined as the radius of a sphere with a volume equal to the average volume
of an atom in a solid. Another formula was used by Cuvellier et al. [39]
(
d=2

3a3
16π

)1/3
⟨n⟩1/3 ,

(2.23)

where a = 5.34 Å is the lattice parameter for Ar clusters determined by Farges
et al. [40]. A comparison of Ar cluster diameter values calculated using
Eqs. (2.22) and (2.23) is shown in Table 2.1. It seems that the use of ρsolid =
1771 kg/m3 for solid Ar leads to a cluster diameter which corresponds closely
to the estimate based on experimental lattice parameter a of Ar cluster. On
the other hand, the phase state of the cluster might change into amorphous
or even liquid-like in case of subsequent pick-up process due to added energy.
For this reason, the liquid density at boiling point ρliquid = 1395 kg/m3 was
used in studies I and II. Since using the liquid density gives the largest
estimate of the cluster diameter, one can regard this as an upper limit for
the cluster size.
For water clusters generated using carrier gas the constants of the Hagena
formalism are unknown and other methods have to be used. In article III,
the valence photoelectron spectrum of water clusters was used for the mean
cluster size estimation. The method described by Barth et al. [42] estimates
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⟨n⟩
10000
20000

(2.22): d(ρliquid ) (nm)
9.682
12.20
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(2.22): d(ρsolid ) (nm)
8.944
11.27

(2.23): d (nm)
8.992
11.33

Table 2.1: Comparison of Ar cluster diameter formulas (2.22) and (2.23)
using density values of ρliquid = 1395 kg/m3 (at boiling point) and ρsolid =
1771 kg/m3 [41].
the mean water cluster size ⟨n⟩ from the binding energy shift ∆E = Em − Ec
between the molecular and cluster 1b1 bands as
(
)3
∆G
⟨n⟩ =
,
(2.24)
∆G − ∆E
where ∆G = 1.4 eV is the Gibbs free energy of solvation of a positive charge
into a dielectric medium. The calculated cluster size is extremely sensitive to
∆E especially when ∆E ≈ ∆G and thus is not very precise for large clusters.
Equation (2.24) is illustrated in Figure 2.8.
As with the Ar clusters, the water cluster diameter can be calculated
in a few diﬀerent ways depending on what is the expected phase state or
structure of the cluster. For small clusters with ⟨n⟩ ≤ 200, the cluster structure is quite likely amorphous solid [44] in which case Eq. (2.22) can be
applied by using an appropriate density value representing amorphous water at the desired temperature. For example, Narten et al. [43] determined
ρ = 940 kg/m3 for amorphous solid water at 77 K. In case the cluster size
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Figure 2.8: Water cluster size ⟨n⟩ as a function of binding energy shift ∆E
as calculated from Eq. (2.24).
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is larger (200 < ⟨n⟩ < 600), the cluster can have partly or completely crystalline structure depending on the cluster temperature [44]. Interestingly,
the onset of crystallisation occurs at a lower cluster size when the cluster
temperature is higher. The diameter of crystalline cluster can be calculated
from [45]
(√
)1/3
18
d = 2rw
⟨n⟩
,
(2.25)
π
where rw = 1.6 Å is
√ the van der Waals radius of water molecule and the
numerical constant 18/π is the packing factor for hexagonal close packing.
2.3.2

Pick-up cross section

Pick-up cross section σp can be defined as the eﬀective surface area for a
perfectly inelastic scattering in which a particle collides with another particle
and the two have zero kinetic energy with respect to each other in their centreof-mass coordinate system after the collision. In the present case we consider
the collision between a cluster and a molecule (monomer). Considering a
completely general case, the pick-up cross section σp depends on the size of
the colliding particles, the properties of the interaction potential (strength
and extent) between the host and material to be picked up, and the relative
speed between the two [46, 47]. Because the full modeling of the pickup
process implies an explicit use of a suitable potential model, it is often not
done for very complicated multicomponent systems where such potentials
are unknown or hard to set up accurately. For example, pick-up of Ar atoms
on Ar clusters or H2 O molecules on H2 O clusters has been modeled using
molecular dynamics with the Gspann-Volmar potential which derives from
the commonly used Lennard-Jones potential [48, 49]. The Lennard-Jones
potential was also used for the description of Ar–Ar, HBr–Ar and H2 O–Ar
interactions between Ar clusters and picked up species (Ar, HBr or H2 O) by
Fedor et al. [47].
A simple way to model the pick-up process is to assume that the pick-up
cross section σp corresponds to the geometric (hard sphere) cross section σg
of a spherical cluster as
σp = f σg = f π(r + rp )2 ,

(2.26)

where r is the cluster radius, rp is the eﬀective radius of the species to be
picked up and f is a dimensionless correction factor. As a first approximation
f = 1 and σp = σg . In combination with any of the formulae for d presented
earlier, the pick-up cross section scales as ⟨n⟩2/3 . Deviations from this are
known and are discussed in more detail below.
For clusters the overall cluster size depends on the number and size of the
aggregates but also on how they are arranged (morphology). If the cluster is
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spherical, its pick-up cross section can be assumed to scale as ⟨n⟩α where the
exponent α has been found to take values between 1/3 and 2/3 depending on
the cluster size [48, 49]. For water clusters larger than 300 molecules, Lengyel
et al. [49] found that the experimental pick-up cross section deviates from
the expected cross section derived assuming a spherical cluster morphology.
The discrepancy was explained by the irregular shape of the water cluster
formed by fast cooling of a diﬀuse arrangement of water molecules during
the adiabatic expansion.
The pick-up cross section dependence on the material properties has been
observed experimentally for Arn [47] (⟨n⟩ = 150−260) and (H2 O)n [45] (⟨n⟩ =
260) clusters. In all cases for example with water clusters, the experimental
cross sections σp were larger than the geometrical cross section by a factor
f (see Eq. (2.26)) varying between 1.3 and 2.5 depending on the molecule
to be picked up. Similar results were also obtained with Ar clusters and f
ranged from 1.5 to 2.7.
In studies I and II, the pick-up cross section of the Ar clusters was assumed to correspond to the geometrical cross section. This was done unaware at the time of the study by Fedor et al. [47] which reported about the
enhancement of the experimental pick-up cross section in much smaller Ar
clusters. Based on this, they calculated a radius correction factor R0 to be
applied in the modified geometrical cross section formula as σg0 = π(r +R0 )2 .
If a similar modification were to be applied for example in study I, the pickup cross section would increase by 15–20 %. However, the validity of such
pick-up cross section correction for clusters composed of over 104 atoms is
yet to be studied.
Additional complications arise when the host cluster captures multiple
atoms/molecules and if the number of picked up species is significant relative
to the host cluster size. Firstly, if the picked up species are of diﬀerent size
than the host material atoms/molecules, they will change the overall cluster
size by occupying more or less of the volume, or by altering the cluster
structure. The interaction potential is also likely to change if the picked up
species are of very dissimilar kind. Secondly, the accommodation and possible
subsequent association/dissociation reactions change the energy balance of
the cluster which can lead to evaporation of some of the cluster thus changing
the cross section. Thirdly, momentum transfer during the pick-up process
aﬀects the mean free path of the host cluster by changing the relative speed
between the host and pick-up species (see below).
Formulating the pick-up cross section for a cluster consisting of multiple
chemical species is diﬃcult since many factors related to the cluster properties
are aﬀected by the pick-up process as stated above. However, in study III
a simplified method for calculating the geometric cross section as the cluster
composition changes was presented. If the cluster is assumed to be spherical,
the only problem is to find an eﬀective (multicomponent) cluster radius r̄
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which can be used in Eq. (2.26) in place of (single component) cluster radius
r. A simple weighting of the radii of the component species i was used as
(
)1/3
∑
∑
N
r
i
i
r̄ = ∑i
Ni
,
i Ni
i

(2.27)

where Ni is the number and ri is the eﬀective radius of species i. The
individual radii ri are obtained from the reference literature or calculated
based on appropriate bulk material data. Naturally, there can be a lot of
uncertainties related to these values, e.g. which values to choose if the phase
state is unknown.
2.3.3

Mean free path

During pick-up experiments, the gas phase species to be picked up are located
in a more or less well defined volume characterized by number density ρn .
The length of the trajectory during which pick-up events occur is called pickup length and is denoted by L. The average distance travelled by the host
cluster between successive pick-up events is given by the mean free path ℓ
defined as
1
1
ℓ = eﬀ =
,
(2.28)
σp ρn
σp Fa0 (∞, x)ρn
where σpeﬀ = σp Fa0 (∞, x) is the eﬀective pick-up cross section, Fa0 (∞, x)
is the velocity averaging correction factor [50, 51] for the assumed velocity
independent hard sphere potential and x = v/vmol . The velocity averaging
factor can be approximated by ⟨vr ⟩/v where ⟨vr ⟩ is the mean relative speed
of the cluster beam with respect to the picked up species and v is the speed
of the cluster beam [50]. Furthermore, if the particle number density ρn is
written with the help of the ideal gas law in terms of the vapor pressure p
and temperature T (of the picked up species) as ρn = p/(kB T ), the mean
free path becomes
kB T v
ℓ=
.
(2.29)
σp p ⟨vr ⟩
The mean relative speed ⟨vr ⟩ is defined as
√
⟨vr ⟩ = v 2 + ⟨vm ⟩2 =

)1/2
(
8kB T
2
,
v +
πmm

(2.30)

where ⟨vm ⟩ is the mean speed of the picked up species with mass mm at
temperature T . In studies I–III, the mean free path was calculated using the
measured pick-up oven temperature T and the corresponding vapor pressure
p found from the literature. It should be noted that knowing these values as
accurately as possible is essential for the mean free path calculation.
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Lastly, the cluster beam has a well defined velocity with considerable directionality. The species to be picked up on the other hand have isotropic
distribution of velocity vectors with Maxwellian speed distribution. Momentum conservation condition for a single pick-up event can be written as
mc vi + mm vm = (mc + mm )vf ,

(2.31)

where vi and vf are the cluster initial and final velocities, respectively, vm
is the initial velocity of the picked up monomer, mc is the cluster mass and
mm is the monomer mass. In an experiment, a large number of such pick-up
events is recorded. This happens even if every host cluster contains as few
as one picked up monomer since in order to record a meaningful spectrum,
large number of clusters needs to be ionized and analyzed. This imposes an
eﬀective averaging to the recorded data and the final (ensemble averaged)
cluster velocity v̄f can be written as
v̄f =

mc v̄i + mm v̄m
mc v̄i
=
.
mc + mm
mc + mm

(2.32)

The final form on the right hand side has been acquired by realizing that
the average monomer velocity is zero since in a large enough ensemble, there
are equal number of monomers with velocity, for example, directed towards
the cluster as there are those with velocity directed in the opposite direction.
Since mc + mm > mc , the cluster beam is slowed with each pick-up event
which aﬀects the mean free path for the subsequent collision as described
by Eq. (2.29). In studies I and II, the Ar cluster mass (> 104 u) was so
large compared to the alkali halide monomers’ mass (∼ 100 − 200 u) that the
reduction in the cluster velocity due to momentum transfer can be neglected.
In study III however the (small/medium size) water clusters (∼ 1800 u) slow
down considerably with each pick-up event and the momentum transfer needs
to be taken into account.

2.3.4

Collision energy

As the species to be picked up is captured by the host cluster, the kinetic energy of the collision is absorbed by the host cluster. In case of
molecule/monomer pick-up, the internal energy (vibrational/rotational) is
also equilibrated within the host. In studies I–III the alkali halide monomers
originated from a heated oven at 400–600 ◦ C which means more energy is
stored in diﬀerent degrees of freedom than in a room temperature sample.
Following the main lines of the derivation presented in Ref. [50], the collision
energy Ecol is the sum of internal energy Eint (j) of captured species j and
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the kinetic energy of the collision in the center-of-mass coordinate system:
µ
(vj − v)2
2
mc mj
= Eint (j) +
(vj − v)2 ,
2(mc + mj )

Ecol = Eint (j) +

(2.33)

where µ is the reduced mass of the cluster (with mass mc ) and picked up
species (with mass mj ), v is the cluster velocity and vj the velocity of species
j. Next one has to average the collision energy over all vj of the isotropic
Maxwellian distribution which gives
µ
⟨(vj − v)2 ⟩vj
2
]
µ[
= Eint (j) +
⟨|vj |2 ⟩ + ⟨|v|2 ⟩ − 2⟨ |vj ||v| cos θ ⟩ ,
2

⟨Ecol ⟩ = Eint (j) +

(2.34)

where the law of cosines has been used to expand the square of the mean relative velocity and θ is the angle between vectors v and vj . Upon averaging,
the odd power cosine term on the right hand side is zero. We can express the
mean squared speed of species j using temperature T via the Maxwellian distribution and if we assume the cluster beam speed distribution to be sharply
peaked [18], we obtain
(
)
µ 3kB T
2
⟨Ecol ⟩ = Eint (j) +
+ |v| .
(2.35)
2
mj
In case mc ≫ mj , we can approximate that µ ≈ mj and the mean collision
energy becomes
3
1
⟨Ecol ⟩ = Eint (j) + kB T + mj |v|2 .
2
2

(2.36)

Internal energy
At room temperature, the internal energy of a molecule is stored in its vibrational and rotational degrees of freedom. In order to calculate the collision
energy using either Eq. (2.35) or (2.36) we need to estimate this somehow.
For this one can use the concept of characteristic temperature Θf for degree
of freedom f defined as [24]
Θf =

∆Ef
,
kB

where ∆Ef is the energy level spacing related to degree of freedom f . For
rotational motion Θrot is of the order of 0.1 − 1 K [24] which means that even
at room temperature, several rotational levels are populated by the energy
coming via collisions with neighbouring molecules. The populations can be
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determined from the Boltzmann distribution once the energy levels are calculated and the total rotational energy estimated as a weighted sum over the
populations. Another way is to use the classical concept of equipartition theorem according to which each degree of freedom (which appears quadratically
in the energy) contains 12 kB T of energy. It turns out to be good approximation for translational and rotational motion in the room (and higher)
temperature but not (necessarily) so good for vibrational motion [24]. A
linear diatomic alkali halide monomer with frot = 2 thus has approximately
2 · 12 kB T = kB T of rotational energy.
The vibrational energy predicted by equipartition theorem3 is 2 · 12 kB T =
kB T . The characteristic temperature for vibration Θvib is of the order 102 −
−103 K depending on the molecule and vibrational mode so the equipartition
theorem is not expected to be accurate at room temperature. In studies I–III
the vibrational energy contribution was approximated by the classical kB T
given by the equipartition theorem. The question arises how accurate is this
for the given alkali halides at elevated temperatures of about 700–900 K?
By modeling the molecules as quantum mechanical harmonic oscillators4 ,
the vibrational contribution Evib per molecule to the internal energy Eint is
[52]
(
)
1
1
Evib = ℏω0
+
,
(2.37)
2 eℏω0 /(kB T ) − 1
where ℏω0 is the energy quantum associated with the harmonic oscillator
energy levels ϵv of a given vibrational mode. These levels are given by
)
(
1
ϵv = ℏω0 ν +
,
(2.38)
2
where ν = 0, 1, 2, . . . is the vibrational quantum number. Table 2.2 contains
values for the vibrational quanta ℏω0 , characteristic vibrational temperatures
Θvib and calculated vibrational energy Evib at 700−900 K based on Eq. (2.37)
for alkali halides relevant for the present studies. The last quantity can be
compared to the equipartition value kB T of 60.3 − 77.6 meV. The classical
approximation and the more accurate quantum mechanical value are within
2 % of each other in the considered temperature interval thus justifying the
use of equipartition theorem for vibrational degree of freedom in studies I–
III.
We can now sum the vibrational Evib (j) and rotational contributions
3
Although diatomic linear molecules have only one vibrational degree of freedom, the
total energy formula of harmonic oscillator contains two quadratic contributions coming
from the kinetic and potential energy terms. Both terms give rise to 12 kB T according to
the equipartition theorem.
4
We neglect any vibrational anharmonicity and rovibrational coupling which needs to
be considered at higher temperatures.
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Monomer
RbCl
RbBr
CsCl
CsBr

ℏω0 (meV)
28.27
21.01
26.55
18.56

Θvib (K)
328
244
308
215

Evib (meV)
61.4 − 78.4
60.9 − 78.0
61.3 − 78.3
60.8 − 77.9

Table 2.2: Magnitudes of vibrational quanta, vibrational characteristic temperature and vibrational energy at temperature range 700−900 K for selected
alkali halide monomers based on Ref. [41].
Erot (j) to form the internal energy Eint (j) of species j as
Eint (j) = Evib (j) + Erot (j) ≈ 2kB T,

(2.39)

where the last approximation holds for monomers and temperatures considered in studies I–III. The magnitude of the total internal energy of the alkali
halide monomers in the experiments was thus of the order of 120–155 meV.
In the pick-up model calculations the collision energy was assumed to be
used completely to the evaporation of host material. In the case of Ar cluster
host, the energy required to remove one Ar atom was assumed to correspond
to the bulk enthalpy of vaporization which is of the order 67 meV [41]. For
host water clusters the binding energy of single water molecule to the water
cluster was assumed to be 480 meV [25]. For comparison, the enthalpy of
vaporization of water at 100 ◦ C is about 420 meV. The model neglects all
the intermediate steps like the energy absorption to the internal degrees of
freedom of the host cluster, cluster temperature rise due to excess energy and
subsequent cooling within a finite time interval towards a new equilibrium
temperature. More detailed consideration would require many additional
parameters that are at the moment not known but could be perhaps solved
using for example molecular dynamics modeling. Some consideration regarding the possible cluster temperature upon pick-up of alkali halide monomer
into water cluster is given in Section 5.2.
2.3.5

Association and dissociation of picked up species

In studies I–III another source of energy to the host cluster originating from
the picked up monomers was considered. In case of Ar clusters it has been
observed experimentally [53] that the picked up species start to agglomerate while within the host (on the surface or submerged depending on the
molecule). Indeed, this type of cluster formation within the host cluster was
also used in the present studies I and II. The aggregation releases energy
which needs to be dissipated somehow. As with the collision energy modeling, the aggregation energy was used to determine how many host atoms
are evaporated. It was assumed that every picked up monomer aggregates
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and that all the released energy is consumed by the host evaporation. For
alkali halides the order of magnitude for this energy is 1–3 eV (as described
in Appendix B of study II) and the number of evaporated Ar atoms per
monomer addition thus about 10–50.
For water host clusters the study by Pysanenko et al. [53] reported about
a lack of aggregation of picked up molecules. In bulk aqueous solutions alkali
halides dissolve until saturation concentration is reached. The solubility (how
much of the alkali halide is dissolved) depends on the alkali halide in question
and the temperature of the liquid. In study III it was assumed that the alkali
halide monomer is dissolved by the water cluster. For RbBr the process is
endothermic requiring about 21.88 kJ/mol (0.23 eV/monomer) of energy at
room temperature. The solvation energy was assumed to be coming from the
collision energy and the excess energy is consumed by evaporation of water
molecules from the cluster.
In the end, the energetics of the pick-up process at the moment relies
on many (and quite possibly overly) simplistic assumptions. Some of these
shortcomings are discussed in Chapter 5.
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3
Photoelectron spectroscopy

Photoelectron or photoemission spectroscopy is an experimental technique in
which electromagnetic radiation is used to ionize matter and information is
gained by analyzing the emitted photoelectrons. It belongs to a larger group
of electron spectroscopic techniques and can be used to study all forms of
matter from individual gas phase atoms, molecules and ions to bulk quantities
in liquid or solid phase. A simplified diagram of a modern photoelectron
spectroscopy experiment using electrostatics-based electron energy analyzer
is given in Figure 3.1. A source of monochromatic electromagnetic radiation
is used to remove an electron from a sample which is then guided into a device
capable of measuring its kinetic energy. We look at each of these factors in
more detail in Section 3.4.
Photoelectron spectroscopy is of most use when sensitivity to the surface
layers of the sample is required. This stems from limited mean free path of
the outgoing photoelectron [17]. As electrons are bound to nuclei with element specific energies, the technique can also be used to distinguish chemical
elements from each other. A phenomenon known as chemical shift sometimes
allows to distinguish atoms of the same element in diﬀerent chemical environments.
In the following, a short introduction to photoelectron spectroscopy is
Radiation source

e-

+

Detector

Sample

Figure 3.1: Schematic illustration of a modern photoelectron spectroscopy
experiment using electrostatics-based electron energy analyzer. Electromagnetic radiation is directed on to a sample. Electrons ejected from the sample
are guided and sorted according to their kinetic energy. Figure adapted from
[17].
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given. Special emphasis will be on core level photoionization of free clusters,
but many of the concepts apply to other types of samples as well. Details of
valence photoionization are outside the scope of the present work. As the basic definitions of the technique can be found from any book on photoelectron
spectroscopy, references are not cited explicitly after each equation. Books
used as a reference for this thesis include those of Hollas [16], Hüfner [17]
and Eland [54].

3.1

Basics of photoelectron spectroscopy

An idealized photoionization process from a simple two level system is illustrated in Figure 3.2. Electrons bound to an atom can be ejected if photons
with suﬃciently high energy hν are absorbed, where h is Planck’s constant
and ν is the frequency of the radiation. A certain amount of energy I1 or
I2 (Figure 3.2) is consumed in overcoming the attractive forces. Emerging
photoelectrons have kinetic energies of hν − I1 or hν − I2 . The recorded
number of photoelectrons (or a quantity proportional to it) per unit energy
interval is called photoelectron spectrum.
In the literature, one encounters names and acronyms such as ultraviolet photoelectron spectroscopy (UPS), x-ray photoelectron spectroscopy (XPS)
and hard x-ray photoelectron spectroscopy (HAXPES) based on the photon
Electron energy

Free
electrons

Photoelectron
spectrum

hν - I2

hν - I1

hν
0

Electron signal
hν

- I2
Bound
electrons
- I1

Figure 3.2: Simplified diagram of atomic photoionization process. Adapted
from [54].
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energy in use [17, 55], or electron spectroscopy for chemical analysis (ESCA)
[56] based on the application area of the technique.
3.1.1

Relations between different forms of energy

Photoionization, like any other physical process, is bound to obey conservation of energy. If we consider an atom with N electrons and a photon with
energy Ep = hν that ionizes the atom, an ion with N − 1 electrons is born.
Applying energy conservation, we have
N
N −1
Etot
+ hν = Etot
+ Ekin ,

(3.1)

N −1
N
where Etot
and Etot
are the total energies of the neutral and ionized atom,
respectively, and Ekin is the kinetic energy1 of the emitted photoelectron. By
rearranging the terms we get
N −1
N
hν − Ekin = Etot
− Etot
.

(3.2)

The right hand side of the equation is called ionization energy and denoted
by I:
N −1
N
I = Etot
− Etot
.
(3.3)
Since the photon energy is usually specified by the experiment and the kinetic energy of the electron is measured, ionization energies can be readily
calculated using Eq. (3.2) [17].
Ionization energy is also called binding energy, such as in the articles presented in this thesis. The use of the latter term can be however misleading
if it is associated to individual electrons’ orbital energy often denoted by
ε [16, 54]. Strictly speaking, orbital energy of an electron is only a theoretical construct within certain electronic structure models which cannot be
measured. However, according to Koopmans’ theorem or -approximation [16]
For a closed-shell [atom or] molecule the ionization energy of an
electron in a particular orbital is approximately equal to the negative of the orbital energy calculated by a self-consistent field
(SCF) method:
I ≃ −ε,

(3.4)

i.e. each measured ionization energy corresponds in magnitude to the orbital
energy. This approximation may hold for certain specific cases [17] but in
general is not true due to electron reorganization (relaxation) and electron
correlation [16].
1
The energy reference point or the zero of energy with respect to which the kinetic
energy is measured is called vacuum level. This corresponds to the energy of a stationary
electron outside and infinitely far away from any material.
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When an electron is removed, the remaining electrons immediately adjust to the created vacancy changing the orbital energies from those of the
initial (pre-ionized) state. The associated relaxation energy ER lowers the
final state energy of the system [17]. The magnitude of ER is largest to a
given orbital energy when the principal quantum number of the ionized orbital is smaller than that of the inspected orbital. This type of relaxation is
often called intra-atomic relaxation. In larger aggregates of matter such as
molecules, clusters and solids, another mechanism called extra-atomic relaxation is possible where the electrons in neighbouring atoms or ions readjust
to the created electron vacancy [57]. This can lead to additional relaxation
energy which lowers the aggregate ionization energy compared to free atom
ionization energy.
3.1.2

Photoionization cross section

The number of photoelectrons emitted by the sample depends, among other
things, on the probability for a photoionization event which is described
in terms of photoionization cross section [58]. Figure 3.3 shows calculated
atomic total and partial photoionization cross sections for Rb, Cs, Cl and
Br. These plots describe the situation for the elements in the compounds
studied in this thesis. The total cross section is a sum over the partial cross
sections of diﬀerent orbitals.
As the picture illustrates, each orbital has its own partial photoionization
cross section which depends on the photon energy. For many orbitals the
cross section monotonously decreases as a function of photon energy, having
its largest value near the ionization threshold. A notable exception is for
example Cs 4d which exhibits a so-called Cooper minimum at around 150 eV
[58]. However, at suﬃciently high energies above the threshold every partial
cross section decreases monotonously.
Quantum mechanics uses a mathematical concept called a wavefunction
to describe the state of a quantum system, such as an atom [60]. The photoionization cross section is calculated through a type of integral which includes both the initial (e.g. neutral) and final (ionized) state wavefunctions
as well as the photon-matter interaction operator. It can thus be understood
qualitatively so that if the wavefunction of a given orbital changes, the photoionization cross section might also change. This can happen for example
for the outermost orbitals when an atom is part of a molecule or a larger
aggregate such as cluster or solid [61]. Core orbitals, which are the main
topic of this thesis, tend to keep their “atomic character” (wavefunctions)
and so their photoionization cross sections are less aﬀected.
One can also ask if the photoionization cross section changes when a neutral atom becomes an ion in an ionic compound. In the present case with
alkali halides, the elements have either gained (halogens) or lost (alkali met-
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Figure 3.3: Atomic photoionization cross sections of the elements appearing
in the present thesis studies. The total cross section is given as a solid line
while the partial photoionization cross sections of various orbitals are denoted
by markers. Adapted from [59].

als) one valence electron. For core level photoionization such small changes in
the valence electron configuration have practically no eﬀect on the photoionization cross section [64], although the core level ionization energy changes
with the addition or removal of electrons. The closer the photoionized core
orbital is to the valence orbital, the larger the impact, i.e. K-shell electrons
are less aﬀected than L-shell electrons by changes in the valence electron
structure.
The photoionization cross sections given in Figure 3.3 describe the photoionization probability integrated over all angles. For linearly polarized light
the angular distribution of photoelectrons in the plane perpendicular to the
photon propagation direction, also known as the diﬀerential photoionization
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β = -1
54.7°
0

1

2

Figure 3.4: Polar plot of the diﬀerential cross section for angular anisotropy
parameter β = −1, 0, 1 and 2. At the so called “magic angle” of Θ ≈ 54.7◦
the diﬀerential cross section becomes independent of β.
cross section, follows [62]
dσ
σ
=
[1 + βP2 (cos Θ)],
dΩ
4π

(3.5)

where σ is the partial photoionization cross section (as described in Figure
3.3), P2 (cos Θ) is the Legendre polynomial, β is the angular anisotropy parameter and Θ is the angle between the direction of the ejected electron
and polarization of the ionizing radiation. This distribution is illustrated in
Figure 3.4 for diﬀerent values of β. In general, the anisotropy parameter β
depends on the orbital which is ionized and the photon energy [62]. At the
zero point of the Legendre polynomial P2 (cos Θ), the diﬀerential photoionization cross section becomes independent of β and is only proportional to the
partial photoionization cross section σ. The corresponding angle Θ ≈ 54.7◦
is commonly known as the “magic angle”.
3.1.3

Multiplet splitting of spectral lines

Photoelectron spectra often display a number of peaks instead of just one
following the ionization of a particular orbital. The number of peaks and
their relative intensities depend on the degree of filling of the orbitals which
determines the total orbital and spin angular momenta of the atom [60].
Furthermore, as core level photoionization always produces a hole state with
spin angular momentum and possibly orbital angular momentum, the interaction of the angular momenta leads to splitting of the atomic energy levels
which is seen in the photoelectron spectrum [17].
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One of the mechanisms which causes splitting of spectral lines is spin-orbit
interaction or spin-orbit coupling [60]. It can be viewed as the interaction
between the spin magnetic moment generated by the electron spin angular
moment s, and the orbital magnetic moment generated by the orbital angular
moment l of the electron. As the strength of this interaction is proportional to
the scalar product l · s, it depends on the relative orientation and magnitude
of both spin and orbital angular momentum of the electron.
Since spin-orbit interaction is relativistic in nature, the larger the electron
speed, the larger the eﬀect on the electronic energy levels. The magnitude
of the interaction scales as Z 4 /n3 , where Z is the nuclear charge and n is
the principal quantum number [60]. Thus, especially core level energies of
electrons in heavy atoms are aﬀected by spin-orbit interaction.
The detailed understanding of the energy level structure (and photoelectron spectrum) depends on the way the total angular momentum of the atom
is calculated. For heavy elements the appropriate way is to use the so-called
jj-coupling scheme as the spin-orbit interaction is strong in comparison to the
electrostatic interactions between electrons [60, 63]. In this scheme, the spin
quantum number si and orbital quantum number li of each unpaired individual electron i are added vectorially to produce the total quantum number
ji . After ∑
this, the total angular momentum of the atom J is obtained as a
sum J = i ji . Diﬀerent energy states are then labeled according to their J
value.

3.2

Chemical environment and core level electrons

Atoms are aﬀected by their neighbours through various interactions. The
number, distance and identity of these neighbours constitute what is called
chemical environment for the atom under inspection. There are also intrinsic
factors of the atom which can be regarded as part of the chemical environment such as its charge state. Core level ionization energies depend on the
chemical environment of the atom (or ion) in question via the valence electron density. The change in the core level ionization energy due to chemical
environment diﬀerence is called chemical shift. This property makes core
level photoelectron spectroscopy suitable for chemical analysis [56].
A brief note about the valence electronic states: as electrons in these
states participate to the chemical bond formation, the shifts in the ionization energies are not so easy to interpret and even the meaning is changed if
new molecular orbitals are formed. Analysis methods of the valence photoelectron spectra thus diﬀer from those of the core level photoelectron spectra
but they can provide just as valuable information. This aspect of photoelectron spectroscopy is discussed in more detail for example by Eland [54] and
Siegbahn [56] (see also references therein).
A well known example of connection between the chemical environment
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Cluster
Bulk

Surface

Figure 3.5: Argon 3s photoelectron spectrum of an Ar cluster beam also
containing uncondensed Ar atoms. Atomic 3s−1 state appears at 29.239 eV
while the ionization energy of the same state in Ar cluster is (on average) at
28.4 eV. Furthermore, the cluster signal is split into two components corresponding to atoms residing at the surface or in the bulk of the cluster.
and ionization energy is portrayed in Figure 3.5 where the Ar 3s photoelectron spectrum of a beam containing Ar clusters and free Ar atoms is given.
The response of the uncondensed Ar atoms can be clearly distinguished from
the cluster response which itself consists of two separable spectral features.
These have been identified as belonging to atoms at the surface layer or in
the bulk of the cluster and are observed with other rare gas clusters as well
[65, 66, 67].
Ionization energy is defined according to Eq. (3.3) as the diﬀerence between final and initial state total energies. The chemical shift ∆I between
two chemical environments A and B can then be written as
∆I = IA − IB = (EAf − EAi ) − (EBf − EBi )
= (EAf − EBf ) − (EAi − EBi )
f
i
= ∆EAB
− ∆EAB
,

(3.6)

where the superscripts i and f denote the initial (neutral) and final (ionized)
states, respectively. According to this formulation, the chemical shift can
be given as a diﬀerence between the final and initial state energy diﬀerences
between the chemical environments.

3.2 Chemical environment and core level electrons
3.2.1
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Coordination site chemical shifts

In Figure 3.5, the bulk-surface chemical shift in Ar clusters is believed to
be caused by a final state polarization screening of the created hole site
[71]. This is essentially an extra-atomic relaxation of the electronic structure
mentioned previously. As bulk atoms have higher coordination than surface
atoms, the screening of the electron vacancy by neighbouring electrons is
more eﬀective in the bulk which causes the surface-bulk chemical shift.
Bulk-surface shift is an example of a coordination-dependent chemical
shift, i.e. it depends on the number of nearest neighbours. Sometimes even
finer details can be resolved corresponding to diﬀerent coordination sites on
the surface of the cluster. A schematic illustration in Figure 3.6 a) shows a
2D representation of a small cluster, in which atoms on the surface can be
at two diﬀerent coordination sites having either 3 or 4 nearest neighbours.
Provided that the atomic structure is relatively regular and that the interaction mechanism is strong enough, it should be possible to separate the
diﬀerent surface sites from each other. Hatsui et al. [66] demonstrated that
it is possible to resolve these surface sites in Krn clusters with mean size of
⟨n⟩ ≤ 30 using core level photoelectron spectroscopy. As an additional (and
more sophisticated) example, Patanen et al. [72] performed structural characterization of Xen clusters with ⟨n⟩ = 15 using their 5s correlation satellite
electron spectrum.
In the present studies I and II, diﬀerent surface coordination sites of Rb+
and Cs+ could be resolved from the core level spectra. Element specificity
has to be emphasized here as similar chemical resolution was not obtained
from the spectra of counter ions Cl− and Br− .
Diﬀerent surface coordination sites can be resolved if the cluster size is
suﬃciently small. In larger clusters with several tens or hundreds of atoms,
2nd CS
3
4
4
3
3
6
6
6
4
4
6
6
6
3
3
6
4
4
3

a) Small cluster
n = 19

1st CS

b) Large cluster
n = 61

Figure 3.6: 2D representation of clusters illustrating aspects of diﬀerent coordination. a) Coordination number for diﬀerent surface atoms can vary. In
this case it is either 3 or 4. b) In larger clusters, although the highlighted
atoms (green) have similar first coordination shell (CS) size, the second coordination shell size is diﬀerent.
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the chemical shifts for a given coordination site become distributed over a
larger energy interval. Figure 3.6 b) illustrates a larger cluster with two possible atoms highlighted in green having four atoms in the first coordination
shell (CS). However, the size of the second coordination shell is diﬀerent for
these atoms (6 vs. 7 atoms). As interactions between atoms are not limited
to only the nearest neighbours, this diﬀerence induces a finite chemical shift
between the two, 4-coordinated atoms. Extrapolating to even larger clusters
in three dimensions, the number of diﬀerent sites increases with diﬀerent second or higher coordination shells. Of course, the strength of the interatomic
or -molecular interaction decreases with increasing distance r between the
constituents which is somewhat compensated by the increasing number of
particles in higher coordination shells (∝ r2/3 ). The overall influence of the
higher coordination shells to the chemical shifts depends on the scaling of the
interaction potential with distance (how steeply it declines with increasing
r) and the interatomic distances.
Another mechanism influencing the chemical shifts in addition to cluster
size is the composition of the coordination shell. For example in Figure 3.6
b) on the left side of the cluster the green atom is surrounded by 1st CS
composed of one 3-coordinated, one 4-coordinated and two 6-coordinated
atoms. The second green atom is surrounded by 1st CS composed of two
4-coordinated atoms and two 6-coordinated atoms. Zhang et al. [73] showed
that depending on the coordination, the local properties of the atom or ion
such as polarizability or bond length can change aﬀecting the interaction
between the particles. Thus, the composition of the coordination shells has
also the potential to aﬀect the chemical shifts. The magnitude of such eﬀects
depends on the cluster constituents.
3.2.2

Chemical shifts due to cluster size

In Figure 3.5, the binding energy shift from an Ar atom to Ar cluster is
substantially larger than the bulk-surface shift in this cluster. What is not
presented is that the atom-cluster chemical shift depends on the cluster size
to a certain extent. For example, Tchaplyguine et al. [67] found that the
chemical shift ∆E between Xe atom and Xe cluster surface site increases by
30 % when the average cluster size changes from n = 90 (∆E = 0.70 eV) to
n = 8200 (∆E = 0.91 eV).
The cluster size-dependent chemical shift derives from the fact that the
overall strength of the interatomic interaction is proportional to the number
of interaction partners. The cluster size eﬀect is strongest when the cluster size is small/moderate (relatively speaking) and saturates with larger
clusters where only atoms up to a certain cut-oﬀ distance interact with the
studied site. The size dependence of the chemical shift thus asymptotically
approaches the bulk value in very large clusters. The extent of the chem-
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ical shift with cluster size depends on the material as diﬀerent interaction
mechanisms can have diﬀerent dependence on the interparticle distance [63].
For example, ionic (Coulomb) interaction scales as r−1 while van der Waals
interaction scales as r−6 with distance r.

3.3

Broadening mechanisms of spectral lines

As presented in Figure 3.5, the peaks in the photoelectron spectrum have a
certain width associated with them. Usually this width is given as a full width
at half maximum (FWHM). Depending on the experiment, there are several
possible contributing factors to the total linewidth with some of them being
material dependent. For example, metal clusters and inorganic compound
clusters can have very diﬀerent line shape due to principally diﬀerent valence
electron structure [68].
Broadening factors are often classified as inhomogeneous or homogeneous
[69].2 The former category is characterized by having a Gaussian distribution
function. The latter category comes from processes which follow a Cauchy or
Lorentz distribution. Both Lorentzian and Gaussian functions are symmetric.
Below, a few example mechanisms are provided.
For molecules the spectra can be complicated by vibrational and rotational motion which create additional states. In case the energy resolution
is not high enough to resolve these states, the vibrational/rotational motion
is eﬀectively seen as an additional broadening of the spectral lines. There is
no universally applicable way to account for this type of broadening.
3.3.1

Homogeneous broadening

When an electron is removed from an atom, the atom can be left in an
excited state depending on what orbital the electron was removed from. In
case the electron was removed from one of the core orbitals, the system
transitions to lower energy state by rearranging the electronic structure either
through non-radiative (Auger eﬀect) or radiative decay (emission of photon).
Natural broadening stems from the finite lifetime τ of these excited states
with a vacancy in the core orbital. The associated FWHM value ∆En can
be calculated from the time-energy uncertainty relation [60]
∆En ≈

ℏ
.
τ

(3.7)

From this equation one sees that if the lifetime decreases (decay rate increases), the natural width increases.
2
The nomenclature derives from consideration of the broadening mechanism and if
it aﬀects all atoms equally (homogeneous process) or if there is some anisotropy in the
interaction causing the broadening (inhomogeneous process).
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The decay rate of an excited state can increase due to interactions between the excited and neighbouring atoms [69]. Several names related to
such mechanisms are used including pressure/collisional/phonon broadening
depending on the system. The first two are often associated with gas phase
systems while the last refers to solids, or in general more dense systems. This
additional broadening eﬀect increases with density and temperature of the
system. In all cases the added interaction increases the Lorentzian width of
the peak profile.

3.3.2

Inhomogeneous broadening

Inhomogeneous broadening with a Gaussian distribution arises for example
from instrument related factors but can also be related to the sample itself.
Starting from the former, the photons used for ionizing the sample have a
certain distribution of energies with finite width that can be modeled with a
Gaussian function. In the case of synchrotron radiation, the photon energy
linewidth is influenced for example by some of the optical elements (gratings,
crystals) in the photon beam path. Related to electrons, there is a limit how
accurately two electrons with closely similar kinetic energy can be separated
from each other. The contribution of the electron energy analysis instrument
to the broadening can also be modeled with a Gaussian function.
As discussed in the previous section, for a given cluster the chemical shifts
can manifest as small variations in the binding energy of the emitted electrons depending on the exact atomic site location. If there exists a number
of slightly diﬀerent chemical environments leading to varying chemical shifts,
the combined eﬀect can be seen as an eﬀective broadening of a given spectral feature. The chemical shift also induces broadening of spectral lines via
cluster size eﬀect. This happens when the studied cluster beam consists of a
distribution of cluster sizes and not only a single size. The magnitude of the
broadening depends on the width and the range of the size distribution. In
general, the broadening induced by chemical shifts might not be purely Gaussian although Gaussian functions are often used when the exact lineshape is
not known.

3.3.3

Voigt profile

In a general case both homogenous and inhomogeneous processes are present
and the line shape can be described using a convolution of Lorentzian and
Gaussian functions called the Voigt profile [69]. It has no general analytical
form but has to be evaluated numerically, or some approximate pseudo-Voigt
profile has to be used. If the Gaussian FWHM (fG ) and Lorentzian FWHM
(fL ) are known, the total Voigt FWHM (fV ) can be approximately calculated
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from [74]
1
fV ≈
2

(
)
√
2
2
C1 fL + C2 fL + 4C3 fG ,

(3.8)

where C1 = 1.0692, C2 = 0.86639 and C3 = 1.0 with maximum inaccuracy
of 0.02 %.
In case several broadening mechanisms labeled by i = 1, 2, 3, . . . contribute, the individual width contributions fGi for inhomogeneous broadening
sum as
√
fG =

2
2
fG1
+ fG2
+ · · ·,

(3.9)

where fG is the total Gaussian FWHM. The total Lorentzian FWHM fL of
many Lorentzian contributions fLj , where j = 1, 2, 3, . . . can be calculated
as a direct sum
fL = fL1 + fL2 + · · · .
(3.10)

3.4

Experimental aspects

Basic experimental requirements of photoelectron spectroscopy include a reliable source of suﬃciently high energy photons, a suitable sample environment and an instrument capable of analyzing the properties of the emitted
electrons.
3.4.1

The demands to a light source

The choice of a suitable light source for photoelectron spectroscopy experiment depends on a number of factors. As the energies by which electrons
are bound to atoms start at around photon energies corresponding to ultraviolet (UV) radiation and extend up to hard x-rays, synchrotron radiation
sources are the most versatile choice for many experiments. Other possible
light sources include particular types of lasers, plasma-based UV sources and
X-ray tubes, all of which can be used in small-scale laboratory setting [54].
Occasionally it is also of advantage if the photon energy can be adjusted in
small increments within a certain range. This can be used for example to separate photoelectrons from Auger electrons or to fine tune the photoionization
cross section. The next metric of interest is the photon flux, i.e. the number
of photons delivered by the source per unit time. This aﬀects directly the
measurement time and is critical to gas phase sample studies due to low sample density. The third factor is the linewidth of the radiation which usually
is inversely proportional to photon flux. Optimal linewidth depends on the
electronic structure properties of the sample. Lastly, for some experiments
the radiation needs to be pulsed and for others continuous. Not every light
source can be operated in both modes.
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Sample environment

Setups for photoelectron spectroscopy make use of high or ultra-high vacuum chambers although exceptions are also known (e.g. so-called ambient
pressure setups). The first reason for this is in the sensitive electron detectors employed as part of electron energy analyzers. Operating the detectors
powered by high voltage at normal air pressure would damage the detector.
Furthermore, longer exposures to water vapor in air can cause damage to
some of the detector parts.
The second reason for using good vacuum is related to scattering of the
photoelectrons on their way to the detector. The higher the residual gas
pressure in the path of the electron, the higher the likelihood for inelastic or
elastic scattering on the molecules of the gas [70]. Ultimately these scattering
events can show up as additional artefacts in the electron spectrum, increased
background level or just reduced signal.
3.4.3

Electron energy analyzer

A schematic cut-through of a electron spectrometer called a hemispherical
deflection analyzer (HDA) is shown in Figure 3.7. A similar instrument
was used to record all photoelectron spectra presented in this thesis. The
description of other types of electron spectrometers is outside the scope of
this thesis.
The operation of the HDA is based on the use of static electric fields to
guide and disperse the electrons. It consists of an electrostatic lens unit,
hemispherical electrodes and a detector. The photoionization process happens a few centimetres away from the spectrometer lens opening at the interaction region, and some of the electrons fly towards the entrance of the
spectrometer.
The first part of the spectrometer contains an array of electrostatic lens
elements. The main tasks of this unit are to (i) increase the transmission3
of the instrument and (ii) increase its energy resolution. By controlling the
electric potential of the lenses, electrons can be accelerated or decelerated
and transferred through an adjustable entrance slit located before the hemispherical electrodes.
In the second part of the analyzer, the hemisphere, the voltage between
the outer and inner hemispheres disperses the electrons onto the detector
located at the other side of the hemisphere according to their kinetic energy.
For a given hemisphere voltage, only electrons within a narrow kinetic energy range pass through. The electron detector (in this case) consisted of
micro-channel plates (MCP), a phosphor screen and a charge-coupled device
3
Transmission is defined as the ratio between the number of detected and emitted
electrons.
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Figure 3.7: Schematic illustration of a photoelectron spectrometer similar to
the one used in this thesis. The inset shows a magnified view of the detector
components.
(CCD) camera. All of the electric potentials of the instrument are computer
controlled.
In experiments performed for the present thesis the HDA was operated in
a constant pass energy mode. In this mode, electrons are either accelerated or
decelerated depending on their initial kinetic energy to a user-specified pass
energy Ep before entering the hemisphere. Measurement of a kinetic energy
range [Emin , Emax ] is performed by scanning the instrument potentials so that
at each energy step with width δE a fraction4 of the kinetic energy range
is recorded. Due to the constant pass energy the electron energy resolution
stays constant across a large kinetic energy range.
The smallest detectable energy diﬀerence ∆E for the HDA (its energy
resolution) is determined to the first order by the pass energy Ep , the spectrometer entrance slit width ds and hemisphere radius r as measured from
the nominal orbit as [75, 76]
∆E ≈

ds
Ep .
2r

(3.11)

As the radius of the spectrometer hemisphere is constant for a given instrument, the pass energy and entrance slit width are adjusted so that the
analyzer energy resolution ∆E matches the linewidth of the exciting radia4

This fraction is usually of the order of Ep /10.
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tion. At synchrotron beamlines the radiation linewidth can be obtained from
a lookup table.

4
Synchrotron radiation

Synchrotron radiation (SR) is radiation emitted by relativistic charged particles in accelerating motion [78]. For research applications such radiation is
generated using particle accelerators. The synchrotron radiation spectrum
ranges from microwaves to hard X-rays. In the present context, fundamentals
of generation and use of SR in photoelectron spectroscopy experiments are
described. The layout of a modern SR facility is presented first after which
a rudimentary description of properties of undulator radiation is given. The
third section presents details of beamline I411 at MAX IV Laboratory which
was used for the experiments described in studies I–III.

4.1

Layout of a synchrotron radiation light source

The main components of a modern synchrotron radiation light source facility
are schematically illustrated in Figure 4.1. With a combined footprint of a
large industrial hall, the electrons circulate around the main storage ring in
a vacuum tube shaped like a polygon. Beamlines (only one depicted) placed
tangentially to the storage ring collect the produced radiation and focus it
to the experimental station located at the end of the beamline. The number
of beamlines depends on the size of the storage ring with the largest rings
today housing over 50 beamlines.
4.1.1

Accelerators

SR light sources operate mainly using electrons1 . The electrons are created
using an electron gun after which they are rapidly accelerated using a linear
accelerator (LINAC). In some SR facilities (e.g. SOLEIL in France) the
electrons enter a booster ring where they are further accelerated until the
nominal energy of the order of few GeV of the storage ring is achieved.
Electrons are injected into the storage ring at suitable intervals. Another
scheme where the LINAC injects electrons directly to the storage ring without
a booster can also be used but then the LINAC needs to be much larger,
1
Positrons would have equally good radiating properties but they are more diﬃcult to
generate in large quantity than electrons.
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Figure 4.1: Schematic drawing of a modern synchrotron radiation facility.
increasing also the overall footprint of the facility (e.g. MAX IV in Sweden).
Dipole bending magnets are used to steer the electrons in the right direction.
Multipole magnets (not depicted) such as quadrupoles, sextupoles, etc. are
used to correct deviations of the electron trajectories from the nominal orbit
[77].
As electrons make many revolutions around the storage ring, they radiate energy at every turn and at certain locations specifically designed for
radiation production. In order to prevent the electrons from colliding to the
chamber walls due to insuﬃcient kinetic energy, energy needs to be replenished using radio frequency (RF) cavities. In these cavities an oscillating
electric field either accelerates or decelerates the electrons depending on the
phase of the field at the time the electron enters the cavity. This also leads
to a phenomenon called synchrotron oscillation in which electrons gather together and form spatially separated bunches which then circulate around the
ring. RF cavities are also used in LINACs and booster rings for the initial
acceleration [78].
4.1.2

Radiation producing instruments

Several decades ago, radiation was produced only using dipole bending magnets and extracted with a beamline inserted tangentially to the bending
magnet. This method has its uses and is still found at some beamlines.
Bending magnet radiation is characterized by a continuous spectrum. More
commonly, periodic arrays of magnets depicted in Figure 4.2 called insertion
devices are used which produce radiation with higher flux. These devices are
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Figure 4.2: Schematic illustration of a (linear) insertion device. The electron
travels through a sinusoidally undulating trajectory through the device and
emits radiation. The trajectory is generated using periodic magnetic field
produced by electromagnets, rare earth permanent magnets or a combination
of these.
known as undulators or wigglers depending on the device parameters [78, 79].
Insertion devices are placed on the straight sections of the storage rings.
4.1.3

Beamlines

The task of a beamline is to collect the radiation generated by the bending
magnet or the insertion device preceding it. Often (but not always) the
radiation needs to be focused and monochromatized before the experiment
located at the end of the beamline. For this each beamline has a number of
optical elements such as mirrors and dispersive elements (gratings, crystals)
which perform this task. The beamline also separates the experiment vacuum
from the storage ring vacuum and includes several safety measures in case of
sudden pressure rise in the experimental chamber.

4.2

Properties of undulator radiation

From the application’s point of view, some of the most important synchrotron
radiation properties to consider are photon energy, polarization, radiation
spot size and intensity (number of photons per unit time and area). These
metrics depend on the choice of radiation producing instrument as well as
accelerator parameters. Starting from the latter, the electron beam quality
aﬀects the obtainable radiation intensity. For a given storage ring the radiation properties can be changed within certain limits by altering the bending
magnet or insertion device parameters. This section focuses on the properties of (linear) insertion device radiation and more specifically, undulator
radiation. Radiation properties of other devices are extensively described in
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the cited literature [78, 79].
Linear undulators consist of a permanent magnet structure similar to the
one showed schematically in Figure 4.2. The alternating magnetic polarity
causes the undulating electron trajectory through the undulator. As the
electrons are constantly in a accelerating motion, radiation is emitted. Radiation generated at the beginning of the undulator interferes with radiation
generated further along the undulator which constructively enhances certain
wavelengths and suppresses others. The enhanced wavelengths λm are called
undulator harmonics and can be calculated from [79]
(
)
λu
Ku2
eB0 λu
2 2
λm =
1+
+ γ θ , Ku =
(4.1)
2
2mγ
2
2πmc
where m = 1, 2, 3, . . . is the harmonic number of the radiation, γ is the
Lorentz factor, λu is the undulator magnet period length, θ is the observation
angle with respect to the storage ring plane, Ku is the undulator parameter,
m is the electron mass, c is the speed of light, e is the elementary charge and
B0 is the maximum magnetic field strength. For on-axis observer (θ = 0),
only odd harmonics m = 1, 3, 5, . . . are observed.
The Lorentz factor γ can be defined using the speed of the electron v or
via its total energy E0 as
1
E0
γ=√
=
,
mc2
1 − (v/c)2

(4.2)

where c is the speed of light and m is the electron mass. The denominator
in the last fraction on the right is the rest mass energy of electron, mc2 ≈
511 keV. For a given storage ring the Lorentz factor is essentially constant.
For example, former MAX II storage ring in Lund, Sweden, had E0 = 1.5 GeV
and so γ = 2935. As the order of magnitude of Ku and γθ is around unity,
the emitted undulator wavelengths are about 106 − 107 times shorter than
the undulator period length (which is of the order of a few centimetres).
4.2.1

Photon energy distribution

The energy spectrum of undulator radiation consists of discrete wavelengths
according to Eq. (4.1). The spectral width ∆λm of a given spectral line
scales with the number of undulator periods N (in Figure 4.2, N = 3) and
harmonic number m as
λm
.
(4.3)
∆λm =
mN
Actual undulators contain several tens of magnet periods. Thus, undulator
radiation is quasi-monochromatic but needs to be further monochromatized
for most applications.
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Figure 4.3: Calculated line spectra of undulator harmonics with diﬀerent
values of undulator parameter Ku for on-axis observer (θ = 0). Adapted
from [78].
According to Eq. (4.1), the emitted wavelength depends on the undulator
parameter Ku for a given observation angle θ and harmonic m. As the magnet
period length λu and Lorentz factor γ are fixed parameters, the only way to
change the photon energy is through changing the undulator parameter. This
can be achieved by adjusting the gap between the permanent magnet rows
which eﬀectively changes the magnetic field strength B0 between the magnet
poles. Reducing the undulator gap increases the field thus increasing the
undulator parameter and emitted wavelength.
The overall look of undulator photon energy spectra without linewidth is
illustrated in Figure 4.3. The diﬀerent panels also illustrate the behaviour of
the spectrum as a function of undulator parameter Ku . For small values of
Ku , the spectrum consists primarily of one harmonic, the fundamental harmonic m = 1. With larger values of Ku , higher harmonics appear and the
energetic separation between adjacent harmonics decreases. For the highest value of Ku , the most intense harmonic is no longer the fundamental
harmonic. For large enough values of Ku the harmonics can no longer be
separated from each other and the spectrum becomes continuous. At this
limit the device is called a wiggler.
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4.2.2

Polarization

Radiation from (ideal) linear undulators in the on-axis direction is linearly
polarized [78]. If the electron oscillations in the undulator happen in the
storage ring plane, the radiation will be horizontally polarized. In reality
the degree of linear polarization is slightly degraded. Other more elaborate
magnet layouts have been developed which allow one to tune the polarization
of the emitted undulator radiation. For example, an Apple II (Advanced
Planar Polarized Light Emitter) type elliptically polarizing undulator has
four rows of magnets which can be moved with respect to each other in the
direction along the undulator. This changes the relative phase of diﬀerent
magnet poles and the electron trajectory is no longer sinusoidal in one plane.
In these type of instruments the polarization can be chosen to be horizontally,
vertically or circularly polarized.
4.2.3

Brilliance and angular distribution

Brilliance is term often used in the context of SR light sources. It takes
into account how many photons are generated per time unit, what is the
divergence of the photon beam, how large is the cross-section of the photon
beam and how wide is the spectral range considered. High value of brilliance
means large number of photons per time unit with small divergence and
beam cross-sectional area into narrow energy interval. Brilliance is often
given in units of photons/(s · mm2 · mrad2 · 0.1 %BW), where BW stands for
bandwidth around a given energy [77].
The number of photons incident on the sample is often one of the metrics that needs to be optimized without sacrificing too much photon energy
resolution. This is especially true when performing measurements on dilute
or small samples. There are multiple factors which influence the obtained
brilliance including the number and spatial distribution of emitting particles
(electrons) in the storage ring, insertion device parameters and optical properties of the beamline. Each of these can only be optimized for a limited
although relatively large (compared to other light sources) range of photon
energies. For example, the same set of instruments are not capable of delivering photons in the UV and hard X-ray spectral range with useable intensity.
Undulator radiation is fundamentally similar to the electric dipole radiation emitted by an oscillating charge. This is illustrated in Figure 4.4. When
inspected by an observer moving with the average drift speed of the electron
along the z ∗ axis, the electron oscillation in the x∗ direction creates a dipole
radiation angular distribution consisting of the odd harmonics. When the
undulator parameter is around unity or larger there is also a small oscillation in the z ∗ direction2 which creates a similar dipole radiation distribution
2

This is due to the velocity vector of the electron changing direction which eﬀectively
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Figure 4.4: Undulator radiation as seen in the rest frame of the electron (left)
and in the
√ laboratory frame (right). In reality the radiation half-opening
angle (γ ∗ N )−1 is much smaller than illustrated. Adapted from [78].
but now directed perpendicular to the drift axis z ∗ [78].
When the situation is inspected in the laboratory frame, relativistic effects modify the angular distribution so that it becomes highly peaked in
the forward direction (axis z equal to z ∗ ). The amount of peaking can be
described by a half-angle [79]
θcen =

γ∗

1
√ ,
N

γ∗ = √

γ
1 + Ku2 /2

(4.4)

which defines a so-called central radiation cone. It contains a relative spectral
bandwidth of ∆λ/λ ≈ 1/N [79]. Usually only the central, on-axis, portion of
the undulator radiation is selected which contains mostly the odd harmonics.
Due to finite electron beam size and non-parallel trajectories in the undulator,
the central cone can be polluted by radiation originating from even harmonics
or by odd harmonics but from diﬀerent observation angle (see Eq. (4.1) and
the dependence on observation angle) [79].

4.3

Beamline I411 at MAX IV Laboratory

The experiments reported in articles I–III were conducted at the I411 undulator beamline [80, 81] located at the (now decommissioned) 1.5 GeV MAX
II storage ring in Lund, Sweden. Top view of the beamline is presented in
Figure 4.5.
Beamline I411 was equipped with 44 period linear undulator with period
length of 58.85 mm and total length of 2.65 m. Originally the maximum of
the undulator parameter was Kumax = 3.6 with minimum undulator gap of
23 mm. This resulted in a photon energy range from 50 eV to 1500 eV. Later
the gap value could be decreased to 20 mm extending the low photon energy
side to 40 eV. The photon flux at experiment was reported to be 1011 −
1013 photons/(s · 100 mA · 0.1 %BW), where the flux has been normalized to
the electron storage ring current.
modulates the velocity component along the z ∗ axis.

52

Synchrotron radiation
Grating

Pre-mirror

o
lat
du
n
U

r

Plane
mirror

Plane
elliptical
mirror

Exit slit

Experiments
1 & 2

Toroidal
mirror

Figure 4.5: Schematic top view of the I411 beamline layout. The total length
of the beamline is about 20.6 m. Adapted from [80].
After the undulator, the beam was horizontally focused by a watercooled cylindrical pre-mirror. The following plane mirror, plane grating
(1221 lines/mm) and plane elliptical mirror comprised the modified SX700
monochromator. The last toroidal mirror focused the beam both horizontally and vertically onto the experiment. Between the last mirror and first
experiment was a diﬀerential pumping stage allowing a pressure diﬀerence
of 3–4 orders of magnitude between the experimental chamber and rest of
the beamline which needed to be kept in ultra-high vacuum. In the present
experiments, the cluster source and electron spectrometer were installed at
experiment slot 1.

5
Research summary and discussion

This chapter presents briefly the aims and implementation of the included
studies I–III and summarizes their findings.

5.1

Structure of alkali halide clusters

In articles I and II, core level photoelectron spectroscopy using synchrotron
radiation was applied to alkali halide clusters of RbCl, CsCl and CsBr. Also
RbBr clusters were studied but the results were published in connection to
article III, although with less details. The aim of these studies was to follow
the development of the core level electronic structure as a function of cluster
size. Since no mass spectroscopic cluster detection was employed, a secondary
objective of these studies was to apply a simple method for predicting the
alkali halide cluster size given the initial cluster source parameters. Both
studies were complemented by electronic structure calculations.
Based on the results of these studies, we arrive at the following conclusions:
• Alkali metal core level photoelectron spectra from Rb and Cs contain
a signature of the cluster structure. This signature manifests as coordination dependent response which evolves as a function of cluster size
and lattice structure.
• Small clusters of RbCl, CsCl and CsBr have a NaCl structure.
• CsBr clusters undergo a gradual structural phase transition from NaCl
to CsCl structure at around 160 atoms per cluster. For CsCl clusters,
transition at a cluster size regime roughly similar to CsBr is probable
although present experimental evidence is limited due to low number
of cluster size data points.
• The structural information in the alkali metal core level spectra is more
reliable from small/medium size clusters of under 150 atoms per cluster
than from larger clusters.
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• Halogen core level photoelectron spectra of Cl and Br contain very little
information about the cluster structure.
• Electronic structure calculations could not explain even qualitatively
all aspects of Br 3d core level spectra recorded from small RbBr and
CsBr clusters. At the same time, the alkali metal core level chemical
shifts are reproduced adequately. The reason for this remains unknown.

5.1.1

Cluster signature in core level response

The main finding of articles I and II is the cluster size dependent alkali
metal core level response. The photoelectron spectra recorded from Rb 3d
and Cs 4d levels from RbCl, CsCl and CsBr clusters contain fine structure
which originate from alkali metal ions in diﬀerent coordination sites on the
cluster surface or in the bulk of the cluster. Figure 5.1 illustrates this in
the Cs 4d region recorded from CsBr cluster. Colored peaks indicate the
cluster related coordination sites (corner/edge/face/bulk) while the white
peaks belong to uncondensed monomers present in the cluster beam. The
cluster related spectral fine structure changes shape when the mean cluster
size is altered. In study III, corresponding spectra are also presented from
RbBr clusters displaying essentially similar features as observed from the
other alkali halides. Electronic structure calculations performed in studies I
and II identified the diﬀerent fine structure peaks as originating from diﬀerent
coordination sites.
The corresponding Cl 2p and Br 3d core level spectra of the halogens
showed much fewer features. The electronic structure calculations indicated
that part of the missing spectral fine structure might be due to “bunching”
of the individual coordination site responses due to relaxation of the final
state. In the case of Br 3d however some fundamental diﬀerences between the
electronic structure calculation and experiment were discovered as the latter
displayed features with either negative or positive chemical shift with respect
to the monomer response depending on the cluster size. The underlying cause
for this behaviour remains unclear despite the computational eﬀorts to solve
the problem.
The mean cluster sizes in the experiments extended from less than 10 to
more than 600 atoms per cluster. For each studied alkali halide, the best
spectral fine structure resolution was obtained with the smallest clusters.
With clusters larger than about 150 atoms per cluster the individual coordination site responses gradually merge together which makes identification of
individual coordination sites less reliable.

5.1 Structure of alkali halide clusters
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Figure 5.1: Photoelectron spectrum of CsBr from the Cs 4d region. The
estimated mean cluster size is 70 ions per cluster. The inset illustrates the
fractional peak areas.
5.1.2

Cluster geometry and coordination site fractions

The peak area in a photoelectron spectrum is proportional to the number of
hosts where the electron originates. The relative peak areas of the coordination sites thus reflect the relative population of diﬀerent sites for a given
mean cluster size. Figure 5.2 illustrates how the fraction of atoms belonging
to certain coordination changes when the cluster size is changed. A general
trend is that the fraction of higher coordination sites (e.g. C6 ) increases
with cluster size. What is not obvious from the graph however is that the
change in the site fractions as a function cluster size depends on the cluster
structure. For example, one expects the site fraction profile of two clusters
with 125 atoms but with diﬀerent structure to diﬀer from each other. These
profiles for NaCl and CsCl structure are presented for example in Figure
2 of study II. Cluster structure identification was performed by comparing
the measured site fraction profile (see inset in Figure 5.1) as derived from
the relative peak areas with a modeled site fraction profile of a candidate
structure.
5.1.3

Limitations of the presented method

As described in Section 3.2, the photoelectron signal is not only sensitive
to the first coordination shell properties but higher coordination shells that
also aﬀect the chemical shifts. With increasing cluster size each coordination
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Figure 5.2: Schematic illustration of two diﬀerent size (n = 64 or 125) clusters
with NaCl structure. The number of atoms with coordination number i is
indicated by N (Ci ). Atoms inside the cluster with 6-fold coordination are
not visible. Panels below illustrate the fraction of atoms belonging to certain
coordination.
site peak becomes broadened by the presence of multiple nearly degenerate
peaks which ultimately destroys the coordination site resolution. This places
a practical upper limit on the cluster sizes to which this method can be
applied reliably.
Another factor that limits the accuracy of this method is related to the
cluster size estimation procedure which has to be performed in order to connect the cluster size to specific site fraction profile. If the cluster sizes are
extracted from a cluster formation model, the model itself would benefit
from further validation studies using e.g. mass spectrometry and possible
subsequent model refinement. The added benefit of this route is possibly enhanced understanding of the cluster formation process. On the other hand,
if the cluster size is available directly and reliably (without heavy fragmentation) from mass spectra, there is no need for further modeling if structure
determination is only of interest.

5.2

Solvation of alkali halides in water clusters

In article III, core level photoelectron spectroscopy was applied to water clusters containing variable number of alkali metal halide RbBr. The overall aim
of the study was similar as with alkali halide clusters, i.e. to study the core
level response, but this time not as a function of cluster size but as a function
of RbBr concentration. In addition, the motivation for the study was to find

5.2 Solvation of alkali halides in water clusters
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out if 1) RbBr is solvated by water cluster or not and 2) in case solvation
occurs if the Br− ion would be located on the surface layer as observed in
bulk electrolyte solutions [82, 83]. As with the alkali halide cluster studies,
electronic structure calculations accompanied the experimental spectra.
The experimental results together with electronic structure calculations
point towards solvation of the RbBr monomer in dilute concentration. This
regardless of the fact that the water cluster structure is likely to resemble
an amorphous solid prior to RbBr pick-up. The cluster peaks recorded from
the halide side display relatively large Gaussian width which can be interpreted in terms of more than one chemical environment in the most dilute
concentrations. A possible explanation could be the presence of halogen ions
both in the surface and subsurface or bulk states. The electronic structure
calculations also indicated the preference of the near surface locations for the
Br− ion thus supporting this explanation.
As the RbBr concentration increases, additional spectral features appeared in the alkali metal core level spectrum which were interpreted as a
sign of increasing ion association. At the highest concentrations both alkali
metal and halide core level spectra resembled very closely to the “dry” RbBr
cluster spectra which were also presented for comparison. This fact together
with the disappearing water cluster signal from the valence photoelectron
spectra recorded concurrently tells that the clusters contain very little water.
In the water cluster case however the estimated number of picked up RbBr
monomers of 26 in the highest concentration spectra seems very low for such
spectral similarity with “dry” RbBr clusters with much larger estimated size
of 60-100 monomers. This is because one expects relatively well resolved
peaks for small clusters consisting of only 20–30 monomers in a neat lattice
(see e.g. Figure 4 of study III, upper panel and spectrum with k = 24).
Thus, it is suggested that the structure of the hydrated clusters is more
amorphous than in the “dry” case due to residual water.
5.2.1

Chemical shifts of Rb+ and Br− in water clusters

Molal concentration of RbBr in the water clusters was varied from about 0.5
to 21 mol/kg. At each concentration step, core level photoelectron spectra
from Rb 3d and Br 3d regions as well as spectrum from valence region were
recorded. The latter was included due to the presence of distinct water
cluster signal which is useful in evaluating the cluster beam alignment and
composition. It was also used for estimating the mean water cluster size
which was concluded to be around 100 molecules per cluster in the first
spectra.
At lowest concentrations the Rb 3d cluster response can be adequately
described by a single peak doublet, denoted by M1 , which has a chemical shift
of about −2.6 eV with respect to the gas phase monomer value. However,
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two doublets were included in the peak fitting for consistency. Only at higher
concentrations (more picked up RbBr) beyond 1.8 mol/kg, the second doublet
denoted by M2 with a chemical shift varying between −1.4 eV and −1.7 eV
gains intensity. It should be noted that this behaviour diﬀers from the one
observed in anhydrous RbBr clusters as a function of picked up monomers
where the peaks with smaller chemical shift exist first and only later at
suﬃciently large cluster size the peaks with larger chemical shift appear.
The high concentration spectra recorded at 13 and 21 mol/kg resemble very
closely to the largest RbBr cluster spectra which can be regarded as indicative
of significant RbBr content in the cluster.
Based on the chemical shift values alone, one cannot deduce in what type
of environment the alkali halide ions exist as diﬀerent interaction mechanisms
(water-ion, ion-ion) can cause similar overall chemical shift. This seems to be
the case with Rb+ where the overall chemical shifts have similar magnitude
in RbBr with water and RbBr clusters without water. Only the behaviour
as a function picked up RbBr monomers reveals diﬀerences. In the Br− side
the situation is slightly diﬀerent. There the hydrate chemical shift in low
concentration is up to 65 % larger than observed from the anhydrous cluster
at any cluster size. Also, the chemical shift of Br 3d in anhydrous RbBr
clusters increases with cluster size in contrast to the decreasing chemical
shift of RbBr in water with increasing concentration (see Figure 5 of study
III). The former behaviour is shown in Figure 5.3 which contains a magnified
view of the anhydrous RbBr cluster spectrum from the Br 3d region. The
data is the same as presented in Figure 4 of study III.
5.2.2

Ion pairing in electrolyte solutions

For interpreting cluster experiments and possible solvation phenomena, it
is instructive to have a reference system from macroscopic scale. In this
case the appropriate reference is found from electrolyte solutions near their
freezing temperature.
Behaviour in macroscopic systems
In a bulk solution of alkali halide and water, the phase state of the mixture
depends on the solution temperature and concentration. This is illustrated
for a NaCl-water solution in Figure 5.4. The horizontal axis gives the concentration in terms of weight percent of NaCl and molality (mol/kg). Notice
that the relation between the two concentration scales is not linear.
Diﬀerent phase regions can be separated from the diagram. In Zone I
water is liquid and NaCl is solvated by it. This zone is separated from
other zones by liquidus curves below which one of the solution components
freezes depending on the concentration. In Zone IIa (low concentration)
water freezes partly but NaCl remains hydrated as individual ions. In Zone
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Figure 5.3: Magnified view of the anhydrous RbBr cluster Br 3d cluster
response. The spectra were normalized with respect to the top part of the
cluster bands for easier visual comparison. The center-of-energy of the cluster
band moves towards higher binding energy as the mean cluster size increases.
IIb (high concentration) the situation is reversed and NaCl starts forming
crystals in liquid water. Below the so called solidus temperature in Zone III
both solution components will crystallize into a lattice. In this particular
case the NaCl crystallizes as a dihydrate. The liquidus and solidus curves
meet at the eutectic point.
When the solution concentration is below the eutectic concentration and
temperature is reduced below the liquidus temperature, water ice crystals are
formed (Zone IIa) which expels most (but not necessarily all) of the alkali
halide ions from the crystal [85]. The expelled ions form a freeze concentrated
solution (FCS) which coexists with the ice crystals. The FCS concentration
can be determined using the phase diagram. Assume that the initial liquid
concentration of a solution is c1 displayed in Figure 5.4 and the temperature
is reduced to T1 . The solution freezes partly and FCS is formed which has a
concentration of c2 given by the liquidus curve at temperature T1 . This type
of frozen mixture is also called doped ice [85, 86].
Another interesting property of doped ice is possible partitioning of ionic
species between ice and FCS [87]. In case of alkali halides, it has been
observed that halide anions and alkali metal cations distribute themselves
diﬀerently in the ice and liquid phase which leads to an electric potential
(see e.g. Watanabe et al. [87] and references therein). To balance this, H+
and OH− ions present in the solution are transferred between the phases thus
altering their pH.
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Figure 5.4: Phase diagram of a NaCl-water solution. Depending on the
solution temperature and NaCl concentration, the mixture can exist in state
where both components remain liquid, one of the components is liquid and
the other solid, or both are solids. The diﬀerent phases meet at the eutectic
point (Te , Ce ). Adapted from [84] and [85].
Although the above example focused on NaCl, similar phase diagrams
can be formed for other aqueous alkali halide solutions as well with same
qualitative properties. For example, the formation of FCS above the eutectic
temperature in dilute RbBr-water solutions has been reported by Okada
et al. [85, 86]. Furthermore, they reported that for a very dilute (1 mM)
aqueous RbBr solution FCS formation was detected even below the eutectic
temperature but when concentration is increased the crystalline phase of
RbBr is much more common.
Behaviour in reduced dimensions
The freezing point of a liquid system decreases when its size is reduced [88].
Alternatively one can say that small crystals (clusters) melt at a lower temperature. This is known as the Gibbs-Thomson eﬀect and is not limited to
water but is also observed for e.g. metal nanoparticles [89]. Due to this and
other possible finite size eﬀects the phase diagram shown in Figure 5.4 is
not directly applicable to clusters but it gives some reference. Question rises
what is the phase state of a cluster at a given moment upon probing it with
e.g. synchrotron radiation?
Infrared spectroscopy can be used to distinguish between amorphous (or
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liquid) and crystalline phases of water including water clusters generated
in supersonic expansion. Buck et al. [44] suggest that water clusters with
less than 200 molecules have mostly an amorphous structure. At a slightly
larger cluster size regime a crystalline core with hexagonal structure starts to
develop with cluster size while the outer layers remain amorphous. When the
cluster temperature is decreased the onset of crystallization moves towards
larger cluster sizes [44].
In study III the estimated water cluster size is 100 molecules. This should
be below any onset of crystallization no matter what the cluster temperature
is and the cluster structure is thus expected to be amorphous. Whether the
water cluster is liquid or solid depends on the cluster temperature. Hock et
al. [90] found experimental evidence that anionic water clusters (H2 O)−
48 and
−
(H2 O)118 undergo a phase transition at 93 ± 3 K and 118 ± 3 K, respectively
which they associated to partial cluster melting. Johnston and Molinero [91]
found in a computational study that the melting temperature Tm (r) as a
function of cluster radius r follows the Gibbs-Thomson equation
Tm (r) = Tmbulk −

KGT
,
r − dpml

(5.1)

where Tmbulk = 274 K is the bulk melting temperature in a monatomic water model, KGT = 82 ± 5 K·nm is the Gibbs-Thomson constant and dpml =
0.26 ± 0.05 nm is the thickness of the premelted layer (for additional information about the model and parameter definitions see Ref. [91] and references
therein). According to this model the calculated melting temperature for
100 molecule water cluster with r = 0.9 nm (as estimated in study III) is
146 K. If the cluster temperature in study III is in the range of 50-100 K
prior to pick-up [44], the above melting temperature estimates point towards
amorphous solid structure for the clusters.
The situation is complicated however by the pick-up process. With each
collision some amount of energy is transferred to the cluster thus raising
its temperature briefly. If the specific heat capacity per water molecule is
assumed to be 0.26 meV/K [90] then an initial collision with RbBr monomer
with parameters set for example as described in the first row of Table 1 in
study III releases a maximum of 2062 meV of energy which momentarily
raises the water cluster temperature (with 111 molecules) by about 70 K. If
the initial cluster temperature is closer to 100 K than 50 K (as it probably is
based on our expansion parameters and reference literature [44]), even with
the higher estimated melting temperature by Johnston and Molinero [91] it
is possible that the water cluster at least partially melts upon collision thus
facilitating the dissolution of RbBr.
The above estimates of the freezing point of water clusters concerned
only pure water clusters. After some alkali halide has been added to the
water cluster, it is likely that one needs to consider salt concentration related
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eﬀects as in the case of macroscopic electrolyte solutions such as decreasing
freezing point, formation of freeze concentrated solution and even possible
partitioning of anions and cations between diﬀerent phases. Such eﬀects are
not discussed in study III or even here in detail. Rather these are mentioned
as a further background and as a motivation for possible future directions of
study.

6
Conclusions and outlook

Synchrotron radiation based photoelectron spectroscopy was used to study
size dependent evolution of the electronic structure of anhydrous and hydrated alkali halide clusters. In case of the anhydrous RbCl, RbBr, CsCl and
CsBr clusters, electronic structure changes in the alkali metal cation core levels correlate with the cluster structure. It was observed that CsBr clusters
undergo a structural phase transition from NaCl to CsCl structure in a cluster size regime which closely agrees with previous results. The corresponding
halogen anion core levels however were seen to contain less useful information
from the structure and morphology assignment point of view. Overall, this
suggests that some elements with specific charge states are more useful than
other in giving information about the cluster structure.
In RbBr-water clusters the cluster related spectral features in the alkali
halide core level response were assigned to dissolved and ion paired species
based on accompanying electronic structure calculations. The dissolution
however seems plausible only if additional energy brought by the RbBr pickup process is included in the analysis. In general the number of contact
ion pairs increases with concentration. At the highest recorded concentrations the RbBr-water clusters most likely have at least a partly amorphous
structure. Several questions regarding the possible phase state of the alkali
halide-water cluster in diﬀerent concentrations however remain unclear. For
example, to what extent does the water cluster resemble an amorphous solid
after salt is added, or are there similar ion partitioning eﬀects related to the
phase changes as in the case of bulk RbBr-water solutions?
The present work (and many previous works) indicates that synchrotron
radiation based photoelectron spectroscopy is a valuable asset for studying
freestanding clusters. This is especially true in the future when more 4th
generation light sources begin to come online with even higher brilliance
thus benefitting dilute matter research. Developments in the photoelectron
spectroscopy instrument choices can also contribute towards decreasing the
measurement times and increasing research output. For example the use of
magnetic bottle type electron spectrometers with drastically higher transmission than in conventional hemispherical analyzers is an interesting alternative. This however requires a pulsed light source which is not unheard-of
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in synchrotron radiation facilities but is not universally available. Irrespective of all this, photoelectron spectroscopy also has certain limitations. To
get more complete picture of the cluster composition and processes related to
their formation and dynamics, a parallel mass spectrometric cluster detection
would be a valuable addition.
Beyond the measurement technical details are the actual targets, i.e.
clusters. For atmosphere related research the laboratory based experiments
on freestanding cluster can provide additional information about the smallest
atmospheric particles where size eﬀects to the particle properties can be
significant. The present work is mostly relevant for sea salt aerosol research
but can in principle be applied to other types of clusters as well.

7
Corrigenda

After the publication of the included articles and during the thesis preparation, errors in the published articles were discovered. This chapter addresses
these errors.

Publication I: Cluster size estimation
In publication I, Eq. (6) should contain a numerical pre-factor of 7/2 instead of 5/2 due to reasons discussed in Section 2.3. Furthermore, the assumed binding energies for RbCl and CsCl addition of 7.2 eV and 6.82 eV
per monomer, respectively, are quite likely too high. This is due to the fact
that Ref. [42] in publication I (where these values were obtained from) reports lattice energies per monomer and not binding energies per monomer.
The lattice energy describes the energy of formation of a lattice out of individual, infinitely separated ions and not monomers. A diﬀerent approach
to estimating the binding energy of a monomer was presented in Appendix
B of publication II. By applying the same procedure for RbCl and CsCl,
one obtains binding energies per monomer addition of 2.06 eV and 1.95 eV,
respectively. We round both to 2 eV due to small diﬀerences in the values
used for calculating these quantities depending on the source. In the present
case, the bond energies of RbCl and CsCl, ionization potentials of Rb and Cs,
electron aﬃnity of Cl, and lattice energies of RbCl and CsCl were obtained
from Refs. [11, 41, 92].
The above mentioned corrections change the estimated cluster size when
the number of picked up monomers is significant, i.e. when a significant
amount of Ar is evaporated from the cluster thus changing the pick-up cross
section. The original and corrected cluster sizes for RbCl and CsCl are given
in Tables 7.1 and 7.2, respectively. The values are given to an accuracy of two
Original
Corrected

Table 7.1:
cluster.

100
110

110
120

140
160

170
190

190
220

210
250

Original and corrected RbCl cluster sizes given as atoms per
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Original
Corrected

Table 7.2:
cluster.

< 10
< 10

20
20

30
30

50
50

90
100

130
140

330
410

430
610

Original and corrected CsCl cluster sizes given as atoms per

significant digits as in the original publication. The uncertainty limits as well
as the main conclusion of publication I remain unchanged. In publication II,
the correct numerical pre-factor of 7/2 in the collision energy equation was
used.
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[42] S. Barth, M. Ončák, V. Ulrich, M. Mucke, T. Lischke, P. Slavı́ček,
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M. Roeselová, J. Fedor, M. Fárnı́k: Lack of Aggregation of Molecules
on Ice Nanoparticles, J. Phys. Chem. A 119, 8991 (2015).
[54] J. H. D. Eland: Photoelectron spectroscopy, 2nd edition, Butterworths,
(1984).
[55] J. C. Woicik: Hard x-ray photoelectron spectroscopy (HAXPES), 1st edition, Springer International Publishing, Switzerland (2016).
[56] K. Siegbahn: Electron spectroscopy for chemical analysis (e.s.c.a.),
Phil. Trans. Roy. Soc. Lond. A 268, 33 (1970).
[57] D. A. Shirley: The eﬀect of atomic and extra-atomic relaxation on
atomic binding energies, Chem. Phys. Lett. 16, 220 (1972).
[58] A. F. Starace, in Handbuch Der Physik, Vol. 31, edited by W. Mehlhorn,
Springer-Verlag, Berlin (1982).
[59] J. J. Yeh, I. Lindau: Atomic subshell photoionization cross sections and
asymmetry parameters: 1 ≤ Z ≤ 103, Atomic data and nuclear data
tables 32, 1 (1985).
[60] P. Atkins, R. Friedman: Molecular quantum mechanics, 5th edition, Oxford University Press, USA (2011)
[61] I. Abbati, L. Braicovich, C. Carbone, J. Nogami, J. J. Yeh, I. Lindau,
U. del Pennino: Solid-state eﬀects in photoionization cross sections of
d states: Comparison between MoS2 and Mo, Phys. Rev. B 32, 5459
(1985).
[62] J. Cooper, R. N. Zare: Angular distribution of photoelectrons,
J. Chem. Phys. 48, 942 (1968).

72

BIBLIOGRAPHY

[63] J. J. Brehm, W. J. Mullin: Introduction to the structure of matter - A
course in modern physics, 1st edition, John Wiley & Sons, USA (1989).
[64] D. J. Botto, J. McEnnan, R. H. Pratt: Analytic description of photoeﬀect
from atomic ions, Phys. Rev. A 18, 580 (1978).
[65] U. Hergenhahn, S. Barth, V. Ulrich, M. Mucke, S. Joshi, T. Lischke,
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[68] S. Doniach, M. Sǔnjić: Many-electron singularity in X-ray photoemission
and X-ray line spectra from metals, J. Phys. C: Solid State Phys. 3, 285
(1970).
[69] W. T. Silfvast: Laser fundamentals, 2nd edition, Cambridge University
Press, United Kingdom (2004).
[70] J. Knudsen, J. N. Andersen, J. Schnadt: A versatile instrument for ambient pressure x-ray photoelectron spectroscopy: The Lund cell approach,
Surf. Sci. 646, 160 (2015).
[71] S. Peredkov: Free clusters studied by synchrotron-based x-ray spectroscopy: From rare gases to metals, Doctoral thesis, Lund University,
Lund, Sweden (2007).
[72] M. Patanen, C. Nicolas, X.-J. Liu, O. Travnikova, C. Miron: Structural
characterization of small Xe clusters using their 5s correlation satellite
electron spectrum, Phys. Chem. Chem. Phys. 15, 10112 (2013).
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