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1 Introduction and motivation

1 Introduction and motivation

Nanoparticles are widely known from media and their use in fashionable products such as
sun protecting cremes and antiperspirant. However, such nanoparticles and small clusters
are no new invention of the 21st century. Gold clusters of different sizes have already been
used in medieval times to produce colored glass for beautiful windows, which can still be
found in our days in churches such as the Cologne Cathedral (figure 1.1). The size of the
used gold particles hereby determines the resulting color, e.g. the red color in the church
window. Remarkably, the medieval glaziers did not have the scientific background and
knowledge gained from fundamental research, which is accessible in our times.
Today the visible color is well known to be the result of absorption of light by noble metal
clusters of a distinct size inside the glass. Another impressive example for such an ab-
sorption of light is the so called Lycurgus Cup, which is a Roman artifact from the fourth
century (figure 1.2). The glass used to produce this cup consists of numerous small gold
droplets, which absorb a specific energy range of the impinging light spectrum resulting in
a bright red color for transmitted light.
In 1857 Michael Faraday published first experimental results on the relations of gold to
light [Far57], in which he presented different color effects for gold particles of different size
and shape. A theoretical approach to the absorption of light by small spherical gold par-
ticles was first released by Gustav Mie in 1908 [Mie08] predicting a collective excitation of
the conduction electrons. A lot of time has passed since these beginnings of the so called
plasmonics, the interaction of light with matter, a highly interesting topic for present and
future research and application.
The following introduction will first give a short explanation of clusters and their special
structural properties as well as the interaction of noble metal clusters with light. Subse-
quently, a brief overview on the structure and the contents of this thesis.

Regarding matter a cluster can be found between the physics of a single atom on the
one side and condensed matter physics with long range ordered crystal structures on the
other side. This intermediate state is situated in the region of three to a few thousand
atoms and a size scale of 100-101 nm. Here, the structure and thus, the electronic prop-
erties of noble metal clusters alter significantly with size and shape as well as with the
environmental properties. For use in present and future applications such as i.e. nanoan-
tennas [Mer08] or biosensors [Hae02, Bro12] (figure 1.3) it is essential to know the size and
structure of the used clusters and particularly environmentally induced changes of their
structure and electronic properties.
For other applications of clusters such as catalysis [Li,08] or the enhancement of solar cells
[Wes00] knowledge of the size, the geometrical structure and electronic properties are in-
evitable, particularly in contact to other materials such as a substrate or a matrix, into
which the clusters are embedded.
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Figure 1.1: Picture of an old colorful church window as found in the Cologne Cathedral. The red
color originates from small gold clusters in the glass. Picture adapted from [Ley08].

Figure 1.2: Picture of the Lycurgus Cup, a Roman artifact from the fourth century. Due to
noble metal particles in the used glass the cup appears green in reflected light and
red in transmitted light. Picture adapted from [Leo07].
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1 Introduction and motivation

Figure 1.3: Left: Resonant optical nanoantennas [Mer08], right: nanoscale optical biosensors
[Hae02].

Optical spectroscopy measurements of the cluster plasmon resonance are a well known
experimental method to determine the electronic properties of small metal clusters with
respect of their size and shape. It is suited to investigate the influence of a matrix material
on the free electron oscillations in noble metal clusters.

The structural properties of silver clusters such as lack of long range order and no pe-
riodic crystal structure combined with a large fraction of surface atoms yield an alteration
of the density of states compared to crystalline silver. Using the element specific x-ray
absorption spectroscopy, in which a core electron is excited to an unoccupied state by an
impinging photon, it is possible to probe the unoccupied density of states [Kon88]. The
method is highly sensitive to changes in the oxidation state of the investigated element.

This thesis is organized as follows. Chapter 2 gives an overview of the theory of cluster
formation in a supersonic nozzle expansion combined with a short introduction to the gas
dynamics of this process and the mechanics of cluster condensation.
In a second section the optical properties of noble metal clusters are introduced starting
with the Mie theory in quasi static approximation for spherical clusters and taking into
account influences such as the free path effect resulting in surface damping due to the finite
size of the cluster, interband transitions and chemical interface damping. Subsequently,
the theory is altered to account for the ellipsoidal shape of deposited clusters followed by
an introduction of the measurand extinction.
The following sections give an overview of inelastic x-ray scattering and the influence of
the oxidation state on the unoccupied density of states followed by a short description of
the ab-initio calculation software FEFF9 [Reh10].

Chapter 3 provides an overview of the experimental setups such as the THErmal CLuster
Apparatus (THECLA), with which all investigated samples are prepared, the setup used
for the optical spectroscopy measurements and a short descriptions of the experimental
endstations used for the x-ray absorption measurements.
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In chapter 4 a summary of the investigated sample systems is provided followed by the
results gained from optical spectroscopy and x-ray absorption spectroscopy. Subsequently,
the x-ray absorption measurements are compared to ab-initio calculations for better quan-
tification of the results.

The thesis ends in chapter 5 with a summary of the conclusions gained from the two
experimental methods as well as an outlook on further questions and investigations.
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2 Theory

2 Theory

2.1 Theory of the cluster formation in a supersonic
nozzle expansion

All investigated samples presented in this thesis were produced in a supersonic nozzle ex-
pansion using the cluster source THErmal CLuster Apparatus (THECLA) designed by
Hövel [Höv95]. The idea behind this cluster source originally was to be able to produce
a highly intense focused cluster beam, which allowed the investigation of free Ag clusters
in comparison to the same clusters deposited on a certain substrate or into a matrix. The
choice of a nozzle expansion for the formation of clusters originates from the necessity
of large amounts of clusters, which are emitted in a shallow angle close to the beam axis.
Other methods such as production of clusters in a gas aggregation source or in a magnetron

Figure 2.1: Scheme of a typical gas aggregation source [Fra85].

sputtering source yield cluster beams of a much lower intensity, which were not suitable
for the afore mentioned application. In the gas aggregation source (figure 2.1) the cluster
material is vaporized into an inert noble gas, where the molecules are cooled by collisions
with the gas atoms. When the temperature of the cluster material reaches a certain value
agglomeration occurs. The cluster-gas-mixture is then guided through a system of aper-
tures into the vacuum chamber. Since the cluster current is nondirectional, a large number
of clusters remains in the source chamber.
In a laser ablation source (figure 2.2) a laser pulse is focused on a target consisting of the
cluster material, thus, dissolving several atom layers of the material partly ionizing the
atoms. The forming plasma (T= 10000-20000 K) is then expanded into a helium (He)
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2.1 Theory of the cluster formation in a supersonic nozzle expansion

Figure 2.2: Laser ablation sources (R.E. Smalley): a) Formation of pure metal clusters, b) Em-
bedding a metal atom inside an Ar cluster [Hab92].

atmosphere, where it is cooled down by collisions with the He atoms. The achievable clus-
ter current, which is in direct relation to the quantity of clusters produced in this cluster
source, is too low for the original purpose of THECLA.

The following sections give a brief description of the gas dynamics of a supersonic ex-
pansion as well as an insight in the condensation parameters and optical response of metal
clusters. Subsequently, the interaction of x-ray radiation with matter and precisely, the
absorption of an impinging x-ray photon by an atom will be explained.

10



2 Theory

2.1.1 Gas dynamics of a supersonic expansion

Regarding the expansion of a gas from a region of high pressure through an orifice to a
region of low pressure, two limit cases are known for the acceleration of the gas molecules,
which can be characterized using the Knudsen number Kn = `/d (figure 2.3). If the mean

Figure 2.3: Left: Molecular flow with Kn = `/d � 1, right: Supersonic expansion with Kn =
`/d� 1.

free path of the molecules ` is much bigger than the diameter of the orifice d, the molecules
can pass the orifice almost without collisions between the particles. The so called molecular
flow is used e.g. to produce epitaxially grown layers.
If the vapor pressure in the chamber rises, the mean free path of the molecules ` decreases.
For a Knudsen number Kn = `/d� 1 the molecules can collide inside the orifice yielding
a supersonic flow, which can be described with the dynamics of a gas continuum. In this
adiabatic expansion the particles are cooled down and highly focused in the direction of
the beam axis.
The following description of the gas dynamics is based on Hövel [Höv95]. For a one dimen-
sional flow through a flow tube with decreasing cross-section (figure 2.4) the expansion of
an ideal gas from an initial state with pressure p0, temperature T0, cross-section A0 and
velocity v0 to the final state (marked with 1) is adiabatic and isentropic, thus, mass and
energy are conserved. In this expansion there is neither heat transfer with the environment
(∆Q = 0) nor a change of the entropy for reversible processes (∆S = 0)[Fri73].

Figure 2.4: Flow tube with decreasing cross-section.

For an ideal gas with pV = nRT , where p denotes the pressure, V is the volume, T the
temperature, n is the quantity of material and R denotes the universal gas constant, the
combination of energy and mass conservation yields

1

2
v20 + cpT0 =

1

2
v21 + cpT1 , (2.1)
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2.1 Theory of the cluster formation in a supersonic nozzle expansion

with cp denoting the specific heat of the ideal gas.
If the initial velocity in flow direction is v0 = 0 at a temperature T0, equation (2.1) be-
comes

cpT0 =
1

2
v21 + cpT1 . (2.2)

By introducing the Mach number M := v/a with the local sonic velocity a

a =

√
γ
kT

m
, (2.3)

the adiabatic exponent γ = cp/cv, the Boltzmann constant k and the mass of the gas
particles m with

cp =
γ

γ − 1

k

m
, (2.4)

equation (2.2) holds

T1
T0

=

(
1 +

1

2
(γ − 1)M2

)−1
. (2.5)

Using the Poisson equation [Wut92](
p1
p0

)
=

(
V0
V1

)γ
=

(
T1
T0

)γ/(γ−1)
=

(
ρ1
ρ0

)γ
(2.6)

the local pressure and density along the beam axis hold

p1
p0

=

(
T1
T0

)γ/(γ−1)
, (2.7)

ρ1
ρ0

=

(
T1
T0

)1/(γ−1)

. (2.8)

A relation between the Mach number and position during expansion follows from mass
conservation

ρ1A1v1 = ρ2A2v2 . (2.9)

With "∗" denoting the state, in which M = 1, the following relation can be obtained

A

A∗
=
ρ∗v∗

ρv
=
ρ∗a∗

ρMa
=

ρ∗

Mρ

(
T ∗

T

)1/2

=
1

M

(
1 + 1

2
(γ − 1)

1 + 1
2

(γ − 1)M2

)−1/(γ−1)−1/2
. (2.10)

In an expansion through a flow tube with a circular cross-section the change to supersonic
flow occurs at the position with the smallest diameter where M = 1. During the accel-
eration of the gas molecules in the adiabatic expansion the Mach number and thus, the
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2 Theory

velocity v increases, while the temperature T1 −→ 0 (see equation (2.5)). For large M the
beam velocity v, which holds

v = M · a = M · a0
(
T

T0

)1/2

(2.11)

with a0 =
√
γ kT0
m

approaches a maximum

v∞ = a0

√
2

γ − 1
, (2.12)

which for a monoatomic gas with γ = 5
3
corresponds to v∞ = 2.24 ·

√
kT0
m

.
This very simple model of a one-dimensional flow holds for a supersonic nozzle as long as
the opening angle 2α remains small. For a nozzle with a conical supersonic area (figure
2.5), an opening angle of 2α = 10◦, a diameter at the narrowest point of d ≈ 0.42 mm and
a length of L ≈ 25 mm most of the thermal velocity of the gas molecules, which is aimed
at all directions in space is transformed into velocity in flow direction through collisions
between the particles. The acceleration further yields a cooling of the gas, which results in
a decrease of the collision probability. Thus, at the end of the supersonic nozzle the cold
particle flow is strongly aligned to the beam axis with thermal velocity vtherm −→ 0.

Figure 2.5: Scheme of a conical supersonic nozzle.
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2.1 Theory of the cluster formation in a supersonic nozzle expansion

2.1.2 Problems regarding the supersonic expansion

The model of a one-dimensional continuous flow holds for a realistic supersonic expansion
as long as the molecules and the agglomerating clusters perform sufficient collisions. Since
the particle density decreases fast with ongoing expansion the supersonic flow can turn
into a molecular flow. Thus, the Mach number will not rise infinitely but approaches a
maximum [And74], which is proportional to the Knudsen number

MT = const. (Kn)−0.4 . (2.13)

In contrast to the afore introduced simple model four different temperatures have to be
considered for the flow dynamics. As long as the expansion is in accordance with a super-
sonic flow the temperature distributions parallel and perpendicular to the flow direction
(T‖, T⊥) and the temperatures related to the rotational and vibrational degrees of freedom
(Trot, Tvib) are equal. For a molecular flow the temperatures reach different final values
(T‖ ≤ T⊥ ≤ Trot ≤ Tvib).
An additional difficulty arises from the fact that the vacuum, into which the gas molecules
are expanded is not perfect. The gas, which remains inside the experimental chamber due
to the limited pumping speed, can interact with the gas beam of the cluster source in
different ways.

• For high background pressures the flow speed can be reduced very abruptly (M < 1)
yielding the formation of a so called Mach disk at position [Bie61, Bie62]

xM ≈ 0.65 · d
√
p0
p1

(2.14)

on the beam axis. The position depends on the diameter of the nozzle d, the pressure
p0 and the background pressure p1. For constant gas flow q ∝ d2p0 and pumping speed
S = q/p1 the position of the Mach disk is independent of pressure and diameter of
the nozzle and thus constant.

• For low background pressure the hard shock front becomes weaker and for a certain
low density of the background atoms no Mach disk appears. Thus, the perturbations
of the supersonic flow can be treated as deflection by background atoms.

To account for these limitations the positions of the cluster source and the aperture system
are well chosen inside THECLA.
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2 Theory

2.1.3 Theoretical approach to cluster condensation in a supersonic
expansion

The expansion of a supersaturated gas into vacuum yields a supersonic flow in which, for
the right choice of temperature, pressure and diameter of the nozzle, condensation to clus-
ters may occur. After Hagena [Hag81] the thermodynamic process can be described as
follows (figure 2.6).

Figure 2.6: Expansion line p(T ) and vapor pressure curve pv(T ) of a condensing gas double-
logarithmically printed [Hag81].

Starting from stagnation conditions T0 and p0 at point A the gas expands along the isen-
trope up to point B where the vapor pressure curve pv(T ) crosses. This marks equilibrium
between the gas phase and the solid/liquid phase. From this point of equilibrium the expan-
sion follows the isentrope into the supersaturated region, where at point C the formation
of clusters sets in and leads to a collapse of the supersaturated state. The expansion then
turns to the equilibrium line pv(T ). The position of the "onset-point" C depends on the
stagnation conditions at point A, the thermodynamics e.g. temperature TB of the satura-
tion point and the nozzle geometry, which determines the kinetics and time scale of the
expansion.
Figure 2.7 shows a sketch of the condensation in a supersonic nozzle as shown in [Weg70].
A detailed theoretical description of the condensation is still a demanding task. Here,
the interacting mixture forms an equilibrium concentration, which could be derived from
equilibrium cluster density via sums of states using kinetic models and statistical thermo-
dynamics. Still, for molecular gases rotational and oscillational degrees of freedom and
electronic states for metallic molecules have to be taken into account. Additionally, in the
supersaturated state the equilibrium state consists of only one condensed phase instead of

15



2.1 Theory of the cluster formation in a supersonic nozzle expansion

Figure 2.7: Sketch of the condensation process in a supersonic nozzle with stagnation conditions
T0, p0, the saturation ratio p/p∞, Mach number M , solid/vapor phase equilibrium
pressure p∞ and condensation pressure pk [Weg70].

a gas-cluster-mixture.
Up to now the nucleation process still is not completely understood. Publications from
2004 and 2005 were still looking for the exact theory to describe the kinetics of cluster
growth [Nap04, Kra05] taking into account collisions between atoms and clusters. Here it
is important to keep in mind that most of these collisions do not result in cluster growth but
mainly serve as cooling mechanism by transferring the condensation heat to the colliding
gas molecules.
Recent work on the calculation of homogeneous cluster condensation in supersonic flows
from Jansen et al. [Jan10, Jan11] show reasonable agreement with experimental data taken
for water cluster and ammonia cluster condensation in a supersonic flow [Bob02]. For
their simulation they take into account creation of dimers through collision stabilization
of collision complexes, elastic monomer-cluster collisions, which change internal energies of
the colliding particles, inelastic monomer-cluster collisions resulting in monomer sticking,
cluster-cluster coalescence and evaporation of monomers from clusters [Jan11].
Still, they do not take into account rotational degrees of freedom and metal clusters.
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2 Theory

2.1.4 Scaling laws

An attempt to predict cluster formation in supersonic expansions has been made years ago
by Hagena [Hag74, Hag87]. Due to the lack of precise theory he stated that for a constant
nozzle diameter deq = const. similar condensation conditions are given for equal values of
the so called reduced scaling parameter Γ∗ with

Γ∗ =
(
n0r

3
ch

)
·
(
D

rch

)q
·
(
T0
Tch

)0.25·q−1.5

, (2.15)

and the parameters describing the supersonic expansion, i.e. the density n0, the tempera-
ture T0 of the gas in front of the nozzle and the diameter D of a nozzle without supersonic
cone. The parameter q lies in between the limits 0.5 < q ≤ 1.
For noble gas clusters q was determined experimentally to be q ≈ 0.85. The properties of
the gas are described by a characteristic length

rch =

(
m

ρs

)1/2

(2.16)

with the atomic mass m and the bulk density ρs, and a characteristic temperature

Tch =
∆h00
k

(2.17)

with the sublimation enthalpy ∆h00 and the Boltzmann constant k. For Γ∗ in the range of
200 to 1000 cluster condensation sets in. For even bigger values the cluster quantity and
size increase. With a typical nozzle diameter D of a few 1/10 mm the reachable partial
pressure and thus, the density for silver as cluster material does not result in a Γ∗ high
enough for cluster formation. Since an increase in nozzle diameter results in a high increase
of used cluster material, the utilization of a nozzle with a conical supersonic region with
small opening angle 2α is suitable. This conical part of the nozzle increases the time before
the supersonic flow turns into a molecular flow.
With a Mach number on the beam axis M(x) in an expansion from a conventional sonic
nozzle with x� D and γ = 5/3 [And74]

M(x) ≈
(

5.83
x

D

)1.67−1
(2.18)

and the geometry of the supersonic nozzle

A

A∗
=
(

2
x

D
tanα

)2
, (2.19)

which follows after equation (2.10) in combination with equation (2.19), the Mach number
for an expansion from a supersonic nozzle can be expressed as

M(x) ≈
(

5.83
x

(0.736 ·D/ tanα)

)1.67−1

. (2.20)
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2.1 Theory of the cluster formation in a supersonic nozzle expansion

Thus, the flow of a supersonic nozzle for M � 1 corresponds to the flow of a sonic nozzle
with a diameter of

Deq = 0.736
D

tanα
. (2.21)

With α = 5◦ for the here used nozzle the effective diameter becomes

Dα=5◦

eq = 8.4D . (2.22)

Thus, the used material reduces with a factor (8.4)2 = 71. The addition of a carrier gas
such as argon yields another reduction of a factor 4 [Hag91, Hag81], which results in a Γ∗

increased by a factor 4.
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2 Theory

2.2 Optical properties of small noble metal clusters

In the following sections the interaction of light with small metal clusters will be discussed
starting from a quasi-static approximation of the Mie theory [Mie08, Boh83, Kre95] for
single spherical clusters. Further on the influence of the cluster surface in the so called free
path effect will be discussed as well as the alteration of the theory due to deposition induced
cluster deformation. Additionally, the influence of the environment such as a matrix, in
which the clusters are embedded, will be discussed.

2.2.1 Basic principles of absorption of light in metal clusters

Regarding the absorption of light in bulk silver, the optical constants in the visible re-
gion consist of two parts: the collective movement of the free conduction band electrons
and interband transitions, which yield optical absorption. As an interband transition is
a transition between conduction and valence bands the so called intraband transition is
a transition between occupied and unoccupied quantized levels in the conduction band.
Figure 2.8 shows the bandstructure for bulk silver. The occupied density of states was
measured with UV photo emission spectroscopy (UPS) by Wern [Wer85] and the unoccu-
pied density of states was calculated by Eckardt et al. [Eck84].
The visible energy gap between the highest occupied energy levels (HOMO) and the Fermi
energy EF of silver near the L-point of the Brillouin zone is 3.8 eV. This energy gap is the
direct interband transition with the lowest energy, which marks the interband absorption
edge from 4d-band to 5sp-band. The use of optical absorption spectroscopy to probe the
absorption of light in silver yields the joint density of states. In an optical absorption
spectrum the 4d-5sp energy gap is seen around 3.88 eV with the absorption occurring from
collective excitations of the free electrons in the lower energy region and the interband
transitions above 3.88 eV.
For Ag clusters of approximately 250 atoms, which is the mean size of the clusters inves-
tigated here, the optical absorption alters significantly especially due to the limited size
and thus, the influence of the surface. The alteration can be seen in the region where
the collective oscillation of the free electrons appear in the spectra as the so called cluster
plasmon resonances. These oscillations are damped due to the cluster surface, which will
be explained in detail in the following sections.
The resonance resulting from the oscillating electrons can be described with the quasi-static
Mie theory [Mie08, Boh83] for a single spherical metal particle and can thus be called Mie
resonance. Figure 2.9 shows the absorption of light for small spherical silver clusters com-
pared to the resonance-free absorption of a silver film with similar thickness.
The different parts of the absorption for the silver clusters originating from collective elec-
tron excitations and interband transitions can clearly be distinguished. The interband
transitions can be found below 320 nm (3.88 eV), which marks the absorption edge for
transitions between the 4d- and 5sp-band, the electron oscillations lie above 320 nm. For
silver bulk the volume plasma resonance lies shortly below the interband edge around 3.8
eV. The absorption spectrum was calculated using a simplified model for individual spher-
ical silver clusters, in which the conduction electrons are treated as a free electron gas in a

19



2.2 Optical properties of small noble metal clusters

Figure 2.8: Bandstructure of bulk silver. Occupied density of states measured with UPS [Wer85],
unoccupied density of states calculated [Eck84]. Picture taken from [Hil01].

20



2 Theory

Figure 2.9: Absorption behavior of silver clusters and bulk silver in the spectral region 100 to
600 nm. The absorption resulting from excitations of the free electrons lies above
320 nm (3.88 eV band gap), the interband transitions can be found below 320 nm.
The optical excitation between the 4d- and 5sp-band around 320 nm is seen as an
optical interband edge (joint density of states). Picture taken from [Kre95].

quasi-static approximation: the electric field of the light wave excites the electrons, which
start to oscillate against the positively charged atoms (dipole approximation).
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2.2 Optical properties of small noble metal clusters

2.2.2 Mie theory in quasi-static dipole approximation and
dielectric function of realistic metals

For small spherical metal clusters with a diameter 2R and a complex dielectric function
ε(ω) = ε1(ω) + iε2(ω) in an environment with a real dielectric constant εm the Mie the-
ory describes the whole absorption process from a classical electrodynamical point of view
[Mie08]. Using the Maxwell equations it is possible to get analytical terms for the inter-
action cross-sections such as the absorption cross-section σabs, the scattering cross-section
σscat and the extinction cross-section σext = σabs +σscat, which consist of spherical harmon-
ics to account for the possible multipole resonances.
For spherical clusters with diameter much smaller than the wavelength of the incident light
2R � λ (precisely for silver clusters: 2R < 15 nm) the scattering cross-section becomes
negligible compared to the absorption cross-section yielding an extinction cross-section that
only consists of dipole absorption [Boh83]:

σext = σabs = 9
ω

c
ε3/2m V0

ε2 (ω)

[ε1 (ω) + 2εm]2 + ε2 (ω)2
. (2.23)

Here, c denotes the vacuum light velocity and V0 = (4/3) πR3 is the volume of the cluster.
For a frequency ω1 the dipole absorption cross-section has a resonance with

ε1 (ω1) ≈ −2εm , (2.24)

if ε2(ω) is not too large or does not alter significantly around ω1. Developing the dielectric
function around ω1 with

ε1(ω) ≈ −2εm +

(
dε1(ω)

dω

∣∣∣∣
ω1

)
(ω − ω1) ,

ε2(ω) ≈ ε2(ω1) for ω ≈ ω1 (2.25)

yields the full width at half maximum (FWHM) Γ of the resonance structure

Γ ≈ 2ε2(ω1)∣∣∣∣( dε1(ω)
dω

∣∣∣
ω1

)∣∣∣∣ . (2.26)

The resonance structure in σext after (2.23) for ε1(ω1) = −2εm can be understood as a
resonant collective oscillation of the conduction electrons against a uniform static positive
background (jellium model) with ε2 damping the oscillation. This structure will be denoted
cluster plasmon resonance although for a realistic metal not only the free electrons influence
the dielectric function.
To describe a more realistic metal, the afore shown Drude dielectric function has to be
expanded to interband transitions, which yield an additional susceptibility

χInter(ω) = χInter
1 (ω) + iχInter

2 (ω) . (2.27)

Thus, the dielectric function in the ultraviolet and visible spectral region becomes

ε(ω) = 1 + χDrude(ω) + χInter(ω) = 1− ne2/ (ε0meff)

ω2 + iγ0ω
+ χInter(ω) . (2.28)
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2.2.3 Free path effect and Drude dielectric function of small metal
clusters

In small metal clusters the cluster surface has a damping effect on the collective electron
oscillations as it limits the mean free path l∞ of the electrons [Kre69, Kre70]. If l∞ becomes
comparable to the cluster size the electrons start to interact with the surface yielding an
additional contribution to the damping constant γ0. Usually, the mean free path of electrons
in bulk metals is comparably large. From data given in [Ehr62] the mean free path of silver
is l∞ = 52 nm at room temperature.
The free path model treats processes that yield damping in bulk material as well as in
clusters such as scattering from phonons, lattice defects and from the cluster surface as
independent. Thus, they add up to the total damping as

γ =
1

τ
=

1

τ∞
+

1

τsurf
=
vF
l∞

+ A · vF
R
, (2.29)

with the Fermi velocity vF and the mean collision times τ∞ and τsurf. The parameter A
includes the electron scattering from the cluster surface [Kre85].
The dielectric function of a metal cluster then becomes

ε(ω,R) = εbulk − εbulkDrude + εdamped
Drude

= εbulk −
(
−ω2

p

)
ω2 + iωγ0

+

(
−ω2

p

)
ω2 + iω (γ0 + AvF/R)

. (2.30)

For good metals with γ0 � ωp in the region of the plasmon resonance the full width at half
maximum then becomes

Γ(R) ≈ Γ0 + A ·
2ω2

p/ω
3
1∣∣∣( dε1

dω

∣∣
ω1

)∣∣∣ · vFR . (2.31)

Γ0 denotes the full width at half maximum for the bulk metal plasmon resonance. Com-
parison between calculated size dependent dielectric functions after (2.30) and A = 1
from literature values for bulk silver and dielectric functions, which were gained through
Kramers-Kronig analysis from spectra taken for Ag clusters in glass [Kre70], shows signifi-
cantly high agreement (figure 2.10).
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2.2 Optical properties of small noble metal clusters

Figure 2.10: Alteration of the dielectric function of silver depending on cluster size [Höv93]. Left:
Gained from extinction measurements through Kramers-Kronig analysis, right: Cal-
culated from equation (2.30) and A = 1 for bulk silver [Kre70].
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2.2.4 The influence of interband transitions

As already mentioned the dielectric function of a metal cluster in the ultraviolet and visible
spectral region does not only consist of the absorption by excitation of collective electron
oscillations but also of interband transitions. The susceptibility of bulk silver interband
transitions χInter can be described using transition matrix elements ~e ·Mif for transitions
from an initial state Ei to a final state Ef and can be found by using Kramers-Kronig
analysis [Bas75, Kra72, Kra76].
In a cluster most of the parameters influencing interband transitions can be altered com-
pared to bulk material. Some of these are:

• Fermi energy and Fermi velocity

• effective mass meff

• transition probabilities Mif

• band structure: occupation and position of the energy levels for initial and final states
Ei, Ef

• surface states

• lattice constant and structure and thus, band structure and density of conduction
electrons

Regarding for example possible changes in the band structure due to size effects one can see
that loss of the long range order as well as changes in the short range order occur yielding
a shift and a broadening of the energy bands [Kra72, Kra76]. Changes in the transition
probabilities Mif can be caused by the high percentage of surface atoms.
In optical measurements performed on silver clusters by Hövel [Höv95] it is visible that the
slope parameter of the interband absorption edge for silver clusters is smaller than for bulk
silver and that the edge is shifted to lower energies. Figure 2.11 shows the influence of
the interband transitions on the dielectric function of silver. The upper part of the figure
shows the real part ε1, the dielectric function of the free electrons εfree1 and the interband
transitions δε1, the lower part depicts the real and the imaginary part of the dielectric
function, ε1 and ε2, respectively. Size dependent changes in the interband transitions may
thus influence the cluster plasmon resonance if there is an overlap of the two absorption
processes.
Not only the size of the cluster can influence the dielectric function, but a similar influence
can be seen regarding temperature effects [Ott61, Kre74]. For higher temperatures the
changes of the dielectric function are comparable to the size dependent changes, which
could be explained by the loss of long range order and the decrease in the mean free path
l∞.
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2.2 Optical properties of small noble metal clusters

Figure 2.11: Influence of the interband transitions on the dielectric function of bulk silver. Top:
Real part ε1 of the dielectric function, εfree1 free electron dielectric function, δε1
interband transitions , bottom: Real and imaginary part of the dielectric function
ε1 and ε2, respectively [Ehr62].
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2.2.5 Chemical interface damping

As already mentioned before, the surface of small metal clusters has a large influence on
their optical properties as can be explained with the free path effect. Another important
aspect is not only the surface as a limit for oscillating conduction electrons but also the
surrounding material such as i.e. an adsorbed layer on the cluster surface or a matrix, in
which the clusters are embedded. Beyond the pure influence of the dielectric function εm
of the surrounding material, the structure of the surface itself has a great impact on the
cluster plasmon excitation. The so-called chemical interface damping will be introduced
in the following section. Additionally, a very brief overview on a quantum mechanical
model introduced by Persson [Per93] will be given, which enables a microscopic view on
the processes.
The experimentally determined full width at half maximum of cluster plasmon resonances
often shows a (1/R) dependence, which can be denoted as

Γexp (R) = Γ0 + a/R , (2.32)

with the bulk limit case Γ0 = limR−→∞ Γ(R) and slope parameter a, which strongly depends
on the surrounding matrix. For realistic metals the slope parameter a becomes

a =
2vFω

2
p/ω

3
1∣∣∣( dε1

dω

∣∣
ω1

)∣∣∣ · A , (2.33)

where vF denotes the Fermi velocity and A is the parameter of the free path effect.
Generally, the prefactor of A depends on ω1 and thus, on the dielectric constant εm of the
surrounding material. But it is not only εm, which influences the width of the plasmon
resonance. At cluster/matrix interfaces an energy transfer can occur, which is a result of
temporary charge-transfer-reactions [Höv93]. This effect, which shows similarities to the
interpretation of the chemical contribution to surface enhanced Raman-scattering [Ott91],
can be explained with a transfer of excited electrons into matrix-cluster-interface energy
states, when they collide with the surface. Thus, a disturbance of the collective oscillation
of the electrons in the conductance band may occur [Per93].
The chemical interface damping can alter the position of the plasmon resonance as well
as the full width at half maximum depending on the size of the cluster. An external
field Φ(~r) = −E0z in quasi-static approximation with ~r in spherical coordinates (r, θ, φ)
becomes

Φ (~r) = −
(

1− R3

r3
ε̃− εm
ε̃+ 2εm

)
rE0cosθ for r > R , (2.34)

Φ (~r) = − 3εm
ε̃+ 2εm

rE0cosθ for r < R . (2.35)

The modified dielectric function ε̃ with correction χs(ω) = χs1(ω) + iχs2(ω) induced by the
interface holds

ε̃(ω) = εcluster(ω) + χs(ω) . (2.36)
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The power P absorbed by the cluster from an external electric field

~E(t) =
1

2
~E0e

−iωt + c.c. (2.37)

in the quasi-static approximation denotes as

P = Pcluster + Ps =
9

2
ε0ωε

2
mV0

∣∣∣ ~E0

∣∣∣2
|ε̃ (ω) + 2εm|2

[
εcluster2 (ω) + χs2 (ω)

]
. (2.38)

The power, which is absorbed additionally parallel to the interface P‖ with N evenly dis-
tributed adsorbate molecules becomes

P‖ =
1

3
NM

ε20ω
4
p

n2e2ω2

∣∣∣∣ 3εm
ε̃ (ω) + 2εm

∣∣∣∣2 ∣∣∣ ~E0

∣∣∣2 · Re {η (ω)} , (2.39)

with the complex friction coefficient η(ω), the mass of the adsorbate molecule M and the
electron density n. The component of the additionally absorbed power perpendicular to
the interface P⊥ can be written as

P⊥ =
N

6
ε0εmω

∣∣∣∣ 3ε̃(ω)

ε̃(ω) + 2εm

∣∣∣∣2 ∣∣∣ ~E0

∣∣∣2 · Im {α⊥(ω)} (2.40)

with the polarizability of the adsorbate α⊥. The absorbed power P‖ and P⊥ can be described
with χ

‖
2 (ω) and χ⊥2 (ω), respectively, which contribute to χs2 (ω) = χ

‖
2 (ω) + χ⊥2 (ω) in

equation (2.38). For more details the reader shall be referred to [Per93, Höv93, Höv95].
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2.2.6 Absorption of ellipsoidal silver clusters

All of the afore presented theories consider the metal clusters spherical, which is in good
agreement with the form of free metal clusters in vacuum. As soon as the clusters are
deposited with high velocity onto a substrate or into a matrix the clusters are deformed. A
second influence on cluster form is a change in the interface energy due to the contact to
the substrate. The result is a partially flattened ellipsoid, which is depicted in figure 2.12.
In quasi-static approximation the dipole moment ~p for an ellipsoid with the three semiaxes

Figure 2.12: Truncated spherical cluster on a substrate. Depicted is the geometry of optical
extinction measurements with polarized light and oblique incidence to determine the
cluster form. a, b, c denote the semiaxes of the ellipsoid, εvac, εsub are the dielectric
constants of vacuum and substrate, respectively. θ describes the incident angle, ~E
is the electrical field vector parallel (‖) and perpendicular (⊥) to the incident plane
[Höv97].

a, b, c in x, y, z direction, respectively, holds

~p =

 px
py
pz

 = ε0εm

 α1 0 0
0 α2 0
0 0 α3

 E0x

E0y

E0z

 , (2.41)

with the incident electric field ~E0 [Boh83]. For an oblate ellipsoid, for which a = b > c, the
polarizabilities α1, α2, α3 in directions of the semiaxes become

αi = 4πabc
ε− εm

3εm + 3Li (ε− εm)
, i ∈ {1, 2, 3} . (2.42)

The geometry factors Li, for which

L1 + L2 + L3 = 1 , (2.43)
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can be written as

L1 = L2 =
g(e)

2e2

[π
2
− arctan g(e)

]
− g2(e)

2

with g(e) =

(
1− e2

e2

)1/2

and e2 = 1− c2

a2

L3 = 1− 2L1 . (2.44)

For the electric field vector ~E0 parallel to one of the three semiaxes the extinction cross-
section holds

σi =
1

L2
i

ω

c0
ε3/2m V0

ε2 (ω)

[ε1 (ω) + (1/Li − 1) εm]2 + ε22 (ω)
, (2.45)

with V0 = (4/3) πabc the volume of the ellipsoid and c0 the vacuum light velocity. This
equation is not very precise since the dielectric function of the surrounding material εm is
different for the part of the cluster in contact with the substrate from the rest of the cluster
surface. For an isotrope effective dielectric function εm, which can be found with

εm = x · εsub + (1− x) εvac , (2.46)

the absorption of an ellipsoidal cluster can be explained with the quasi-static approxima-
tion of the Mie-Gans-Theory [Gan12] (see eq. (2.45)). The parameter x can vary from
x = 0% − 100%, where x = 0% corresponds to a free cluster in vacuum and x = 100%
corresponds to a cluster embedded in a matrix.

In a second step of the determination of optical properties of ellipsoidal clusters a con-
sideration introduced by Yamaguchi et al. will be taken into account [Yam74]. In this
model the influence of the substrate on the polarizability of a cluster can be found by
construction of a mirror dipole, which is positioned in the half space behind the substrate.
Generally, the dipole moment P of non-interacting particles is linked to the polarizability
α with ~P = ε0εm

←→α ~E. The cluster dipole moment can be extended with the mirror dipole
moment P ∗:

P ∗ =
εsub − 1

εsub + 1
P . (2.47)

An external local electric field at the position of the cluster [Höv95] (see section 2.2.5) is
enforced by the field contribution of the mirror dipole, which can be denoted as

E∗‖ =
1

4πε0l3
P ∗ =

1

4πε0l3
εsub − 1

εsub + 1
P , (2.48)

E∗⊥ =
2

4πε0l3
P ∗ =

2

4πε0l3
εsub − 1

εsub + 1
P , (2.49)

where l is the distance between P and P ∗ and ε0 is the permittivity of the vacuum. For
ellipsoidal clusters l accounts for l ≤ 2Rcluster or l ≈ 2 · c with the semiaxis c. An additional
flattening of the rotational oblate ellipsoidal cluster at the area of contact to the substrate
can be included by decreasing l.
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Not only the mirror dipole influences the position of the plasmon resonance but also,
for high filling factors, the beginning electromagnetic coupling of the neighboring clusters.
This can be accounted for by constructing another mirror dipole P ∗∗. With next neighbor
distances much bigger than l (figure 2.13) the mirror dipole moments for a certain cluster
j become

P ∗∗j,‖ = Pj,‖ − P ∗j,‖ =
2

εsub + 1
Pj,‖ , (2.50)

P ∗∗j,⊥ = Pj,⊥ − p∗j,⊥ =
2εsub
εsub + 1

Pj,⊥ . (2.51)

Figure 2.13: Top: Definition of the coordinates rj and θj , bottom: Interaction of the cluster
with its mirror dipole in the substrate and neighboring clusters. Picture taken from
[Hil01].

The effective electric field of the jth cluster at the position of the cluster with the angle θj
between the clusters position vector and the electric field in cylindrical coordinates rj, θj
holds

E∗∗‖ = − 1

4πε0

2

εsub + 1

∑
j

1− 3cos2θj
r3j

Pj,‖ , (2.52)

E∗∗⊥ = − 1

4πε0

2εsub
εsub + 1

∑
j

1

r3j
Pj,⊥ . (2.53)

Thus, the electric field becomes

~E = ~E0 + ~E∗ + ~E∗∗ . (2.54)

Changes in the plasmon resonance due to formation of aggregates of single silver clusters
and particularly the electromagnetic coupling between the clusters have been investigated
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Figure 2.14: Left: Calculated extinction cross-section spectra of aggregates with 5 identical sil-
ver spheres of 2R=40 nm, right: Calculated extinction cross-section spectra of an
icosadeltahedral aggregate of 55 spherical silver clusters with 2R=20 nm compared
to the volume-equivalent sphere with 2Rev=76 nm [Qui11].

for many years. Quinten uses a generalized Mie theory to determine the optical properties
of clusters with interparticle space less than five times the radius of the cluster [Qui11].
Figure 2.14 shows the extinction spectra calculated for aggregates of five spherical silver
clusters in different arrangements and the calculated extinction spectra of 55 single silver
clusters with 2R=20 nm compared to a volume-equivalent sphere and a compact cluster
consisting of 55 spheres.
Directly visible is the fact that the different arrangements of the five silver clusters show
significant alterations in the extinction cross-section spectra compared to a single silver
cluster extinction. Changes in the coordination of the silver spheres yield not only a red
shift in the plasmon energy but also the formation of multiple peaks. These new resonances
mainly occur at lower photon energies since the interband transitions prevent formation of
resonances in higher energy regions [Qui11]. The largest peak splitting occurs for chain-like
silver structures.
The comparison of the extinction cross-section of single silver clusters and an aggregate of
55 silver clusters in the form of an icosadeltahedron shows multiple additional resonances
in lower energy regions.
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2.2.7 The extinction cross-section and the measurand extinction

The interactions of an electromagnetic wave (ωresponse = ωincidence) with a cluster define the
extinction cross-section σext (eq. 2.23). With the absorbed power Pabs and the scattered
power Psca normalized on the incident intensity I0 the extinction cross-section holds

σext = σabs + σsca =
Pabs

I0
+
Psca

I0
. (2.55)

This cross-section denotes the single cluster extinction, which in realistic experimental
conditions can not be determined. For clusters with next neighbor distances rNN > 5R
with the cluster radius R the intensity I(x) can be written as (Lambert-Beer’s law)

I(x) = I0 exp (−ncluster · σext · d) , (2.56)

with a cluster density ncluster in a sample with thickness d. A suitable measurand to
determine the optical cluster properties is the so called extinction, which holds

extinction ≡ − lg
I

I0
, (2.57)

where I0 can be determined by measuring the pure substrate as a reference before cluster
deposition. Thus, with I0 = I(0) and I = I(d)

extinction =
1

ln 10
ncluster · d · σext , (2.58)

the measurand extinction and the extinction cross-section σext are identical except for a
prefactor. To avoid electromagnetic coupling and beginning coalescence, for which the here
shown single cluster extinction does not hold, the effective cluster film thickness for a 2-
dimensional hexagonal close packing has to obey deff < 0.19 ·R, resulting from rNN > 5R.
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2.3 Theoretical approach to inelastic x-ray scattering

This chapter gives a short overview of inelastic x-ray scattering (IXS), for which the double
differential scattering cross-section (DDSCS) will be derived from the principle of x-rays
interacting with matter. Further on, the theory is refined for the resonant case (RIXS),
which is especially suited to investigate electronic excitations. Regarding experimental
methods, RIXS allows one to measure x-ray absorption edges in fluorescence yield. The
subsequent section focuses on an approach to calculate ab-initio the cross-section for a
RIXS experiment. This whole chapter is based on the theoretical description formulated
by Sahle [Sah11] and thus, following Schülke [Sch07].

Figure 2.15: Scheme of a typical x-ray scattering event. X-rays with wave vector K1, energy
~ω1 and polarization vector e1 are scattered by the sample resulting in wave vector
K2, energy ~ω2 and polarization vector e2. The energy ~ω = ~ω1 − ~ω2 and the
momentum ~q=~K1-~K2 are transferred to the scattering system.
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2.3.1 Double differential scattering cross-section

In a typical inelastic scattering experiment a photon of energy ~ω1, wave vector K1 and
polarization (unit) vector e1 impinges upon a target, where it is scattered under an angle
θ into a photon of energy ~ω2, wave vector K2 and polarization vector e2. It excites the
target from an initial state |i〉 with initial energy Ei to a final state |f〉 with final energy Ef.
Following energy conservation with

~ω = Ef − Ei , (2.59)

the energy ~ω ≡ ~ (ω1 − ω2) as well as the momentum ~q ≡ ~ (K1 −K2) are transferred
to the target [Sch07].
In a typical inelastic x-ray scattering experiment the DDSCS is measured at a solid angle
element dΩ2 of the scattering beam as a function of q and ω:

d2σ

dΩ2d~ω2

≡

current of photons scattered into the solid angle element
[Ω2,Ω2 + dΩ2] and into the range of energy [~ω2, ~ω2 + d~ω2]

current density of the incident photons× dΩ2 × d~ω2

. (2.60)

Following Blume [Blu85] and thus Schülke [Sch07], the DDSCS will be derived from basic
principles of the interaction of x-rays with matter. The nonrelativistic Hamiltonian for a
system of j electrons in a quantized electromagnetic field up to the order of (v/c) is given
by:

H =
1

2m

∑
j

(
pj −

e

c
A (rj)

)2
+
∑
jj’

V (rjj’)

− e~
2mc

∑
j

σj · ∇ ×A (rj)−
e~

4m2c2

∑
j

σj · E (rj)×
[
pj −

e

c
A (rj)

]
+
∑
Kλ

~ωK

[
c+ (Kλ) c (Kλ) +

1

2

]
, (2.61)

with the electron mass m, the elementary electric charge e, and the speed of light c. σ
denotes the Pauli spin matrices and c+ (Kλ) and c (Kλ) are the creation and annihilation
operator of the quantized electromagnetic field, respectively. The first term in (2.61) ac-
counts for the kinetic interaction of the electrons in a present electromagnetic field. Here,
pj is the momentum operator of the jth electron and A (rj) the operator of the vector
potential of the electromagnetic field at position rj of the jth electron. The second term
describes the potential energy of the interacting electron system and the third and fourth
term describe the potential energy of the magnetic moment as well as its connection with
the electrons’ spin in the magnetic field of radiation (∇×A) and with (1/c) (v× E), re-
spectively.
In this thesis the magnetic structure of matter is of no further interest. Therefore, the
terms of the Hamiltonian containing the vector potential A as well as the Pauli matrices σ,
i.e. the spin dependent terms, will be omitted. The last term of equation (2.61) describes
the energy of the photon field, namely a summation over all modes of the photon field with
wave vector K and polarization directions λ. After carrying out the square in the first
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term of (2.61) and introducing E = −∇φ − 1/cȦ with the Coulomb potential φ, one can
isolate terms describing the interaction between the photon field and the electron. They
will further on be treated as a small perturbation within perturbation theory and contain
the vector potential explicitly:

H1 =
e2

2mc2

∑
j

A2 (rj) (2.62)

H2 = − e

mc

∑
j

A (rj) · pj . (2.63)

Using Fermi’s golden rule for the here present scattering processes of one and two photons,
the DDSCS is given by

d2σ

dΩ2d~ω2

∝ 2π

~

∣∣∣∣∣〈f |H1| i〉+
∑
n

〈f |H2| n〉 〈n |H2| i〉
Ei − En

∣∣∣∣∣
2

δ (Ei − Ef) . (2.64)

Eq. (2.64) describes two possible excitations: the initial state |i〉 can either be excited
directly into the final state |f〉 or via an intermediate state |n〉. The case for resonant
inelastic scattering will be described in detail in the next section.
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2.3.2 X-ray absorption and resonant case

Resonant inelastic x-ray scattering (RIXS) occurs if the energy of the incident photon ~ω1 ≈
En − Ei. In this case, in the evaluation of (2.64) terms with the resonance denominator
Ei − En − ~ωi become the dominant contribution and the DDSCS can be written as

d2σ

dΩ2d~ω2

=

(r0
m

)2(ω2

ω1

)∑
f

∑
jj’

∑
n

∣∣∣∣∣
〈
f
∣∣e∗2 · pj exp (−iK2 · rj)

∣∣ n〉 〈n ∣∣e1 · pj’ exp (iK1 · rj’)
∣∣ i〉

Ei − En + ~ω1 − iΓn/2

∣∣∣∣∣
2

δ (Ei − Ef + ~ω) , (2.65)

with the classical electron radius r0 = e2

mc2
. Equation (2.65) describes a typical x-ray

absorption process, in which a tightly bound core level electron is coherently excited from
an initial state |i〉 into an intermediate state |n〉 with finite lifetime. After this short time the
electron de-excites into a final state |f〉. If the coherence of the excitation and de-excitation
processes is neglected, the absorption process can be explained as a single-particle process
depicted in figure 2.16.

Figure 2.16: Descriptive visualization of the absorption process in the single-particle picture.

At the beginning of the process there is an incident photon (K1, ~ω1, e1) and a tightly bound
core electron in an initial state ( |i〉). If the energy of the incident photon is higher than
the binding energy of the core level electron, it can be excited into either an unoccupied
bound state or a free photo-electron state, depending on the symmetry of the initial state.
The intermediate state consists of a hole in a deep core state and an electron in a formerly
unoccupied state. Since the intermediate state is not stable, it decays after a finite lifetime
into the final state ( |f〉) by filling the core hole with an electron from a bound state.
Due to conservation of angular momentum the excitation and de-excitation have to obey
selection rules such as the rules for electric dipole transitions with ∆L=±1 for the angular
momentum L.
For absorption processes in the hard x-ray regime the decay is radiative, emitting a photon
of energy ~ω2, wave vector K2 and polarization e2. Here, energy conservation only has to
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be satisfied by the whole resonant scattering process. The excitation from the initial to the
intermediate state does not have to be strictly energy conserving due to its short lifetime
(~/Γn) [Sch07].
In a RIXS experiment the radiation from the target is analyzed for a range of incident
energies to measure the transferred energy ~ω = ~ω1−~ω2. These data can be displayed in
a two-dimensional contour plot, the RIXS plane, which shows the recorded intensity versus
the incident photon energy in one direction and the energy transfer in the other (figure
2.17).

Figure 2.17: Calculated RIXS plane for a process as sketched in Fig. 2.16, ΓK and ΓL,M are the
lifetime broadening of the K shell core hole and the final state (hole in the L or M
shell), respectively. Image taken from [Gla05].

Oftentimes measuring the entire plane is not necessary. Then the intensity of an emission
line can be monitored while scanning the energy of the incident photon across an absorption
edge. The measured total intensity of the emission line is proportional to the absorption
probability of x-rays, thus, it is often called x-ray absorption spectroscopy (XAS). This
partial fluorescence yield (PFY) detection of the XAS (PFY-XAS) can be understood as a
diagonal cut through the RIXS plane with fixed ~ω2. In PFY the DDSCS reduces to

σPFY ∝
∑
n

|〈n |T | i〉|2

×
(

1

(Ei − En + ~ω1)
2 + Γ2

n/4

)(
Γf/π

(En − Ei − ~ω1)
2 + Γ2

f /4

)
, (2.66)

with Ef +~ω2 = En, thus fixing ~ω2 to the maximum of the fluorescence line. The equation
above is a result of replacing the transition operator for excitations in equation (2.65) with
T for simplicity and the energy conserving δ-function by a Lorentzian with full width at
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half maximum Γf to account for the finite lifetime of the final state.
Comparison to the full RIXS equation (2.65) shows that the transition matrix element for
the decay 〈f |T+| n〉 is independent of the incident energy and can thus be removed out of
the summation over n. Due to the fixed ~ω2 the summation over f can be omitted (only one
final state). Since absorption is only possible for suitable unoccupied states |n〉 , equation
(2.66) shows the sensibility of XAS to the unoccupied density of states (uDOS).
To simplify the experimental setup for a XAS experiment even further, the integrated
energy over ~ω2 is monitored. In the so called total fluorescence yield (TFY) detection, the
probability to excite an electron from an initial to an intermediate state is given by

σTFY (ω1) ∝
∑
n

|〈n |T | i〉|2 (Γn/2π)

(En − Ei − ~ω1)
2 + Γ2

n/4
, (2.67)

with T = e1 · r and after replacing the energy conserving δ-function with a Lorentzian
to account for the lifetime of the intermediate state. Although PFY and TFY look very
similar, the fact that the lifetime of the intermediate state ~/Γn is usually smaller than
that of the final state ~/Γf, RIXS measurements provide a higher energy resolution than
transmission or fluorescence XAS.
Regarding the x-ray absorption as a multiple scattering process yields additional informa-
tion on the atomic structure of the investigated target [Reh00]. The form of the absorption
edge is directly correlated to the surrounding of the absorbing atom. In such an experiment
the energy of the incident photon is tuned to measure across a specific absorption edge.
As long as the energy ~ω1 is smaller than the binding energy of the core level electron, no
absorption occurs. By passing the binding energy, a tightly bound electron can be excited
to an unoccupied state. The outgoing photo-electron wave is then backscattered from sur-
rounding atoms causing interference, which modulates the form of the absorption edge. A
sketch of such a multiple scattering event is depicted in figure 2.18.

Figure 2.18: Cartoon of an emerging photo-electron wave that scatters off of neighboring atoms.
Interference of the emerging and backscattered photo-electron wave modulates the
absorption probability. Image taken from [Yan09].

In the region near the absorption edge the kinetic energy of the photo-electrons is small
and multiple scattering is strong. The so called XANES region (x-ray absorption near
edge structure), which extends to a few 10 eV above the absorption edge is thus sensi-
tive to the shape of the scattering potentials, i.e. coordination chemistry, bond length
and bond angles. In the far above region, the so called extended x-ray absorption fine
structure (EXAFS), the photo-electrons have higher kinetic energies and single scattering
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is dominant. Measurements in the EXAFS region yield information on the next neighbor
distances, angles, and coordination numbers [Kon88].
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2.4 Oxidation state and unoccupied density of states

Regarding XANES at transition metal L absorption edges, unoccupied states in the d-band
yield a pronounced so called "white line" at the absorption edge, which is well known to
originate from excitations from a 2p state to md (m=3,4,5) (L2,3-edge) [Miy10].
A sketch of these allowed dipole transitions can be found in figure 2.19. The difference
between the L2 and L3 transitions is the corresponding spin state of the excited electrons,
which is J=1/2 and J=3/2, respectively. Since silver has a closed 4d band there is no

Figure 2.19: Energy level diagram for L-edge (L1, L2, L3) transitions (2s and 2p to 3d) [Yan09].
The L2 and L3 transitions differ only in the spin of the excited electron.

significant white line at the Ag L absorption edges. This changes with the oxidation state
of silver. For oxidic silver(I) compounds the Ag L3 spectra exhibit a prominent white line
at the rising edge, which can be assigned to transitions from 2p states to final 4d states
[Beh92a].
A band structure approach to calculate the XANES spectra for the oxide Ag2O was used
by Czyżyk et al. [Czy89]. Here, the density of states (DOS) was calculated to identify the
spectral features of Ag L-edges measured at Ag2O.
Figure 2.20 shows the split up unoccupied DOS and its tribute to Ag L1 and L3 XANES
spectra of Ag2O. Obeying the dipole selection rules the Ag L1 absorption edge originates
from states deriving from p orbitals (allowed 2s→p transitions) while the L3 spectrum is
composed of transitions to s- and d-like orbitals (allowed 2p→s and 2p→d).
As has already been mentioned above it is highly interesting that the closed d-band struc-
ture of Ag2O seems to be broken and unoccupied states occur in the region of the absorption
edge (black areas in figure 2.20). This also indicates that Ag 4d states are involved in chem-
ical bonding, which can be explained with a hybridization of the 5s orbital with the 4d2

z

orbital as already proposed by Orgel [Org58].
Further investigations on silver oxides with different oxidation states give additional evi-
dence for the existence of the proposed s-d-hybridization [Beh99]. In their presented study
of silver compounds with oxidation numbers up to III all investigated compounds show a
promoted white line in the onset of the Ag L3 absorption edge, which can be attributed
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2.4 Oxidation state and unoccupied density of states

Figure 2.20: Top: XANES spectra of Ag2O a) Ag L1 edge, b) Ag L3 edge. Bottom: Calculated
partial density of unoccupied states for Ag2O with c) f, d) d, e) p, and f) s symmetry
(adapted from [Beh92b]).

unambiguously to dipole-allowed 2p3/2 →4d transitions. The intensity of the peak rises
with increasing oxidation state and degree of covalent bonding and is directly related to
the de-occupation of states derived from Ag 4d orbitals.
The Ag L1 absorption edge measured for different Ag compounds with different oxidation
states shifts to higher absorption energies with increasing oxidation number. This is gen-
erally interpreted as an increase in ionization energy with increasing positive charge on the
atom [Beh99].
Comparison to other transition metals and their oxides such as i.e. copper, which also has
a closed-shell configuration (3d10) and its oxide Cu2O shows a similar behaviour [Hul84].
Here also the pure metal copper does not show a white line feature at the L2,3 absorption
edge while the oxidic compounds such as CuO and Cu2O do.
Thus, XANES spectra of metal L absorption edges provide suitable information on the
oxidation state of the investigated sample and in combination with calculations based on
a band structure approach on the partial unoccupied density of states.
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2.5 Ab-initio calculations of XAS spectra

The analysis of x-ray absorption spectra is challenging. Especially for measurements of
the XANES region the analysis is mostly qualitative by comparison to reference spectra.
A more quantitative approach to interpret the data is simulation from first principles.
Provided that the computational method gives accurate results, this allows direct access
to the structural model of the investigated material. Considering the multiple scattering
processes as origin of the fine structure in XAS, a theoretical approach of multiple scattering
provides a good basis for ab-initio calculations of XAS spectra. The formalism shown
below, which is called real-space multiple scattering (RSMS), is implemented as a routine
in the simulation program package FEFF [Reh10]. Introducing the single-particle Green’s
function G as in

(−1/π) ImG =
∑
f

|f〉 〈f | δ (E − Ef) , (2.68)

Fermi’s golden rule eq. (2.67) for the case of XAS becomes [Ank98]

σ (E) ∝ − 2

π
Im 〈i |e · r′G (r′, r, E) e · r| i〉 . (2.69)

Since the final state |f〉 does not appear in eq. (2.69) the computation is not as challenging
as it would be if the final state in the presence of a screened core hole were to be calculated.
Calculating final states is very time consuming and can thus only be carried out for small
and / or highly symmetrical systems.
The task here is to calculate the one-electron Green’s function G = (E −H + iΓ)−1 with
the effective one-electron Hamiltonian H = H0 +

∑
n vn and the photo-electron energy

E. The Hamiltonian consists of the free electron Hamiltonian H0 and the sum over the
scattering potentials vn of the surrounding atoms n of the absorbing atom within a cluster
of finite size. This accounts for the possibility to use this RSMS formalism to calculate
either periodic or aperiodic structures. In the afore mentioned FEFF implementation these
potentials are approximated by overlapping muffin-tin potentials, which are calculated self
consistently (self consistent field (SCF) method) by iteration of the total electron density,
the potential and the Fermi energy [Reh00].
The amplitude for an electron to propagate from a state |LR〉 into a state |L′R′ 〉, with
the site R and the angular momentum L = (l,m) can be calculated as

G = GC +GSC . (2.70)

Here GC denotes the contribution of the central atom (−1/π) ImGC = δR,R′δL,L′ and GSC

describes the scattering from the surrounding atoms, which is given by the functional Dyson
equation

GSC = G0tG0 +G0tG0tG0 + . . . , (2.71)

using the free propagator G0 and the scattering matrix t summing up over all single scatter-
ing paths (G0tG0), the double scattering paths (G0tG0tG0), etc. For high energies, i.e. the
EXAFS region, this sum usually converges very quickly while for the region, where multiple
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scattering is dominating all scattering paths might necessarily have to be included.
Thus, the full multiple scattering (FMS) has to be calculated using

GSC =
(
1−G0t

)−1
G0, (2.72)

which includes a challenging matrix inversion. Since the mean free path of the photo-
electron around the absorption edge is only around 1-5 Å, only relatively small clusters of
the order 102 have to be taken into account. This will be important for the simulations
presented in section 4.4 and particularly for the calculation of larger clusters.
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3 Experimental setup and methods

This chapter gives an overview of the preparation process that was used to produce all
investigated sample systems as well as a brief introduction of the experimental setups for
optical spectroscopy cluster plasmon resonance measurements and XANES measurements.
The first section introduces the cluster source with its different chambers and pressure
regions followed by a description of the setup for in situ optical transmission spectroscopy
measurements of the freshly prepared samples. In the remainder of this chapter the different
experimental endstations at synchrotron radiation facilities used for the x-ray absorption
near edge spectroscopy measurements performed on the Ag cluster samples will be pre-
sented.

3.1 THECLA

All of the samples investigated in the presented experiments were prepared in a THermal
CLuster Apparatus (THECLA) [Kre98]. The setup of this vacuum cluster source is de-
picted in figure 3.1. In the cluster source silver is indirectly heated and vaporized in a
graphite oven via a tantalum heater (figure 3.2). By adding argon with a partial pressure
of 4.5 bar as an inert carrier gas, which is well known to promote cluster condensation
[Hag81, Sch84], the mean free path of the silver atoms becomes very small so that during
the acceleration through the supersonic nozzle with the smallest diameter of 0.42 mm and
an opening angle of 2α = 10◦ into a region of low pressure numerous collisions take place
and cluster condensation starts.
Collisions between silver and argon atoms function to cool the clusters [Hab92] as conden-
sation heat is transferred to the argon atoms. Calculations show that without the addition
of the carrier gas metal clusters would be liquid [Gsp86].
Having passed the nozzle, the highly intense cluster beam reaches a heated cone-shaped
aperture (namely skimmer), which is suited to cut out the outer regions of the cluster
beam, that contain mostly argon atoms. A large amount of the added carrier gas is already
pumped in this section before passing the skimmer by the installed roots pump. Leaving
the high temperature region of THECLA (approx. 2300 K in the source) the clusters enter
the low temperature region where the rest of the argon is pumped by a cryo pump with
large copper shields so that only the silver clusters are left over to enter the preparation
and measuring chamber.
Having passed the cryo pump, the Ag clusters reach a rotatable aperture, the so called
shutter (figure 3.3). By moving the wedge shaped aperture through the cluster beam it is
possible to vary the amount of clusters to be deposited on a substrate, which can be in-
stalled inside the measuring chamber at one or even both of the depicted sample positions
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Figure 3.1: Scheme of the THermal CLuster Apparatus (THECLA) used to produce Ag clusters
in a supersonic expansion yielding a highly intense cluster beam [Hen09].
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Figure 3.2: Sketch of the cluster source installed in THECLA including the graphite oven and
the conical supersonic nozzle [Höv95].

Figure 3.3: Left: Installed wedge shaped aperture in the rotatable shutter, right: Sketch of the
deposition spot on a substrate with visible coverage gradient and explanatory sketch
of the determination of the cluster coverage relying on the mean coverage as measured
with the oscillating crystal.
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(figure 3.1).
A sample heater consisting of a water cooled halogen lamp, which can be focused on the
sample holder to indirectly heat the substrate prior to deposition, can be installed at the
silica glass window of the first sample position [Lat11].
The wedge shaped form of the aperture yields a coverage gradient, which is depicted in
figure 3.3. By moving the wedge through the cluster beam deposition time alters with the
width of the aperture. The mean deposited amount of clusters can be monitored via an os-
cillating crystal. Usually, two deposition spots with different mean coverage are deposited
onto one substrate. The deposited cluster coverage will further on be denoted as cluster
monolayers (ML) with 1 ML ≈ 1.2 nm for a hexagonal closed packing of clusters with a
mean diameter of 2 nm.
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3.2 Optical spectroscopy

After having prepared the cluster samples, measurements of the cluster plasmon resonances
are performed in situ using optical absorption spectroscopy. Therefore, the light of a
combined halogen and a balanced deep UV deuterium lamp, which provides light in the
spectral range from λ =190 nm to 2500 nm (Avantes AvaLight-DH-S-BAL), is focused by
a quartz lens through a fused silica window onto the sample inside the vacuum chamber.
After having passed the sample, the light is collected by a collimator lens (also fused silica)
and guided through a 25 µm slit into a high UV-sensitive back-thinned optical spectrometer
(Avantes AvaSpec-2048x14) with a resolution of ∆λ =1.4 nm (see figure 3.4). Since the
cluster plasmon resonance of Ag lies in the near UV it is essential to use fused silica glass
windows and lenses, which are light-transmissive in the near UV region. Usual window glass
is not transmissive in the spectral region of interest. To further enhance the sensitivity of the
spectrometer in the near UV region a deep UV coating as well as a UV/VIS collimator lens
are installed inside the spectrometer. The transmitted intensity of the light is monitored
by the spectrometer with respect to the incident intensity. It is directly correlated to the
extinction via equation (2.58). The optical measurements can be used to characterize the
samples with respect to the amount of deposited material as well as to the quality of the
clusters, i.e. electromagnetic coupling or coalescence. Therefore, the sample is moved in
z-direction and spectra are taken in steps of approx. 1 mm to visualize the variation of
the cluster coverage with z. The method for approximating the cluster coverage will be
explained in section 4.1.

Figure 3.4: Experimental setup for optical absorption spectroscopy of the cluster plasmon reso-
nances.
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3.3 X-ray Absorption Near Edges Structure (XANES)
spectroscopy

All x-ray absorption spectroscopy experiments were performed in an energy region around
3 keV. Since the prepared cluster samples consist of only small amounts of clusters it is nec-
essary to utilize a highly intense x-ray beam to get a suitable signal to noise ratio. This kind
of highly intense x-ray radiation with tunable energy is provided by third generation syn-
chrotron radiation facilities like the Dortmunder Elektronen Speicherring Anlage (DELTA),
Dortmund, Germany, and the European Synchrotron Radiation Facility (ESRF), Grenoble,
France. In the following subsections the two endstations BL8 at DELTA, Dortmund, and
ID26 at ESRF, Grenoble, where the experiments were performed, will be described.

3.3.1 BL8 at DELTA, Dortmund

To investigate the electronic and atomic structure of the pre-characterized cluster samples
using XANES spectroscopy, tunable x-ray radiation in the region around the Ag L absorp-
tion edges (energies: L1= 3.805 keV, L2= 3.524 keV, L3= 3.351 keV) is needed [Beh99].
The materials science beamline BL8 at the DELTA storage ring, Dortmund, was designed
to provide x-ray radiation with a maximum flux of 3·109 photons per second in the energy
range between 1 keV and 25 keV using the intense radiation emitted by the superconduct-
ing 5.3 T asymmetric wiggler [Lüt09]. For achieving the energy range needed for the here
presented experiment, a Si(111) monochromator crystal is used.
The monochromatic x-ray beam is then collimated by a slit system and focused by an x-ray
mirror to a size of approx. 1 × 5 mm2 (vertically × horizontally) onto the sample, which is
installed inside a vacuum chamber. Since the investigated amount of material is small it is
necessary to measure the x-ray absorption structure in fluorescence mode. The absorption
cross section is proportional to the detected fluorescence via

σ (E) ∝ If
I0
, (3.1)

with the incident intensity I0 and the fluorescence yield If. To measure in fluorescence
mode the sample is rotated by 45◦ with respect to the incident beam axis (figure 3.5).
At an angle of 90◦ an Amptek XR-100CR fluorescence detector with an energy resolution
of ∆E ≈150 eV is installed to detect the fluorescence radiation emitted by the sample
(TFY). The monitor signal is either detected using an ionization chamber or a gold net.
The advantage of the Au net is a better signal to noise ratio due to a higher x-ray flux
on the sample. With a manipulator in z-direction it is possible to scan positions with
different cluster coverage in the deposited cluster spot. At BL8, DELTA, the data for Ag
L3 absorption edges were taken beginning 60 eV below the onset of the absorption edge
energy (3.351 keV) and scanning up to 80 eV above the absorption edge onset.
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Figure 3.5: Experimental setup for absorption spectroscopy of the Ag L3 edge used at BL8,
DELTA, Dortmund [Sah11].
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Figure 3.6: 5-analyzer-crystal x-ray emission spectrometer with vertical scattering geometry. De-
picted are the focusing Rowland circles [Gla09].

3.3.2 ID26 at ESRF, Grenoble, France

The XAS/XES beamline ID26 at the third generation synchrotron radiation facility ESRF,
Grenoble, France, provides synchrotron radiation in the spectral energy range from 2.4-30
keV [Gau99]. The three mechanically independent undulators yield a flux > 1013 photons
per second at the sample using a Si(111) monochromator. The intensity of the incident
monochromatic x-ray beam is determined using an ionization chamber and measuring the
photo-ion current. The x-ray beam is focused on the sample at an angle of 45◦ with respect
to the beam axis with a size of approx. 0.15 × 0.6 mm2 (vertically × horizontically).
The use of an x-ray emission spectrometer with five analyzer crystals enables an energy
resolution of ∆E ≈ 0.1 eV (PFY). The analyzers are positioned on a vertical Rowland circle
(figure 3.6). Figure 3.7 shows the setup of the experiment with a helium balloon around
the analyzer to reduce scattering from air-molecules. To measure the Ag L1 absorption
edge (3.805 keV) the energy was scanned from 3.795-3.882 keV, for the Ag L2 edge (3.524
keV) the energy range was 3.510-3.600 keV.
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Figure 3.7: Photo of the experimental setup at ID26, ESRF, Grenoble, with the sample sys-
tem installed and the five-analyzer-crystal x-ray emission spectrometer in a helium
balloon to investigate the L absorption edges of Ag clusters in fluorescence mode
(PFY).
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4 Sample system and results

4.1 Sample system

In the following section the different samples investigated in this work will be described.
All of the samples were prepared using the super sonic nozzle expansion in THECLA. The
experiments performed on the samples account for the amount of deposited clusters on the
surface (SiO2 silica glass) or in the matrix (polydimethylsiloxane (PDMS) or SiO2 aerogel).
Thus, it is important to determine an approximated coverage gradient for each investigated
sample. Therefore, the so called dipole sum rule can be utilized to integrate the surface
plasmon resonances with ∫ ∞

0

σ(ω)dω = 2π2 e
2~2

mec
· Z , (4.1)

where ω is the plasmon frequency, me is the electron mass and Z is the number of electrons
in the collective oscillation and thus, directly correlated to the amount of clusters deposited
[Alo05]. By calculating the dipole sums for the data taken in vacuum it is possible to
approximate the cluster coverage for the mean deposited amount of clusters, which was
determined using an oscillating crystal during the deposition (compare figure 3.3).
Having measured the extinction spectra of the coverage wedge (see figure 3.3) in vacuum
the integrated optical absorption is used to determine the cluster coverage corresponding
to the extinction measured at a certain position z. Thereby, the absolute scale is directly
related to the mean coverage as determined by the oscillating crystal and thus, the coverage
at position z can be determined in a linear regression.

4.1.1 Ag clusters on SiO2 silica glass

The first sample system consists of different Ag cluster deposition spots with varying clus-
ter coverage on silica glass (SiO2) substrate. Silica glass is especially suited as substrate
due to its good transmittance in the near UV region, where the plasmon resonance of silver
can be found.
The samples investigated are DO_05 with a coverage gradient of 0.04 - 0.46 cluster mono-
layers (ML) and a coverage gradient of 0.04 - 0.17 ML (see section 3.1 for definition of
ML). The deposition spot with the higher coverage will further on be denoted as "high
coverage", the spot with the lower as "low coverage".
The second sample presented is DO_12, which was heated prior to the cluster deposition
process to remove possible water monolayers from the substrate. The deposited cover-
age gradients are 0.01 - 0.95 ML for the high coverage and 0.05 - 0.35 ML for the low
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Figure 4.1: TEM micrographs of palladium nanoparticles deposited on PMMA: (a) Nominal film
thickness below 1 nm at RT, (b) Nominal film thickness below 1 nm at 95◦C, (c) 60
nm nominal film thickness at RT, (d) 50 nm nominal film thickness at 95◦C [Rav09].

coverage. For both samples optical spectroscopy measurements were taken directly after
the deposition and after venting the vacuum chamber and exposure to air for approx. 60
minutes.

4.1.2 Ag clusters in polydimethylsiloxane (PDMS) on silica glass
(SiO2)

The use of a matrix to embed clusters is a promising approach to achieve a high coverage of
clusters, which are clearly separated. Since on a surface the possible amount of deposited
clusters to gain information on single cluster properties is limited due to electromagnetic
coupling and beginning coalescence two different potential matrix materials were used to
prepare samples with significantly more clusters remaining separated.
The ability to deposit clusters into a PDMS film was found by Ravagnan et. al. They
produced palladium nanoparticles in a supersonic expansion and deposited them onto
poly(methyl methacrylate) (PMMA) [Rav09] and polydimethylsiloxane (PDMS) [Cor11]
films to form thin metal layers on the surface. But additionally to the film formation even
for the much harder PMMA the clusters penetrated the surface (figure 4.1). The expres-
sion nominal film thickness corresponds to the thickness of a film produced with the same
amount of palladium nanoparticles deposited on a MgO substrate.
The formation of metal electrodes in PDMS by deposition of palladium nanoparticles into
PDMS is shown in [Cor11]. Based on these informations for the second sample system thin
PDMS films were produced on SiO2 silica glass substrates.
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Figure 4.2: TEM images of cross-sections of Au/PDMS nanocomposite samples obtained at room
temperature by implanting an equivalent thickness of clusters of 35 nm and 210 nm,
respectively [Cor11].

Figure 4.3: Structural unit of PDMS [Rot09]. The here used PDMS matrices are formed by
chains of this unit, which are then crosslinked using a curing agent to form a network.

Therefore, the commercial elastomer silicone kit "Sylgard R©184" (Dow Corning) was used,
which consists of two compounds namely the Base (silicone oil) and the Curing Agent
(crosslinker). A 10:1 Base:Curing Agent mixture was diluted with n-Hexane and then spin
cast onto the SiO2 sample holders. With this spin casting method it is possible to produce
thin films of a few nanometers up to a few micrometers [Pat06, Lan09].
In the framework of a bachelor’s thesis it was possible to determine the thickness of the
produced PDMS layers using an interferometry method [Sal11]. The investigated samples
DO_10 and DO_11 have PDMS layer thicknesses of (1.2±0.2) µm and (0.5±0.2) µm, re-
spectively.
A descriptive sketch of the structure of PDMS is shown in figure 4.3. The cluster coverage
ranges deposited into the PDMS films are 0.18 - 2.24 ML (high coverage) and 0.10 - 0.41
ML (low coverage) for DO_10 and 0.11 - 1.02 ML (high coverage) and 0.04 - 0.21 ML (low
coverage) for DO_11, respectively.
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4.1.3 Ag clusters in SiO2 aerogel

Another approach to achieve a large amount of separate clusters is to use a so called aerogel
as a matrix, into which the clusters are deposited. An aerogel in general is a highly porous
compound that contains up to 99.98% of air per volume. Since the discovery of aerogel in
the early 1930s by S.S. Kistler [Kis31] interesting properties were found such as the ultralow
thermal conductivity of silica aerogels [Kis34] and different materials were probed such as
i.e. inorganic oxides [Tei76], carbon nanotubes [Bry07] or iron [Lev09].
For optical spectroscopy in transmission mode a highly transparent aerogel is needed. Thus,
SiO2 aerogel was chosen as a matrix material. With a dielectric constant of approx. 1.1
at a density of 0.1 g/cm3 and particle sizes of 2-5 nm as well as pore sizes of 20-50 nm
[Law] possible light scattering in the UV/VIS region is smaller than the total extinction.
By measuring the pure aerogel sample’s extinction before cluster deposition it is possible to
later subtract the extinction resulting from the aerogel from the measured cluster sample
signal (background correction).
The investigated sample DO_14 was planned to be a direct comparison between clusters
of the same coverage deposited on a SiO2 substrate as well as into a SiO2 aerogel. Due to
a problem during the deposition it was not possible to achieve the same coverage gradient
in aerogel as on the SiO2 substrate. The cluster coverage gradients for DO_14 are 0.81 -
1.74 ML (aerogel) and 0.11 - 2.38 ML (SiO2 substrate).
As a second aerogel sample two aerogel "drops" were mounted onto a sample holder and
two different coverage gradients were deposited. These are for sample DO_15 1.60 - 8.34
ML (high coverage) and 1.07 - 3.93 ML (low coverage), respectively.

Figure 4.4: Structure of SiO2 aerogel [Höv95].

60



4 Sample system and results

4.2 Results - Optical spectroscopy

In the following section the results of the optical spectroscopy measurements will be pre-
sented. The outline of a typical optical absorption spectroscopy experiment performed for
this thesis is as follows.
Before the sample preparation the extinctions of the empty substrates (SiO2 silica glass for
DO_12 previously heated, PDMS on SiO2 and SiO2 aerogel) are measured to be able to sub-
tract the background signal from the cluster signal in the sample measurements. Therefore,
the substrates are moved in z-direction through the focused beam of the deuterium-halogen
lamp and transmission spectra are taken approx. every 1 mm (compare section 3.2). As
reference the pure lamp emission spectrum is taken.
As a first step after the deposition process extinction spectra of the deposition spots are
taken in vacuum at the same positions as the background measurements. To achieve a
suitable accuracy the z-position is adjusted using a digital caliper with a step width of
0.1 mm. Multiple reference measurements of the lamp emission spectrum are taken and
averaged to account for possible thermally induced changes over the measurement period.
After these measurements in vacuum (approx. 10−6 mbar) the cryo pump is switched off
and warmed up. At a certain temperature of the cryo cold face the carrier gas argon des-
orbs and has to be pumped away by the remaining pumping stations. To achieve a better
thermal conduction inside the vacuum chamber (to accelerate the warm up process) the
chamber is subsequently filled with argon up to a few mbar.
At room temperature THECLA is vented with air for approx. 60 minutes. Afterwards, the
chamber is pumped again and another data set is taken, which will further on be referred
to as "in air" although the actual measurements are taken at a pressure of approx. 10−5
mbar. These measurements are of great interest not only with respect to future applica-
tions using small noble metal clusters i.e. in miniaturized electric devices, which would
then be exposed to air, but particularly for comparison reasons, since the prepared cluster
samples are transferred to the synchrotron radiation facilities in air to perform XANES
measurements.
Table 4.1 gives an overview of the investigated samples and the important sample proper-
ties.
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Sample name Sample system cluster coverage [ML] high or low coverage
DO_05 SiO2 0.04 - 0.46 high
DO_05 SiO2 0.04 - 0.17 low
DO_10 PDMS 0.18 - 2.24 high
DO_10 PDMS 0.13 - 0.41 low
DO_11 PDMS 0.11 - 1.02 high
DO_11 PDMS 0.04 - 0.21 low
DO_12 SiO2 heated 0.01 - 0.95 high
DO_12 SiO2 heated 0.05 - 0.35 low
DO_14 aerogel 0.81 - 1.74
DO_14 SiO2 0.11 - 2.38
DO_15 aerogel 1.60 - 8.34 high
DO_15 aerogel 1.07 - 3.93 low

Table 4.1: Summary of the investigated samples together with information on the used substrate
or matrix material and the approximated cluster coverage in cluster monolayers [ML].
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4.2.1 Clusters on SiO2 silica glass

Deposition of noble metal clusters with a mean diameter of approx. 2 nm on the surface of
a substrate such as SiO2 silica glass yields separate almost spherical clusters for coverage
<0.1 cluster monolayers. For coverage of approx. 0.1 ML and above, for which the cluster
distances are smaller than 5R, the clusters start to couple electromagnetically and for even
higher coverage coalescence sets in and the clusters form larger islands. As sketched in fig-
ure 4.5 the axial ratio of the clusters c/a = x stays stable for coverage below 0.1 ML. Here
c and a denote the short and long semiaxes of a rotational ellipsoid, respectively. Above
this limit the clusters start to coalesce yielding a change of the axial ratio c/a < x. This is
different for metal islands grown by metal evaporation - here the axial ratio continuously
varies with coverage [Yos71]. The changing axial ratio can be seen as a shift of the plasmon
resonances in the extinction spectra of the clusters. Hubenthal [Hub09] has recently shown
that the form and thus the axial ratio of a rotational ellipsoidal cluster on a substrate can
be tuned by intense laser irradiation resulting in the shift of the cluster plasmon resonance
(figure 4.6).
Figures 4.7 and 4.9 show extinction spectra taken at low coverage of sample DO_05 in
vacuum and after 60 minutes exposure to air, respectively. For this lower coverage there is
a visible but small red shift of the plasmon resonance energy with increasing coverage. This
can be attributed to beginning electromagnetic coupling above 0.1 ML as well as changes
in the axial ratio of the clusters. In addition to the coverage dependent shift of the cluster
plasmon resonance there is a visible shift to lower energies after exposure to air.
Comparison to the high coverage of DO_05, which is shown in figures 4.8 (vacuum) and
4.10 (after 60 minutes exposure to air) confirms the trend already seen for the low coverage.

Taking a closer look at the position of the maximum energy of the plasmon resonances,
there is a clearly visible shift to lower energies with increasing cluster coverage, which has
already been reported before for similar experiments [Höv95, Hen09]. Comparison between
the two datasets taken at the same sample positions shows an additional shift to lower
energies as well as a reduction in the intensity of the cluster plasmon after exposure to air.
This shift can be explained with formation of an adsorption layer on the cluster surface,
which results in the change of the dielectric function εm. A different εm may also lead to
changes in the plasmon damping.
Another influence is chemical interface damping, which can occur for interface electronic
states of the cluster and an adsorbate [Höv93]. It is also possible that the clusters are
slightly deformed by the formation of an adsorbate layer resulting in a change of the axial
ratio and thus, in a change of the plasmon resonance energies [Yan92].
For the preparation of the second sample DO_12 with Ag clusters on SiO2 the silica glass
substrate was heated prior to the deposition to desorb possible water monolayers from the
surface [Lat11] and then the clusters were deposited as explained before. Figures 4.11 and
4.13 show the extinction spectra for the low coverage in vacuum and after exposure to air,
respectively. The measured extinction spectra for the high coverage are shown in figure
4.12 (in vacuum) and in figure 4.14 (after exposure to air). Similar coverage dependent
changes in the peak positions are visible as for DO_05.
A comparison between the peak positions of the high and low coverage of DO_05 and
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Figure 4.5: Scheme of cluster coalescence, which sets in at a coverage of approx. 0.1 ML.

Figure 4.6: Schematic of a silver nanoparticle with different axial ratios on a substrate and
calculated extinction spectra [Hub09]. For s-polarized light (as utilized in this thesis)
only the (1,1) mode can be excited. Clearly visible is the shift of the plasmon
resonance to lower energies with decreasing axial ratio.
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Figure 4.7: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_05 (on SiO2 silica glass) in vacuum.

Figure 4.8: Cluster plasmon resonances measured with optical spectroscopy for high coverage at
sample DO_05 (on SiO2 silica glass) in vacuum.
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Figure 4.9: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_05 (on SiO2 silica glass) after exposure to air.

Figure 4.10: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_05 (on SiO2 silica glass) after exposure to air.
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Figure 4.11: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_12 (previously heated, on SiO2 silica glass) in vacuum.

Figure 4.12: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_12 (previously heated, on SiO2 silica glass) in vacuum.
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Figure 4.13: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_12 (previously heated, on SiO2 silica glass) after exposure to air.

Figure 4.14: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_12 (previously heated, on SiO2 silica glass) after exposure to air.
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Figure 4.15: Left: Peak positions of DO_05 (on SiO2 silica glass), right: Peak positions of
DO_12 (on SiO2 silica glass)

Figure 4.16: Peak positions shifts of DO_05 and DO_12 (on SiO2 silica glass) after exposure to
air.
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DO_12 is shown in figure 4.15.
There is a significant offset between the energies of DO_05 and DO_12 in particular after
exposure to air while the positions of the high and low coverage of one sample (DO_05 or
DO_12, respectively) are similar for similar coverage.
An even better overview of the peak position changes after exposure to air gives figure
4.16. It is clearly visible, that the shift to smaller energies after exposure to air of DO_12
with a maximum of ∆E12max ≈0.32 eV for the lowest coverage is much larger than that of
DO_05, for which the maximum shift at the lowest coverage is ∆E05max ≈0.23 eV. This
hints on the existence of water monolayers on the SiO2 substrate of DO_05, into which
the clusters were deposited.
This partly water embedding yields not only a slight difference in the resonance position
due to a change in the dielectric function of the environment εm and a change in the axial
ratio of the ellipsoidal clusters, but could also protect the clusters against outer influences.
This protection can be an explanation for the slightly higher energies of the plasmon res-
onances of DO_05 measured in vacuum compared to the peak positions of DO_12 (see
figure 4.15) and results in a smaller peak shift after exposure to air.
Regarding the absolute positions of the plasmon resonances it is noticeable that for DO_05
the plasmon resonance energy is pretty stable for coverage <0.2 ML after exposure to air
(figure 4.15). Although an overall offset of the resonances can be seen between the two
deposition spots even for similar cluster monolayers, the gradient looks alike.
The two deposition spots of DO_12 are in even better agreement than the DO_05 reso-
nances. Other than for sample DO_05 the cluster plasmon energies of the low and high
coverage are in good agreement particularly in the region around 0.1 ML and below.
This difference could be explained with locally inhomogeneous water layers on the not
heated SiO2 substrate of DO_05, into which the clusters were deposited during the prepa-
ration in comparison to the previously heated substrate for DO_12. Such inhomogeneities
could lead to an energy shift due to different effective dielectric functions of the cluster
environment εm. This could then be a result of differently separated or partly coupling
clusters. In that sense the heated substrate of DO_12 is a more well-defined sample sys-
tem. The peak shift from vacuum to the measurements after exposure to air depends on the
cluster coverage. For coverage below 0.2 ML the shift decreases with increasing coverage
while above 0.2 ML the shift reaches an almost stable value of ∆EDO_05 = (0.075± 0.004)
eV and ∆EDO_12 = (0.194± 0.005) eV, respectively. Here, it is remarkable that for the
heated sample the shift stays comparably larger even for high cluster coverage than for the
not heated sample DO_05.

After having discussed the energy position of the cluster plasmon resonance the full width
at half maximum (FWHM) of the plasmon resonance will be discussed. Therefore, the
FWHM is calculated by determining the half maximum of the lower energy flank of the
measured extinction and doubling the half width (measured only for the lower energy half
of the peak) at half maximum. Thus, the influence of interband transitions on the FWHM,
which affect the form of the high energy flank of the extinction, is suppressed for the further
investigations.
As has been mentioned before, the full width at half maximum (FWHM) of the measured
extinction is directly influenced by the so called chemical interface damping (compare sec-
tion 2.2.5). The calculated FWHM of the extinction spectra of DO_05 and DO_12 are
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shown in figure 4.17. A remarkable trend can be seen for sample DO_12, for which the
FWHM of the sample measured in vacuum increases with increasing cluster coverage while
for DO_05 the width decreases with increasing coverage. This hints on a pronounced sur-
face wetting of the previously heated SiO2 substrate with the deposited silver and thus, with
an increase of the contact area and the influence of the substrate’s εm [Hil01]. Combined
with the slight rise of the extinction in the low energy region with increasing coverage the
increase of the FWHM for sample DO_12 could well be a sign for larger coupled cluster
agglomerates on the surface. Nevertheless, this should be investigated further. For the
samples measured after exposure to air the FWHM stays almost stable for DO_12 while
for DO_05 the width decreases with increasing cluster coverage.
A comparison between the FWHM of DO_05 and DO_12 in vacuum and after exposure
to air can be found in figure 4.18. Here is ∆Γ = Γair − Γvac, which makes it clearly visible
that for both samples the exposure to air results in an increase of the full width at half
maximum. The difference decreases with increasing cluster coverage for both investigated
samples but for the previously heated sample DO_12 the data of the two deposition spots
are in better agreement than the data of DO_05. Regarding the lowest coverage of DO_05
the change in the width seems to be overestimated compared to the results for higher cov-
erage. This could be an effect resulting from background signals in the lower energy flank,
which tend to broaden the spectra but have no physical meaning (see low signal in low en-
ergy regime in figure 4.9). Assuming there is no background problem in the determination
of the FWHM the pronounced change in the width could hint on a highly disproportionate
reduction of the silver "core" underneath the adsorption layer and thus a decrease in the
number of oscillating electrons.
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Figure 4.17: Left: Full width at half maximum Γ of DO_05 (on SiO2 silica glass) in vacuum
and after exposure to air, right: Full width at half maximum Γ of DO_12 (on SiO2

silica glass) in vacuum and after exposure to air. Please notice the different scales
on the y-axes.

Figure 4.18: Change of the full width at half maximum from DO_05 and DO_12 (on SiO2 silica
glass) after exposure to air.
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4.2.2 Clusters in PDMS on SiO2 silica glass

The second sample system investigated is Ag clusters deposited into a polydimethylsilox-
ane (PDMS) film that was previously prepared on a SiO2 substrate using spin cast. The
purpose of the PDMS is to keep the clusters separated even for higher coverage than on
the surface of a SiO2 substrate.
Figures 4.19 and 4.22 show the extinctions measured in vacuum at the low coverage of sam-
ples DO_10 and DO_11, respectively. The first remarkable difference to the extinctions
measured on the samples on SiO2 substrates is a smaller shift to lower energies. While the
peak position of the cluster plasmons measured on sample DO_12 for coverage between
0.04 - 0.25 ML shifts approx. 0.21 eV, the energy in a comparable interval of coverage for
DO_11 changes only approx. 0.10 eV. This is a clear sign for a better separation of the
clusters in the PDMS matrix in a range up to 0.25 ML.
The pronounced second peak, which is visible in the extinction spectra of the low coverage
of DO_11 (see figure 4.22) could be a sign for a possible formation of larger particles on
the PDMS surface (see figure 4.2). Another possible explanation is the formation of larger
particles on the interface between PDMS and SiO2 substrate. It is possible that a part
of the deposited clusters was able to reach the bottom of the PDMS layer and started to
nucleate on the SiO2 surface. The reason why such a double peak is visible for DO_11 but
not for DO_10 would then be the fact, that the PDMS layer of sample DO_11 is with
(0.5±0.2) µm only half as thick as the layer on DO_10, which is (1.2±0.2) µm.
An additional fact that has to be accounted for is the effective dielectric function at the
PDMS-SiO2 interface, which is a mixture of the dielectric function of PDMS εPDMS = 2.65
and the dielectric function of silica glass εSiO2 = 1.45.
Recent unpublished experiments performed by D. Engemann (TU Dortmund) of clusters
in a PDMS film of 30 µm also show a double peak structure similar to the features seen in
figure 4.22 making this explanation less probable. Another influence can be a change of the
axial ratio of clusters on the PDMS surface or at the PDSM-SiO2 interface, which yields
an energy shift as has been previously explained by Hövel [Höv97] and Hubenthal [Hub09].
Thus, the superposition of the two extinction maxima could be the result of nearly spher-
ical clusters inside the PDMS layer and deformed clusters on the PDMS surface or at the
PDMS-SiO2 interface.
Figures 4.20 and 4.23 show the extinctions measured in vacuum at the high coverage of
DO_10 and DO_11, respectively. It is clearly visible, that there is a pronounced red shift
of the plasmon resonances with increasing cluster coverage, which is similar to the red shift
on silica glass.

Regarding the total energies of the plasmon resonances there is a shift to lower energies
after exposure to air. The extinction spectra taken after exposure to air can be seen in
figure 4.21 for the high coverage of DO_10 and 4.24 and 4.25 for the low and high coverage
of DO_11, respectively. A better overview on the peak positions of the plasmon resonances
gives figure 4.26. Clearly visible is that for similar coverage below 0.5 ML the plasmon en-
ergy of sample DO_11 is higher than for DO_10. For both samples the peak positions of
the low and high coverage fit very well. Regarding the additional peak shift resulting from
exposure to air for both investigated samples the shift decreases with increasing cluster
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coverage. This is in good agreement with the findings for clusters on SiO2 silica glass.
A comparison between the peak shifts of both investigated PDMS samples after exposure
to air is given in figure 4.27. Despite the visible difference in total peak position of the
plasmon resonances for low coverage the energy shift after exposure to air looks very similar
for the compared samples Do_10 and DO_11. Thus, the influence of an adsorption layer
on the clusters’ surface seems to be independent of the layer thickness, especially for lower
coverage.
Other than for clusters on SiO2 silica glass the peak changes do not seem to reach a stable
value for higher coverage but decrease with increasing coverage. For sample DO_10 the
maximum shift for low coverage amounts to ∆E10max ≈0.31 eV and for sample DO_11 to
∆E11max ≈0.32 eV, which is in very good agreement and thus, comparable to the maximum
shift of the previously heated sample DO_12 with Ag clusters on SiO2. For the highest
coverage of approx. 2.24 ML the energy shift after exposure to air of DO_10 amounts
to ∆E10 ≈0.06 eV and for the highest coverage of approx. 1.02 ML the shift for DO_11
reaches as value of ∆E11 ≈0.09 eV.

The full width at half maximum (FWHM) of the investigated samples in PDMS are shown
in figure 4.28 and their changes after exposure to air can be found in figure 4.29. It is
visible that for both samples the FWHM first decreases with increasing coverage up to a
coverage of approx. 0.5 ML for DO_10 and approx. 0.3 ML for DO_11.
Above this threshold the FWHM increases with increasing cluster coverage. Especially the
behavior in the region of low coverage is different from the previously investigated sample
system clusters on SiO2 silica glass (compare section 4.2.1).
Due to the afore mentioned problems with changes of the axial ratio of parts of the de-
posited clusters on the PDMS surface or at the PDMS-SiO2 interface or even beginning
coalescence the FWHM of the low coverage in particular is not really reliable. This is a
subject, which has to be investigated further.
For both investigated samples the exposure to air yields an increase in FWHM. The value
of the increase decreases for higher coverage, which is the same behavior as already seen
for clusters on SiO2 silica glass.

74



4 Sample system and results

Figure 4.19: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_10 (in PDMS) in vacuum.

Figure 4.20: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_10 (in PDMS) in vacuum.
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Figure 4.21: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_10 (in PDMS) after exposure to air.

Figure 4.22: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_11 (in PDMS) in vacuum.
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Figure 4.23: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_11 (in PDMS) in vacuum.

Figure 4.24: Cluster plasmon resonances measured with optical spectroscopy for low coverage at
sample DO_11 (in PDMS) after exposure to air.
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Figure 4.25: Cluster plasmon resonances measured with optical spectroscopy for high coverage
at sample DO_11 (in PDMS) after exposure to air.

Figure 4.26: Left: Peak positions of DO_10 (in PDMS), right: Peak positions of DO_11 (in
PDMS)
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Figure 4.27: Shifts of the plasmon resonances of samples DO_10 and DO_11 (in PDMS) after
exposure to air.

Figure 4.28: Left: Full width at half maximum Γ of DO_10 (in PDMS) in vacuum and after
exposure to air, right: Full width at half maximum Γ of DO_11 (in PDMS) in
vacuum and after exposure to air. Please notice the different scales on the y-axes.
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Figure 4.29: Change of the full width at half maximum from DO_10 and DO_11 (in PDMS)
after exposure to air.
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4.2.3 Clusters in SiO2 aerogel

Another matrix material, which was used in the frame of this work is SiO2 aerogel. As a
first sample with this material DO_14 was prepared by depositing a certain cluster cover-
age into a SiO2 aerogel "drops" (diameter ≈ 20 mm, height ≈ 5 mm) and the same coverage
on a SiO2 silica glass surface.
Thus, it is possible to directly compare the effects of electromagnetic coupling and begin-
ning coalescence on the substrate and in the aerogel network.
Figures 4.30 and 4.31 show the plasmon resonances measured in vacuum at the aerogel de-
position spot and the SiO2 deposition spot, respectively. Since there was a problem during
the deposition of the clusters it was not possible to achieve similar coverage for the two
deposition spots. Despite these circumstances it is clearly visible that the total plasmon
energy is much higher for the DO_14 aerogel sample (around 3.3 eV) than for the SiO2

silica glass sample (maximum around 3 eV for lowest coverage).

Although impurities in the aerogel caused deformations of the spectra (see e.g. black
curve for 1.74 ML in figure 4.30) the total plasmon energy stays almost stable up to a
coverage of approx. 1.74 ML in the SiO2 aerogel, while the clusters on SiO2 silica glass
show the well known behavior of electromagnetic coupling and beginning coalescence above
a coverage of approx. 0.1 ML (compare section 4.2.1). There is a pronounced red shift of
the plasmon resonances for the clusters on SiO2 silica glass of DO_14.
The cluster plasmon resonances measured at the same clusters of sample DO_14 after ex-
posure to air are given in figures 4.32 and 4.33 for clusters in SiO2 aerogel and on SiO2 silica
glass, respectively. There is a broadening of the spectra taken for the clusters embedded
in SiO2 aerogel. The cluster plasmon resonances measured for the clusters on SiO2 silica
glass after exposure to air look very similar to the spectra taken in vacuum. This will be
discussed in detail later in this section.
As a second sample DO_15 was prepared with two deposition spots of Ag clusters in SiO2

aerogel with different cluster coverage. Plasmon resonances measured in vacuum at DO_15
are shown in figures 4.34 and 4.35 for low coverage and high coverage, respectively.
As can be seen at the low coverage the cluster plasmon resonance energy stays almost
stable at energies around 3.5 eV up to a coverage of approx. 3.93 ML. This hints on a good
separation of the clusters in the aerogel matrix.
For even higher coverage (figure 4.35) the energy stays stable as well, but there is an in-
crease in the extinction at the low energy flank of the plasmon resonance. This increase
and thus, the broadening of the resonance, hints on the formation of islands and is a result
of the transition to a conducting metal film. For coverage above 7 ML the height of the
extinction does not further increase.
The visible structure in the energy range between 2.8 - 3.2 eV is an artifact of a spectral
shift of the combined deuterium halogen lamp due to generation of heat and thus, no fea-
ture of the cluster plasmon resonance.
Figures 4.36 and 4.37 show the extinction spectra measured for DO_15 after exposure to
air at the low coverage and high coverage, respectively. For both deposition spots there is a
pronounced broadening of the spectra, which can be a result of chemical interface damping
due to the formation of an adsorption layer on the clusters’ surface.
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Figure 4.30: Cluster plasmon resonances in SiO2 aerogel measured with optical spectroscopy at
sample DO_14 in vacuum.

Figure 4.31: Cluster plasmon resonances on SiO2 silica glass measured with optical spectroscopy
at sample DO_14 in vacuum.
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Figure 4.32: Cluster plasmon resonances in SiO2 aerogel measured with optical spectroscopy at
sample DO_14 after exposure to air.

Figure 4.33: Cluster plasmon resonances on SiO2 silica glass measured with optical spectroscopy
at sample DO_14 after exposure to air.
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Figure 4.34: Cluster plasmon resonances in SiO2 aerogel measured with optical spectroscopy at
low coverage of sample DO_15 in vacuum.

Figure 4.35: Cluster plasmon resonances in SiO2 aerogel measured with optical spectroscopy at
high coverage of sample DO_15 in vacuum.
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Figure 4.38 shows the plasmon energy peak positions for the investigated samples DO_14
and DO_15 in vacuum and after exposure to air.
Regarding DO_14 first and particularly the Ag clusters on SiO2 silica glass, there is a
remarkable difference to the afore discussed samples DO_05 and DO_12 with clusters on
SiO2 silica glass. Here, the cluster plasmon resonances of clusters of sample DO_14 exhibit
almost no red shift after exposure to air. In both cases the plasmon resonance decreases
with increasing cluster coverage starting around 3.0 eV for the lowest coverage of approx.
0.11 ML and ending with 2.5 eV for approx. 2.38 ML.
The optical absorption spectra of the Ag clusters deposited into the SiO2 aerogel exhibit
clearly visible deformations originating from impurities in the aerogel (compare figure 4.30).
Though, remarkably, the plasmon energy lies around 3.3 eV in vacuum and around 3.15 eV
after exposure to air hinting on good cluster separation in the aerogel matrix.
For sample DO_15 the low coverage in vacuum shows the highest plasmon energy around
3.34 eV with only slight changes. The higher coverage shows an unstable behavior with
slight fluctuations around 3.25 eV. The highest coverage above a threshold of approx. 7 ML
there is a visible decrease in the plasmon resonance energy. This decrease can be explained
with the pronounced development of bulk-like properties and thus, difficulties to determine
the peak position (compare figure 4.35).
Figure 4.39 shows the changes of the peak positions after exposure to air. Here, it is clearly
visible that the clusters on SiO2 silica glass of DO_14 show no significant shift after expo-
sure to air. This is in total disagreement to the findings not only on previously discussed
samples DO_05 and DO_12 but also with findings reported by Hövel [Höv93, Hen09].
This behavior can not be explained by any of the afore mentioned mechanisms. It could
be a result of problems with the determination of the position on the sample during the
optical measurements. Problems with the digital caliper, with which the z-positions on the
sample can be precisely determined (compare section 4.2), yielded the necessity to recon-
struct the z-positions. Possible errors in the reconstruction could thus be the origin of this
odd behavior.
The peak positions of sample DO_15 show a mean peak shift after exposure to air of
∆E15high = (0.08± 0.02) eV for the high coverage and a mean peak shift of ∆E15low =
(0.167± 0.005) eV for the low coverage. The shift of the low coverage is thus only half
the value of the peak shift determined for the lowest coverage of clusters in PDMS (com-
pare section 4.2.2) hinting on a better shielding of the clusters against the formation of an
adsorbate layer during exposure to air.
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Figure 4.36: Cluster plasmon resonances in SiO2 aerogel measured with optical spectroscopy at
low coverage of sample DO_15 after exposure to air.

Figure 4.37: Cluster plasmon resonances in SiO2 aerogel measured with optical spectroscopy at
high coverage of sample DO_15 after exposure to air.
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Figure 4.38: Left: Peak positions of DO_14 (in SiO2 aerogel and on SiO2 silica glass), right:
Peak positions of DO_15 (in SiO2 aerogel)

Figure 4.39: Shifts of the plasmon resonances of samples DO_14 (in SiO2 aerogel and on SiO2

silica glass) and DO_15 (in SiO2 aerogel) after exposure to air.

87



4.2 Results - Optical spectroscopy

4.2.4 Conclusions

Optical spectroscopy measurements of the plasmon resonance energy of Ag clusters on SiO2

silica glass, in polydimethylsiloxane (PDMS) and in SiO2 aerogel were presented in the last
sections.
The data taken for sample DO_05, for which Ag clusters were deposited onto a SiO2 silica
glass substrate, show a pronounced red shift of the plasmon energy with increasing cluster
coverage above 0.1 ML. This red shift is a well known consequence of electromagnetic cou-
pling and for higher coverage the beginning cluster coalescence with a change of the axial
ratio of the oblate clusters [Höv95].
Sample DO_12, which was heated prior to depositing Ag clusters onto SiO2 silica glass to
clean the surface from water monolayers, shows a similar behavior with increasing cluster
coverage. As has been mentioned before, this is exactly the effect to be found for cluster
distances smaller than 5R.
Comparison between the optical spectra taken in vacuum and after 60 minutes exposure
to air reveals an additional red shift for both investigated samples. This additional shift
can be explained with a change of the dielectric function εm of the surrounding material.
Here it is clearly visible, that the cluster plasmon energies of the Ag clusters on the previ-
ously heated sample DO_12 move to significantly lower energies than for sample DO_05
(∆E12max ≈, 0.32 eV and ∆E05max ≈ 0.23 eV for the lowest coverage of both samples, see
figure 4.16). This could be the result of partial embedding of the Ag clusters of sample
DO_05 in a water matrix. Thus, the clusters are protected from the influence of the en-
vironment, in particular they are shielded against the air while the clusters are exposed
to air for a period of 60 minutes, yielding a suppressed adsorption on the cluster surface
compared to the clusters on the clean substrate (DO_12). The pronounced adsorption is
thus the origin of the larger energy shift.
The additional energy shift after exposure to air decreases with increasing cluster cover-
age for both investigated samples and reaches an almost stable value above 0.2 ML of
∆EDO_05 = (0.075± 0.004) eV and ∆EDO_12 = (0.194± 0.005) eV, respectively.

The cluster plasmon resonance energies measured for samples DO_10 and DO_11 with
Ag clusters deposited into a polydimethysiloxane (PDMS) matrix exhibit a smaller shift
to lower energies with increasing cluster coverage than the previously discussed clusters
on a SiO2 substrate. This smaller peak shift is a first hint on a better separation of the
clusters in the PDMS matrix compared to clusters on a flat surface such as SiO2 silica
glass. Another influence on the position of the cluster plasmon energy is the axial ratio of
the investigated clusters [Höv97, Hub09].
The extinction spectra of DO_11 show a pronounced double peak structure (compare fig-
ure 4.22), which could be the result of fairly separated clusters inside the PDMS matrix
and beginning coalescence of Ag clusters on the PDMS surface or at the interface of the
PDMS and the SiO2 substrate. Another aspect, which has to be accounted for, is the fact
that the clusters experience an effective dielectric function εm of the surrounding material,
which is a combination of PDMS (εPDMS=2.65) and silica glass (εSiO2=3.75) or PDMS and
vacuum. Thus, the influence of εm alters from the clusters on SiO2 silica glass.
The resulting different axial ratios of the clusters inside the matrix, which are expected to
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be nearly spherical, and on the surface could also be the source of the superposition of two
extinction peaks.
Since the PDMS layers for the samples DO_10 and DO_11 have different layer thickness
((1.2±0.2)µm for DO_10 and (0.5±0.2)µm for DO_11) one could have expected differences
in the additional red shift of the plasmon energy after exposure to air. But there are no
significant differences with a maximum peak shift for lowest coverage of ∆E10max ≈ 0.31 eV
and ∆E11max ≈ 0.32 eV for samples DO_10 and DO_11, respectively (figure 4.27). Com-
pared to the samples on SiO2 silica glass DO_05 and DO_12, the energy change does not
reach a stable value for the Ag clusters in PDMS as seen for the clusters on the SiO2 surface.

Ag clusters deposited into SiO2 aerogel (samples DO_14 and DO_15) are expected to
be even better separated for higher coverage than clusters in PDMS. Comparison between
the extinction spectra of clusters in SiO2 aerogel and on SiO2 silica glass shows significant
differences. In SiO2 aerogel, the plasmon energy is positioned around approx. 3.3 eV and
stays almost stable up to a coverage of approx. 1.74 ML, while for the clusters on SiO2

silica glass a pronounced red shift can be seen for similar coverage (sample DO_14, figures
4.30 and 4.31, respectively) with a decrease of the plasmon energy from around 3.0 eV to
2.5 eV for the highest coverage of approx. 2.38 ML.
After exposure to air the cluster plasmon resonances measured for the clusters in SiO2

aerogel are visibly broadened and the peak maximum is shifted to approx. 3.15 eV.
For the second sample DO_15 Ag clusters of even higher coverage were deposited into SiO2

aerogel. Here, the plasmon energy stays pretty stable around 3.5 eV up to a coverage of
approx. 3.93 ML (figure 4.34). For coverage above 4 ML the peak maximum stays stable as
well, but there is a pronounced rise in the extinction at the low energy flank of the plasmon
resonance (figure 4.35), which originates from the transition to a conducting metal film
(compare figure 2.9).
After exposure to air the cluster plasmon resonance is positioned around 3.34 eV for the low
coverage and around 3.25 eV for the high coverage. This stability of the plasmon energy
with differing cluster coverage hints on a fairly good cluster separation up to very high
coverage.

The full width at half maximum (FWHM) of the extinction spectra is directly influenced
by chemical interface damping. For the samples with Ag clusters on SiO2 silica glass an
increase of the FWHM after exposure to air can be seen for both samples (DO_05 and
DO_12, figure 4.18). With increasing cluster coverage the influence of the chemical inter-
face damping decreases. Thus, the change in the FWHM decreases with increasing cluster
coverage.
The full width at half maximum of the extinction measured for clusters in PDMS (samples
DO_10 and DO_11) decreases with increasing coverage (figure 4.28). But, other than
for the clusters on SiO2 silica glass, it increases again above a particular threshold, which
seems to depend on the PDMS layer thickness. This could be a result of the superposition
of clusters with different ratio and has to be investigated further to determine the origin of
the double peak structure. For both investigated samples exposure to air yields an increase
of the FWHM (figure 4.29).
For the investigated SiO2 aerogel samples the determination of the FWHM is difficult due
to impurities resulting in deformed extinction spectra for sample DO_14 (figure 4.30) and
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the transition to a conducting metal for high coverage of sample DO_15 resulting in a
pronounced increase of the extinction in the region of the low energy flank. Thus, it should
only be stated that a slight broadening of the spectra taken for Ag clusters in SiO2 aerogel
after exposure to air is visible and subject to further investigations.
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4.3 Results - X-ray Absorption Near Edge Structure
Spectroscopy (XANES)

X-ray absorption near edge structure spectroscopy provides interesting information in par-
ticular on the electronic structure and the oxidation state of the element under investigation.
Due to the element specific absorption it is well suited to determine whether there is an
oxide forming at the surface of the cluster or not. An oxide formation could explain the
additional red shift of the cluster plasmon resonances after exposure to air as previously
explained in section 4.2. The samples investigated in the framework of this thesis are very
dilute due to the fact that the point of interest is the electronic structure of well separated
clusters. Thus, on a SiO2 silica glass substrate only cluster coverage up to approx. 0.1 ML
yields the absorption spectra of separate small clusters.
In the following sections all presented x-ray absorption spectra are convolved with a Gaus-
sian function with a FWHM of 1 eV. In the diploma thesis of Kamil Latussek could be
shown, that the errors originating from such a convolution are negligible [Lat11]. Addition-
ally, the shown errorbars function as an instrument to determine "true" structural features
in the spectra (since they could also well be a result of the convolution).

4.3.1 Proof of principles and Ag L3 absorption edge

In very first measurements at BL8, DELTA, Dortmund, XANES spectra at the Ag L3 ab-
sorption edge were taken for Ag clusters deposited on SiO2 silica glass, Ag clusters deposited
into PDMS and Ag clusters deposited into SiO2 aerogel. During this first experiment it
was important to determine the feasibility of an x-ray absorption near edge structure spec-
troscopy experiment on a dilute sample such as separate Ag clusters on a SiO2 silica glass
surface. Therefore, the previously discussed cluster sample DO_05 (on SiO2 silica glass)
and two samples, which were not previously discussed in this thesis, one of which is Ag
clusters in PDMS and the other one is Ag clusters in SiO2 aerogel were investigated. These
two samples with clusters in matrices were very first samples prepared as proof of principles
for the possibility to deposit a higher amount of separate clusters than on SiO2 silica glass.
Figure 4.40 shows first XANES spectra of the Ag L3 edge measured for a high and a low
coverage in SiO2 aerogel, for Ag clusters in PDMS and for the reference samples Ag (100
nm film) and Ag2O (powder). Therefore, the Ag2O powder was spread on sticky tape and
then positioned on the sample holder. The high sensitivity of XANES to changes in the
oxidation state of the investigated element is clearly visible in the comparison between the
two reference samples.
The pronounced white line of the Ag2O XANES signal at the onset of the absorption edge
is a result of transitions to free final d states [Beh92a] as has been previously explained.
Regarding the cluster signals it is clearly visible that neither the clusters in SiO2 aerogel nor
the clusters in PDMS show a considerable amount of silver oxide. A comparison between
the silver reference signal and the cluster measurements shows significant differences, which
can thus be assigned to a size effect or particularly, a change of the axial ratio of the oblate
clusters. With increasing cluster coverage the L3 absorption edge becomes more similar to
the Ag reference measurement.
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Figure 4.40: Ag L3 edge measured at a high and low coverage of a sample with clusters in SiO2

aerogel, at Ag clusters in PDMS, a 100 nm Ag reference film and a Ag2O reference
sample (powder) measured at BL8, DELTA, Dortmund.

Figure 4.41: Ag L3 edge of a high and low coverage of a sample with clusters in SiO2 aerogel,
of a 100 nm Ag reference film, a sulfidised 100 nm Ag reference film and sulfidised
Ag clusters measured at BL8, DELTA, Dortmund.
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In another experiment a cluster sample with Ag clusters on SiO2 silica glass was transformed
to silver sulfide by exposure to H2S gas. As has been shown via optical spectroscopy in
previous experiments Ag clusters react with sulfur very quickly and the cluster plasmon
resonance vanishes after a short exposure time [Höv95]. Additionally a 100 nm Ag film
was sulfidised to be able to compare the absorption edge of a bulk reference to the cluster
signal.
Figure 4.41 shows the XANES measurements of a high and a low Ag cluster coverage on
a SiO2 substrate, a 100 nm Ag reference film and a sulfidised 100 nm Ag reference film as
well as a sulfidised cluster sample.
A comparison of the Ag reference film and the sulfidised Ag film shows remarkable changes
with a small white line appearing at the onset of the absorption edge of the sulfidised Ag
film. The Ag clusters exhibit the above mentioned size dependent changes in the absorption
edge features. The Ag L3 absorption edge measured at the sulfidised Ag clusters shows
significant similarities to the sulfidised Ag reference film in particular in the region around
the white line of the sulfidised Ag film.
Thus, it is possible to determine a change of the oxidation state for a Ag cluster sample
and a partial oxidation should be detectable.
After being able to prove the feasibility of XANES experiments on the dilute cluster samples
investigated in the framework of this thesis in further experiments the previously discussed
cluster samples DO_11 (Ag clusters in PDMS) and DO_15 (Ag clusters in SiO2 aerogel)
were investigated at BL8, DELTA, Dortmund, by measuring the Ag L3 absorption edge.
For these samples with a comparably high cluster coverage the signal to noise ratio was
enhanced compared to Ag clusters on SiO2 silica glass. Thus, possible changes in the oxi-
dation state of the clusters should be detectable.
Figure 4.42 shows Ag L3 edges measured at two different coverages of DO_11 and a 100
nm Ag reference film.
While the high coverage of approx. 1.12 cluster monolayers in PDMS resembles the refer-
ence signal measured at a 100 nm Ag film, there are small visible changes in the spectrum
for the lower coverage of 0.73 ML in the energy region directly above the absorption edge
(3.36-3.37 keV). In particular the structure at approx. 3.369 keV disappears. This hints at
the fact that the clusters in PDMS are better separated than on a SiO2 silica glass surface
even for higher coverage.
Figure 4.43 shows x-ray absorption near edge spectra of the Ag L3 absorption edge taken
at sample DO_15 for three different amounts of Ag clusters in SiO2 aerogel compared to
a 100 nm Ag reference film.
For the lowest coverage of approx. 1.85 ML the features around the onset of the absorption
edge are visibly flattened (approx. 3.36-3.37 keV), in particular the structure at approx.
3.369 keV. Yet, no detectable amount of oxide formation can be seen. For increasing cover-
age up to 3.93 ML the absorption spectra of the Ag clusters in aerogel become more similar
to the Ag reference film signal. A direct comparison to Ag clusters in PDMS (see figure
4.42) clearly shows, that by using SiO2 aerogel as matrix material it is possible to separate
even more clusters than in the PDMS matrix.
These first experimental results served as a foundation for XANES measurements of the
Ag L2 and Ag L1 absorption edges performed at beamline ID26, ESRF, Grenoble, France
for clusters on SiO2 silica glass and in PDMS. The results are presented in the following
section.
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Figure 4.42: Ag L3 edge of a high and low coverage of DO_11 with clusters in PDMS and a 100
nm Ag reference film measured at BL8, DELTA, Dortmund.

Figure 4.43: Ag L3 edge of three different coverages of DO_15 with clusters in SiO2 aerogel and
a 100 nm Ag reference film measured at BL8, DELTA, Dortmund.
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4.3.2 Ag L2 absorption edge

In the framework of a diploma thesis the previously discussed samples DO_05 with Ag
clusters on SiO2 silica glass as well as DO_10 and DO_11 with Ag clusters in a PDMS
matrix were investigated at beamline ID26, ESRF, Grenoble, France, using x-ray absorption
near edge structure spectroscopy (XANES) [Lat11]. The cluster samples were transported
to the European Synchroton Radiation Facilities in a vacuumized desiccator and then
measured in air.
The presented reference samples are 100 nm Ag films on SiO2 silica glass as well as Ag2O
and AgO pellets, which were produced by mixing the oxidic powders with cellulose in a
ratio of 1:1 and pressing them in a hydraulic press.
During the first measurements of the Ag L2 absorption edge of Ag clusters on SiO2 silica
glass (sample DO_05) with a scan time of approx. 5 minutes a clearly visible energy
shift of the absorption edge combined with the formation of a white line at the onset of
the absorption edge could be observed (see figure 4.44). Comparison of these radiation
damage induced changes to reference spectra taken at a Ag2O and a AgO pellet shows,
that after 3 scans of 5 minutes each at a coverage of approx. 0.8 cluster monolayers on
SiO2 substrate the absorption energy and thus, the edge position is already shifted to lower
energy resembling the absorption spectrum of the AgO pellet. Here, the clusters obviously
react with the oxygen in the surrounding air. A reduction of scan time to 60 seconds per
scan yielded a decrease of radiation damage induced by the x-ray beam as can be seen in
figure 4.45, but still an oxide formation could be detected for a coverage of approx. 0.9
cluster monolayers. Here, the energy shift seems to be smaller within the limits of the error
than for scan time of 5 minutes and the resulting spectrum after 3 scans shows significant
similarities to the Ag L2 absorption edge of the Ag2O pellet.
Regarding the findings on the cluster sample, additional 5 minute scans were taken on
the 100 nm Ag reference film to determine possible radiation damage even on the bulk-like
silver. The spectra taken at the reference sample are shown in figure 4.46. A clear oxidation
can be seen after 3 scans, 5 minutes each, which manifests in a shift of the absorption energy
to slightly lower energies. A subsequently installed device to flush the sample with nitrogen
(N2) did not yield remarkable reduction of the damage.
The embedded clusters in the PDMS matrix of samples DO_10 and DO_11 did not show
any oxidation induced by the illumination and possible heat up process induced by the
highly intense x-ray beam. This fact can be explained with the PDMS matrix surrounding
the Ag clusters. It seems to be a good protection against possible reaction partners such
as oxygen in the surrounding air.
After these findings the scanning procedure was modified such that not only the scan time
was reduced, but for each investigated sample position the x-ray beam and thus the focus on
the sample was moved horizontally on a straight line. Within this scanning line the cluster
coverage changes only slightly. Vertically the focus was moved about 2 mm maximum.
Thus, the change in cluster coverage of the investigated region still stays negligible.
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Figure 4.44: Radiation damage of approx. 0.8 ML Ag clusters on SiO2 silica glass. Each of the
shown spectra had a scanning time of 5 minutes.

Figure 4.45: Radiation damage of approx. 0.8 ML Ag clusters on SiO2 silica glass. Each of the
shown spectra had a scanning time of 60 seconds.
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Figure 4.46: Radiation damage of the 100 nm Ag reference film. Each of the shown spectra had
a scanning time of 5 minutes.

X-ray absorption spectra of the Ag L2 absorption edge of Ag clusters on SiO2 silica glass
taken for different cluster coverages are shown in figure 4.47 compared to the Ag2O pellet
reference scan and in figure 4.48 compared to the 100 nm Ag reference film data. First
thing to notice is, that there are no similarities between the Ag L2 signal of the Ag clusters
and the oxide reference sample independent of the cluster coverage. Thus, within the
limits of the error there is no significant amount of oxide on the cluster surface as could
be assumed by a red shift of the plasmon resonance after exposure to air (compare section
4.1.1). Comparison to the 100 nm Ag reference film with a bulk-like crystal structure
shows a clear size effect (figure 4.48). While the absorption spectrum of a cluster coverage
of approx. 1.0 cluster monolayers shows most of the features, which can be found in the
reference spectrum, the absorption edge of a much lower coverage of approx. 0.17 ML
shows significant differences.
For the higher coverage on SiO2 silica glass there is a pronounced formation of larger
islands on the surface, which results in the bulk similar absorption edge. This is in good
agreement with the red shift of the plasmon energy for such high coverage. Although the
here investigated lowest coverage of 0.17 ML already showed a red shift in the optical
spectroscopy measurements, there are distinct differences to the absorption of bulk-like
silver. This difference in the energy density is likely related to the different structure and
next-neighbor distances in the small clusters. With increasing coverage, the absorption
edge structure becomes more similar to the Ag reference spectrum, which clearly hints on
cluster aggregation and island formation for the highest coverage.
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Figure 4.47: Ag L2 absorption edge measured for different cluster coverage of Ag clusters on
SiO2 silica glass (sample DO_05) compared to Ag L2 absorption edge of a Ag2O
pellet measured ad ID26, ESRF, Grenoble, France.

Figure 4.48: Ag L2 absorption edge measured for different cluster coverage of Ag clusters on
SiO2 silica glass (sample DO_05) compared to Ag L2 absorption edge of a 100 nm
Ag film measured at ID26, ESRF, Grenoble, France.
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The second sample system investigated at the ESRF, Grenoble, France, is Ag clusters em-
bedded in a PDMS matrix. The measured XANES spectra of the Ag L2 absorption edge
for different cluster coverages compared to the Ag2O pellet reference measurement and the
100 nm Ag film reference measurement are shown in figures 4.49 and 4.50, respectively.
Directly obvious is the absence of oxide on the cluster surface. The Ag L2 absorption edge
spectra taken for Ag clusters of different coverage in the PDMS matrix show no similar-
ities to the Ag L2 reference spectrum measured at the Ag2O pellet. The size dependent
differences in the cluster spectra are more definite by comparison to the Ag reference mea-
surement in figure 4.50.
Here, the effect of cluster coalescence with increasing cluster coverage is showing in the
formation of silver bulk-like structures especially in the energy region between the onset
of the absorption edge and approx. 3.55 keV. For very low coverage such as 0.09 ML and
0.20 ML there is a peak forming at an energy of approx. 3.533 keV, which is not showing
in the absorption spectra of clusters on SiO2 silica glass (see figure 4.48). Even for the
lowest coverage of 0.17 ML clusters on SiO2 silica glass there is no such peak forming.
This feature could be a result of the different shape of the clusters in PDMS compared to
clusters on SiO2, where the clusters are expected to be oblate. Another explanation could
be the influence of the PDMS matrix. The matrix material could change the unoccupied
density of states and thus, the form of the absorption spectrum.
Nevertheless, there are remarkable differences between the Ag reference sample’s Ag L2

absorption edge and the cluster sample at a comparably high coverage of approx. 1.20 ML
and even 2.00 ML. The clusters seem to be better separated inside the PDMS matrix than
on the SiO2 silica glass surface, which is the proposed effect of embedding clusters into a
matrix.
The growing similarities to the Ag reference signal with increasing cluster coverage can
directly be assigned to coalescence of the Ag clusters to bigger agglomerates and thus, to
the development of bulk-like structures.
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Figure 4.49: Ag L2 absorption edge measured for different cluster coverage of Ag clusters in
PDMS (sample DO_11) compared to Ag L2 absorption edge of a Ag2O pellet.

Figure 4.50: Ag L2 absorption edge measured for different cluster coverage of Ag clusters in
PDMS (sample DO_11) compared to Ag L2 absorption edge of a 100 nm Ag film.
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4.3.3 Ag L1 absorption edge

Other than for the L2 and L3 absorption edges, the L1 absorption edge does not result
from excitations of 2p electrons but from excitations of 2s electrons to unoccupied states.
Since the absorption probability is much lower than for the 2p electrons, a certain amount
of cluster material is essential to gain a suitable signal to noise ratio.
Thus, only measurements of the cluster samples DO_10 and DO_11 with Ag clusters in a
PDMS matrix were successful. The measured x-ray absorption near edge spectra compared
to the Ag2O reference and the Ag reference spectra are presented in figures 4.51 and 4.52,
respectively.
Despite the relatively large error, there are obviously no similarities to the Ag2O pellet’s
Ag L1 absorption edge. Comparison to the Ag L1 reference spectrum measured at a 100 nm
Ag film with bulk crystal structure hints on a present size effect. The absorption spectrum
of the lowest coverage of approx. 0.2 cluster monolayers exhibits slight differences in the
energy region directly above the absorption edge and up to approx. 3.83 keV. Here, the
pronounced structures of the Ag reference signal are flattened. However, due to the large
error bars the differences are at the detection limit.
With increasing coverage the observed structural details of the Ag bulk absorption edge
start to develop.
In the energy region above 3.83 keV there seems to be no size dependent change at all.
This is in contrast to the behavior for the L2 and L3 absorption edge (compare sections
4.3.2 and 4.3.1).
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Figure 4.51: Ag L1 absorption edge measured for different cluster coverage of Ag clusters in
PDMS (sample DO_11) compared to Ag L1 absorption edge of a Ag2O pellet.

Figure 4.52: Ag L1 absorption edge measured for different cluster coverage of Ag clusters in
PDMS (sample DO_11) compared to Ag L1 absorption edge of a 100 nm Ag film.
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4.4 Calculations with FEFF

In the previous sections the x-ray absorption near edge structure (XANES) spectroscopy
measurements of the Ag L absorption edges of Ag clusters on SiO2 silica glass, in a poly-
dimethylsiloxane (PDMS) matrix and in SiO2 aerogel were compared to reference spectra
taken at bulk silver (100 nm Ag film), different oxides (AgO pellet and Ag2O pellet) and a
silver sulfide (Ag2S). To further investigate how structural differences between the clusters’
structure and silver bulk crystal structure, such as number of next neighbors and next-
neighbor distance influence the shape of the L absorption edge, first ab-initio calculations
were performed utilizing the software package FEFF9 [Reh00, Reh10].
For the performed calculations cluster structures determined by Huang et al. for Ag clus-
ters with 141 to 310 atoms were used [Hua11]. In their approach the interaction between
the silver atoms was modeled by the Gupta potential [Gup81]. The thus calculated cluster
structure was then transformed into coordinate files for the different cluster sizes.
The necessary parameters for calculations with FEFF9 are not only the coordinates of the
cluster’s atoms but also the absorbing atom has to be defined as well as the region around
the absorbing atom, in which full multiple scattering (FMS) should be considered. In prin-
ciple, to determine the absorption spectrum of a whole cluster calculations for each atom
of the cluster have to be performed. The cluster absorption edge is then a superposition
of all single spectra for each absorbing atom in the cluster. For a cluster with approx. 250
silver atoms as investigated in the framework of this thesis it would thus be inevitable to
calculate 250 single spectra, each of them highly demanding with respect to CPU time.

In a first approach to calculate the Ag L XANES spectra for a certain cluster the highly
symmetric so called geometrically magic Ag147 cluster was chosen. This cluster with 147
atoms arranges in a Mackay icosahedral form [Mac62]. A visualization of the cluster can
be found in figure 4.53. Each of the so called coordination shells consists of atoms, which
differ from each other with respect to the number of next neighbors and the next-neighbor
distance.
In the framework of a bachelor’s thesis first considerations were made about reducing the
number of calculations to be performed for a cluster [Mül12]. By determining the distances
of one atom in the cluster to every other atom it was possible to group the atoms of the
cluster according to their number of next neighbors and distances. The coordinate files
of [Hua11] do not assume a strictly symmetrical geometry for the 147 atom clusters, but
resemble the calculated ground state. However, it could be confirmed, that atoms with
equal neighbor distances and number of next neighbors have the same XANES spectra
(figure 4.54). Thus, by determining the amount of atoms with equal distance distribution
it is possible to minimize the calculation time. For the highly symmetric Ag147 cluster the
number of atoms, for which single absorption spectra have to be calculated, can be reduced
from 147 to 7. In figure 4.53 atoms with similar next-neighbor distances and thus, similar
absorption spectra are visualized by the use of matching colors. In the following sections
the calculated absorption spectra are colored corresponding to the color of the absorbing
atom in figure 4.53.
Figure 4.55 shows the distances as determined for the innermost atom 1 to all other atoms
in the Ag147 cluster. Clearly visible the atoms can be divided into three coordination shells
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around the central atom containing 12, 42 and 92 atoms, respectively.
For clusters with lower symmetry grouping the atoms by neighbor distances only is not
sufficient enough to really reduce calculation time. For comparison the axially symmetric
cluster Ag192 was also examined. The distances of the central atom (atom 1) to all other
atoms of the cluster are depicted in form of a histogram in figure 4.56. For this histogram
distances, which are accurate to two decimal places (0.01 Å) are considered equal. This is
due to visualization limitations. To determine the number of atoms, for which to calculate
single absorption spectra, distances accurate to three decimal places are considered equal.
By taking the distance to the central atom as sole filter attribute the number of calculations
to be performed can be reduced to 21 individual atoms. A picture of the axially symmetric
Ag192 cluster can be found in figure 4.57. Here, equally colored atoms represent atoms with
equal distance from the central atom.
Figure 4.58 shows the absorption spectra as calculated for the 21 different atoms in the
Ag192 cluster. It displays the spectra from the innermost atom 1 at the bottom up to the
outermost atom on the edges of the surface (atom 21) at the top. Regarding the structural
features directly above the absorption edge (3.52-3.54 keV), there are spectra belonging to
atoms with differing distances to the central atom, which nevertheless look quite similar.
It would be of great advantage to be able to sort these similar looking spectra in advance
to further reduce CPU time needed to calculate the XANES absorption spectrum of this
Ag192 and asymmetric clusters. In contrast to the icosahedral Ag147 cluster, for which it
is easy to distinguish between different coordination shells, additional filter attributes such
as e.g. coordination angles to next-neighbors could help to further reduce calculation time.
Figure 4.59 shows a direct comparison of the calculated x-ray absorption near edge struc-
ture of the Ag L2 absorption of the icosahedral Ag147 cluster and the axially symmetric
Ag192 cluster. Both were calculated by adding up the 7 (21) spectra for Ag147 (Ag192)
weighted according to their frequency in the cluster. The pronounced similarities between
these two clusters are not surprising, since the size of the clusters and the fraction surface
atoms to inner atoms of the cluster do not alter significantly. The influence of the surface
atoms on the shape of the absorption edge will be discussed in detail in section 4.4.2.
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Figure 4.53: Structure of the highly symmetric icosahedral Ag147 cluster. Left: Inner atom
and first shell, middle: Second shell, right: Third shell. Visualization with VMD
[Hum96].

Figure 4.54: Comparison between two different atoms in the first shell (atom 2). Top: His-
tograms of the distances of atom 2 to every other atom in the cluster, bottom:
Calculated XANES spectra of the two atoms (atom 2) in the first shell.
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Figure 4.55: Distances of the central atom (atom 1) of the highly symmetric icosahedral Ag147
cluster to all other atoms of the cluster. Additionally, the corresponding coordina-
tion shells are depicted.

Figure 4.56: Distances of the central atom (atom 1) of the Ag192 cluster to all other atoms of
the cluster.

106



4 Sample system and results

Figure 4.57: Structure of the axially symmetric Ag192 cluster visualized with VMD [Hum96].

Figure 4.58: Calculated XANES Ag L2 absorption spectra for each of the 21 atoms with different
distance to the central atom. It displays the absorption of atom 1 to atom 21 from
bottom to top.
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Figure 4.59: Calculated XANES Ag L2 absorption spectra for the icosahedral Ag147 cluster com-
pared to the calculated XANES Ag L2 absorption edge of the axially symmetric
Ag192 cluster.
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4.4.1 Ag L3 absorption edge

The Ag L3 XANES spectra as calculated for the highly symmetric Ag147 cluster are depicted
in figure 4.60. Most pronounced are the structural changes from the spectrum of the
innermost atom (atom 1) to the atoms in the outer shell (atom 5, atom 6, atom 7). The
numerous structural features of the absorption spectrum of atom 1 can be explained with
the comparably large number of next neighbors (12 next neighbors) and a relatively small
next-neighbor distance of 2.73 Å. Here, the structures are quite similar to the structural
features found for the 100 nm Ag reference film (see figure 4.40 and the following figure
4.62). Obviously, the number of structural features, being a direct result of full multiple
scattering processes, decreases with decreasing number of neighbors and thus, the number of
possible scatterers. Here, not only next neighbors count but also the associated coordination
shell. Remarkably, the spectra of all atoms, which form one shell show the same structural
features. This hints on a possibility to approximate the calculated spectra particularly for
asymmetric clusters yielding a reduction of CPU time.
While the spectra for different coordination shells alter significantly right above the Ag L3

absorption edge, the peak around 3.4 keV changes only slightly. There is some broadening
for the outer shell atoms and a shift, which can be assigned to slight changes in the mean
next-neighbor distances of the absorbing atom, which can be found in table 4.2 and in
figure 4.61. Particularly the next-neighbor distance of the innermost atom is significantly
altered with respect to the next-neighbor distance of 2.89 Å found for bulk Ag.
A comparison between the calculated Ag L3 absorption edge of the Ag147 cluster, the
calculated Ag L3 absorption edge of bulk silver and XANES measurements of the Ag L3

absorption edge taken at a 100 nm Ag film and Ag clusters of different coverage in PDMS
can be seen in figure 4.62. For the Ag147 cluster signal the single spectra are added up
weighted with their frequency in the cluster. Although the calculations do not match the
measurements precisely, there are remarkable similarities. Where the structures of the Ag
reference signals are numerous especially between approx. 3.355-3.700 keV, the structures
in this energy region directly above the absorption edge of the ab-initio calculation of the
cluster are flattened. This is in good agreement with the measured XANES signal for the
clusters in PDMS.
Since the investigated clusters at a coverage of 0.73 ML or even 1.12 ML in PDMS already
show a tendency to coalesce, the differences between the measured cluster spectra and the
calculated Ag L3 XANES signal for the Ag147 are not surprising. This subject will be
investigated further in the following section.
A closer look on the peak around 3.4 keV in figure 4.62 shows a remarkable trend. While
the peak structure of the calculated cluster signal lies slightly above 3.4 keV, this structure
is found below 3.4 keV for the calculated and measured Ag bulk signal as well as for the
measured cluster absorption spectra. As already mentioned above the fluctuations in the
peak position of this particular feature in the single atom spectra calculated for the Ag147
cluster as depicted in figure 4.60 are related to slight changes in the mean next-neighbor
distance of the absorbing atom, even if the next-neighbor distance shows a distribution
as shown in table 4.2 and figure 4.61. Thus, the small deviation of this peak position
compared to the measured Ag reference signal and the calculated XANES spectrum for
bulk silver with a fcc crystal structure clearly hints on next-neighbor distances in the
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cluster comparable to bulk silver next-neighbor distance.
This structural difference to the cluster coordination file as determined by Huang et al.
[Hua11] for free Ag clusters could be a result of the PDMS matrix, which influences the
structure and form of the deposited clusters.

number of next neighbors mean next-neighbor distance [Å]
atom 1 12 2.73±0.00
atom 2 12 2.83±0.05
atom 3 12 2.86±0.07
atom 4 12 2.82±0.06
atom 5 9 2.89±0.04
atom 6 8 2.87±0.07
atom 7 6 2.81±0.06

Table 4.2: Number of next neighbors and their mean next-neighbor distance for atoms with equal
distance distribution to the central atom of Ag147 [Mül12].

Figure 4.60: Calculated Ag L3 XANES spectra of the Ag147 cluster (calculation done with
FEFF9). Here, spectra for each of the different Ag atoms are shown individually.
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Figure 4.61: Peak positions around 3.4 keV with respect to the mean next-neighbor distance and
the standard deviation of distance distribution of the data from [Hua11] for the 7
atoms of the Ag147 cluster and the Ag bulk calculation as denoted in table 4.2.

Figure 4.62: Comparison between the cluster Ag L3 XANES measurements taken for clusters of
different coverage in PDMS, a 100 nm silver film reference, a calculated silver bulk
XANES spectrum and the Ag L3 absorption edge as calculated for a Ag147 cluster.
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4.4.2 Ag L2 absorption edge

The XANES spectra of the Ag L2 absorption edge as calculated for the seven individual
absorbing atoms of the Ag147 cluster can be found in figure 4.63. As already seen for the
Ag L3 absorption edge the spectra of atoms, which can be assigned to one of the three co-
ordination shells, look very similar, particularly directly above the absorption edge (energy
region approx. 3.53-3.54 keV). The pronounced structural features found in the absorption
spectrum of the innermost atom are directly related to the high number of next neighbors
and number of surrounding coordination shells and thus, to the pronounced multiple scat-
tering occurring in the absorption process. With decreasing number of next neighbors and
coordination shells the number of structural features in the absorption edge decreases.
The high similarity to the absorption spectra calculated for the Ag L3 absorption edge is
unsurprising since the only difference in the x-ray absorption process between the L2 and
the L3 absorption edge is the spin of the excited electrons (2p1/2 and 2p3/2, respectively).
A comparison between the calculated absorption spectra of the Ag147 cluster, a Ag refer-
ence and the experimental data taken at ID26, ESRF, Grenoble, for Ag clusters in PDMS,
a 100 nm Ag reference film and a Ag2O pellet is depicted in figure 4.64. While the calcu-
lated XANES signal of the silver reference and the measured silver reference spectrum are
in good agreement for most of the visible features the experimentally determined XANES
spectrum exhibits even more structural details. This is a direct result of the partial fluo-
rescence yield (PFY) method used at ID26, ESRF, Grenoble, to measure the absorption
edges. Therefore, the absorption edge is measured by fixing ~ω2 to the maximum of the
fluorescence line (compare section 2.3.2). The advantage is, that the background signal is
this low that more structural features can be detected than with total fluorescence yield
(TFY), in which the integrated energy over ~ω2 is measured. A slight disadvantage is
the comparability to the calculated FEFF9 TFY spectra yielding the explanation for the
better agreement between the calculations of the Ag L3 absorption edge and the measured
spectra, which were taken in TFY (figure 4.62).
Particularly the peak slightly above 3.53 keV in the Ag L2 XANES spectrum of the 0.09
ML clusters in PDMS cannot be explained with the calculations and thus, not with the
geometrical structure of the cluster, either. However, the trend, which is the decrease of
structural features due to decreased multiple scattering probability can be seen for the
measured and the calculated cluster signals. A comparison to the oxide signal shows no
similarities to the calculated spectra whatsoever.
A closer look on the measured Ag L2 absorption edge of clusters with different coverage in
PDMS (sample DO_11) in comparison with the XANES Ag L2 signal of a 100 nm silver
film reveals an interesting evolution of the spectral features with increasing cluster cover-
age (figure 4.65). As already seen before (compare figure 4.50) the absorption spectrum of
the clusters more and more resembles the silver reference signal with increasing coverage.
Figure 4.65 reveals, that the spectra for cluster coverage of 0.20, 0.63, 1.20 and 2.00 ML
might be a superposition of the absorption spectrum of the silver reference sample (100
nm film with face centered cubic (fcc) structure) and the XANES signal measured for the
lowest coverage of 0.09 ML Ag clusters, where the clusters are expected to have a mean di-
ameter of approx. 2 nm and thus, a comparably high surface atoms to bulk atoms fraction.
This can be seen in the existence of fixed cross-over points in the obtained spectra. For
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Figure 4.63: Calculated Ag L2 XANES spectra of the Ag147 cluster (calculation done with
FEFF9). Here, spectra for each of the different Ag atoms are shown individually.

Figure 4.64: Comparison between the cluster Ag L2 XANES measurements taken for clusters of
different coverage in PDMS, a 100 nm silver film reference, a calculated silver bulk
XANES spectrum and the Ag L2 absorption edge as calculated for a Ag147 cluster.
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a superposition of the absorption signal of the Ag reference film for the bulk-like features
and the XANES signal measured for the lowest cluster coverage (0.09 ML) these cross-over
points stay stable.
Figure 4.66 shows a first attempt to simulate the evolution of the measured XANES spectra
for different cluster coverage by combining the XANES signal measured for the 100 nm Ag
reference film and the 0.09 ML Ag cluster signal. It has to be stated, that this can only
be an approximation since the cluster signal used to function as the surface atoms signal is
already a result of a whole cluster with mean diameter of 2 nm consisting of surface atoms
and inner atoms. Nevertheless, the superpositions of both spectra (denoted A and B in
the figure) with different surface to bulk fractions (here, the cluster signal is taken as an
approximation of the pure surface atoms) show significant similarities to the cluster signals
measured for different coverage in PDMS (compare figure 4.65).
A second attempt to prove the conjecture of the cluster signals being a direct result of
superposition of the absorption signal seen for surface atoms and bulk atoms can be found
in figure 4.67. Here, the calculated Ag L2 XANES signals of atoms 5, 6 and 7 are summed
up weighted to form the signal of the surface atoms B and the calculated absorption signal
of bulk silver A is used to simulate the cluster signals. For comparison reasons the same
fractions of surface atoms to bulk atoms are used to calculate superpositioned spectra for
different cluster sizes. Remarkably, the measured spectra as shown in figure 4.65 show two
pronounced features at approx. 3.55 keV and around 3.575 keV, which stay stable for the
bulk signal and the cluster spectra. These features can also be found in the calculated
superpositions on figure 4.67.
An attempt to simulate the measured cluster signals by combining the calculated spectra of
the outer coordination shell of the cluster and the spectrum of the innermost atom (atom
1) used as bulk signal A is shown in figure 4.68. For comparison reasons the same fractions
of surface atoms to bulk atoms are used to calculate superpositioned spectra for different
cluster sizes. Other than for the calculated bulk silver signal the prominent feature around
3.55 keV can not be simulated by this superposition and the peak structure around 3.575
keV shows a pronounced shift to lower energies with increasing surface fraction. This is in
contrast to the measured spectra confirming the considerations for the Ag L3 absorption
edge about the cluster structure, in particular the atom-atom distances, in PDMS being
more bulk-like than proposed by the calculated structures in [Hua11] as already discussed
in section 4.4.1.
For an estimation of the mean cluster size present in the investigated coverage in figure
4.65 the fraction of the surface atoms to the inner atoms of a silver cluster with specific
radius is depicted in figure 4.69. Here, two different approximations are considered: for the
dots Nsurf/Nbulk is estimated by Nsurf/(N-Nsurf), where Nsurf=Acluster/Aatom with Aatom=3.46
r2 (with the atom radius of silver r=0.1445 nm) and Acluster=4πR2 [Höv00]. N is calcu-
lated by N=Vcluster/Vatom with Vcluster=(4/3)πR3 and Vatom=5.66r3 (assuming fcc packing
of the atoms). This approximation holds only for large clusters failing for small clusters
e.g. R=0.5 nm, where N≈31 and Nsurface ≈43 and thus, Nsurface>N and Nsurface/Nbulk<0.
For the smaller clusters the icosahedral Mackay clusters with hexagonally packed surface
facets are considered. These clusters with fivefold symmetry represent an energetically
optimized structure with the so called magic numbers Nk and k being the number of atom
shells around the central atom (see figure 4.70). Therefore, the triangles are calculated by
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Figure 4.65: Ag L2 absorption edge measured for different cluster coverage of Ag clusters in
PDMS (sample DO_11) compared to Ag L2 absorption edge of a 100 nm Ag film.

Figure 4.66: Superposition of the Ag L2 absorption spectra measured for 0.09 ML Ag clusters
in PDMS and a 100 nm Ag film to simulate different surface atoms to bulk atoms
fractions.
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Figure 4.67: Superposition of the calculated absorption spectrum for bulk silver and the outer
coordination shell of the Ag147 cluster.

Figure 4.68: Superposition of the calculated absorption spectrum for the inner atom of the Ag147
cluster and the outer coordination shell of the Ag147 cluster.
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Figure 4.69: Half-logarithmic plot of the fraction of surface atoms to inner atoms of the cluster.
Triangles: Fraction for the first eight Mackay icosahedra [Mac62] with 13, 55, 147,
309, 561, 923, 1,415 and 2,057 atoms, dots: Approximation for clusters of radius R
with hexagonal close-packed atoms at the cluster surface (for further information
see text).

Figure 4.70: Scheme of the first five Mackay icosahedra with magic numbers N1=13, N2=55,
N3=147, N4=309, N5=561 [Jor84].
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Nsurf/(N-Nsurf)k=(Nk-Nk-1)/Nk-1 with N0=1 and Rk=[3/(4π)NkVatom ]−1/3 [Höv00].
Regarding the fractions calculated for the superposition of the bulk and surface atoms spec-
tra it is now possible to roughly approximate the cluster size on sample DO_11. In a first
approximation of the cluster size for different cluster coverage the spectrum of the 0.09 ML
clusters in PDMS is treated as the absorption resulting only from surface atoms (although
the fraction Nsurf/(N-Nsurf) for clusters of a mean diameter of 2R=2 nm amounts to 1.3
(compare figure 4.69). Thus, the surface to inner atoms fractions amount to 0.2/0.8=0.25,
0.4/0.6=0.67, 0.5/0.5=1 and 0.8/0.2=4 for cluster coverage of 2.00 ML, 1.20 ML, 0.63 ML
and 0.20 ML, respectively. This would yield sizes 2R0.20 ML ≈1 nm, 2R0.63 ML ≈2.3 nm,
2R1.20 ML ≈3 nm and 2R0.20ML ≈6.5 nm (considering the Mackay icosahedra).
Considering the surface/bulk fraction of the 0.09 ML signal being formed by clusters
with R≈1 nm to equal 1, a second approximation yields a surface to inner atom fraction
of 0.1/(0.8+0.1)≈0.11, 0.2/(0.6+0.2)=0.25, 0.25/(0.5+0.25)≈0.33 and 0.4/(0.2+0.4)≈0.67
and thus cluster sizes 2R*0.20 ML ≈3 nm, 2R*0.63 ML ≈4.6 nm, 2R*1.20 ML ≈5.2 nm and
2R*2.00 ML ≈14 nm. The true cluster size might well be in between these two approxima-
tions since the fractions result from icosahedral Mackay clusters, which are likely to form
for free clusters, but as mentioned above, not for supported.
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4.4.3 Ag L1 absorption edge

The Ag L1 XANES spectra as calculated with FEFF9 for the highly symmetric Ag147
cluster are depicted in figure 4.71. Other than for the absorption spectra for L2 and L3

edge here the probed electron excitations are transitions from 2s to p states. The cal-
culated spectra show the already for the Ag L2 and L3 edge observed structural changes
with changing number of next-neighbors. While the XANES signal of the innermost atom
(atom 1) exhibits pronounced structural features being a result of high multiple scattering
probability due to a high number of next-neighbors and small next-neighbor distance of
2.73 Å, it shows remarkable similarities to the measured L1 absorption edge of a 100 nm
Ag reference film (see figure 4.72).
Other than for the previously discussed calculated Ag L2 and L3 absorption spectra, the
XANES signal calculated for the first coordination shell around the innermost atom (de-
noted atom 2) looks quite similar to the two atoms belonging to the second coordination
shell (namely atom 3 and atom 4). Otherwise, this is in good agreement with the fact that
all of these atoms have 12 next-neighbors and a mean next-neighbor distance around 2.84
Å. Thus, these similarities of the spectra are reasonable.
The spectra calculated for the atoms belonging to the outer shell (atom 5, atom 6 and atom
7) do not look as similar as the calculated L2 and L3 edges of these atoms (figure 4.63 and
4.60, respectively). The spectral features of the outermost atom (atom 7) are comparably
low due to the reduced multiple scattering probability at the only six next-neighbors.
Another remarkable feature is the fluctuation of the peak structure around 3.88 keV. Here,
the feature does not only shift slightly with altering next-neighbor distance but changes
significantly for the different absorbing atoms.
A comparison of the calculated Ag L1 absorption edge of the Ag147 cluster, the calculated
Ag L1 edge of bulk silver and XANES measurements of the Ag L1 edge of Ag clusters in
PDMS, a 100 nm Ag film and a Ag2O pellet is shown in figure 4.72. As can be clearly
seen the calculated spectra do not show high similarity to the measured absorption spectra,
not even for the bulk signal. This could well be a result of the differences between partial
fluorescence yield used for the measurements and the total fluorescence yield FEFF calcu-
lations. For the calculated Ag bulk signal significant similarities between the measurement
and the calculation can be seen. However, the experimental data show remarkably more
spectral features than the calculation.
A direct comparison between the calculated cluster signal and the experimental data is
difficult due to a considerable disagreement in the edge energy and the amplitude of the
first feature, which could originate from the use of muffin-tin potentials in the ab-initio
calculations [Reh10]. Thus, these calculations should be subject to further investigations.
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Figure 4.71: Calculated Ag L1 XANES spectra of the Ag147 cluster (calculation done with
FEFF9). Here, spectra for each of the different Ag atoms are shown individually.

Figure 4.72: Comparison between the cluster Ag L1 XANES measurements taken for clusters of
different coverage in PDMS, a 100 nm silver film reference, a calculated silver bulk
XANES spectrum and the Ag L1 absorption edge as calculated for a Ag147 cluster.
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4.4.4 Conclusions

In the last sections x-ray absorption near edge structure (XANES) experiments on Ag clus-
ters of different coverage gradients on SiO2 silica glass, in a polydimethylsiloxane (PDMS)
matrix and in a SiO2 aerogel matrix were presented. Additionally, ab-initio calculations
were performed with FEFF9 [Reh10] to gain insight in the structural features of Ag clusters.

First XANES measurements of the Ag L3 absorption edge in total fluorescence yield (TFY)
of Ag clusters in PDMS and in SiO2 aerogel were performed at BL8, DELTA, Dortmund.
By comparison of the absorption spectra of cluster samples with different coverage and the
Ag L3 absorption edge measured on a 100 nm Ag film and a Ag2O reference sample it was
not only possible to prove the feasibility of XANES experiments on dilute samples such as
clusters on surfaces or in different matrices, but also no detectable amount of oxide forma-
tion on the cluster surface due to the exposure of the samples to air could be found (figure
4.40). The reference sample spectra showed significant differences such as a pronounced
white line at the onset of the L3 absorption edge of the oxide, which can unambiguously be
assigned to transitions from 2p to free final d states [Beh92a]. The lowest cluster signals
show very few spectral features in the energy region of approx. 3.355-3.375 keV in contrast
to the bulk silver absorption spectrum. For increasing cluster coverage similarities to the
reference XANES signal evolve originating from cluster coalescence.
An additional experiment, in which a Ag cluster sample as well as a 100 nm Ag film were
exposed to H2S gas to sulfidise the silver and thus change the oxidation number showed
significant similarities between the sulfidised clusters and film. Thus, a considerable oxide
formation at the cluster surface would show in the absorption spectra. Showing a small
white line in the onset of the absorption edge (figure 4.41) the sulfidised cluster signal can
well be distinguished from the non-sulfidised clusters in aerogel.
Further experiments on the Ag L3 absorption edge of Ag clusters in PDMS and in SiO2

aerogel confirmed the afore mentioned findings of no detectable amount of oxide formation
and structural changes in the energy region directly above the absorption edge, particularly
the peak around 3.37 keV, which appears for low cluster coverage (compare figures 4.42 and
4.43). The increasing number of similarities to the silver reference signal with increasing
cluster coverage is a clear sign for cluster coalescence and thus, a structural size effect.

The Ag L2 absorption edge yields similar information as the Ag L3 absorption edge, as
both signals originate from excitations of 2p electrons to final d states (only difference
being the spin state 1/2 for L2 absorption and 3/2 for L3 absorption). At ID26, ESRF,
Grenoble, France, XANES experiments at the Ag L2 absorption edge of Ag clusters in
PDMS and on SiO2 silica glass were performed. First measurements on the clusters on
SiO2 silica glass showed significant radiation damage after 3 scans with a scan time of 5
minutes each, which manifest in a shift of the absorption edge to lower energies and the
formation of a pronounced white line. A comparison to reference signals measured at a
AgO pellet and a Ag2O pellet shows, that the Ag clusters are at least partly transformed
to AgO after three scans of 5 minutes each (figure 4.44) and a reduction of the scan time to
60 seconds each results in reaction with the oxygen in the air around the sample to Ag2O
(figure 4.45). Even for a 100 nm Ag film those reactions due to x-ray damage could be
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found. Thus, for further measurements the x-ray beam was moved across the sample to
avoid the damage. Recent results in vacuum confirm that the visible radiation damage is a
result of reactions with oxygen in the surrounding air. Measured in vacuum, no detectable
damage was observed.
Experimental results on the Ag L2 absorption edge of Ag clusters on SiO2 silica glass com-
pared to the Ag2O reference and the Ag reference film show no similarities of the cluster
absorption structure and the oxide structure, but for increasing coverage the absorption sig-
nal of the Ag clusters start to evolve bulk-like features (figures 4.47 and 4.48, respectively).
The growing similarities to the silver bulk signal are a result of formation of larger islands
on the SiO2 surface, which is in good agreement with findings from optical spectroscopy
measurements.
For the second investigated sample system with Ag clusters in PDMS also no detectable
amount of oxide could be seen on the clusters. Comparison of x-ray absorption near edge
spectra taken for cluster coverage of 0.09 ML to 2.00 ML shows the already for Ag clusters
on SiO2 observed formation of larger clusters with increasing cluster coverage resulting in
the growing similarities to the Ag film signal (figure 4.50). For the lowest coverage there
is a remarkable peak around approx. 3.533 keV, which can not be found in the absorption
spectra for Ag clusters on SiO2 silica glass. This structure could be a result from differently
shaped clusters in the PDMS matrix (clusters on a substrate are oblate, in PDMS they
are expected to be almost spherical) or from an influence of the matrix on the absorption
of the cluster. The pronounced differences between the cluster absorption spectra and the
Ag reference signal even up to higher coverage are a clear sign for better separation of the
particles in the PDMS compared to the SiO2 silica glass.

The XANES measurements of the Ag L1 edge at clusters in PDMS are presented in figures
4.51 and 4.52 compared to Ag2O and a Ag film signal, respectively. Other than the L2

and L3 absorption edges the Ag L1 edge does not result from 2p electron excitations but
from transitions from 2s electrons to unoccupied states. Due to the lower transition prob-
ability only the clusters in PDMS could be investigated. Within the limits of the error no
significant similarities to the oxide signal could be detected. Possible structural differences
compared to the Ag film signal could be seen with a slight change in the absorption feature
and gaining similarities with increasing coverage. Nevertheless, this should be subject to
further investigations to be able to confirm the trend.

In the second part of this section ab-initio calculations of all three Ag L absorption edges
performed with FEFF9 were presented and compared to the measured cluster x-ray absorp-
tion near edge structure signals. Therefore, theoretically determined cluster coordination
files with energetically preferable cluster structures were used [Hua11]. In principle it is
necessary to calculate individual absorption spectra for each atom of the cluster. The clus-
ter signal is thus a result of the sum over the absorption of each individual atom in the
cluster. Due to the highly demanding calculations using CPU time it is of great interest to
reduce the number of atoms, for which the spectra actually have to be calculated.
For two different clusters, the highly symmetric icosahedral Ag147 cluster and the axially
symmetric Ag192, the coordination files were analyzed by determining the distances of ev-
ery atom to all other atoms in the cluster and grouping them according to their distance
to the central atom (in both cases denoted atom 1). In the framework of a bachelor’s

122



4 Sample system and results

thesis [Mül12] was confirmed that for atoms with equal distances to all other atoms the
calculated absorption spectra of each of these atoms look alike (figure 4.54). For the Ag147
cluster significant similarities between atoms belonging to one coordination shell could be
found (figures 4.60, 4.63 and 4.71). While the XANES spectrum of the innermost atom
shows numerous spectral features being a result of the pronounced full multiple scattering,
which occurs due to a large number of potential scatterers around the absorbing atoms
(next neighbors and surrounding shells), the atoms in the outer coordination shell show
the lowest number of features in the absorption spectra. Directly above the absorption
edge the spectra of the single atoms show remarkable changes, while a slight detectable
shift in the higher energy region (around 3.4 keV for L3, 3.575 keV for L2 and 3.84 keV
for L1) can directly be assigned to fluctuations of the mean next-neighbor distances of the
cluster atoms (compare table 4.2). The allocation of the atoms of the Ag147 cluster to the
different coordination shells is comparably easy, since the cluster only consists of seven
different atoms with respect to their distance to the central atom (see histogram of the
distances to the central atom in figure 4.55). For more asymmetric clusters the distance to
a central atom can no longer be the sole filter attribute considered to reduce the number
of necessary calculations to a minimum. Here, additional attributes such as coordination
angles should be considered. Even for the Ag192 with a comparably high symmetry the
use of the distance to the central atom as sole filter attribute yields only a reduction to 21
single absorbing atoms.
In a first approach approximations were performed for the Ag147 cluster and compared to
the exact simulation [Mül12]. It could be shown that using the mean value of all atoms in
one shell (not weighted by their number of representatives) to determine the spectrum of
the whole cluster (approximation 1) is as good an approximation of the real spectrum as
the use of only the atom’s spectrum, which has the highest number of representatives in
the coordination shell (approximation 2, figure 4.73).
The very small differences between the exact Ag147 spectrum and the two approximations
hint on a possible attempt to reduce CPU time for the calculations of asymmetric cluster
spectra by approximating the absorption of the cluster in such a way.

Comparison of the L3 XANES spectra calculated for the Ag147 cluster to the experimental
data taken for Ag clusters in PDMS as well as a comparison between the calculated and
measured absorption of bulk silver show significant similarities (figure 4.62). Almost all
features of the measured 100 nm Ag film can be found in the calculated reference signal.
The calculated cluster signal shows a significantly lower number of structural features as
also seen in the signal for the low cluster coverage of 0.73 ML. However, the peak around
3.4 keV stays slightly below this value for the measured and calculated reference signals as
well as the measured clusters’ absorption spectra. In contrast the peak lies slightly above
3.4 keV for the calculated cluster signal. This is a first hint on structural similarities of
the clusters to the bulk. Here, particularly the mean next-neighbor distances of the cluster
atoms have to be taken into account.
The L2 and L1 absorption edges calculated for the Ag147 cluster show less similarities in
comparison to measured signals of Ag clusters in PDMS (figures 4.64 and 4.72). Here,
the reason for the pronounced differences and the higher number of features detected in
the experimental data are a result of measuring in partial fluorescence yield, for which
almost all background signals are suppressed, and calculations with integration over the
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Figure 4.73: Exact Ag L3 absorption edge calculated with FEFF and added up weighted with
the number of representatives per atom compared to 2 different approximations.
Approximation 1: Mean value of different atoms per shell times the number of atoms
in the shell, approximation 2: Spectrum of the atom with most representatives in
the shell times the number of atoms in the shell.
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fluorescence energy ~ω2 (compare section 2.3.2). However, the calculated Ag L2 XANES
spectrum of the bulk silver shows a lot of similarities to the measured reference sample.
For the cluster signals again a shift of the structure around 3.575 keV can be seen in the
calculated absorption as a result of smaller next-neighbor distance, which is not present in
the measured absorption of the clusters.

A closer look into the experimental data on the Ag L2 edge of Ag clusters in PDMS
shows, that the cluster signal can be treated as a superposition of two phases: the signal
of bulk silver and the signal of surface atoms (figure 4.65). Attempts to simulate these
data by superposition of the measured reference signal and the XANES signal for 0.09 ML
Ag clusters in PDMS (approximated as sole surface atoms) as well as superpositions of the
calculated signal from the outer cluster shell and the calculated silver bulk (figures 4.66 and
4.67, respectively) show remarkable similarities to the measured cluster spectra. Especially
the bulk-like structures around 3.55 keV and 3.57 keV can be well simulated. In contrast,
the attempt to reproduce the measured cluster absorption edges from a superposition of
the calculated outer cluster shell and the innermost atom of the cluster shows significant
differences, which can be assigned to the coordination and the next-neighbor distances of
the inner atom in the calculated cluster structure. Thus, the structure of the Ag clusters
in PDMS seems to be more bulk-like than the icosahedral structures of [Hua11].
Considering the surface to bulk atoms fraction of Mackay icosahedra to roughly estimate
the size of the investigated clusters in the PDMS yielded a size range of approx. 3 nm to
14 nm for coverage of 0.20 ML up to 2.00 ML. Since the form of the clusters in PDMS is
most probably not icosahedral this can only be accounted for as a very first approach to a
more quantitative insight on the structure and size of Ag clusters in PDMS.
The calculated Ag L1 edge of Ag147 clusters shows almost no similarities to the measured
cluster signal (figure 4.72). Here, not only the significantly lower transition probability of
the 2s electrons to free final states yields a decreased signal to noise ratio for the experi-
mental data but also the calculated spectra show remarkably less features. This can be well
seen in the comparison of the calculated signal of the Ag bulk reference and the measured
absorption of the 100 nm Ag film. Nevertheless, there are similarities between the bulk
signals and the overall form of these spectra is in good agreement. For the cluster signals
additionally to the difference resulting from PFY compared to TFY (calculations) a signifi-
cant edge shift and lowered amplitude of the absorption edge can be found in the calculated
spectrum as a result of the overlapping muffin-tin potentials used in the FEFF9 calculation
[Reh10]. Gaining experimental data in a higher resolution and additional calculations on
the L1 absorption edge should thus be subject to further investigations.
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5 Summary and outlook

In the framework of this thesis Ag clusters deposited on a silica glass surface and into
different matrix materials were investigated by means of optical spectroscopy and x-ray
absorption near edge structure (XANES) spectroscopy of the Ag L absorption edges.
Optical measurements of the plasmon resonance of clusters showed behavior such as energy
shifts with increasing cluster coverage, an additional energy shift after exposure to air and
changes in the full width at half maximum of the measured extinction signals. The total
plasmon energy as well as the value of the shifts strongly depend on the cluster environ-
ment and the amount of the deposited clusters. It could be shown, that a significantly high
amount of Ag clusters can be deposited into a SiO2 aerogel matrix yielding fairly separated
clusters.
Since it is well known that structural properties such as size and shape of noble metal
clusters influence the position of the plasmon resonance, it was highly important to gain
additional information on the cluster samples under investigation. In particular, the en-
ergy shift after exposure to air, which can be assigned to formation of an adsorbate on the
cluster surface, could not be explained to all extent by only regarding optical absorption
spectra. To be able to determine the true origin of this shift and other structural changes
XANES measurements of the Ag L absorption edges were performed.

For all three different sample systems (Ag clusters on SiO2 silica glass, in polydimethyl-
siloxane (PDMS) and in SiO2 aerogel) measurements of the Ag L absorption edges showed
no significant oxide formation on the clusters. The high sensitivity of this method to
changes in the oxidation state as proven by cluster sulfidisation experiments would yield
a significant differences to the Ag bulk absorption for pronounced oxide formation. Thus,
the lack of detectable changes shows that also the energy shift can not be a result from
oxide formation. Here only the formation of an adsorption layer yielding no change in the
oxidation number can be the origin of the detected energy shift, i.e. water layers. Such
an adsorption layer could well induce a deformation of the clusters or changes in the local
density of states yielding alterations in the x-ray absorption spectra of these clusters.

Combining the information obtained from these two different experimental methods pro-
vided a better insight into the properties of Ag cluster, particularly in matrices such as
PDMS and SiO2 aerogel. Taking into account the ab-initio calculations of a highly sym-
metric icosahedral Ag147 cluster as proposed to be an energetically preferable structure for
free clusters [Hua11] changes in the XANES spectra for increasing cluster coverage with
the transition to larger coalesced islands could be reproduced. The remaining discrepancies
between calculation and measurement could be assigned to different values for the mean
next-neighbor distance of the 7 considered atoms in the Ag147 cluster. Especially the com-
parison between the innermost atom with the lowest next-neighbor distance and the bulk
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silver feature shows significant differences. Thus, the structure of the clusters in PDMS
should be object to further investigations. Nevertheless, a first hint on more bulk-like dis-
tances could be found.

Additionally, in a first attempt is was possible to roughly approximate the size of clus-
ters deposited into PDMS by taking into account the surface/inner atoms fraction and
reconstructing the measured absorption spectra of different cluster coverage by superposi-
tion of calculated surface atom spectra and a bulk reference. This yielded an approximated
size range of 3 nm for comparably low coverage and 14 nm for significantly higher cluster
coverage.

The investigated samples were all prepared using a supersonic nozzle expansion. The
clusters are not size selected, thus, all measured spectra contain information on Ag clusters
exhibiting a certain size distribution. For future experiments the clusters will be size sep-
arated by ionization and deflection in an electric field. Thus, the structural investigations
will yield a more precise insight in the geometrical and electronic structure of Ag clusters
with a comparably narrow size distribution.

Further investigations on the Ag L1 edge of Ag clusters have already been performed
by David Engemann in very recent experiments. Possible size and structure dependent
changes in the excitations resulting in the Ag L1 absorption edge are thus still subject to
subsequent research.

Future additional experiments on Ag clusters deposited onto previously heated SiO2 silica
glass are expected to provide interesting insight in the axial ratio of the clusters in this well
defined sample system as well as possible pronounced coupling or even coalescence. Recent
experimental data on Ag clusters in SiO2 aerogel are analyzed at the moment.

Regarding ab-initio calculations for representative atoms in the clusters, considerations
about possible filter attributes, which would help to reduce calculation time are planned.
Thus, calculations on more asymmetric clusters could be performed in the future.
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