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Abstract

Abstract

The spectroscopic investigation of supported size selected metal clusters over a wide
wavelength range plays an important role for understanding their outstanding catalytic
properties. The challenge which must be overcome to perform such measurements is the
difficult detection of the weak spectroscopic signals from these samples. As a consequence,
highly sensitive spectroscopic methods are applied, such as surface Cavity Ringdown
Spectroscopy and surface Second Harmonic Generation Spectroscopy. The spectroscopic
apparatus developed is shown to have a sensitivity which is high enough to detect sub-
monolayer coverages of adsorbates on surfaces. In the measured spectra of small supported
silver clusters of the sizes Agsy, Agy1, Ago, and Ag atoms a stepwise transition from particles
with purely metallic character to particles with molecule-like properties can be observed

within this size range.

Zusammenfassung

Die spektroskopische Untersuchung von massenselektierten Metall Clustern auf Oberfldchen
tiber einen groBen Wellenldngenbereich spielt eine Schliisselrolle in der Aufkldrung ihrer
besonderen katalytischen Eigenschaften. Die Herausforderung solcher Messungen liegt in der
Detektion der sehr kleinen spektroskopischen Signale solcher Proben. Daher werden hoch
sensitive spektroskopische Methoden verwendet, wie die "surface Cavity Rindown
Spektroskopie" und die "surface Second Harmonic Generation Spektroskopie". Es wird
gezeigt, dass der entwickelte spektroskopische Autbau sensitiv genug ist, um sub-Monolagen
von Oberflachenadsorbaten zu detektieren. Anhand von M essungen von massenselektierten
Silber Clustern der GroBen Agsy, Agr1, Ago und Ag Atomen auf einer Glasoberfliche kann
der schrittweise Ubergang von Clustern mit rein metallischen Eigenschaften zu solchen mit

molekiil-artigen Eigenschaften in diesem GroB3enbereich beobachtet werden.






Chapter 1 Introduction

1 Introduction

Metals represent 92 of the elements in the periodic table, equivalent to roughly 78 % of all
known elements, and thus possess a large variety of physical and chemical properties. These
properties have been investigated for centuries, with the result that metals and metal alloys
have become one of the most important raw materials for industry. The outstandingly useful
mechanical and electrical properties of metals have led to important developments, making a
crucial contribution to the success of, for instance, the industrial revolution. The material
properties of metals are mainly dominated by the existence of weakly bound electrons in the
metal atoms, which when combined in a lattice form an "electron gas" that can move quasi
freely inside the entire structure. This electron gas is responsible for the typical characteristics
of metals such as electrical conductivity and the mechanical flexibility. However, the physical
characteristics of the metallic bulk material are not determined by the intrinsic nature of its
building blocks (i.e. the individual atoms), but are developed by the assembly of many metal
atoms. As a consequence, the number of metal atoms which a metal particle is composed of,
highly influences its physical properties." This opens up t he possibility of tuning these
properties of a metal by forming small particles (termed metal clusters) and varying their size.
Such a tailoring of the physical material characteristics may enable the development of new
materials based on small metal clusters for applications in many fields, such as physics,

biology, and medicine.”*

Cluster catalysis

One commonly used chemical application of metals and metal particles is catalysis, which is a
field of great importance for the chemical and pharmaceutical industry. In catalysis, a reactant
(e.g. an organic molecule) is modified by the electronic interaction with the catalyst (e.g. a Pt
metal particle), which accelerates the rate of a chemical reaction. Without the use of
specialized catalysts, the chemical synthesis of a large fraction of the today's important
organic compounds (medical drugs, synthetic materials etc.) would be either impossible or
expensive, achieving only very little yield. However, the enormously growing demand for
these products requires the development of new catalysts with an increased selectivity at
lower prices. A special area in catalysis is the synthesis of enantiopure compounds, which are
of great importance in the pharmaceutical industry because such compounds play an

important role in biological systems.® Enantio-selective catalysis is, however, an enormous



Chapter 1 Introduction

challenge requiring the development of new catalytic materials. These challenges have
triggered research into new approaches in catalysis by attempting to selectively tailor the
catalytic properties of metal particles. One important step was the more recent discovery of
the dependency of the catalytic activity on particle size.” This dependency was first observed
in experiments using very small, size selected gas phase clusters, consisting of only 1 to 50

611 and was later confirmed by experiments on supported size selected clusters.'”"* The

atoms
possibility to tune the catalytic properties of a metal cluster by varying its size could therefore
significantly contribute to the development of a completely new generation of catalysts.
Furthermore, the possible existence of chiral cluster samples (suggested by theoretical
considerations)'’ may even lead to enantio-selective heterogeneous cluster catalysis. These
interesting results show that cluster catalysis is an exciting research field with huge potential
for future applications. However, in order to tailor the properties of a cluster catalyst towards
a specific catalytic application requires the understanding of the influence of several factors
on the catalytic activity, such as the cluster size, cluster shape, and the support material.

Consequently, systematic studies are necessary. Here, the investigation of the electronic

structure of the metal clusters can play a key role.

Electronic properties of clusters

The intrinsic catalytic activity of a catalyst is mainly determined by its electronic properties.
One possibility to gain information about the catalytic properties of a metal cluster is
consequently the investigation of its electronic structure. As already seen for the catalytic
properties, the electronic structure of small metal clusters also varies with cluster size. This
effect is particularly pronounced in the size regime of very small clusters (1 - 50 atoms) where
every single atom in the cluster has a great influence on the overall electronic properties of the
metal particle. In this "non scalable size regime", quantum size effects have a drastic impact

on the electronic structure of the cluster.'®'®

The investigation of these electronic size effects
can be key for understanding the catalytic properties of small metal clusters and are therefore

the subject of many studies in physical chemistry.

For the commercial application of tailor made catalysts based on small metal clusters the
particles must, for practical reasons, be supported on a suitable substrate (heterogeneous
catalysis). Consequently, in order to understand the properties of supported metal particles,

not only must the electronic properties of the clusters themselves be considered, but also their
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interaction with the substrate and other neighboring clusters, which are each important factors
influencing the electronic and therefore catalytic properties of the material. As aresult, the
investigation of samples with supported metal clusters representing realistic catalytic matter
supplies important information about cluster catalysis under conditions which are close to
possible applications. However, the study of such clusters is not trivial and necessitates the

application, or indeed development of specialist techniques and instrumentation.

Methods for the investigation of the electronic properties of clusters

There are several common techniques that are used to directly investigate the electronic

properties of small metal clusters, such as Photoelectron Spectroscopy (UPS/XPS)"?!, the

2225 a5 well as local techniques such as Atomic

25, 26

Electron Energy Loss Spectroscopy (EELS),
Force Microscopy (AFM)** and Scanning Tunneling Microscopy (STM), respectively. A
second possibility to obtain information about the electronic properties of a cluster is to use an
indirect method, where the influence of the cluster on an adsorbed ligand molecule is studied.
Here, information about the electronic structure of the metal particle can be gained indirectly,
by analyzing several properties of the adsorbed molecules. Such a technique, for example,
involves the investigation of the adsobate binding energies to the particle using Temperature

Programmed Desorption (TPD) measurements.”” **

Other powerful tools include several optical spectroscopic methods applied in the ultraviolet
and visible range of the electromagnetic spectrum, where electronic transitions in the metal
clusters can be directly probed.”" ** These techniques can, however, be additionally used as an
indirect method by analyzing the electronic structure of adsorbate molecules. The electronic
transitions in an organic molecule which is adsorbed onto a metal particle are influenced by
its electronic interaction with the particle leading to modifications in the UV-Vis spectra of
the molecule. A change in the electronic properties of a ligand molecule can additionally lead
to shifts in the vibrational resonances of molecules which can be measured in the infrared
range.”"** Consequently, a spectroscopic method of investigating metal clusters and adsorbed
ligand molecules over a large wavelength range (from the ultraviolet to the infrared) can
provide a deep insight into the properties of clusters and their interaction with ligands. This
large variety of possible applications included in one single analysis method, makes the
optical spectroscopy the favorable technique for the investigation of cluster samples;

however, there are a number of challenges.
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Challenges

There are several studies on the electronic properties of small metal cluster presented in the
literature using optical spectroscopy, which are typically carried out with clusters in either the

3335 or embedded in rare gas matrices.’™>’ However, very little is known about the

gas phase
optical properties of small clusters that are supported on substrates (which have more practical
applications, such as in heterogeneous catalysis). The reasons for this are the extraordinarily
high requirements ont he experimental methods, necessary for the production and
spectroscopic investigation of such cluster samples. In order to clearly identify cluster size
effects, the investigated sample must contain only clusters of one single size. However, to
fulfill this condition, two aspects of the experiment must be considered. Firstly, size-selected
clusters must be produced and deposited onto a sample and secondly, the agglomeration of
clusters on the surface must be avoided. The latter condition can only be achieved by keeping
the surface coverage of clusters as low as possible (~1% of a monolayer). However, this low
coverage in combination with the small absorption cross sections expected for small metal
particles, leads to very weak spectroscopic signals which are beyond the sensitivity of
standard spectroscopic methods. Consequently, highly sensitive spectroscopic techniques
must be developed to resolve such small spectroscopic features. Furthermore, in order to
avoid the contamination of a sample, the experiments must be carried out under ultrahigh
vacuum conditions. This is crucial for the production of size selected clusters, as well as for
their spectroscopic characterization. Consequently, a specially designed apparatus is needed,
so that the entire experimental procedure can be performed within a vacuum chamber, which

necessitates the adaption of the desired highly sensitive spectroscopic methods.

Topic of this thesis

The central aim of this thesis is to investigate the electronic properties of small, size selected
metal clusters (1 - 50 atoms) that are supported on a substrate, using highly sensitive optical
spectroscopy. The applied spectral range should therefore cover the wavelength regions from
the ultraviolet to the infrared, allowing for the investigation of the electronic transitions in
metal clusters and adsorbed molecules (UV-Vis range) as well as the study of vibrational
transitions in the latter (IR range). These wavelength regions of interest, required to
investigate the various electronic (UV-Vis) and vibrational transitions (IR) of the supported

metal clusters and organic ligands are summarized pictorially in figure 1-01.
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Fig. 1-01. Spectroscopic investigation of a cluster sample with organic absorbates.

In order to perform these measurements, an instrument must first be developed and
characterized, which allows the preparation and spectroscopic investigation of such samples
under UHV conditions, using an already existing cluster source. Here, the main challenge
consists of the installation of a suitable spectroscopic setup and its adaptation for the use in
combination with an UHV chamber. The second step is then the spectroscopic investigation
of the cluster samples using the installed apparatus, where the evolution of the optical
(electronic) properties of size selected clusters with the cluster size is of central interest. The
results should contribute towards a better understanding of the role of those clusters in

catalytic reactions.

Spectroscopic methods used in this thesis

Due to the weak spectroscopic signals of the cluster samples mentioned previously, highly
sensitive spectroscopic methods must be employed. In order to cover the broad wavelength
range from the ultraviolet to the infrared two different types of spectroscopic techniques are
used, the highly sensitive Surface Cavity Ringdown Spectroscopy (s-CRDS) and Surface
Second Harmonic Generation Spectroscopy (s-SHG), the latter of which is a nonlinear
method. s-CRDS can be applied in both the visible and the infrared wavelength range,
whereas s-SHG spectroscopy covers the ultraviolet range. Both techniques are laser based
methods which allow the measurement of low surface coverages of adsorbates and are thus

used in this thesis.
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Outline of this thesis

The presented thesis is divided into three main parts. In the beginning (chapter 2), the
theoretical aspects of the spectroscopic methods are discussed, followed by a presentation of
the basic theoretical concepts describing the optical properties of small metal particles
(chapter 3). In the experimental section, the apparatus for the sample preparation is shown
(chapter 4) and the implementation of the different spectroscopic methods (s-Vis-CRD, s-IR-
CRD, s-SHQG) into one single experimental setup, which is furthermore adapted for the use in
a vacuum chamber is described in detail (chapter 5). The challenge here was to design a setup
which allows fast switching between different spectroscopic methods, and enables their
application in the study of the very same sample. In the third part of the thesis, the results
from different measurements are shown and discussed. Starting from chapter 6, w hich
concerns the spectroscopic properties of different substrate materials and discusses the
adequacy for the different spectroscopic methods, measurements of different organic
molecules coated onto substrates are subsequently presented (chapter 7). The results obtained
here are used in order to demonstrate the reliability and the high sensitivity of the
spectroscopic setup. In the last results chapter (chapter 8), measurements of supported metal
clusters are shown. The most detailed characterization is carried out with supported silver
clusters of different sizes. Here, the evolution of the spectroscopic properties with decreasing
cluster size and with varying cluster shape is particularly investigated and compared to both,

theoretical predictions and other measurements which are present in the literature.
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2. Linear and Nonlinear Spectroscopic Methods

In the following sub-chapters, the theoretical aspects of the spectroscopic methods which are
used in this thesis are presented. In the beginning, the principles of the linear technique,
surface Cavity Ringdown Spectroscopy (s-CRDS), are shown and its sensitivity is discussed.
Furthermore, a technique is presented (transversal mode matching) which allows for
improving the sensitivity of the spectroscopy, in particular, if solid samples are investigated.
In the second part, the theoretical aspects of the nonlinear spectroscopic technique, surface
Second Harmonic Generation Spectroscopy (s-SHG), are explained in detail, in combination

with the discussion of the type of information it can yield.

2.1. Surface Cavity Ringdown Spectroscopy (s-CRDS)

Cavity Ringdown spectroscopy is a highly sensitive linear absorption technique. It is widely

40-42

used in gas phase studies, e.g. for the detection of trace materials in the ppb range or the

43-46

measurement of very week absorption bands in several species” , such as the weak

blZg - X3Zg bands of molecular oxygen®’. The application of CRDS to solid samples

(s-CRDS) is more demanding, however, in some experimental systems the potential of this
technique has already been demonstrated*®>. In general, a Cavity Ringdown apparatus
consists of a laser source, an external optical resonator (cavity), and a detection unit. The

working principle of CRDS is presented in the following sections.

2.1.1 Theory of s-CRDS

A single laser pulse is injected into an optical resonator (cavity) consisting of two highly
reflective dielectric mirrors (reflectivity > 99.98 %), and is reflected back and forth while a
small fraction of the light leaks out of the cavity in each reflection. This causes a decrease in
the total intensity of light inside the cavity, diminishing in form of an exponential decay
function. By detecting the light that leaks from the cavity, the ringdown signal can be
measured in order to determine the ringdown time, and subsequently the loss of photons
within the cavity. In figure 2-01, a s chematic of the external resonator for surface Cavity

Ringdown measurements is shown.
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Fig. 2-01. Optical resonator for s-CRD measurements. A laser pulse is reflected back and forth between the two

mirrors, while a small fraction of the light leaks from the resonator.

For an empty cavity (note that between the two mirrors there is only vacuum), the time
evolution of the light intensity behind the resonator, I,, can be described using equation 2-01.

t-Zin(R)
l,=1,-e¢ (eq.2-01)

where, |, is the light intensity at t =0 (behind the resonator), R, the reflectivity of the

dielectric mirrors, C, the speed of light in vacuum, and d , the distance between the two CRD

mirrors. The value |, is proportional to the light intensity of the laser pulse, | and can be

laser 2

expressed as:

l,=1_.-(1-R)* (eq.2-02)

~ Tlaser

Equation 2-01 describes the exponentially decaying time evolution of the intensity of a laser
pulse behind the cavity. This function is measured using a photomultiplier. The resulting data

points are fitted using the function:

_t
f,=A-e " +B (eq.2-03)

where, A, B, and 7 are the fit parameters (the parameter B is introduced to account for any
linear offsets). The time constant, 7, is called "ringdown time". Comparing equations 2-01

and 2-03, the following expression for the ringdown time in an empty cavity can be found:

d
T——m (eq2-04)

10
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From the ringdown time, the fraction of extinguished photons inside the cavity per path of the
laser beam (A) can be calculated. Considering that the travelling time per path is At=d/c,

the relative photon loss per path is given by:
forc-t>d (eq.2-05)

Equation 2-05, however, is only valid for small losses A . In the case of the empty cavity, the

loss can be calculated by:
ATV — 1R (eq.2-06)

which is intuitively correct, because all photons that are extinguished inside the cavity are the
photons which are not reflected by the CRD mirrors. If a sample is introduced into the cavity,
additional photon losses originating from absorption and scattering processes are generated.
In order to account for these losses, equation 2-01 is extended to equation 2-07.

C C C
IEln(R) —t— @y t=(In(R)—crey; )

l,=1,-e e ¢ =I,-ed (eq.2-07)

here, «,,, represents the extinction coefficient of the sample. From this equation, the

ext 2

ringdown time is then calculated using:

d d
- +
c-In(R) c-a,,

(eq.2-08)

and the corresponding relative photon loss is consequently given by:
Ax(1-R)+a,, =AY +qa . (eq.2-09)

Equation 2-09 shows that the different sources of photon losses inside the cavity are
additively connected and that those losses directly represent the extinction coefficients. An
important consequence of this is, that the losses obtained from the measurement of the empty
cavity can be simply subtracted to determine the extinction coefficients of the sample. In
order to measure an entire spectrum, the ringdown signals are recorded as a function of the
laser wavelength. Using the fit function in equation 2-03, the ringdown times for each
wavelength and subsequently the photon losses can be extracted. By subtracting a reference
measurement and plotting the relative photon losses as a function of the wavelength, the linear

absorption spectrum of a sample is obtained. The advantage of the CRD technique over more
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common linear absorption techniques (i.e. a commercial UV-Vis spectrometer instrument) is

its superior sensitivity, as demonstrated in ref>” %,

2.1.2 Sensitivity of s-CRDS

With the Cavity Ringdown technique it is possible to measure relative photon losses which
are smaller than one extinguished photon (part) per million (1 ppm). This high sensitivity has
two main origins. Firstly, from equation 2-03 it can be seen, that the ringdown time is

independent of the initial laser intensity, |,, which avoids any fluctuations in the laser

intensity from disturbing the measurement. In an s-CRD experiment there is consequently no
noise arising from the laser source (this is strictly valid only in theory). The second origin is
based on the application of the fit function on the ringdown signal. The signal itself represents
thousands of absorption processes because the light travels through the sample at each path of
the laser light inside the cavity. By fitting the exponential function to the ringdown signal, the
resulting value of the ringdown time is already an average over all of these absorption
incidences. In other words, the extracted ringdown time of one single laser pulse has the
accuracy of the average of thousands of single transmission experiments. As a consequence,
the larger the ringdown time is, the higher is the sensitivity of the technique. This leads to the
necessity to keep all losses as small as possible. In order to achieve this, special dielectric
cavity mirrors must be used with a reflectivity of more than 99.98 %. Such mirrors do not
exist as broadband mirrors and consequently, the applicable wavelength range where the
reflectivity is above this value is limited. By combining some sets of mirrors which have the
maximum of reflectivity centred at different wavelengths, this range can be extended.
However, to cover e.g. the entire visible range (400 nm-650 nm) at least five mirror pairs are

needed.

In order to study adsorbates on surfaces using s-CRD spectroscopy, a solid sample must be
introduced into the cavity. As a result, the photon loss is highly increased. In order to limit
this additional photon loss, all possible sources of light extinction must be minimized.
Consequently, one fundamental condition for a suitable substrate is a very high transparency
over the entire wavelength range of interest. Using Brewster’s angle configuration, reflection
losses from the substrate are minimised and the main source of light extinction which is left is
light scattering at the surfaces (front and rear) of the substrate. Its surfaces should therefore be

as smooth as possible in order to minimize the scattering.

12
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The scattering of light, however, is wavelength dependent. If the diameter, d, of the
scattering centres is small compared to the wavelength of the light, the wavelength

dependency of the scattering cross section, o,

follows the Rayleigh law:

225d (n*=1Y
= — eq.2-10
G(sca.) 3 /14(n2+2] ( q )

where, A, is the wavelength of the light, and n, the refractive index of the particle material.
Equation 2-10 shows that the scattering cross section is proportional to 1/A*. This means that
for decreasing wavelengths the amount of scattered light increases drastically. As a
consequence, the sensitivity of the CRD technique with solid samples strongly diminishes

towards the ultraviolet region.

Light scattering occurs at any material and consequently, it also occurs at the surfaces of the
CRD mirrors. This explains the observation that the reflectivities of CRD mirrors for the
ultraviolet region are smaller than for the visible region (see chapter 6.4.1) leading to a further
decrease in the sensitivity of CRD in the UV region. The scattering problem thus limits the
reasonably applicable range of the Cavity Ringdown spectroscopy to the visible and the

infrared wavelength range.

2.1.3 Transversal Mode Matching

The mathematical descriptions given in chapter 2.1.1 are only valid if one single mode of the
resonator is excited. In reality, this is hardly possible to achieve and the light beam oscillating
between the two mirrors consists of the superposition of several different resonator modes.
Firstly, there is a superposition of longitudinal modes inside the cavity originating from the
spectral width of the laser pulse. Each longitudinal mode has a slightly different ringdown
time and consequently, the measured value represents an averaged ringdown time. However,
as long as the measured absorption bands of the sample are broader than the spectral width
(this is usually the case for electronic transitions in the visible range and vibrational
transitions in the infrared range), this does not lead to a distortion of the spectrum. A different
situation, however, is present for the superposition of different transversal electromagnetic
resonator modes (TEM modes) inside the cavity. Each TEM mode has a different intensity
distribution in the plane orthogonal to the propagation direction of the light. This is the case at

the position of the cavity mirrors as well as in the middle of the cavity where the sample is
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placed. The losses at different positions on the sample can vary hugely, which leads to very
different ringdown times for each TEM mode. Furthermore, the homogeneity of the mirrors is
also far from being perfect. As a consequence, the measured ringdown signal consists of
several contributions of highly different ringdown times which are averaged by the
exponential fit. However, if the beam profile of the used laser source is not stable from pulse
to pulse or the position of the cavity changes e.g. due to vibrations, the composition of the
different TEM modes changes from laser pulse to laser pulse. As a result, a rather large noise
in the measured spectrum can be observed which diminishes the signal to noise ratio. In order
to circumvent this problem, it must be ensured that only the fundamental TEMy, resonator
mode is excited. This mode has a Gaussian intensity distribution and is that one with the
smallest waist in the middle of the cavity. Therefore, two conditions must be fulfilled. The
laser beam itself must have a Gaussian beam profile and the beam must be guided via lenses
in the cavity in such a way, that its beam parameters (curvature of the wave front and the
beam diameter) match those of the TEMy, resonator mode (the latter are defined by the
curvature of the CRD mirrors and their distance). The shaping of the laser beam to form a
Gaussian beam profile can be performed by focussing the laser beam through a small pinhole
(spatial filtering). In order to perform the mode matching, several focusing lenses must be
placed at exactly defined positions in the beam path in front of the cavity. The positions can
be calculated using the formalism of the ray transfer matrix analysis for Gaussian beams™. It
could be shown that, using these techniques, the signal to noise ratio is considerably enhanced
(noise reduction of 50 %)®. More details about the calculations for the transversal mode

matching can be found in a previous dissertation®’.

2.2 Surface Second Harmonic Generation Spectroscopy (s-SHG)

Surface Second Harmonic Generation Spectroscopy (s-SHG) is a surface sensitive technique
which makes use of the nonlinear effects that occur at interfaces when illuminated by strong
laser pulses®®. "Nonlinear" means here that these effects donot depend linearly ont he
intensity of the fundamental light pulse. s-SHG spectroscopy allows for the very precise
measurement of resonances at the interface regions between two different media, such as air-
liquid, liquid-liquid, solid-liquid, solid-air interfaces®. Due to the special symmetry rules for
the SHG process, the technique gives information about orientations of the probed species
with respect to the interface®®’. In the following, the basic theory of the generation of the

second harmonic and its application as surface sensitive spectroscopic method is shown.

14



Chapter 2 Linear and Nonlinear Spectroscopic Methods

2.2.1 The Generation of the Second Harmonic

In classical linear optics, the polarization density of matter, P, , which is irradiated by an

(t)?

electromagnetic wave is described by equation 2-11.

—

P(t) =& X E(t) (eq.2-11)

—

where, E, , 1s the electric field component of the electromagnetic wave, &,, the electric

®>
permittivity of vacuum, and j, the electric susceptibility tensor. Equation 2-11 connects the
oscillation of the electric field of light and the induced oscillation of charges in the matter in a
linear relation. This is valid under the assumption, that the charges in the material are
confined in a harmonic potential, which is a good approximation for small displacements of
the charges during the oscillation induced by weak electric fields. However, for strong electric
fields, for example, in short laser pulses, the harmonic potential approximation is no longer
suitable because new, nonlinear effects occur which cannot be described by equation 2-11. In

order to account for the anharmonicity of the potential, the susceptibility tensor must be
replaced by a parameter which is dependent on the electric field E(t). This parameter can be

expressed as a Taylor series of the susceptibility tensor as a function of the electric field.

o . 07 d*z
F=7"+ L E +—=5E .. (e92-12)

=2
dE(t) dE(t)
=2 =(3)
)(( ) Z(

where, 7, 7%, 7 are the first, second, and third order susceptibilities. Inserting equation

2-12 into equation 2-11 yields:

By =6 (7VE, + 7VEL + 7B} +..)  (eq.2-13)

Equation 2-13 shows that the polarization density for the model of the anharmonic potential is
a superposition of a linear term (described by the first order susceptibility) and additional

nonlinear terms. If a monochromatic electromagnetic wave of the form E;, = E, cos(at) is

inserted in equation 2-13, the polarization density is derived to give:
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Flv = (Zm -E, cos(awt)+ y? - E,’ cos’(at) + y¥ - E,’ cos’ (at) + )

1 1
=&,(7" - E, cos(at) + 5 7PE+ > 2 2E2 - cos(2mt) +

+%;{‘3) E,’ - cos(mt) +i;((3)EO3 -cos(Bmt)+...) (eq.2-14)

The linear part of the polarization oscillates at the fundamental frequency; however, the
nonlinear terms lead to contributions to the oscillation at the second (shown in red) and third
harmonic frequency (blue). Since the contribution of the nonlinear terms highly depends on
the amplitude of the electromagnetic wave, they can be neglected for low power
electromagnetic waves but must be considered for high power waves, such as those in short
laser pulses. In figure 2-02, the polarization is plotted as function of time for the low power
and the high power case. The latter clearly shows the contribution of an oscillation at the

second harmonic frequency.

— |ow power
— high power

polarization [arb. units]

time [arb. units]

Fig. 2-02. Polarization of matter as function of time for low power irradiation (black line) and high power
irradiation (red line). In the high power case, a contribution of an oscillation at the second harmonic frequency

can be observed.

Following equation 2-14, the polarization can be expressed as superposition of a linear

(IS(”(O) and nonlinear polarizations (F3(”()t)) .

B, =P 1 P2 1P . (eq.2-15)
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In the following, we concentrate on the second order nonlinear effect and neglect higher order

contributions. The second order polarization can be consequently written as:

P(Z)(t) =& '(%IQ)EOZ +%Z(2)E02 -cos(2a)t)] (eq.2-16).

The oscillation of the polarization at the second harmonic frequency is the source for the
generation of an electromagnetic wave at this frequency. If the light source is a coherent laser
source, the generated second harmonic beam is also aco herent, laser-like beam. This
facilitates the detection of the generated photons because standard laser optics can be used.
Following from equation 2-16, the electric field of the generated SH beam can be expressed

as:

E 77PE,? -cosamt) (eq.2-17)

Qo))

and its intensity, | is consequently:

2w)>

2
|20 ~|}((2)| 'I(w)2 (eq.2-18).

Equation 2-18 shows a fundamental characteristic of the SHG process: The intensity of the
generated second harmonic beam increases with the square of the intensity of the fundamental

beam (I ,,) -

The equations shown in this section represent the fundamental classical description of

nonlinear processes. Equivalent quantum mechanical formalisms lead to the same results.*> ®

2.2.2 Second Harmonic Generation in a Nonlinear Crystal

If the second harmonic is generated in a nonlinear crystal, interferences between the SH
components that are generated at different positions in the crystal occur, which drastically
diminish the intensity of the resulting SH beam. The reason for the interferences is the fact
that in any dispersive material, the phase velocities of electromagnetic waves with different
frequencies differ from each other. This leads to ad ifferent travelling speed of the
fundamental and the second harmonic beams through the crystal, the result of which is that
the SH beams generated at different positions in the crystal possess a different phase. A

complete constructive interference of the SH beams can consequently only be achieved in a
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material where the refractive indices (the refractive index is defined by the phase velocity) at
the fundamental and the second harmonic frequency are equal. The most common possibility
to realize this is the use of birefringent crystals. If a light beam travels through a birefringent
crystal, the beam is split into two components, an ordinary wave which follows the Snell's law
of refraction and an extraordinary wave with different properties. One of these properties is
the anisotropy of the phase velocity of the extraordinary wave in the crystal. The propagation
speed of the extraordinary wave consequently depends on the polarization of the incident light
wave and the angle of incidence with respect to the crystal planes. As a result, there are two

refractive indices correlated to birefringent materials, an isotropic ordinary, n , and an

02

anisotropic extraordinary, n,. By turning the crystal n, can be modified, whereas n,

e
remains constant. This can be used to achieve complete constructive interference in an SHG
process since an angle of incidence can be found were the ordinary refractive index at the

fundamental frequency matches the extraordinary refractive index at the second harmonic

frequency n,” =n_?” . This procedure is called "phase matching" and the specific angel

"phase matching angle". For each fundamental frequency, a different phase matching angle
must be adjusted. Under phase matching conditions transformation efficiencies from the

fundamental to the second harmonic beam of up to 60 % can be reached’”.

2.2.3 Symmetry Considerations and Surface Sensitivity

- — harmonic potential
—— anharmonic centro-symmetric potential
= anharmonic asymmetric potential

polarization [arb. units]

0
electric field [arb. units]

Fig. 2-03. Polarization of matter plotted as a function of the electric field for three different potentials.
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62, 68, 69

The second order susceptibility possesses some distinct symmetry properties which are

discussed in the following. The most important property of y* is that in a centro-symmetric

electric environment the second order susceptibility is zero. This can be illustrated using
figure 2-03. Here, the polarization of the matter is shown as a function of the electric field for
different electric potentials in which the charges are confined. The black dotted line represents
the harmonic potential, the blue line an anharmonic centro-symmetric potential, and the red
line an anharmonic asymmetric potential. As discussed in chapter 2.2.1,in a harmonic
potential the second harmonic frequency is not generated. From the curve for the anharmonic

centro-symmetric potential, the following relation can be extracted:

P

-R ().(-E)

OE) = (eq.2-19)

Inserting equation 2-13 into equation 2-19 yields:

~%o (Z(I)E(t) + 1B+ 2B, +) =& (Z(l)(—E(t)) + 7P (-Ey)’ + 2V (-Ey))’ +)

= 7P =—4? (eq.2-20)

Equation 2-20 can only be fulfilled if y'® =0 and consequently, no oscillation at the second

harmonic frequency can be induced in such materials. This is the case, for example, in all
materials which have a centro-symmetric crystal structure (the electric potential is here also
centro-symmetric). However, for the case of the anharmonic asymmetric potential the second
order susceptibility can have any value. Examples for this case are materials, which do not
have a centro-symmetric crystal structure (e.g. frequency doubling crystals in laser systems).
A special case are randomly ordered systems, for example, amorphous structures, liquids or
gases. Even if each subunit of these systems does not have a centro-symmetric structure, the
overall potential is centro-symmetric and no second harmonic light is generated. This can be
explained by the random orientation of the subunits towards each other which can be
combined to a centro-symmetric superstructure. This rule holds, whenever the distances

between the subunits are small compared to the wavelength of the used fundamental light" "%,

The fact, that in centro-symmetric and randomly ordered systems no second harmonic light is
generated can be used in order to achieve an interface sensitivity. At the interface of two
different centro-symmetric media, the symmetry is broken and SH photons are consequently
generated, whereas inside the bulk of the two media the SHG process is forbidden. As a
result, all of the generated photons in such an experiment must originate from the interface

region, which allows for investigating this region with a very high sensitivity. By using a
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solid sample with a centro-symmetric or an amorphous crystal structure, this surface

sensitivity of the s-SHG technique is ensured.

2.2.4 Resonance Enhancement of the SHG Process

In order to gain spectral information using s-SHG spectroscopy, the intensity of the generated
second harmonic beam is recorded as a function of the wavelength. By dividing the SH
intensity spectrum by the square of the intensity spectrum of the fundamental beam, the
square of the second order susceptibility as a function of the wavelength is obtained (see
equation 2-18).

ﬁ~| 2?[ (eq2-21)
Iz(w)

For the interpretation of the spectrum of the second order susceptibility, its properties must
first be understood, especially in wavelength regions with resonance transitions in the

investigated system. The dispersion relation of the second order susceptibility can be derived

using a classical description of the oscillation of electrons induced by an external field, E ),

where the electrons are confined in an anharmonic potential68. This potential, U, expressed

)
as a function of the displacement, X, from the equilibrium is given as:

U

1 1 1
=—kx’+—ax’+=p6x*+... (eq.2-22
(x) 2 3 4ﬁ (q )

where, k,a and p, are parameters. The restoring force, F, acting on the electron is

consequently given by:

du
F=r—%——(kx+ax’ + X +..) (eq.2-23)
dx

In the following, only the first two summands are used because they are responsible for all

first and second order effects. With a damping of the oscillation of y, the motion of one

electron can be described by the following differential equation:

d?*x dx a e
— Oy YW x, +—- X, =——E
m

dt? dt R (6q.2-24)

(t)
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where, X.,, represents the position of the electron as function of time, €, is the charge, and m,

(t)°

the mass, and finally @,, is the resonance frequency of the corresponding harmonic oscillator
a ) ) .

(a)o =/k/m ) The term @, - X, +—- X’ , describes the restoring force acting on the electron
m

in the anharmonic potential according to equation 2-23. Equation 2-24 can be solved for a

monochromatic excitation wave, E,, using the perturbation theory. With the perturbation

®°
parameter @/m the solution has the form:

(eq.2-25)

M o (2)

X X +—-X
t t t
(t) t m )

where, X", is the motion of the electron for the harmonic limit. Equation 2-25 describes a

®>
superposition of two different oscillations, one is linear and the other nonlinear. With an

excitation wave, E ., of the form:

®°
eiwt+e—iwt
E,=E- — (eq.2- 26)

; O 2) ; .
the solutions for X’ ) and X, are given by:

E ot —iwt
XV = _L. — ° *e (eq.2-27)
m [a)0 -0 - ya)] 2
2 2 i2ot —i2et
Lox, =-S = -{He . } (eq.2-28)
m 4m [a)o2 —w’ - i}/a)] -[a)o2 — 40’ —2i7a)] 2
where, X(”(t), describes an oscillation at the fundamental frequency @ of the excitation wave.

However, X(z)(t) possesses an oscillatory part with a frequency of 2@ which is responsible for

the generation of the second harmonic, and a second part describing a time independent static
displacement of the electron. The latter could already be observed in equation 2-16. From the

displacement of the electron, X,,, the polarization, P, , can be derived using equation 2-29.

(t)>

P

—ayD _a % @ _pO @)
® =€ X me— X" =P +P

m

=—e-X (eq.2-29)

(t) )

In combination with equation 2-13, the first and second order susceptibilities can be extracted:
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2
m__ & 1
£, +M [a)o2 -’ —i)/a)]

X (eq.2-30)

2) _ 0(‘83 1

= 26‘0 -m? ’ |:a)02 i —i;/a)]z 'I:CUOZ — 4w _2”/(0}

(eq.2-31)

The susceptibilities in equations 2-30 and 2-31 are complex quantities and describe the
amplitude and the phase shift of the oscillating polarization with respect to the excitation
wave. In an s-SHG experiment, the square of the second order susceptibility is measured

according to equation 2-21. In equation 2-32 this quantity is calculated.

03 2
[(a)oz—a)z) +;/2a)2} -[(w02—4a)2) +472a)2}

In figure 2-04, the square of the second order susceptibility is shown as a function of the

photon energy (with a damping constant of y =1/8®, ).

 [arb. units]

2

(2)

Iy

| | I 1
a2 @

photon energy o [arb. units]

Fig. 2-04. Square of the second order susceptibility plotted as a function of the photon energy. Two peaks can be

observed in the spectrum, one at w, and the second at wy/2.

In the spectrum, two peaks can be observed although there is only one resonance frequency of
the oscillator (at @,). This observation can be explained by analyzing the product of the

denominator in equation 2-32. The spectrum of the susceptibility shows a maximum,
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whenever the denominator reaches a minimum. This is the case for the first factor at o = o,

. R
and for the second at @=1/2@®,. There are consequently two maxima for | ;((2)| . Using a

photonic picture, the origin of these two different resonance enhancements can be illustrated.
In the SHG process, the frequency of the fundamental wave is doubled. This corresponds to
the coalescence of two fundamental photons to one single photon with double the energy (SH
photon). In figure 2-05, three different types of this photon coalescence are shown

schematically.

enhanced enhanced
SHG SHG
virtual level virtual level excited state

excitedhstate virtual level

SH pl

fund. photon

ground(state ground(state ground(state
off resonant resonance at resonance at
D= Oy 200= O,

Fig. 2-05. Schematic for the illustration of the resonance enhancement of the SHG process using a photonic
picture. If the fundamental or the SH photon energy is in resonance with a transition in the material, the SHG

transition probability is enhanced.

The first transition type on the left side in the figure starts from the ground state and occurs
over two virtual energy levels, whereas for the second and third transition type there is an
excited state located at the fundamental and the SH photon energy, respectively. The
frequency dependent part of the transition probability for this three photon process is the
product of the transition probabilities for each photon. In the second and the third case shown
in the figure, the SHG transition probability is consequently enhanced. This is expressed in
equation 2-32 by the product in the denominator. The frequency dependent part of the
transition probability of each of the two fundamental photons is represented by the expression

1 . and for the SH photon by ! 3
[(woz _(02) +7/20)2} [(a)02 _4(02) +4}/2(02}

of the transition probability (transition dipole moment) corresponds to the expression

. The geometric part
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2

3

a-€ . . .

{2 3} , where the parameter « describes the shape of the potential and contains
£,-M

consequently the selection rules for the SHG process derived earlier in chapter 2.2.3. The
product of the geometric and the three frequency dependent parts (one for each involved
photon) yields the transition probability of the SHG process and is equivalent to the
expression in equation 2-32. This demonstrates that the mathematical descriptions of the SHG
process derived from classical mechanics is in a good agreement with quantum mechanical

considerations.

. 2 .
As shown above, the peaks in the spectrum of | ;((2)| represent resonances in the measured

sample. For the interpretation of the nonlinear spectrum, however, it is necessary to
distinguish between the two cases of resonance enhancement to determine the spectral
position of the resonance. By applying an additional, complementary highly sensitive linear
technique, such as the s-CRD spectroscopy, this crucial information can be obtained. As
shown earlier in this chapter, s-CRD spectroscopy is not applicable in the UV range; however,
the range of study can be extended towards the UV with s-SHG spectroscopy by using a
fundamental laser frequency in the visible range and probing the resonances at the second

harmonic frequency (which is consequently in the UV range).

2.2.5 Comparison between Linear and Nonlinear Spectra

Since the measurements which are carried out in this thesis combine linear (s-CRD) and
nonlinear spectra (s-SHQG), it is necessary to quantify the differences between the two spectra
obtained from the same sample. One important aim of this investigation is to verify if the
equations derived for the linear spectrum of a sample are also applicable to describe its
nonlinear properties. As an example, the model of the anharmonic oscillator (shown
previously) is used. The nonlinear spectrum is given by equation 2-32 and the linear
absorption spectrum can be calculated from the first order susceptibility given by

equation 2-30. The absorption cross section, o

s, » Of @ particle which is small compared to

the wavelength is given by equation 2-33:

s = —Im{ 7"} (eq.2-33)
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where, ¢, is the speed of light in vacuum, and Im{ ;(“)}, is the imaginary part of the first

order susceptibility which can be derived from equation 2-30. The absorption cross section of

the anharmonic oscillator is then given by:

_ w-e y-@
= . >
C-g-M |:(a)02_a)2) +}/2a)2i|

(eq.2-34)

Gabs.

In figure 2-06 the spectra of o, and | Z(Z)r are shown as function of the fundamental photon

energy.

I+ [arb. units]

[syun “que] **o

fund. photon energy

Fig. 2-06. Comparison between a linear absorption spectrum and the nonlinear s-SHG spectrum. Both spectra are

plotted as function of the fundamental photon energy. The width of the peak at @, in the nonlinear spectrum is

reduced and slightly red shifted with respect to the linear spectrum.

The linear spectrum shows one peak at the resonance frequency of the oscillator (@,) and in

the nonlinear spectrum two peaks (as discussed in the previous section) can be observed. By
comparing the linear absorption peak with the nonlinear peak located at the fundamental

resonance frequency, @,, some differences in the shape can be observed. The nonlinear peak

is narrower and slightly red shifted with respect to the linear spectrum. This discrepancy
highly complicates the direct comparison of the two spectra, and especially the estimation of
the damping constant of the oscillator (responsible for the peak width) from the nonlinear
spectrum is difficult. The interpretation of a peak in the nonlinear spectrum originating from

the resonance at the fundamental frequency using the equations describing the linear spectrum
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is consequently not very accurate. However, the much lower complexity of the linear

description compared to the nonlinear one makes the use of the former favourable.

In figure 2-07, the nonlinear spectrum is plotted as function of the second harmonic photon

energy (2w) and compared to the linear absorption spectrum (the latter is plotted as function
of the fundamental photon energy). Using this method, the peak located at @,/2 (fund.

frequency) of the nonlinear spectrum is superimposed with the linear absorption peak. In the
figure, it can be observed that those two peaks match each other almost perfectly (in position

as well as in peak width). In this case, the use of the linear description for the interpretation of

the peak in the s-SHG spectrum (at @, /2 ) is consequently justified in a good approximation.

However, in order to perform, for example, a fit of the nonlinear spectrum using the function
for the linear spectrum, the s-SHG spectrum must be plotted as function of the SH photon
energy and the peak must originate from a resonance at the SH frequency in order to obtain an
accurate result. In chapter 8, most of the s-SHG measurements of supported metal clusters are
fitted using the equations for the linear absorption of small metal particles. Using the

procedure shown above, the extracted fit parameters should be reliable.

SH photon energy 2e
]
l

2),2

—_—y

(22

Iy "1I” [arb. units]
[suun "qse] **°o

fund. photon energy

Fig. 2-07. Comparison between a linear absorption spectrum and the nonlinear s-SHG spectrum. The linear
spectrum is plotted as function of the fundamental photon energy and the nonlinear spectrum as function of the

SH photon energy.
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2.2.6 From the One Oscillator Model to Real Systems

The anharmonic oscillator is a good model system in order to understand the principles of
linear and nonlinear responses of matter. However, in real materials more than one resonance
frequency is generally present. These resonances originate from different transition processes
in the material. If the excitations of the different resonances are independent from each other,
the overall susceptibility of such a system can be described by a superposition of multiple

anharmonic oscillators”. The first order susceptibility in such a system is consequently given

by:

(eq.2-35)

=3 9

2
’ 2 2 H
&, M, I:a)” - —|]/n60i|

where, (,, are the effective charges of the oscillating species, m_, their masses, @,, the
oscillator resonance frequencies, and y,, the damping constants. Similarly derived is the

second order susceptibility:

3
. 1
22=Y %G (eq.2 - 36)
T 2¢,-m;’ [a)n2 0’ - i;/na)]2 -[a)n2 —4@’ —Ziyna)}

The parameter ¢, varies for different excitations because of its dependency on the symmetry

of the transition (selection rules). For some transitions it could be, for example, zero, and
these transitions would consequently not contribute to the second order susceptibility.
However, such transitions can contribute to the first order susceptibility (different selection
rules) which leads to a difference between the nonlinear spectrum and the linear one. In
general, it can be pointed out that the composition of different oscillators in the
susceptibilities is not necessarily equal for the linear and the nonlinear case. In such a case,
the accuracy of the interpretation of the nonlinear spectrum using the equations for the linear

spectrum (as shown in the previous section) can be highly reduced.

2.2.7 Nonlinear Properties of Non-Absorbing Dielectric Samples

The complex second order susceptibility becomes real in lossless media when all resonances

are far from the wavelength of the illuminating light.®® Examples of such materials are those
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that are dielectric, such as glasses or metal oxides. This effect can be illustrated using

equation 2-31 in combination with the condition @,” -’ > yw .
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(eq.2-37)

Furthermore, from equation 2-37 it can be derived that the second order susceptibility in such
media can be approximated as being constant over a wide range of photon energy because the

denominator in equation 2-37 hardly changes with @ for @,> @. Dielectrics are

consequently good reference substrates for calibrating the s-SHG setup because their SH

conversion efficiency is in first approximation constant over the measured range.

2.3 Summary Chapter 2

In chapter 2, the theoretical aspects of the s-CRD spectroscopy were presented and discussed
in detail. Furthermore, the parameters influencing the sensitivity of the method were shown
and the necessity of the transversal mode matching procedure for the investigation of solid
samples using s-CRDS was justified, which can reduce the noise in the obtained spectrum by

up to 50 %.

In the second part of the chapter, several principles of nonlinear optics were presented in
order to explain the origin of the second harmonic generation (SHG) at the surfaces of
substrates. In the following sections, the use of this nonlinear effect to perform surface
sensitive spectroscopic measurements (s-SHG) was shown and basic selection rules for
second order nonlinear processes were derived. Finally, the different properties of linear
(s-CRD) and nonlinear (s-SHG) spectra were discussed using as model system the
anharmonic oscillator. It could be shown that the existence of one single resonance in the
investigated system results in the presence of two peaks in the s-SHG spectrum; the first peak
is located where the fundamental frequency is in resonance with the transition and the second,
where the SH frequency is resonant. Based on these considerations, a procedure could be
found allowing for the direct comparison of the two different types of spectra which will be

used in the following chapters for the interpretation of s-SHG spectra.
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3. Optical Properties of Metal Clusters and Adsorbed Molecules

In the present chapter, the optical properties of metal clusters both, with and without organic
ligands are discussed and some principles of the theoretical description are shown. In the first
part, the fundamental linear optical properties of metal particles e.g. the excitation of
collective oscillations of the conduction electrons (plasmons) are derived from bulk optical
constants using the classical Mie theory. Furthermore, a formalism describing the particle size
and shape dependency of the optical constants is presented and the effects occurring for metal
clusters supported on substrates are discussed. The second part of this chapter concerns the
influence of organic adsorbates on the optical properties of the clusters followed by the third
part, where the nonlinear optical properties of supported metal particles are described. Here, a
brief introduction of this wide field is given, focusing on the nonlinear plasmonic properties

of the particles.

3.1 Linear Optical Properties of Metal Clusters

The linear optical properties of metal particles are dominated by the presence of conducting
electrons, which can be described in a first approximation as a free electron gas dispersed in
the lattice of metal cores inside the particle. The extraordinarily high mobility of these
electrons leads to a strong coupling between themselves and incoming electromagnetic waves.
In the following section, the plasmonic oscillation of these electrons are characterized using
the bulk optical constants of the metal in combination with the Mie theory. This simplified
description is precise enough to give sufficient insight into the fundamental optical properties
of metal particles, especially in terms of the effect of size and shape. However, this model is
limited since it is based on the existence of an electronic band structure inside the particles, as
is the case for the bulk material but not necessarily for small particles. Below a certain particle
size (which is so far undetermined for supported metal clusters) the electronic band structure

must be replaced by discrete energy levels, leading to a failure of the classical model.
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3.1.1 Optical Constants of Bulk Metal

The optical properties of bulk metal can be described by its dispersive dielectric function,

g(w), which is related to the electric susceptibility of the material, y(w), as shown by

equation 3-01:
g(w)=1+ y(w) (eq.3-01)

Taking the model of the harmonic oscillator to describe the susceptibility of the conducting
electrons in bulk metals leads to the following expression of the susceptibility (see
chapter 2.2.4):

2 1

N-e
x(w)= — (eq.3-02)
&M [a)o -0 —I]/a)}

where, N, is the number of oscillators per unit volume, €, the elementary electric charge, m,

the effective electron mass, ¢,, the dielectric constant, @,, the resonance frequency of the
oscillator, and y, the damping constant of the oscillation. The factors in front of the
frequency dependent term can be combined to give the plasma frequency, @,, which is

material dependent:

2
N-€ 2 (eq.3-03)

p
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The dielectric function is then derived to give:

@ 2
g(w) =1+=——5— (eq.3-04)
[a)0 -® —I;/a)]

Equation 3-04 is the Lorentz model of the dielectric function of matter. From this equation, it
can be concluded that the dielectric function is a complex quantity which can be divided into

its real and imaginary parts, ¢,(®) and &,(®):
e(w)=¢(w)+ig,(w) (eq.3-05)

In bulk metals, the conducting electrons can be considered as "free" electrons which are not
acted upon by restoring forces when they perform oscillations. Within the model of the

harmonic oscillator this corresponds to a system with a vanishing resonance frequency
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@, = 0. This can be illustrated by a simple spring model. An oscillation without any
restoring forces corresponds to a vibrating spring with the spring constant k =0. Since the
resonance frequency in the harmonic oscillator is defined as @, = \/k/_m , it can be replaced by
the value zero (@, =0). Inserting this condition into equation 3-04 gives the Drude model of

the dielectric function of bulk metals:

2

w
g(@)=1-—L"—  (eq.3-06)
o +lyw

with its real and imaginary parts given by:
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Equation 3-06 describes the dielectric function of a p erfect free electron metal. This is an

& (w)= (eq.3-07)

especially good approximation for alkaline and alkaline earth metals.”* > However, for many
other metals such as noble metals, additional effects have to be considered. In figures 3-01
and 3-02, the real and imaginary parts of the experimentally determined dielectric function of

bulk silver’® is shown and compared to the functions derived from equations 3-07.

0 1 [ bulk silver
— 2,(w) experimental
-50 — — &,(o) Drude
— 0
E)
= -100 — 3
< -10
w
-150 —
20 T I |
2 3 4 5
200 - photon energy [eV]
| | | |
1 2 3 4 5 6
photon energy [eV]

Fig. 3-01. Real part of the dielectric function for bulk silver calculated with the Drude model (black line) and

determined experimentally (red line). The inset shows an enlarged fraction of the spectrum.
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For the plasma frequency the value w, =9.08 eV is used and as damping constant for bulk

silver the value y =0.018 eV . These values are derived experimentally from measurements

of a thin silver film.”® For small photon energies the Drude dielectric function matches well
with the measured curves; however, for larger energies strong deviations can be observed.
The imaginary part of the measured dielectric function (figure 3-02) in particular, shows an
onset to higher values at about 3.8 eV, whereas the Drude function remains close to zero. The
Drude dielectric function only treats the conducting electrons and neglects all other lower
lying electrons. These electrons, however, can perform transitions to higher energy bands

known as interband transitions’” ®

which leads to additional photon absorption processes. For
silver, the onset of these interband transitions is located at 3.8 eV which explains the
deviation of the measured curves from the Drude function.” In the spectrum of the imaginary

part of the dielectric function, the onset of the interband transition is marked.

bulk silver
6 —

— &,(w) experimental
—— ¢&,(@) Drude

interband absorption

1 2 3 4 5 6
photon energy [eV]

Fig. 3-02. Imaginary part of the dielectric function for bulk silver calculated with the Drude model (black line)

and determined experimentally (red line). In the spectrum the onset of the interband transition is marked.

As a consequence of this observation, the dielectric function must be extended in order to

account for possible interband transitions. The overall susceptibility of a realistic metal can be
expressed as a sum of a Drude part, y°, and a part for the interband transitions, »'" 29 Using

equation 3-01 the dielectric function is then given by:

s(@)=1+ "+ " (eq.3-08)
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Inserting the Drude part from equation 3-06 yields:

2

a)p 1B
gw)=1-———+y" (e9.3-09)
@ +iyw
Since the interband susceptibility is a complex quantity, it can be divided in its real and its

imaginary parts, #,” and y,", resulting in the following expressions for the real and

imaginary parts of the dielectric function:

2

®
g(w)=1- = i}/z +7"° (eq.3-10)
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Equations 3-10 and 3-11 can be used in order to describe the dielectric function and thus the
optical properties of a realistic metal. For an exact description of the interband susceptibilities,

however, concrete quantum mechanical calculations must be carried out.”’

3.1.2 Optical Properties of Small Metal Particles (Plasmons)

The optical properties of metal particles can differ strongly from those of the corresponding
bulk metal. In a particle, the conducting electrons are confined within the particle volume,
whereas in the bulk they can move freely inside the entire lattice. This leads to electrostatic
restoring forces when the electrons perform oscillations, holding the electrons inside the
particle. As aco nsequence, the oscillations of electrons in metal particles have distinct
resonance frequencies called plasmon resonances. These effects are treated within the
classical Mie theory. In his theory, Mie derives the exact solution for the adsorption and
scattering of light by a spherical particle which is embedded in a homogeneous medium (for a
given dielectric function of the particle material) by solving Maxwell's equations for the
electromagnetic fields inside and outside the particle.’ Later, the theory was extended in
order to include non-spherical particle shapes and interface effects, such as the influence of

adsorbates at the particle surface.”> %

For spherical particles which are small compared to
the wavelength of the light used (dipole approximation), the extinction cross section derived

from Mie theory is given by:
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o, =92¢ .y £(@) (€9.3-12)

ext m

C, ° [ (a))+2gm]2 +&,(w)°

where, C,, is the speed of light in vacuum, &, the dielectric constant of the surrounding
medium, V,, the particle volume, and finally ¢ (@) and &,(®), the real and the imaginary
parts of the dielectric function of the particle, respectively. In this approximation, the phase
retardation effects and the excitation of higher multipoles are neglected and only dipole
oscillations are described. Equation 3-12 is considered to be a good approximation, whenever
the particle radius is small compared to the wavelength of the probing light (R < 1). For the
spectral range investigated in the present thesis (UV-Vis), this condition can be considered as
fulfilled for particle radii smaller than 10 nm (this is the case for all cluster samples
investigated in the present thesis).” Furthermore, the scattering cross section of particles of
such small sizes is orders of magnitude smaller than the absorption cross section.”
Consequently, the extinction cross section approximately equals the absorption cross section
O, =Oa leading to a highly reduced complexity for the interpretation of the measured
spectra. The extinction cross section in equation 3-12 possesses a maximum, whenever the
denominator in the frequency dependent part is at a minimum. Provided that the imaginary

part of the dielectric function of the particle, &,(®), is small, the denominator possesses a

minimum where:

e(w)=—2-¢, (e9.3-13)

The frequency where equation 3-13 is fulfilled is called the Frohlich frequency, o .
Obviously, the Frohlich frequency depends on the dielectric constant of the surrounding
medium (which is assumed to be non absorbing) and can be influenced by the choice of the
medium in which the particle is embedded. The absorption spectrum shows a peak at o
called the plasmon peak. However, the shape of the plasmon peak is highly dependent on the
evolution of the imaginary part of the dielectric function of the particle in the region of .
This can be illustrated by comparing the noble metals silver, gold, and copper. In figure 3-03,

the imaginary parts of the experimentally derived dielectric functions of the three noble

metals are shown.”® Additionally, the Frohlich frequencies are marked for each metal,

calculated for a vacuum (¢, =1) as surrounding medium.
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Fig. 3-03. Imaginary parts of the dielectric functions for silver (black line), gold (red line), and copper (blue

line). Additionally, the Frohlich frequencies for particles of these metals are marked, calculated with ¢, =1.

For silver the value of &,(®) at the Frohlich frequency is small, whereas for gold and copper
@ 1s in the region of the interband transitions for these metals and ¢,(w) thus has much

higher values. Consequently, silver particles should possess the most pronounced plasmon
peak in the absorption spectrum. Inserting the experimentally derived dielectric functions of
silver, gold, and copper’® into equation 3-12, the absorption spectra of small particles of these
metals can be calculated. The resulting spectra are depicted in figure 3-04. Note, that a

vacuum is considered as surrounding medium (g, =1).

As predicted, the most pronounced plasmon peak is present in the spectrum of the silver
particles at the Frohlich frequency of @ =3.5 eV . Note that this spectrum is scaled to 1/10
with respect to the spectra of the gold and copper particles (i.e. in reality, the peak in the silver
spectrum is 10t imes higher than depicted). The plasmon peak of the gold particles is
broadened compared to that of silver and located at the onset of the interband transition of
gold. Furthermore, the absorption maximum at 2.43 eV is slightly shifted compared to the
Frohlich frequency wp =2.5 eV. In the spectrum of the copper particles, the plasmon peak
has almost completely vanished and is highly broadened (the plasmon resonance should not
be mistaken with the small peak at 2.1 eV, originating from the interband transition in

copper). Here, the Frohlich frequency (o =3.4 V) represents not even the maximum in the

absorption spectrum.
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Fig. 3-04. Calculated absorption spectra of silver, gold, and copper particles. The Frohlich frequencies for the

particles of each metal are marked in the spectra.

In summary, it can be concluded that the existence of a plasmon resonance (Frohlich
frequency) for a metal particle does not necessarily coincide with the existence of a visible
plasmon peak in the absorption spectrum. However, the plasmon peak can be made visible by
shifting the Frohlich frequency to a value where ¢,(w) of the measured metal particle is
small. This can be achieved by choosing a suitable embedding medium. In general, silver

particles are considered the best candidates for plasmon studies among the noble metals

because of their sharp pronounced plasmon peak in the spectrum.

3.1.3 Particle-Shape Effects”

So far, only the optical properties of spherical particles have been treated. However, for
supported metal particles deviations from spherical shape have been observed.**™ Such
deviations can have enormous influence on the plasmonic properties of the metal particles and
consequently, some basic principles of the optical properties of non-spherical particles are
presented in the following. Here, the theoretical description focuses on spheroid shaped

particles which is a good approximation of the real shape of supported metal clusters.

From Mie theory (its extension), the polarizability, ¢, of small spheroid particles (R < 1)

can be calculated as follows:
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_ . g(a)) —&n _
%=V en+e(@)—€,] L (q.3-14)

(The quantities used here follow the notation in the previous chapters) The parameter L, is a
shape parameter and the index, i, represents the i—th principal axis of the particle. ¢;, is

consequently the polarizability of the particle along its i —th principal axis. A general relation

between the different shape parameters of an arbitrary particle is given by equation 3-15:

ZLi =1 (eq.3-15)

The formula to calculate the different values of L, depends on the symmetry of the particle.

Here, the case of an oblate shaped particle is presented. An oblate spheroid is defined by the

radii of its three principal axis, a, b, and ¢, with the relations a=b and c<a. The shape
parameter for such an object can be derived using equation 3-16:
pa R R.2

PSR TN NPV N T | I TN T
L, V2|5 _R. 2(1_Rc/a2) (eq )

. C e c .
where the axis ratio is given by R, =—. The shape parameter of the short axis, C, can be
a
derived on basis of equation 3-15:

L =1-2-L, (eq.3-17)

The extinction cross section of a particle can be calculated from the polarizability using the

relation:
O oxt =2-\/g~lm{ai} (eq.3-18)
, C,
where, Im{ai} , represents the imaginary part of the i—th polarizability. Inserting equation

3-14 yields:

=—¢ 32 'VO . 82(60) - (eq3_19)
Co [(e(@)-¢,)Li+é, | +&, ()L}
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Using equation 3-19, the different extinction cross sections, o

iext

along the different principal

axes, i, of the particle can be derived. For an oblate shape the relation o, =0 o # T 18

a,ext c.ext

valid. In the special case of a sphere the shape parameters are L, = L, = L_=1/3. Inserting this

into equation 3-19 yields equation 3-12 presented in the previous section, which describes the
absorption cross section of a sphere. Note that equation 3-12 is obviously a special case of the
more general description given by equation 3-19. From equation 3-19, it can be concluded
that the absorption properties of an arbitrary particle change with respect to its orientation
towards the exciting light wave. For an oblate particle two different spectra can be obtained,
one from the excitation of an oscillation along the long axis of the particle and the other along
the short axis. In figure 3-05, the absorption spectra of an oblate and a spherical silver particle

are depicted.

blate Ag particle

spherical Ag '—Iﬂf

particle

axisc

absorption cross section [arb. units]

| | | | | | | |
2.8 3.0 32 34 3.6 3.8 4.0 4.2
photon energy [eV]

Fig. 3-05. Calculated absorption spectra of a spherical silver particle (black line) and an oblate silver particle. In

the latter spectra the plasmon resonance peak is split into two plasmon peaks (red and blue line).

The spectra are calculated using equation 3-19 and the dielectric function of bulk silver from

the previous sections. For the oblate particle the axis ratio R , =0.5 is taken yielding shape

parameters of L, =L, =0.2364 and L, =0.5272. Consequently, for the oblate particle two

and one for o For the dielectric constant of the

spectra are obtained, one for o et -

a,ext
surrounding medium, ¢, the value for vacuum is again used. By comparing the spectrum

obtained for the spherical silver particle with the spectra of the oblate particle, it c an be

observed that in the latter case the plasmon peaks are both shifted. However, the resonance
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peak for the oscillation parallel to the short axis is blue shifted (@, =3.69 €V), whereas the

ax

peak corresponding to the oscillation parallel to the long axis of the particle is red shifted

(w,,, =3.29 €V) with respect to the spherical case with o =3.5e¢V. In a realistic

absorption measurement of oblate silver particles, a somehow weighted superposition of the
two peaks would be measured depending on the orientations of the particles with respect to
the polarization of the light wave. In general, it should be pointed out that any deviation of the
particle shape from a sphere leads to a splitting of the single plasmon resonance peak into
several plasmon peaks, in case of an oblate particle the plasmon peak is split into two peaks.
The magnitude of the shifts of the plasmon peaks for an oblate particle obviously depends on

the axis ratio R ,. In figure 3-06, the peak positions of the two plasmon peaks for oblate

silver particles are depicted as a function of the axis ratio.

Fig. 3-06. Plasmon peak positions of the two resonance peaks (o, = short axis and o, = long axis) for oblate

silver particles as function of the axis ratio. The axis ratio of R, =1 corresponds to a spherical particle. The

splitting of the plasmon peaks increases with a decreasing axis ratio.

In the figure, it can be observed that the smaller the axis ratio (i.e. the flatter the particle) the
larger the distance between the resonance peak of the oscillation parallel to the short axis and

the resonance peak of the oscillation along the long axis. The axis ratio of R , =1

corresponds to a spherical particle with one single plasmon peak at 3.5 eV. Using this plot the
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axis ratio of a measured particle can be derived from the positions of the two plasmon

resonances.

3.1.4 Cluster Matter

In the previous sections, the optical properties of metal particles embedded in an
homogeneous medium were described. However, the cluster samples investigated in the
framework of this thesis are metal particles dispersed on a substrate. Here, the surrounding
medium of the particle is inhomogeneous. Furthermore, the local electric field in which the
particle is exposed is influenced by image charges induced in the substrate and the presence of
other metal particles in the closer neighborhood. The quantity of the latter depends on the
particle sizes and the surface coverage of particles on the sample. The influence of all these
effects on the shape of the absorption spectrum is described mathematically in the following

sections.

3.1.4.1 Choice of ¢,

For an inhomogeneous surrounding medium of the particle the correct choice of the value for
the dielectric constant, &, is not obvious. When dispersed on the surface of a substrate, one
fraction of the particle surface is in contact with the substrate material, whereas the rest of its
surface is exposed to vacuum. Consequently, the true "effective" dielectric constant, ¢, lies
somewhere between the value of the substrate material and that of the vacuum. A possible
way of estimating &, is described in the literature.® Here, the mean value of the two media is

taken and simply weighted by the fraction of the particle surface exposed to each media, as

given by the following equation:
g, =X-&+(1-X)-&, (e0.3-20)

where, ¢, is the dielectric constant of the substrate, ¢, the dielectric constant of vacuum

vac ?

(6, =1), and X, 1s the fraction of the particle surface in contact with the substrate. The

quantity of X obviously depends on the geometry of the supported particle. However, if the
surface of the substrate is assumed to be perfectly flat, the value for X can range between 0

and 0.5. The different geometries corresponding to these values are depicted in figure 3-07.
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Fig. 3-07. Left: Sphere on a substrate. The fraction of the particle surface in contact with the substrate is
approximately zero. Middle: Hemisphere on a substrate. x is exactly 1/3. Right: Very flat hemispheroid. Here the

fraction x has nearly the value 0.5.

On the left side, a spherical metal particle supported on a substrate is shown which leads to a
value for x of approximately zero. For the case of a hemisphere depicted in the middle of the

figure, an exact value of x=1/3 can be derived. Finally, on the right side, the extreme

example of a very flat hemispheroid particle, whereby almost half of the particle surface is in

contact with the substrate is given, which thus yields a value of X=0.5.

Overall, the shape of the particle on the surface and thus the value of X after deposition
depends on many factors, such as the particle material, the substrate material, and the kinetic
energy of the particle before the collision with the substrate during the deposition. Since the
binding energy of the particle depends amongst other parameters on the particle size, the latter
is an additional factor which can influence the final shape. Consequently, it is difficult to

precisely predict the X value, which instead must be determined experimentally.

3.1.4.2 Local Field Correction

The local electric field, which metal particles dispersed on a surface of a substrate are exposed
to is influenced by the image charge induced in the substrate and the electric fields generated
by the neighboring particles. The change of the local field with respect to the electric field of
the incoming light wave influences the shape of the absorption spectrum of the particles. The
local field correction can be performed by replacing the polarizability of the particle, ¢, by a
modified polarizability, a”;, accounting for the changes in the local field. The a”; term can

be calculated from ¢, using the local field correction parameter, S, :**

af =— % (eq.3-21)
1+ﬁ,3.
v, "
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Inserting the expression for the polarizability of an spheroid particle (equation 3-14) into

equation 3-21 yields:

of =V e(w)-¢,

' 08m+[8(0))—8m](Li+ﬂi)

(eq.3-22)

Using equation 3-18, the local field corrected extinction cross section, o is then given

iext?

L0y £(@)_ _ (eq3-23)
C [(e(@) -&,)(Li+B)+ée, | +&,(@)(L+5)

Equation 3-23 is very similar to equation 3-19 representing the extinction cross section of a

spheroid particle without any local field correction. In equation 3-23, the shape parameter, L.,

is simply replaced by the expression (Li + 5. ) As a consequence, the fundamental properties

of the absorption spectrum do not change (if local field effects are considered) but the

parameter S leads to an additional shift of the plasmon resonance peak. The calculation of

B, for a spheroid particle supported on a substrate is presented in the following paragraphs.

The local field correction parameter, /[, corrects the polarizability for the change in the local

field at the position of the particle. Its calculation, shown here, is based on the assumption that
spheroid particles are uniformly dispersed on a substrate. Uniformly means, that the short axis
of all particles are oriented parallel to each other. This assumption is reasonable since the
origin of the deformation of the particles is the presence of the substrate surface. For the
change in the local field two contributions are considered, the first is the field generated by
the induced image dipole in the substrate and the second is the field generated by the
neighboring particles. In figure 3-08, these interactions are shown in a sketch for the two
different oscillation directions inside the particles. From the figure it can be concluded that the
interaction between the oscillating field of the particle and its image dipole leads to a
weakening of the local field for both oscillation directions. However, the interaction between
the generated fields of different particles leads to an enhanced local field for the oscillation
direction depicted on the left side, whereas this interaction in the case shown on the right side

attenuates the local field. Consequently, there are two different values for f for the two

different oscillation directions. Following the notation of the two different extinction cross
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sections of an oblate particle, o, and o, (representing the oscillations parallel to the a- and

the c-axis of the particle), the different S are labeled S, and S..

o
L| a-axis

o interaction between particles .y interaction between particles

& &
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Fig. 3-08. Local field effects for small supported metal particles. On the left side, the dipole-dipole interactions
for an oscillation parallel to the c-axis of the particle is shown. On the right side, the oscillation is parallel to the
a-axis of the particle. The different directions of the oscillations lead to different interactions and thus different

local fields.

The parameter B can be divided into its two contributions, 3'°, representing the particle-

image dipole interaction and £, representing the particle-particle interaction:

B=B"+B (eq.3-24)

whereby the values for B, and B.'° can be derived from equations 3-25 and 3-26,

respectively:
V, &-1
Pl =g e €32
pl =B (e3-20)

where, V,, is the particle volume, |, the distance between the center of the particle and the

center of the image dipole, and &, is the dielectric constant of the substrate. The volume of

an oblate particle can be expressed by:

1 c
V. =—7.—  (eq.3-27
0 67T Rc/a (eq )
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where, C, is the length of the short axis of the particle, and R, , the axis ratio introduced in

c/a
the previous sections. The distance between the center of the image dipole and the center of
the particle, |, can be replaced in good approximation by the length of the short axis of the
particle, C, if an oblate shape is assumed and the short axis is perpendicular to the surface.

Inserting into equations 3-25 and 3-26 yields:

- 5o (eq3-28
A TR e (60:3-29)
pro-——L 51 (eq3-29)

C12-R, &, +1

Both, B, and B.° have negative values leading to a red shift of the plasmon resonance

peak in the absorption spectrum. The value for B, describing the interaction between the

particles, obviously depends on the mean distance of the particles and thus on their spatial
distribution on the surface. The latter can be approximated by a simple model.”” Here, the
particles are assumed to be placed on lattice points of a quadratic lattice with the lattice
constant g. Furthermore, an effective particle layer thickness is defined as:
dgy =1.21-F-R

where, R is the particle radius, and F , the fraction of a monolayer

particle particle °
of deposited particles (a monolayer of particles corresponds to the value F =1).""°" The

parameter B~ can then be derived for the two oscillation directions from equations 3-30

and 3-31:
. d
B =- 2 07162 (eq.3-30)
g +1 2
) d
B =25 07162 (eq.3-31)
g +1 g

The lattice constant, g, is given by:

g= (;/—0 (eq.3-32)

eff

where, V,, i1s the particle volume. The fraction parameter, F, can be approximated by

equation 3-33:
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F~p 7R’ (eq.3-33)

particle

where, p, is the surface coverage of the particles. Equations 3-30 and 3-31 are then derived

to give:

.2
=2 02327 R’ e [7- 0] (e0:3-34)

g +1

a

. 28

B =

:0.4654-R oo -[7-0]"  (€0.3-35)

S

The value for B'® depends onthe particle axis ratio and the dielectric constant of the
substrate, whereas the value for B~ depends on the coverage, the particle size, and ¢,.
Combining these two contributions yields S (equation 3-24). Equations 3-34 and 3-35 show
that the interaction between the particles leads to a negative contribution to S for the dipole

oscillation parallel to the surface (red shift of the plasmon resonance peak) and to a positive

contribution for the oscillation perpendicular to the surface (blue shift of the plasmon peak).

By measuring the plasmon resonance peak, the value for the expression (Li + ﬂ,) can be

derived from a fit of the spectrum using equation 3-23. From these values, particle parameters

such as the axis ratio are accessible.

3.1.5 Particle-Size Effects

All descriptions of the optical properties of metal particles presented so far are thoroughly
valid for all metal particles which are small compared to the wavelength of the light
illuminating the particles. However, the dielectric function of the particles which is inserted
into the equations must be correctly determined. So far, the dielectric function of the bulk
material is used, but it obviously depends on the particle size. The smaller the particles are,
the more the electronic properties of a metal particle deviate from those of the bulk. One
extreme example is a metal atom lacking of most of the typical metallic properties (e.g. the
existence of a plasmon). Consequently, a mathematical description of the dielectric function is
needed in order to account for particle-size effects. The major difference between a small and

a large particle is the ratio, R between atoms located at the particle surface and atoms

surface/bulk

inside the particle. This ratio increases with decreasing particle radius, R and can be

partcle >
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expressed by the relation: R ~1/R This leads to a size dependency of the

particle *
electronic environment of the electrons inside the particle and thus the dielectric function.
Obviously, the conducting electrons which can move "freely" inside the particle are

influenced the most by a change of R ;..pu (2ll other electrons are bound to their metal

cores and have a strongly limited freedom of motion). Since the excitation of a plasmon is a

property of the conducting electrons, a change in R ;... influences the shape of the

plasmon peak.

The impact of the particle-size on the dielectric function of metal particles has been studied by
several groups.”° It could be found that the main effect of reducing the particle-size is a
broadening of the plasmon peak originating from an increasing damping constant, y, in the
free electron part of the dielectric function. In order to explain this effect a simple model has
been proposed.”” *® According to the classical model describing the plasmon oscillation, the
damping is caused by the scattering processes of the oscillating electrons. Scattering occurs
between the electrons, between the electrons and the lattice, and between the electrons and the
particle surface. As a consequence of the particle-size dependency of the ratio R, ;. cu > the
contribution of electron-surface scattering increases for decreasing particle-size. This
contribution becomes significant if the particle diameter drops below the free mean path of
the conducting electrons inside the particle which is limited by the electron-electron and the
electron-lattice scattering. This effect of additional damping of the plasmon oscillation is
known as "free mean path effect".”* For the free electrons in silver e.g. the free mean path was
determined to approximately 52 nm at room temperature.®” A mathematical description of the

damping constant is given in the following paragraphs.

The bulk damping constant, y,, , can be determined by equation 3-36:

V
Vbulk = ——  (eq.3-36)

bulk

where, v, is the Fermi velocity of the electrons, and |, , their free mean path inside the

bulk. For small particles the additional damping can be expressed as:

V
A]/(R) = AR—F (eq3 - 37)

particle

46



Chapter 3 Optical Properties of Metal Clusters and Adsorbed Molecules

where, A, is the damping parameter, and R the particle radius. The size dependent

particle »

overall damping constant, y,g, , is the sum of the two contributions:

Ve

YRy = Vouk +A (eq.3-38)

particle

As mentioned before, the additional damping mainly affects the free electron part of the
dielectric function and the interband contribution remains in first approximation unchanged.
In order to correct the bulk dielectric function for the free mean path effect, the free electron
part of the function must be replaced by a modified term containing the corrected damping

constant y, instead of the bulk damping constant, y,, . As shown in chapter 3.1.1, the

dielectric function of a metal consists of the free electron- (y°) and the interband

contribution (') of the form:
s(@)=1+ 7"+ y® (eq.3-39).

Since the dielectric function is usually derived from bulk measurements, its free electron part

(Drude part) contains the bulk damping constant. In order to replace this part by the Drude

part ;(D(R) containing the particle-size corrected damping constant, equation 3-40 is used:

g(R) (a)) = 8bu|k (a)) - ZD + ZD(R) (eq3 - 40)

Inserting equations 3-10 and 3-11 yields the corrected real and imaginary parts of the

dielectric function, given by:™

2 2

e (@) =& 0 (@) +— Do (q.3-41)
L(R) 1,bulk a)2+72bu|k a)2+72(R) )

2
w,y W,y
_ p (R p 7/ bulk
& R) ()= €5 bulk () + a)( > -

(eq.3-42).

The effect of the increased damping constant for decreasing particle size on the absorption

spectrum is shown in figure 3-09 using the example of spherical silver particles in vacuum.
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— Ag particle R=10 nm
—— Ag particle R =3 nm
— Ag paticle R =1 nm

extinction cross section o,/ [arb. units]

3.2 34 3.6 3.8
photon energy [eV]

Fig. 3-09. Calculated absorption spectra of spherical silver particles in vacuum for different particle sizes. The
spectra are all normalized to the same particle volume, V, (see equation 3-12) for a better comparability. A clear

tendency can be observed: the smaller the particle the broader the plasmon resonance peak.

The three spectra are calculated using equation 3-12 and normalized to the same particle

volume, V,, for a better comparability. The correction of the bulk dielectric function is

performed using equations 3-41 and 3-42. The different size dependent damping constants are
derived from equation 3-38 with a value for the A parameter of 0.25 and the Fermi velocity

of the electrons in bulk silver of vp =0.922 eV -nm. For the bulk damping constant of silver
the value » =0.018 eV is used.” In the figure, an increasing width of the plasmon resonance

peak with decreasing particle size can be observed, however, the position of the peak

maximum remains almost unchanged.

For metal particles which are embedded in a medium (not in vacuum), an increased damping
of the plasmon resonance compared to the damping for the same particle size in vacuum can
be observed. This type of additional damping of the oscillation is known as chemical interface
damping.”® The origin of this effect is the possibility of a tunneling of the conducting
electrons from the metal particle into the surrounding material during the oscillation. This
process involves inelastic scattering and diminishes the plasmon lifetime, leading to an
increased damping constant. Within this model, the effect is also known as "electron-spill-out
effect". Its magnitude depends on the energetic location of electronic states in the surrounding
medium. If an occupied electronic state in the particle coincides in its energy with an

electronic state of the surrounding, electrons can completely be transferred from the particle
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into the surrounding material. In this case, the plasmon peak of the particle completely
vanishes. A detailed description of these processes can be found in the literature.'® Since the
chemical interface damping occurs at the particle surface, its contribution to the overall
damping constant shows the same particle-size dependency as the mean free path effect.
Consequently, equation 3-38 can be modified in the following way:

VF

7/(R) = ybulk +(A‘$ize + Alntcrfacc)—

Rparticle

(eq.3-43)

where, A, describes the additional damping originating from the free mean path effect, and
A ..o Tepresents the contribution of the chemical interface damping. Theoretical
calculations of the A parameter yield for A, a value of 0.25 (if the units eV and nm are

used in equation 3-43). The magnitude of A obviously depends on the surrounding

nterface
material. A special case is, however, particles that are dispersed on a substrate. In this case,
only a fraction of the particle surface area is in contact with the substrate, leading to a more

100, 101

complex description of the A parameter.

nterface

3.1.6 Very Small Metal Clusters

The theoretical descriptions of the optical properties of metal particles carried out in the
previous sections are in good agreement with the observations in measurements of small
particles, down to a size of approximately 1 nm particle radius.'”® However, the question
arises, to what extent these concepts apply for very small particles consisting of only a few
atoms. This question can be divided into two parts, the validity of the electrodynamic
calculations based on Mie theory and the validity of the calculation of the dielectric function
presented previously. The Mie theory is conceptually independent of the physical properties
of the particles which are described by the dielectric function. It simply connects the intrinsic
physical properties of a material with the extinction spectra of the corresponding particle of a
certain size and shape. As a consequence, it is valid for all sizes of particles. The theoretical
description of the dielectric function and also its correction for the additional damping effects
(see previous sections), however, is based on the assumption that an electronic band structure,
including a populated conduction band exists in the metal particle. The concept of band
structures originates from solid state physics describing the electronic properties of metallic

bulk materials with an infinite lattice size. Here, this model is appropriate since the infinite
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number of energy levels in such systems join to form continuous energy bands in which the
collective oscillations of electrons can be induced. With a decreasing number of metal atoms
in a particle, however, the number of energy levels forming the energy band diminishes,
leading to a band splitting into discrete energy levels. In this case, a collective electron
transition is not possible resulting in a superposition of single electron transition events.
Consequently, the extinction spectrum should show several sharp absorption lines instead of a
single plasmon peak. This plasmon peak splitting could be observed for several small metal

103, 104

clusters in vacuum and embedded in rare gas matrixes . To our knowledge, the effect

has not yet been observed for metal clusters dispersed on a substrate.

The failure of the energy band model for very small clusters makes the classical descriptions
of the dielectric function for such small particle sizes inappropriate. Instead, its calculation
must be based on qua ntum mechanical considerations. However, the great number of
electrons involved leads to a high complexity of the calculations even for clusters consisting
of only a few atoms. The presence of a substrate further complicates the prediction of the

extinction spectra of very small supported metal clusters.

3.2 Ligand Stabilized Clusters

A wide field in cluster science is the investigation of the optical properties of ligand stabilized
clusters.'”'” These cluster systems, mostly synthesized chemically in solution, consist of a
metal cluster in the center surrounded by organic (or inorganic) ligands. Such systems are of
great interest because they allow the study of the interactions between metal particles and
organic molecules. These interactions are key towards understanding the catalytic properties
of supported metal clusters.'” ' For an interpretation of the measured extinction spectra, the
influence of ligands on the optical properties of the metal core must be known. Some of these

influences are discussed in the following paragraph.

There are two types of ligand stabilized clusters one, where the ligands are physisorbed on the
metal surface and another with chemisorbed ligands. In the first case, the presence of the
ligands shifts the resonance position of the plasmon peak by the change of the dielectric

constant of the surrounding medium, &,,. In most cases this will lead to a red shift of the

plasmon peak with respect to the peak position for clusters in vacuum because the dielectric
constant of any material is larger than 1 (in absence of absorption bands in the medium in the

wavelength range of interest). A second effect that occurs is the additional chemical interface
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damping leading to a broadening of the plasmon peak. In the case of chemisorbed ligands, the
electronic properties of the metal clusters are changed more drastically by the presence of a
chemical bond be tween the ligand and the cluster. For most ligands the cluster will be
oxidized, which leads to a reduction of the electron density, N, in the metal. According to

equation 3-03, the plasma frequency, w,, of the conducting electrons is proportional to the
electron density. Consequently, a reduction of N reduces @, leading to a red shift of the

plasmon resonance. For either very small clusters or a high oxidation state, the reduction of
conducting electrons can even lead to a vanishing of the plasmon peak or to its splitting in
several transition peaks (see previous section). Furthermore, the damping constant will be
highly increased in the presence of chemisorbed ligands due to a large enhancement of the
electron-spill-out effect. Here, the oscillating electrons in the cluster can be transferred over

the existing chemical bond into the ligand, leading to a reduced plasmon lifetime.

In addition to the afore mentioned influences of the ligands on the plasmonic properties of the
metal cluster, the cluster also influences the electronic transitions in the ligand which can be
observed using spectroscopy. Caused by this interaction, not only the change in the electronic
properties of the ligand may be observed, but also other effects such as shifts in the resonance
positions of its vibrational transitions. The latter can be determined using spectroscopy in the
infrared wavelength range. The investigation of plasmonic properties of the cluster in
combination with spectra showing electronic and vibrational transitions of the ligands
provides a large quantity of information for the characterization of the cluster-ligand

interactions.

3.3 Nonlinear Optical Properties of Metal Clusters

Metal clusters show strong nonlinear effects, such as the generation of the second harmonic
frequency due to the large amplitudes of the plasmonic excitations.'''"*> However, as seen in
chapter 2.2.3, a condition which must be fulfilled in order to allow for the generation of the
second harmonic is the absence of centro-symmetry for the measured species. One possible
method to create as ample with non-centro-symmetric metal particles, is electron beam
lithography (EBL). Lamprecht et al. fabricated two samples with non-centro-symmetric silver
particles on a substrate for SHG studies.''® In figure 3-10, the arrangements of their particles

on the surface are illustrated.
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Fig. 3-10. Silver particles on a substrate created by electron beam lithography by Lamprecht et al. The particles

have non-centro-symmetric shape and are arranged A), in a non-cetro-symmetric pattern and B), in a centro-

symmetric pattern.

The L-shaped (non-centro-symmetric) particles are arranged in A), in a non-centro-
symmetric- and in B), in a c entro-symmetric pattern. SHG measurements were performed
using these samples at normal incidence, probing only the SH component parallel to the
surface. Sample A) showed a large second harmonic signal, whereas for sample B) no signal
at the second harmonic frequency could be observed. The negative result of the second
measurement could be explained by the destructive interference between the generated SH
waves originating from the different metal particles due to their arrangement. This experiment
shows, that the condition of the absence of centro-symmetry in a sample for the generation of
the second harmonic is not only valid for single particles, but also for the overall arrangement
of the particles. The same result as for the sample B) would be observed for non-centro-
symmetric particles which are randomly distributed on the substrate. The reason for this is,
that randomly ordered systems possess an overall centro-symmetry. This can be illustrated by
considering that the average long distance composition of the material is equal for all
directions. This result has an important consequence for the SHG measurements of metal
particles in gas phase or dispersed in a liquid. Even if the shape of the particles is non-centro-

symmetric, no second harmonic light is generated due to their random distribution.

The symmetry condition for samples used for the generation of the second harmonic
discussed above is strictly valid under electric dipole approximation. However, if higher
multipoles are excited, the generation of the second harmonic is possible even in centro-
symmetric systems. The contribution of higher multipole oscillations in metal particles
strongly depends on the particle size with respect to the wavelength of the excitation light and

becomes significant for particle diameters which are in the same order of magnitude as the
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wavelength. The particle sizes of the clusters which are investigated in the framework of this
thesis are smaller than 2 nm in diameter and thus contributions of higher multipoles can be
neglected. A more detailed description of nonlinear multipole excitations in metal particles

can be found in the literature.''” ''®

A special symmetry situation is present for small supported metal particles. As seen above,
the oscillation inside the particles parallel to the surface is for randomly ordered particles
SHG inactive even if the particles themselves have non-centro-symmetric shape. However,
the oscillation perpendicular to the substrate surface is SHG active because the centro-
symmetry is broken by the presence of the surface. The lack of centro-symmetry, in this case,
is independent of the shape or the distribution of the particles and thus always given. In
figure 3-11, this situation is illustrated in a sketch using as an example a supported

rotationally symmetric particle.

p
/‘%"u,
9,
metal particle

SHG active oscillation

) SHG inactive oscillation
substrate .

Fig. 3-11. Supported rotationally symmetric particle excited by a light wave. From the two depicted oscillation
directions (parallel to the surface, red; perpendicular to the surface, blue) only the perpendicular oscillation is

SHG active since the centro-symmetry of the particle is broken by the surface in this direction.

The parameter quantifying this symmetry breaking is the asymmetry parameter a, which was
introduced in chapter 2.2.4. It describes the asymmetry of the electric potential in which the
oscillating charges are confined. From equation 2-31 it can be deduced, that the second order
susceptibility is proportional to the quantity of a. For a centro-symmetric particle the
asymmetry parameter is zero; however, in the case of supported particles the presence of the
substrate leads to deviations of the potential at the interface region between the particle and
the substrate, leading to a# 0. The quantity of a obviously depends on the strength of the
perturbation of the electric potential inside the metal particle induced by the substrate and thus

on the electric interaction between the particle and the substrate. As a co nsequence, the
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intensity of the generated second harmonic beam from such samples can be influenced by the

choice of the substrate material.

Due to resonance enhancement of the SHG process (see chapter 2.2.4), plasmon resonances of
small supported metal clusters can be probed using s-SHG spectroscopy. However, for
particles which are either distributed randomly on the surface or possess a cento-symmetric
shape, only plasmonic oscillations which are perpendicular to the surface give rise to an SH
signal. Consequently, the s-SHG spectroscopy only probes the plasmonic properties along the
height of the particles of such samples. Several s-SHG experiments of small supported metal
particles have been reported in the literature confirming the considerations presented

115, 119
above.

For the interpretation of the measured s-SHG spectra of supported metal
particles, a theoretical description is necessary. In chapter 2.2.5 it could be shown, that for the
model of the anharmonic oscillator the calculated s-SHG spectrum matches the calculated
linear spectrum in the region of the resonance peak in good approximation (if the s-SHG
spectrum is plotted as function of the SH photon energy). Here, the question arises, whether
the description of the plasmon resonance shown in the previous sections (equation 3-19) is
equivalent to the model of the anharmonic oscillator. This would open the possibility to also
use the formulas derived for the linear absorption spectrum for the interpretation of the s-SHG
spectra. The equivalence can be tested by only considering the free electron part of the
dielectric function of the metal (for simplification), and inserting the latter into equation 3-19.

The real and imaginary parts of the free electron part are given in equation 3-07. The resulting

cross section of the metal particle is obtained after some algebraic transformations:

0} @ Y-

iext m ’ 2
€ f a)pz 2 2 2
T—a) +7 W

(eq.3-44)

where, f =L, + (1 -L )gm . Equation 3-44 has the form (the frequency dependent part) of the
linear absorption cross section derived for the model of the anharmonic oscillator
(equation 2-34) with the resonance frequency @, = a)p2 / f . From this observation it can be
concluded, that the mathematical description of the plasmon resonance given by the Mie
theory is equivalent to the equations derived on ba sis of the model of the anharmonic
oscillator (if only the free electron part is considered). The consequence of this observation is

that equation 3-19 can be used in order to describe the shape and resonance position of a

plasmon peak measured in a s-SHG experiment (using the procedure presented in
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chapter 2.2.5). This is not necessarily correct for parts of the spectrum where interband
transitions appear since only the free electron part of the dielectric function is considered here.

However, in first approximation the use of the linear description is reasonable.

Plasmon field enhancement

The large amplitude of the plasmon oscillation in metal particles leads to a strong
enhancement of the local field close to the particle surface. The enhancement can thereby
reach up to factors of 10* or higher, depending on the particle sizes and shapes.'*’ This effect
plays an important role in many nonlinear spectroscopic techniques, such as surface enhanced
Raman spectroscopy and is known as plasmon field enhancement (PFE)."*" '** A strong
influence of the PFE can also be observed for the generation of the second harmonic at the
surface of cluster samples.'” The local field at the position of a certain metal particle in such
samples is enhanced by the particle itself and by the neighboring particles. Since the
amplitude of the generated second harmonic wave depends on the square of the amplitude of
the local field (see chapter 2.2.1), its enhancement can have drastic effects on the nonlinear
process. The enhancement factor obviously depends onthe frequency of the fundamental
beam which can even lead to shifts of the plasmon resonance position in the s-SHG spectrum.
Such shifts are described in the context of the local field correction in chapter 3.1.4.2 for the
linear case. However, since a change in the local field affects second order processes in a
different manner (quadratic relation) than it affects linear processes (linear relation), the
validity of the derived equations for the local field correction in s-SHG measurements is
questionable. Furthermore, a significant difference between the linear and the nonlinear
excitations appears in the case of the s-SHG measurement of a particle plasmon, where the
plasmon transition is in resonance with the second harmonic frequency. Here, the local field is
enhanced by the oscillation of the conducting electrons at the fundamental frequency which is
far from the plasmon resonance at 2. In a linear experiment, the absorption maximum of a
plasmon always roughly coincides with maximum in the local field enhancement. This
discrepancy can lead to large differences between the local field parameters for linear and
nonlinear plasmon excitations. A more detailed description of the plasmon field enhancement

effect on nonlinear processes can be found in the literature.'** '*°
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3.4 Summary Chapter 3

In chapter 3, the mathematical description of the optical properties of metal particles based on
Mie theory was presented. It could be shown that the conducting electrons in metal particles
can perform collective oscillations with a distinct resonance frequency (plasmon resonance),
leading to an intense absorption peak in the linear spectrum. Furthermore, several factors
influencing the properties of the plasmon resonance were presented, such as the particle
shape, the particle size, and the presence of a substrate. It was found that the deviation of the
particle shape from a sphere necessarily leads to the splitting of the plasmon resonance into
several modes, for spheroid particles into two plasmon modes. In a separated section the
limits of the theoretical description towards very small clusters were pointed out followed by

a discussion of the impact of organic ligands on the optical properties of the metal particles.

In the last part of the chapter, several principles of the nonlinear properties of supported metal
particles were shown. From symmetry considerations it could be extracted, that only the
plasmon oscillation parallel to the particle height can give rise to the generation of the second
harmonic frequency if supported particles are investigated using s-SHG spectroscopy.
Furthermore, it could be shown that the mathematical description of plasmon excitations
derived from Mie theory is equivalent to the model of the anharmonic oscillator. This result
justifies the use of the theoretical descriptions of the linear cluster spectra for the

interpretation of the nonlinear s-SHG spectra (as proposed in chapter 2).
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4. Cluster Sample Preparation Setup

In this chapter, the experimental setup required for the cluster sample preparation is described.
In the first subsection, a general overview of the cluster source design and its characteristics
are presented and briefly discussed; further details may also be found in ref.’" The chapter
then focuses on the working principles of a number of enhancements made to the original
cluster source setup, namely the substrate sample holder, the low energy electron source (used
to neutralize deposited clusters), and the sample transfer chamber, which were each developed
as part of this thesis (the latter was primarily developed by Dr. Aras Kartouzian). Overall, the
enhanced cluster sample preparation setup allows the precise, clean and reliable preparation of
supported metal clusters on various substrate materials (including non conducting materials),

necessary for spectroscopic analysis.

4.1 Cluster Source

In order to produce size selected metal clusters, a so-called laser evaporation cluster source is
used. The cluster source in the surface spectroscopy laboratory is constructed using as
antetype design the cluster source presented by Heiz et al.'”® A schematic of the cluster
source, including the analysis chamber where the spectroscopic measurements are carried out
is depicted in figure 4-01. The clusters are formed in the source chamber via evaporating the
metal atoms of a rotating target (using a laser), which collide with He atoms (introduced via a
gas pulse) to form a mixture of sizes of charged clusters. The metal cluster gas mixture then
expands into the vacuum of the octopole chamber which guides the clusters to the deflection
chamber, where the metal clusters are deflected 90° out of the principle axis of the laser beam,
and toward a quadrupole mass filter located at the entrance of the analysis chamber. A
specific cluster size may then be selected by the quadrupole mass filter, guided and
subsequently deposited onto a suitable sample substrate. In the following paragraph the setup,
the cluster formation process, and the propagation of the cluster beam are described in greater

detail.
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Fig. 4-01. Schematic of the experimental setup. The red lines mark the different vacuum chambers of the setup
(source chamber, octopole chamber, deflector chamber, analysis chamber and transfer chamber). The dotted line
(violet) shows the cluster beam path through the different ion guiding elements. The deposition and the
spectroscopic measurements are carried out in the analysis chamber, which is additionally equipped with an
argon ion sputter gun for the cleaning of the substrate surface. In the transfer chamber, a sample transfer system
is installed. This, in combination with a fast entry lock allows for changing substrates without breaking the
vacuum of the analysis chamber. For the deposition of organic molecules, there is an evaporator connected to the

transfer chamber.

The clusters are formed in the source chamber where a laser pulse of the second harmonic
beam of a NdYAG laser (Innolas, Spitlight DPSS, 100 Hz) evaporates metal atoms and ions
from a rotating metal target. Using a piezo valve, a triggered He gas pulse is injected into a
nozzle which is placed in front of the metal target. Due to collisions of the metal atoms and
ions with the gas molecules, larger clusters are formed which leave the nozzle together with
the seed gas in a supersonic expansion into the vacuum chamber. Passing through a skimmer,

the clusters are guided inside a next vacuum chamber (octopole chamber) in a linear octopole
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which is driven by a radio frequency (RF) transceiver (Kenwood, TS-570S). Behind the
octopole, the cluster beam is guided into the deflector chamber using electrostatic lenses.
Here, a electrostatic deflector bends the cluster beam by 90° into a second set of electrostatic
lenses which guide the beam into a quadropole mass filter (Extrel, 5500 series) which is
mounted in a third vacuum chamber (analysis chamber). Inside the quadropole mass filter, the
mass selection of the clusters takes place. A superposition of a DC with a RF electric field on
the four rods of the quadropole defines the mass of a charged particle which possesses a stable
trajectory through the quadrupole. These particles are transmitted, whereas all particles with
different masses do not reach the exit of the quadropole. By tuning the DC and the RF field,
the selected mass can be changed. This can be done using an automated software (Extrel,
Merlin 3.0) from the manufacturer of the quadropole. At the exit of the mass filter, a set of
three electrostatic lenses allows for focusing the cluster beam onto the substrate which is
mounted on a sample holder (see chapter 4.2). The sample holder is connected to a rotatable
X,y,z manipulator and thus movable inside the analysis chamber. Since the mass selection in
the quadropole mass filter only works for charged particles, all electrostatic elements are
optimized to guide positively charged clusters. All four vacuum chambers (source chamber,
octopole chamber, deflector chamber and analysis chamber) are differentially pumped by
three turbo pumps and the source chamber is additionally pumped by a rootspump. The latter
is required due to the high gas pressures in this part of the cluster source. Between the
octopole and the deflector chamber, as well as between the latter and the analysis chamber,

there are gate valves which allow the separation of the different chambers.

The analysis chamber is (in addition to the turbo pump mentioned above) equipped with an
ion getter, and a titanium sublimation pump to give a base vacuum pressure of < 310 ' mbar.
The amount of water and oxygen under these conditions are below the detection limit of a
commercial quadrupole mass spectrometer for trace gas analysis. This is crucial, since at
already very low partial pressures the presence of water and oxygen can lead to the oxidation
of the deposited clusters. During the deposition, the pressure increases to the range between
107 and 10 mbar due to the injection of the helium gas. Consequently, the helium gas is a
potential source of impurities which can enter the analysis chamber. In order to avoid
contamination, highly pure helium gas is used (He 6.0, Air Liquid). Before the deposition of
clusters onto a substrate is performed, its surface is cleaned by sputtering. Therefore, an argon
ion sputter gun (Thermo VG Scientific, EX 03) is connected to the analysis chamber. The
cleaning by sputtering is crucial because any substrate which is transferred from ambient

conditions into the vacuum chamber (using the sample transfer system) is covered by water,
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which can only be removed by either heating or sputtering. After the cleaning step, the sample
holder can be moved in front of the electrostatic lenses which are mounted at the exit of the

quadropole mass filter, and clusters can subsequently be deposited on the clean substrate.

The cluster current can be measured by introducing a metal plate into the cluster beam which
is connected to a picoamperemeter (Keithley, 6517A). The metal plate can be moved by a
linear feedthrough which is mounted orthogonal to the cluster beam in the analysis chamber.
The performance of the cluster source can be demonstrated by recording a mass spectrum

using the picoamperemeter. Such a mass spectrum of platinum clusters is shown in
figure 4-02.
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Fig. 4-02. Mass spectrum of Pt clusters produced by the cluster source. All sizes between atoms and Pty clusters

are present. The maximal mass which can be selected by the quadrupole mass filter is 1600 amu.

All sizes between Pd atoms and Pty clusters are present with cluster currents up to 350 pA,
however, the cluster current strongly varies for different cluster sizes. There are two main
factors controlling the size distribution of clusters in the mass spectrum. Firstly, the pressure
conditions in the source chamber have a strong influence on the size of the produced clusters.
The sizes formed can be influenced by tuning the time delay between the helium gas pulse
and the laser pulse, as well as by tuning the voltage which is applied at the piezo valve.
Furthermore, the opening time of the piezo and the back pressure of the helium gas behind the
valve are important parameters. The second factor, concerns the voltages at the electrostatic

elements along the cluster beam path. In order to optimize the cluster current of a certain
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cluster size, all these parameters must be adjusted. In the case presented here, the cluster
source is optimized for Pt;9 clusters which explains the maximum in the mass spectrum for
this size. The maximum cluster current which can be achieved with this cluster source
strongly depends on the metal which is used. For example, silver is a metal which does not
form clusters easily. The highest currents which were reached for silver clusters are in the

range of 40 pA at comparatively high helium pressures.

The kinetic energy of the clusters is in the range between 0.2 and 0.8 eV per atom.®' This is

smaller than the typical binding energy of metal clusters with E,, , >1eV per atom."””'*® The

low kinetic energy allows the deposition of the clusters on surfaces without risking to destroy
the clusters via the collision of the clusters with the surface. This type of deposition is called

"soft landing".

The choice of a suitable substrate material is limited due to the very distinct requirements that
are defined by the applied spectroscopic techniques (see chapter 6). One requirement is a very
high transparency of the substrate which makes the use of electrically conducting materials
impossible. This leads to a charging problem on the surface because the clusters deposited on
the surface are positively charged. If the substrate is an insulator, the charges from the clusters
accumulate on the surface and the so generated electric field repels further clusters. The
deposition is consequently impossible. One possible way to avoid this situation is to
neutralize the surface by supplying electrons. This can be done, using an electron source
which produces an electron shower in front of the substrate. The kinetic energy of the
electrons should be low to avoid a large negative charge being generated on the substrate.
This would lead to an acceleration of the clusters which could result in their destruction when
hitting the surface of the substrate. In order to fulfill all these requirements, a homemade
electron source is mounted to a specially designed sample holder. The sample holder and the

electron source are described in detail in the following section.

4.2 Sample Holder

A special sample holder was designed in order to account for the special requirements of the
spectroscopic techniques and the cluster deposition. The sample holder carries both, the
substrate and the electron source, and is mounted on the end of a long stainless steel tube
with manipulator located inside the analysis chamber. The mounting of the electron source

onto the sample holder has one major advantage compared to installing it somewhere else in
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the analysis chamber. The electron source is not only needed for the neutralization of
deposited clusters, but also for the substrate sputtering process which is performed using
positively charged argon ions. Since the sputter gun is installed at a different location inside
the vacuum chamber, the substrate has to be moved using the manipulator for sputtering.
Using the sample holder presented here, the electron source remains at the same position with
respect to the substrate and no further alignment is required. In order to allow for the samples
to be changed easily using the transfer system, the substrate is placed on a substrate holder

and fixed with four springs, as illustrated in figure 4-03.
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Fig. 4-03. Sketch of the substrate holder with substrate. The substrate is placed in the middle of the holder and
fixed with four springs. Behind the substrate, there is a window in the substrate holder allowing the laser beam to
pass through the sample. The mechanical interlock is part of the sample transfer system and serves as connection

point to the transfer rod of the system.

The mechanical interlock located on the left side of the substrate holder is for connecting the
tip of the transfer rod of the transfer system to the substrate holder. The substrate can be
placed in the sample holder by sliding the substrate holder into a slit, with the body of the
sample holder on one side and two clips on the other. Inside this slit, the substrate holder is
fixed and the transfer rod can be removed. Above the substrate holder the electron source is
mounted (see figure 4-04). Between the substrate and the electron source, a round shield
blocks the heat radiation which is produced from the hot filament of the electron source in
order to avoid heating the substrate. A small slit in the shield guides the electrons towards the
substrate. Using this sample holder, electron currents in the range of 20 nA can be measured
in front of the substrate. The entire sample holder is made of copper to ensure good thermal
conductivity. This is necessary, since the substrate is cooled from outside via the tube of the
manipulator using liquid nitrogen. If the sample holder is cooled to 77 K (liquid nitrogen), the
substrate reaches a temperature of about 120 K.°' The discrepancy can be explained by the

low thermal conductivities of the insulating substrates and their large absorption of heat
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radiation. Even if the radiation from the electron source (it heats up t o several hundred
degrees during operation) is blocked, there is still a large amount of heat radiation coming
from the walls of the chamber which remain at room temperature. To block as much of this
radiation as possible, there is also a second round copper shield installed at the lower end of
the sample holder. The equatorial area cannot be shielded, since this area must remain free in
order to perform the spectroscopic measurements. A concept for a more efficient shielding
has already been developed and can be found in ref.®' The cooling of the substrate fulfills two
purposes. Firstly, without the necessary cooling the electron source would heat the entire
sample holder including the substrate, which in turn could lead to the agglomeration of the
clusters. Here, the temperature of the sample holder can reach up to 100° C within one hour of
running electron source. If the sample holder is cooled, the heat of the electron source is fully
compensated. A second reason for cooling the substrate is attributed to the fact that the
agglomeration of clusters may already take place at room temperature. In principle, the colder
the substrate is the more stable are the clusters on its surface. In figure 4-04, a three

dimensional image of the sample holder is shown.
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Electron source
holder

Electron source
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Fig. 4-04. 3D image of the sample holder showing the electron source and the position of the substrate. Note that
in order to simplify the alignment of the s-SHG setup (see chapter 5.2.1), a thin (1 mm) BBO crystal is mounted

under the copper shield located at the lower end of the sample holder (which is not depicted here).

4.3 Electron Source

In figure 4-05, the electron source is depicted in detail. The electrons are produced by a hot
tantalum filament which is wound around a ceramic rod. The filament and ceramic rod are

mounted inside a tantalum housing which is open on one side. There, the electrons are guided
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through an electrically isolated metal mesh, followed by a 90° b ending downwards in a
second part of the tantalum housing. At the end of this part, a second metal mesh and an end
plate with a window of the size of the mesh are installed. Here, the electrons leave the source

in downwards direction.

Filament housing 1
Tantal filament
Metal mesh

Filament housing 2

End plate

Fig. 4-05. 3D image of the electron source shown in its fragments. It consists of a filament housing carrying the
Ta filament, two electrically isolated metal meshes for the electron guiding, a second housing part for bending

the electron beam, and a metal end plate.

At the filament, a voltage of ~13 V is applied, whereby the positive pole is grounded
(potential: 0 V). The entire housing and the end plate are set to the same potential as the
negative pole of the filament (-13 V) and the metal meshes are grounded. In this configuration
the electrons which leave the filament have a potential ranging from 0 V to -13 V, depending
on the position at the filament from which they are emitted. Due to these potentials, all
electrons are repelled by the housing and attracted by the metal meshes which ensures the
electrostatic guiding of the electrons to the exit of the electron source housing. Arriving at the
substrate, the kinetic energy of the electrons is consequently between 0eV and 13 eV
considering a potential of the substrate of 0 V. The geometry of the electron source is chosen
to avoid that Ta atoms or ions which are evaporated from the hot filament leave the source
and lead to the contamination of the substrate. Neutral particles cannot reach the substrate
because there is no directly straight path from the filament to the outside of the electron
source housing. The Ta ions produced are almost exclusively cations which cannot penetrate
the metal mesh due to its potential, but are instead attracted by the housing where they are
trapped. Using this electron source, a production of low energy electrons is possible without

contaminating the substrate with the material of the filament.
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4.4 Transfer chamber

A transfer chamber is connected via a gate valve to the analysis chamber in order to enable
the replacement of the sample without breaking the vacuum. The transfer system consists of a
long transfer rod with a special tip which can be connected to the substrate holder (via the
mechanical interlock, see figure 4-03). The rod is connected to a handle at the outside of the
transfer chamber via strong magnets and can be moved in and out by moving the handle (see
figure 4-01). A fast entry lock is installed which is used to introduce the sample into the
transfer chamber. Therefore, a special docking station for the substrate holder is present. The
transfer chamber is pumped by a turbo pump and the transfer is carried out as soon as the
pressure in the chamber underruns the value of 1-107 mbar after starting the turbo pump. This
is necessary in order to avoid the contamination of the analysis chamber with water when
opening the gate valve. For the deposition of organic molecules ont he substrate via
evaporation, the transfer chamber is additionally equipped with a molecule evaporator of in-

house design.

More detailed information about the experimental setup can be found in ref.® All experiments

in this thesis are carried out using the presented experimental setup.
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5. Spectroscopic Setup

In this chapter, the spectroscopic setup for the investigation of supported metal clusters and
organic adsorbates under UHV conditions is described and characterized. A key aim of this
thesis was to construct a spectroscopic setup which is capable of readily switching between
the three spectroscopic methods (i.e. s-Vis-CRD, s-IR-CRD, and s-SHG) with a minimum of
alignment needed (when switching techniques), in order to enable the full characterization of
a single cluster sample. In the beginning, the different laser sources are described and
characterized, followed by a detailed description of the spectroscopic setup. To finish, the
characterization and calibration of the photodiode that is used to measure the pulse energy of

the fundamental beam is shown.

5.1 Laser Sources

For the three spectroscopic techniques tunable laser sources are required for the visible and
the infrared range. However, there is no commercially available laser source which covers the
entire wavelength range from the visible to the infrared (around 3000 cm™), and therefore two
different laser systems are used. For the visible range, a laser system consisting of an optical
parametric oscillator (OPO) which is pumped by the third harmonic of a NdYAG laser is used
and tunable IR laser light is generated by difference frequency mixing (DFM) of the output of
a dye laser with the fundamental of a NdYAG laser. The performance of the laser systems is

shown in the following section.

5.1.1 Performance OPO Laser System

A midband optical parametric oscillator (OPO) (GWU, premiScan ULD/400) pumped by the
third harmonic of a pulsed NdYAG laser (Innolas, Spitlight 1200, 20 Hz) is used as the
tunable laser source for the visible range. The laser system generates pulsed laser light in the
wavelength range between 420 and 900 nm and a pulse length of 7 ns. An OPO laser splits

the pump photon into two photons (signal and idler) following the relation:

Q)

pump -
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signal
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Equation 5-01 describes the optical parametric process which can be seen as reverse sum

and w

idler °

frequency mixing. © The frequencies, w,

igmal 2 of the signal and the idler wave can
be tuned by rotating the nonlinear crystal (BBO) inside the OPO (in this crystal the OPO
process takes place). The reason for this is that for every crystal angle the phase matching
conditions must be fulfilled for the two generated waves (see chapter 2.2.2)."*° The two
resulting laser beams are separated by a rotatable Pellin-Broca prism inside the OPO housing
and by a dielectric mirror which is highly reflecting for the signal wave and highly transparent
for the idler. In order to cover the wavelength range from 420 to 900 nm, two different BBO
crystals can be introduced in the OPO resonator which are each cut in different angles with
respect to the crystal planes. With the first crystal (blue crystal) the wavelength of the signal
wave can be tuned between 420 and 515 nm and for the second crystal the signal wave covers
the range from 505 to 710 nm, where the frequency of the signal matches the frequency of the
idler wave. At this point, the efficiency of the optical parametric process is nearly zero,
resulting in a very low generated laser power. In order to obtain laser radiation between 710
and 900 nm, the idler wave of the red crystal is coupled out. Signal and idler waves are
polarized orthogonally to each other and consequently, the polarization of one of the two must
be turned by 90° to ensure one single polarisation direction of the laser beam over the entire

wavelength range. This is achieved using two different beam paths as shown in figure 5-01.
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Fig. 5-01. Setup for switching between signal and idler wave of the OPO laser system without changing the
polarization. The idler beam (red line) is coupled out using the dielectric mirror M1 and its polarization is turned
by 90° in the first periscope. Using a movable mirror the idler is reinjected in the beam path of the signal wave

(green line).
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Behind the separation of the signal and the idler beam inside the OPO laser system by the
Pellin-Broca prism, the dielectric mirror M1 is positioned inside the beam path. This mirror is
highly reflecting in the wavelength range of the signal wave, but highly transparent in the IR
range of the idler. From this point on, the beam paths of the two waves differ from each other.
In contrast to the path of the signal beam, the branch of the idler is equipped with a
polarization changing periscope. A second periscope readjusts the original height of the beam
over the laser table. Using a mirror which is mounted on a linear micrometer translation stage,
the idler beam can be re-injected into the beam path of the signal wave. Here, the polarization
of the two beams is equal. Two shutters allow the blocking of one or the other branch of the
beam path. Using this system, it can be easily switched between signal and idler wave by
changing the position of the movable mirror and blocking one of the branches without
changing the polarization. Since the beam profile of the laser beams generated by the OPO
system is rather triangular (with three intensity maxima) than circular, irises are introduced in
each branch to form a better intensity profile. However, because the beam profile of this type
of OPO laser changes for different wavelengths (see figure 5-02), a perfect positioning of the
irises is impossible. Figure 5-02 shows the beam profiles obtained after positioning the irises

for three different wavelengths.

Fig 5-02. Beam profiles for 470 nm (signal wave, blue crystal) (left), 660 nm (signal wave, red crystal) (middle)
and 830 nm (idler wave, red crystal) (right).

The beam profile of the signal wave from the blue crystal at 470 nm has a nearly Gaussian
shape, which is not the case for the beam profile of the signal wave from the red crystal at
660 nm. Here, the light intensity forms several hot spots and has an oval shape. The beam
profile of the idler wave at 830 nm is acceptable although it is not round, either. These
profiles are the result of the best alignment of the irises which could be obtained. The poor
quality of the beam profiles of the output from the OPO laser system inhibits a better
alignment which is definitively a huge drawback for the use in highly sensitive spectroscopic
techniques. However, a different tunable laser source would be necessary in order to improve

the beam profile.
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In figure 5-03, the measured pulse energy of the OPO laser system (including the setup shown
in figure 5-01) is shown as a function of the wavelength. The energy ranges from 2 mJ to
approximately 10 mJ with a huge drop to almost zero at 710 nm. This is the wavelength
(mentioned above) where the frequency of the signal matches the frequency of the idler beam.
Due to the low laser intensity, it is not possible to carry out spectroscopic measurements in
this region. Consequently, all the measured spectra using this laser system show a gap

between 700 nm and 720 nm.
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Fig. 5-03. Pulse energy of the OPO laser system shown as a function of the wavelength. Pulse energies ranging

from 2 to 10 mJ are available with a drop around 710 nm.

5.1.2 IR Laser System

Tunable IR laser light is produced by difference frequency mixing of the fundamental beam
of a NdYAG laser (Lummonics, HY 750, 20 Hz) and the output beam of a dye laser (Lambda
Physik, Scanmate 2) in a nonlinear crystal (LiNbO3). The dye laser is pumped with the second
harmonic beam of the NdYAG laser and produces tunable laser light in the range between
760 nm and 830 nm using the laser dye styryl 11. The resulting IR beam covers a frequency
range between 2800 cm™ and 3600 cm™. The setup of the IR laser source is depicted in
figure 5-04. Inside the difference frequency mixing unit (DFM-unit), the fundamental beam of
the NdYAG laser passes after a delay line a half wave plate that turns its polarization by 90°.
The delay line is necessary to ensure that the two laser pulses arrive at the same time in the
nonlinear crystal. The laser light from the dye laser is widened by passing through a telescope

and its polarization can be adjusted using a rotatable Fresnel rhomb. In the nonlinear crystal
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the two beams are superimposed, generating the sum- and the difference frequency. The
horizontal displacement of the beams originating from the LiNbOs crystal is compensated by
a CaF, crystal which is always oriented in the opposite direction with respect to the optical
axis. Behind the crystals, the fundamental frequency of the NdYAG laser is blocked by a
dielectric mirror (S1) which is highly reflective at a wavelength of 1064 nm and guides the
beam into a beam dump. A second dielectric mirror (S2) blocks the beams from the dye laser
and the generated sum frequency which are reflected to a second beam dump. Both mirrors
are highly transparent in the wavelength range of the generated difference frequency beam.
Consequently, the resulting laser light behind the mirrors only consists of the generated
difference frequency and can be used for the s-IR-CRD experiments. The wavelength is tuned
by changing the output wavelength of the dye laser and the angle of the nonlinear crystal in
the DFM-unit. The compensator is mechanically connected to the nonlinear crystal and thus
turns automatically. Using a calibration table, the tuning of the wavelength is fully automated

and driven by a LabView based program.

| SHG 532nm

Nd-YAG
1064nm
=
[
g -
oZ
Z° DFM-Unit
- LiNbO,
M2 Crystal
plate 100°C beam dump

v v |

e « I |
Fresnel
telescope thomb Compensator  §1 sS2

Gold
mirror

S1, S2 are mirrors for extraction of the primary beams

IR beam

Fig. 5-04. Setup of the IR laser source. A NdYAG laser is used to pump a dye laser with the laser dye Styryl 11.
The resulting laser beam is mixed with the fundamental beam of the NdY AG laser in a nonlinear crystal,
generating the sum and the difference frequency. With the mirrors S1 and S2 the beam with the difference

frequency is coupled out.

In figure 5-05, the pulse energies generated by the presented setup are shown as a function of
the photon energy. The pulse energies range from 0.25 mJ up to almost 2 mJ per pulse. At
around 3500 cm™ the pulse energy is highly reduced which can be explained by absorption

bands of water molecules inside the LiNbOs crystal in this region. The presence of water in

70



Chapter 5 Spectroscopic Setup

the nonlinear crystal is caused by its hygroscopic properties. In order to keep it as dry as

possible, the crystal is heated to 100°C.
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Fig. 5-05. Pulse energy of the laser beam generated by difference frequency mixing in the setup presented as a
function of the photon energy. The strong decrease in energy around 3500 cm™' originates from absorption bands

of water molecules inside the nonlinear crystal.

5.2 Setup of the Spectroscopic Methods

The entire spectroscopic setup is depicted schematically in figure 5-06. It consists of three
different beam paths for the three spectroscopic methods, marked in different colors (s-SHG,

s-Vis-CRD, s-IR-CRD). Each laser path is described in detail in the following.

Setup s-SHG

The OPO laser system serves as the laser source for the s-SHG measurements. In order to
ensure the clarity of the schematic, the part of the setup which is depicted in figure 5-01 is left
out of figure 5-06. The laser beam from the OPO laser system is focussed onto a 0.8 mm? spot
on the sample (calculated for normal incidence) where the second harmonic frequency is
generated. In order to eliminate any possible components of light oscillating at the second
harmonic frequency from the fundamental laser beam, a UV filter (Schott, GG 435) is

introduced in the beam path in front of the first focussing lens (components of SH light might
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be generated inside the OPO system and at each optical element of the setup). The sample is
mounted onto a rotatable x,y,z manipulator in an UHV chamber. CaF, windows are used for
the injection of the laser beam into the chamber. They are placed 26 cm from the focus; this
geometry avoids any second harmonic generation at their surfaces. In fact, the diameter of the
beam is about 3 mm at the position of the window. After passing the sample and the UHV
chamber, the beam is re-collimated and separated into its fundamental and second harmonic
parts by a rotatable dispersive Pellin-Broca prism. The fundamental beam is blocked by a
beam dump, whereas the SH beam is cleaned from any residual contributions of the
fundamental by a second Pellin-Broca prism. Further wavelength selection (suppressing of
scattered fundamental light) is achieved using a monochromator (LOT-Oriel, Omni-A 300). A
photomultiplier (Hamamatsu, H9305-03) located at the exit of the monochromator detects the
SH signal, which is recorded by a digital 4 channel oscilloscope (LeCroy, Waverunner 6051).
The monochromator, the two prisms, and the OPO crystals are synchronized and driven by
step motors (PI, M-222.20). A LabView based program of in-house design drives the step

motors and allows for fully automated wavelength scans.
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Fig. 5-06. Schematic of the spectroscopic setup. The beam paths for the different spectroscopic techniques are
depicted in different colours (red: s-SHG, green: s-Vis-CRD, dark blue: s-IR-CRD). The double arrows indicate

movable mirrors which are mounted onto micrometer translation stages.
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For measuring the intensity of the fundamental beam, a small part is reflected out of the beam
path into a photodiode (Thorlabs, 201/579-7227) using a quartz window as beam splitter. The
signal of the photodiode is recorded simultaneously with the SH signal by the oscilloscope.
For measuring a spectrum 200 pulses are recorded and averaged at every wavelength in order

to reduce noise.

Setup s-Vis-CRD

For the s-Vis-CRD measurements, the OPO laser source is used in the same way as for the
s-SHG measurements. However, the laser path is rerouted behind the OPO system by
introducing two broadband dielectric mirrors mounted onto a linear micrometer translation
stage. This optical branch contains two lenses and a 35 um pinhole for spatial filtering and
mode matching. The spatial filtering forms the laser beam from the OPO system to a beam
with an intensity profile of perfect Gaussian shape which is crucial in order to achieve good
mode matching.*® At the end of this deviation the beam joins the original laser path in front of
the focussing lens which is placed in front of the UHV chamber. All three lenses in front of
the chamber are part of the mode matching optics. Inside the vacuum chamber behind the
CaF, windows, two rotatable UHV-compatible mirror exchangers are mounted containing six
Cavity Ringdown mirrors each (five for s-Vis-CRD and one for s-IR-CRD) and an empty slot
(for s-SHG measurements). Each mirror can be placed and adjusted in the beam path without
breaking the UHV. Behind the cavity, outside the chamber, the CRD signal is coupled out by
introducing another movable mirror and focussed onto a photomultiplier (Hamamatsu,
H 7732-10). The signal is then recorded by the oscilloscope. The pulse energies generated by
the OPO laser source varies strongly with the wavelength (see figure 5-03). This, in
combination with the wavelength dependency of the reflectivity of the CRD mirrors in the
measured range, leads to huge variations in the intensity of the light beam which is detected
by the photomultiplier. In order to avoid saturating the measured signal, the amplification of
the photomultiplier is controlled by a LabView based program which uses a calibration curve
to keep the signal output at a constant level. The amplification control is included in the main

processing program which allows for fully automated wavelength scans.
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Setup s-IR-CRD

The IR laser source presented in chapter 5.1.2 is used for the s-IR-CRD experiments. The IR
light is coupled into the measurement beam path by a gold mirror which is mounted onto a
linear micrometer translation stage. Behind the chamber, the IR beam is coupled out by a
foldable gold mirror and focussed onto a liquid nitrogen cooled InSb detector (InfraRed
associates Inc., IS-10) by a CaF, lens. The signal from the detector is monitored by the
oscilloscope. Since the InSb detector is a passive detection unit, it is not possible to control its
amplification as itis done for the photomultiplier in the s-Vis-CRD experiments. As a
consequence, the IR light beam is attenuated before entering the vacuum chamber using a
filter wheel. A wavelength scan is then devided into wavelength regions, in which the
intensity of the light beam behind the cavity is inside a certain range of acceptance. For each
part of the scan, the filter wheel is readjusted. In order to decrease the noise in the spectra, 100

pulses are recorded and averaged for all s-CRD measurements (Vis- and IR-).

By introducing and removing the five movable mirrors, the setup can easily be switched

between s-Vis-CRD, s-IR-CRD and s-SHG spectroscopy.

5.2.1 Alignment of the s-SHG Setup

In order to align the Pellin-Broca prisms for the s-SHG spectroscopy, a small BBO crystal is
mounted under the sample holder in the UHV chamber (see chapter 4.2). The crystal has a
thickness of 1 mm. Using the manipulator, the crystal can be first placed in the focus of the
laser beam and then (by tuning the azimuth angle) a position can be found where the phase
matching conditions for the SHG process are fulfilled. The ultraviolet laser beam generated is
separated from the fundamental beam in the first Pellin-Broca prism and can be made visible
by blocking the beam using, for example, a white business card. The brightener in the white
paper transforms the UV into blue-violet light via fluorescence processes, and consequently a
weak blue spot can be observed on the card. Repeating this procedure for other wavelengths,
the motor positions of the first Pellin-Broca prism can be adjusted to match the positions of
the SH spots for different wavelengths. In a second step, the SH beam is guided through the
entire setup including the second Pellin-Broca prism at a fixed wavelength. The calibration of
the motor positions of the second Pellin-Broca prism is subsequently achieved by optimizing
the SH signal intensity detected by the photomultiplier. Here, the SH beam generated by a real

sample should be used (and not the BBO crystal) to avoid a possible misalignment caused by
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the horizontal beam displacement induced by the BBO crystal which is much thicker than the
substrates which are used for the s-SHG experiments. The weak SH signal from the samples
can be highly enhanced by the deposition of gold or silver clusters on the back side of the
substrate simplifying the alignment of the setup.

5.3 Calibration of the Photodiode

The fundamental pulse energy of the OPO laser system is measured using a photodiode (see
figure 5-06). In order to verify its linearity, the pulse energy is simultaneously recorded at a
fixed wavelength by the photodiode and a laser powermeter. This measurement is repeated for
different attenuations of the laser pulses which is achieved by changing the delay of the

Pockels cell inside the pump laser. The resulting data points are shown in figure 5-07.
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Fig. 5-07. Laser intensity measured by the photodiode and a laser powermeter to verify the linearity of the diode.

Included in the figure is a linear fit (black line).

A linear dependency between the values measured with the photodiode and the powermeter
can be clearly observed, confirming the linearity of the photodiode. By taking the slope of the
linear fit, the actual pulse energy can be calculated from the value obtained by the photodiode.
The slope is given by the sensitivity of the diode which is wavelength dependent.
Consequently, the sensitivity of the photodiode as a function of the wavelength must be

determined. This is demonstrated in a next experiment by performing a wavelength scan and
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recording the pulse energy with the photodiode and ac alibrated laser powermeter

simultaneously. The resulting sensitivity curve is depicted in figure 5-08.
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Fig. 5-08. Measurement of the sensitivity curve of the photodiode.

The sensitivity curve shows a strong wavelength dependency with maximum at a wavelength
of approximately 800 nm. This sensitivity curve is used as calibration curve in order to derive
the pulse energies from the response of the photodiode in all s-SHG measurements carried out

in this thesis.

5.4 UV-Vis and FT-IR Measurements

In the framework of this thesis, UV-Vis and FT-IR measurements are performed using
commercial spectrometer. For these experiments the spectrometer, Analytik Jena; Specord

(UV-Vis), and Thermo scientific; Nicolet 380 (FT-IR) are used.
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6. Support Material

In this chapter, the required properties of a suitable support material for the spectroscopic
investigations are defined and discussed. The choice of the substrate material is crucial for the
reliability and sensitivity of the measurements carried out in this thesis and is consequently
described in the following in detail. A surface analysis technique is presented which allows
for testing the substrates for their adequacy for the experiments and its performance is
demonstrated. Based on these considerations and measurements two suitable substrate
materials are chosen and their linear and nonlinear spectroscopic properties are determined.
The exact characterization of the spectroscopic properties of the used substrates is important
in order to distinguish between substrate contributions and the contribution of the adsorbates
(e.g. clusters) in the measured spectra of samples (e.g. cluster samples) presented in the
following chapters. Furthermore, procedures for the cleaning of the substrates are developed

and characterized using the spectroscopic techniques of the presented setup.

6.1 Requirements

The substrate which is used as support material for the cluster deposition must fulfill several
very distinct requirements to be suitable for the applied spectroscopic methods (s-Vis-CRDS,
s-SHG, s-IR-CRDS). The most demanding technique here is surface Cavity Ringdown
spectroscopy. One condition for its high sensitivity is that the overall photon-loss must be as
low as possible. However, a substrate introduced in an optical cavity disturbs the flux of
photons either by absorption or by deflection out of its direction. The latter can be caused by
scattering and reflection at the surface or linear displacement of the beam while travelling
through the substrate. All these effects increase the overall photon-loss and reduce the

sensitivity. To minimize these effects, the choice of a suitable substrate is crucial.

The most important requirement is that the substrate must be highly transparent over the
entire used wavelength range (400 nm - 3600 nm) to avoid absorption losses. This is typically
the case for metal oxides or glasses. Especially in the visible wavelength range only insulators
are highly transparent which leads to the necessity of neutralization of the clusters during their
deposition. Reflections of the beam at the surfaces can be avoided by placing the substrate at
Brewster's angle inside the resonator if only p-polarized light is used. As a consequence, no

birefringent material can be used because in this case for each pass of the light pulse through
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the substrate an s-polarized component is generated, which does not fulfill the Brewster's
angle condition and is reflected. This reduces the choice of substrates to materials with either
a cubic or an amorphous crystal structure. An additional consideration is that mechanical
stress can also lead to birefringence, and consequently care must be taken when mounting the
substrate on the sample holder e.g. the screws of the springs which hold the substrate should

be tightened as softly as possible (see chapter 4.2).

The scattering of light occurs at any material; however, the amount is highly dependent on the
size of the scattering centers. Consequently, most of the light is scattered via dust particles
and rough structures present on surfaces, whereas in the bulk of a material the scattering takes
place on the atomic scale and is thus orders of magnitude smaller. A substrate where both
surfaces (back and front) are atomically flat, and which is fabricated under dust free
conditions is therefore needed. Alternatively, the substrate can be carefully cleaned to remove
the dust. Another important parameter is the thickness of the substrate. A light beam
undergoes a linear displacement when it travels through a material with a different refractive
index with respect to the surrounding medium; in case the surface normal is not parallel to the
optical axis (e.g. at Brewster's angle). This displacement is proportional to the thickness of the
substrate and can therefore be minimized by using very thin plates. Additionally, it must be
ensured that the two surfaces are perfectly parallel; otherwise the angle of the outgoing beam
does not match that of the incoming. In this case, a linear configuration of the cavity would

not be possible.

For the s-SHG spectroscopy a suitable substrate should be in the first instance centro-
symmetric in its crystal structure because this is the condition for the surface sensitivity of the
method. Amorphous structures as in glasses also fulfill this condition because potential
differences for different directions are averaged out by the random orientation (which leads to
an overall symmetric potential). Furthermore, the sample must be transparent at least for the
wavelength of the fundamental beam. Both conditions for the s-SHG spectroscopy are

automatically fulfilled by substrates which are suitable for s-CRD spectroscopy.

In this work, almost all measurements were carried out using one of two types of substrates
which were found to be the most suitable: (i) Borosilicate glass slides (BK7) which are
produced as cover glass for microscopy applications were used for most of the s-Vis-CRDS
and s-SHG measurements, and (ii) Yttrium doped Zirconia (ZrO,:Y) substrates for s-IR-
CRDS. The thickness is 130 um for BK7 and 150 um for the ZrO,:Y slides, respectively. The
BK7 glass slides possessed among all tested substrates (MgO, NaCl, quartz glass, ZrO,:Y) the
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best optical properties for s-Vis-CRD and s-SHG measurements. It was found that the
fabrication of a very thin, atomically flat substrate whose two surfaces are perfectly parallel is
a huge challenge for the manufacturing companies, especially for single crystals like MgO,
NaCl and ZrO,:Y. As a consequence, those substrates (despite their high cost) possessed
rather poor optical quality, in particular, the deformation of the surface led to difficulties in
aligning the cavity. A drawback of the BK7 slides, however, is that they are non-transparent
in the IR range. Here ZrO,:Y showed the best performance. The doping with Yttrium is
necessary because it transforms the structure of ZrO, into a cubic crystal structure. A
substrate, which can be used for all three spectroscopic methods is one of the major future

challenges to be faced.

6.2 Surface Topography Analysis

Due to the problems associated with the surface deformation of certain substrates (as was
discussed in the preceding section), a powerful method is developed in order to characterize
the substrate surface. The principle idea is to map the sample using a HeNe laser and to
extract the substrates topography from the angle of reflection of the surface. A schematic of

the setup is shown in figure 6-01.

pub Jayawiw
Wim Uaalos

substrate

<—P micrometer translation stage

optical table

Fig. 6-01. Surface topography analysis setup. The topography is mapped by recording the positions of the

reflected laser beams on the screen as a function of the substrate position.

The advantage of using a HeNe laser is its low divergence and small beam diameter (0.8 mm)
which ensures high accuracy of the measurement. The laser is positioned in a way that the
beam hits the surface of the sample in a rather low angle. In this setup, an angle of 15 degrees
between the laser and the optical table is chosen. On a screen with a millimeter grid which is

placed about two meters away from the sample two spots appear, one from the beam reflected
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at the upper surface and one from the lower. For substrates with perfectly parallel surfaces
and a thickness of 130 um (BK?7) the distance between the spots is calculated to be around
60 um. In this case it is hardly possible to distinguish between the two spots. However,
already small angular mismatches between the two surfaces lead to a separation of the two
spots. Figure 6-02 shows an example of this effect. Moving the substrate on a micrometer
translation stage, changes of the local surface angle for both surfaces can be calculated from
the different spot positions in a single measurement. The angular resolution which can be
easily achieved with this apparatus is approximately 1.5 arc seconds € 4.3-10 * degrees). In

front of the screen, a camera is mounted to record the spot positions.

Fig. 6-02. Photo of the millimeter grid with the two reflection spots.

6.2.1 Calculation of the Topography

In figure 6-03, a detailed sketch of the different reflections is given.

i d >

substrate
z axis

A

Fig. 6-03. Sketch of the two reflections. The positions of the reflected beams on the screen (Y, Y,) are influenced

by the local surface angle.
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The angle between the upper surface and the optical table (6,) can be calculated as follows:
1 . Y,
6, = E(¢1 —a) with ¢, = arctan 4 (eq.6-01)

where, Y1, is the position of the laser spot on the screen, and d, is the distance between the
screen and the point of reflection. The angle of incidence, ¢, is determined by taking the mean
value of all measured ¢ angles at different positions on the sample. By moving the substrate
along the z-axis, 6, can be calculated as a function of z. The angle, &, is determined using
Snell's law of refraction. For all indicated angles in figure 6-03, the z-axis (not the surface) is

used as reference axis which transforms Snell's law to:

sin(f—6,) ? sin(y +6)) !

whereby, n,, is the refractive index of the substrate. The relation between £ and yis given by:
y=p-20, (eq6-03)

Combining these equations gives:

cos(4, —6)=n,, -sin {2(6’1 —6,) +arcsin [MH (eq.6 - 04)

(2]

Applying the addition theorems of trigonometry and the small angle approximations

sin(X) = X ; cos(X) =1 for x <1 the angle 6 can be calculated to give:

0,0, _cos(¢2:t91)—jos(a+61) (e0.6 - 05)
2\/nw —cos’(a+6)

where, ¢, can be approximated by ¢, :arctan{%} because d is much larger than the

distance between the two reflected laser beams at the surface. After a z-scan (in 0.5 mm
steps), the derived angles for 8 and & are transformed into a function of z using a polynomial
fit. To obtain the height profile of the substrate, these functions are simply integrated over z

(the integral of the slope gives the height. The slope is tan(8) =~ 8 for 8 < 1). All these

calculations are included in an automated procedure developed in the program IgorPro, which
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allows for fast data treatment. Using this method, the height profile along the z-axis of any

transparent substrate can be determined within minutes.

The reproducibility of the method was tested via two experiments with the same sample
where the substrate was turned upside down between the measurements. As result, the
calculated profile of the lower surface of the second experiment matches that of the upper

from the first measurement and vice versa. The deviations in height are found to be smaller

than 1 pm.
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Fig. 6-04. Measured topography of both surfaces of the quartz glass substrate. The upper surface is flat, whereas

the lower surface shows a deformation. The two surfaces are clearly not parallel.

Figure 6-04 shows an example of the surface analysis of a quartz glass substrate where both
sides are polished. The upper surface is extremely flat whereas the lower surface shows a
deformation of about 5 um. Also an angular mismatch between the two sides of roughly
0.029 degree is present, and consequently the substrate is not suitable for s-CRD
spectroscopy. The deformation of the lower surface seems to come from the fabrication
process. In order to polish the first surface, the substrate is glued to a holder on its reverse
surface. After that, the glue is dissolved and the sample is turned around to polish the other
side. The upper surface in figure 6-04 was probably polished at the end and by demounting
the sample the surface, which was fixed to the holder, became deformed. Most of the tested
substrates possessed comparably poor quality and where consequently not used in the

experiments. However, both the relatively low priced BK7 microscopy glass slides (which
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possessed deformations below the detection limit of the surface topography analysis method)

and ZrO;:Y possessed acceptable surface quality.

6.3 Cleaning of the Substrates

To remove dust and other impurities from the surface, the substrates must first be carefully
cleaned. It was therefore important to evaluate substrate cleaning procedures and choose the
most appropriate, reliable method. Such cleaning is especially crucial for s-CRD spectroscopy
because it is highly sensitive to all kinds of impurities, in particular dust which increases the

loss through the sample.

The best results were achieved using special lens cleaning tissues (Thorr Labs). In this
method, the tissues are folded and moistened with four drops (two one ach side) of
spectroscopy grade acetone. The substrate is subsequently wiped until the tissue has almost
dried; however, the cleaning technique in terms of compression and the wiping speed are
important factors. A high compression leads to scratches on the surface and must be avoided.
When the tissue becomes too dry, fibers from the tissue may be deposited on the surfaces
again whereas a tissue with too much acetone leaves traces of impurities on the substrate. For
a really clean sample 5 to 10 circles of wiping are necessary, each time with a new tissue.
After each circle, the result can be uncovered by using a strong torch light where even the
smallest dust particles appear as bright spots. Using a black background, the contrast is highly

increased.

The substrates of all experiments were cleaned using this same procedure. Further cleaning
steps are performed in vacuum (such as the sputtering of the substrate) and are discussed later

in this chapter.

6.4 Linear Spectroscopic Properties of the BK7 Glass Substrate

At first, different spectroscopic properties of the BK7 glass substrate are investigated.
Following the above mentioned requirements of a substrate for s-CRD spectroscopy, the
surface should be as flat as possible. Amorphous structures such as glasses are known to have
rather rough surfaces and consequently, as first step, the flatness of the surface of a BK7 glass

slide is determined using the Atomic Force Microscopy (AFM) technique. These
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measurements were carried out in Marseille in the group of Prof. C. Henry at the CINaM-
CNRS in the framework of the "Deutsch Franzosische Hochschule". The samples are
characterized using a standard AFM apparatus under ambient conditions. Figure 6-05 shows
an AFM image of a clean BK7 glass surface which is found to be surprisingly smooth. The
height difference between the highest and the lowest areas of the surface is below 1.8 nm.

This is the reason for the small scattering losses observed for this substrate.

Fig. 6-05. AFM image of the surface of a BK7 glass substrate. The maximal height difference on the surface is
below 1.8 nm.

6.4.1 s-Vis-CRD Measurements

For the s-CRD measurements a BK7 glass substrate is cleaned and mounted to the sample

holder. Using the transfer chamber, the sample is brought into the main vacuum chamber with

a base pressure of 2-107'"mbar. Using the x.,y,z manipulator, the sample can then be
positioned at the Brewster's angle in the middle of the cavity. In order to determine the
extinction spectrum of the substrate, the point in the middle of the sample and the empty
cavity are measured for each set of mirrors. The difference between both gives in
approximation the extinction spectrum of the substrate. For BK7 the accuracy of this method
is rather good because of its good optical quality and the fact that it is very thin. However, in
principle this method only works if the properties of the resonator are almost unchanged when

introducing a substrate. The total Loss of the resonator, A, can be expressed as follows:

(0)°

A(w) :A(w)(cavity) +A(w)(substrate) (eq6 _06)
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and the difference between the measurement with the sample and the empty cavity is

consequently:

_ (substrate) (cavity)
AN ) = AT H AN L (0.6 -07)
where, AA "™, is the change in the optical properties of the resonator caused by a change
in the optical path of the light beam introduced by the sample. Depending on the quality of the
substrate it can reach up to several 100 ppm and is wavelength dependent. That means that the

difference between the two measurements will not be necessarily equal to the extinction

(cavity)

spectrum of the substrate. However, for the BK7 substrate AA

should be small enough

so that the linear optical properties of the sample can be characterized.

In figure 6-06, an s-CRD measurement of a BK7 glass substrate (P1) and the associated
empty cavities are shown. One measurement consists of five different cavities (plotted in
different colors). The cavity centered at 480 nm had to be split into two regions due to a big
change in intensity of the laser source in this wavelength region. Taking the difference

between P1 and the empty cavity for each wavelength region gives the curve shown in

figure 6-07.
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Fig. 6-06. s-CRD measurement of the empty cavity and the BK7 glass substrate. The different colors represent

the different measured wavelength ranges covered by the different sets of CRD mirrors.
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Fig. 6-07. Difference s-CRD spectrum of the BK7 glass substrate. Small offsets in the overlapping regions of the

different sections (plotted in different colors) are present.

The difference s-CRD spectrum shows small offsets in the overlapping regions of the

different sections of the spectrum (plotted in different colors). This discontinuity in the

spectrum can be attributed to a change in AA(w)(““Vi‘” for the different cavities because it is

sensitive to the alignment of the cavity. It is not obvious how these offsets must be corrected

because there are many factors which contribute to AA(w)(CaV“” (e.g. the homogeneity of the

reflecting layers of the CRD mirrors and the beam size inside the cavity which depends on the
alignment etc.). It has, however, been shown previously’' that a correction by simply shifting
each section of the spectrum (corresponding to each cavity) so that they overlap each other
does not distort the spectrum within an acceptable limit. Consequently, this method of

obtaining a continuous spectrum is used for all s-CRD experiments carried out in this thesis.

Figure 6-08 shows the corrected extinction spectrum of the BK7 glass substrate. The spectrum
is dominated by scattering losses which can be seen by the strong increase in the loss towards
shorter wavelengths, rather than the absorption of the sample itself which is nearly zero (the
absorption edge of BK7 is around 300 nm). The same effect plays an important role for the
reflectivity of the CRD mirrors because scattering also occurs at their surfaces. This can be
seen in figure 6-06, whereby the loss also increases for the empty cavity towards shorter
wavelengths. This is not ideal for s-CRD spectroscopy because high losses decrease the
sensitivity of the technique, and consequently the method is limited to a wavelength range

where the scattering is small. Here, the lower wavelength limit was chosen to be around
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420 nm. To measure the optical responses in the ultraviolet range, another spectroscopic
method should instead be applied. An exact mathematical description of the scattering curve
of the substrate is not possible because the wavelength dependency of the scattering highly
depends on the size of the scattering centers (Mie scattering). On the surface of the sample,
there is a large distribution of sizes for the scattering centers which leads to a superposition of
many different scattering curves with different contributions, making a precise analysis very

difficult.
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Fig. 6-08. Corrected difference s-CRD spectrum of the BK7glass spectrum. The increase in loss towards shorter

wavelengths originates from light scattering at the surfaces.

6.4.2 Effect of Sputtering on the s-CRD Spectrum

Despite the first cleaning step (described in section 6.3) and subsequent transfer of the
substrate into vacuum, there are still substances present ont he surface, such as water
molecules or acetone etc. To guarantee an atomically clean surface for the deposition of
clusters it is necessary to perform a second cleaning step in vacuum. Using a sputter gun,
Argon ions are created and accelerated to bombard the substrate surface. These high energy
ions are able to displace surface atoms and remove impurities. However, care should be taken
because sputtering also leads to a roughening of the surface which increases the scattering of
light. As a consequence, low energy sputtering conditions should be used. Systematic studies
of the impact of sputtering on the s-CRD spectra of BK7 glass using different parameters
were carried out and the most convenient results were achieved using Ar" ions with a kinetic

energy of between 300 and 1000 eV for a sputtering time of 5 to 10 minutes. Figure 6-09
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shows an s-CRD loss surface map of a BK7 glass substrate before and after sputtering for
5 minutes at a kinetic energy of 1 keV. The loss at a fixed wavelength (550 nm) is recorded as
a function of the substrate position. It can be observed that the loss increases homogeneously

by approximately 250 ppm, whereas the structures on the surface remain unchanged.
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Fig. 6-09. s-CRD loss surface map of the unsputtered (left) and the sputtered (right) sample. After sputtering the

overall loss is increased, whereas the structures on the surface remain unchanged.

2500 %

< P1* sputtered
2000 — o P2* unsputtered

1500 —

Loss [ppm]

1000 —

500 —

[ [ [ | I
450 500 550 600 650
Wavelength [nm]

Fig. 6-10. Corrected s-CRD difference spectra of an unsputtered (blue circles) and a sputtered (red circles) spot

on the sample. The s-CRD spectrum of the sputtered spot shows an increased scattering (loss).
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In figure 6-10, s-CRD spectra of an unsputtered and a sputtered location (300 eV, 10 min.) of
a BK7 substrate are shown. The loss of the sputtered location is increased, the degree of
which is dependent on wavelength. The increased scattering of the sputtered location and the
wavelength dependence can be explained by considering that roughening the surface increases
the number of scattering centers. The scattering cross section of one scattering center which is
small compared to the wavelength can be expressed in the following way (this assumption is

justified since the roughening takes place on the atomic scale):

o 2720 d(n’-1
Gea) 3 24 n*+2

j (eq.6 -08)

whereby, d, is the diameter of the scattering center, n, the refractive index, and A, the
wavelength. The cross section shows a 1/A* dependency. The overall scattering loss of a
surface is the summation over the cross sections of all scattering centers in the considered area

and thus proportional to o, Consequently, the difference between the spectra of the two

(sca) *
points (figure 6-10) must show the same wavelength dependency, if the additional scattering
originates exclusively from a roughening of the surface on the atomic scale (which is the case

for sputtering). In figure 6-11, the difference between the two spectra of figure 6-10 is plotted

including a fit using the function A, = A/ A% where, A, is the fit parameter. The fit matches

well the data points confirming that the increased loss does originate from surface

roughening.
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Fig. 6-11. Effect of sputtering on the s-CRD spectrum. The difference between the s-CRD spectra of a sputtered
and an unsputtered location of the substrate shows a 1/A* dependency (see fit) confirming that the increased loss

originates from surface roughening.
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The accuracy of the difference spectrum of two different locations on the same substrate is

much higher than that of the difference spectrum of one point and the empty cavity. The

(cavity)

reason for this is that for a homogeneous substrate, AA 1S zero comparing two

locations on the same sample because the change in the light path inside the cavity which is
induced by the substrate remains the same when moving the substrate from one location to the

other.

By measuring the time evolution of the loss after sputtering the sample, an exponentially
decaying decrease of the loss with time can be observed. This effect can be attributed to a
healing process of the surface. During sputtering many surface defects such as vacancies are
created which can be removed by diffusion processes. Because defects are scattering centers,
a decreasing number of defects leads to a d ecreasing cavity loss. This shows that s-CRD
spectroscopy can be used to study diffusion processes and defect formations on surfaces,
which could prove to be a promising application of this technique. A consequence of this
observation is, that after sputtering one must wait until the loss of the substrate is stabilized
before reliable s-CRD measurements can be performed. This is usually the case after

approximately one hour (depending on the sputtering conditions).

6.5 Surface Second Harmonic Generation Spectroscopy of BK7 Glass

Using a BK7 glass substrate, s-SHG spectroscopy can be considered to be a surface sensitive
technique. This means that all SH photons, which are measured are generated at the surface
region of the substrate where the electric potential is asymmetric due to the presence of the
interface (see chapter 2.2.3). However, not all oscillations of charges at the surface are SHG
active, instead only the oscillations that are perpendicular to the surface take place in an
asymmetric electric potential and consequently give rise to an SH signal. This leads to an
angular and polarization dependency of the SH intensity. Additionally, oscillations in the
s-SHG spectrum may be observed for wavelengths where the substrate is transparent to their
second harmonic frequencies because of the constructive/destructive interferences between
the generated SH beams of the two substrate surfaces (front and back). Consequently, an
understanding of the nonlinear optical properties of the substrate is crucial before an
understanding of the spectra of supported metal clusters can be gained. Therefore, different
s-SHG experiments with the BK7 glass substrate are carried out and their results are

interpreted in the following sections.
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6.5.1 Angular Dependency of the SH Signal for BK7

In order to calculate the angular dependency of the intensity of the generated SH beam,
several effects that occur using thin substrates must be considered. First of all, the polarization
of the fundamental beam with respect to the sample plays an important role. As mentioned
above, only oscillations which are perpendicular to the surface contribute to the SH light,
which explains why only p-polarized laser light gives rise to a m easurable SH signal
(s-polarized light does not have a component perpendicular to the surface). Another important
point is that multiple reflections of the fundamental laser beam take place inside the sample,
which leads to a modulation of its intensity while changing the angle of incidence. This effect

has a drastic influence on the SH intensity, which can be seen in the following.
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Fig. 6-12. Sketch of the multiple reflections of the fundamental beam inside a thin substrate. The interferences

lead to modulations in the fundamental intensity as function of the angle of incidence.

Figure 6-12 shows a sketch of a light beam traveling through a thin substrate where multiple
internal reflections occur. In order to calculate the intensity at point P1 in the sketch, the
transmitted and the reflected waves must be superimposed to give a resulting wave from

which the intensity can be derived. The intensity at P1 (1, ) can be written as:

Loy = @1y @ (@) Where g =D 4, (€9.6-09)
n=0

where, ¢, , are the wave functions of the light beams, E_, and ¢*, is the conjugate-complex

function of ¢. From figure 6-12 the following equations can be formulated:

91



Chapter 6 Support Material

d-n .sin’
5= (@) D)= 2d -sin 0; (eq.6 -10)

2 .
\/n (o —SIN" @

where, n,_, is the refractive index of the sample. To superimpose the different light beams,

OF
the phase shifts between them must be considered. We take, as an example, the waves E; and
E, from figure 6-12. Up to the point P1, both waves have traveled a certain path together, and
additionally each of them has traveled some way alone (for E; it is twice the distance s and for
E; it is j). The traveling times for the latter (A for E; and ¢ for E3) are given by:

2d -n? -sin’
Ao (@) 5= 2d -sin” & (eq.6 - 11)

2 s 2 2 s 2
C-y/N°,, —sin"« C-y/N%,, —sin” &

where, C, is the speed of light in vacuum. Further considerations are also the different
amplitudes of E3 and E; at point P1. E; is directly transmitted, whereas E, is both transmitted

and reflected twice (see Fresnel formulas). By taking the general time dependent wave

function of light, ¢ = Ae'*, the resulting wave ey, Tor multiple reflections can be written as:

¢(p1) — tp . A Z r.pZneim[t+(m—n)b‘-¢-nA] (eq6 _ 12)

n=0

where, t, and r, are the Fresnel factors for p-polarized light for transmission and reflection,
respectively. The intensity is then given by:

I(Pl) _ (1_ Rp*) . A2 |:Z aneia)[t+(m—n)b‘+nA]:| |:Z ane—iw[t+(m—n)b‘+nA]:| (eq6 _ 13)
n=0

n=0

using the relations .’ = R,and th =1- Rp* , where, R, is the reflectance inside the substrate,

p

and Rp* , the reflectance at the surface from the beam entering the sample. These reflectances

can be derived from the Fresnel formulas, and can be written as:

2 2
2 2 ) 2 2 s a2
N n cosa —./n —Sm o -N cosa +,4/Nn =S o
R, =| =~ | R, == S (€q.6 - 14)
n", CoSa +,/Nn () —SIN" & N°,, cosa+4/n°, —sin"a

With these formulas the intensity of the fundamental beam at point P1 can be calculated. The

effect of multiple reflections is also treated by the Airy formula describing the multiple

reflections in a Fabry-Pérot interferometer. This formula is much more compact, but its main
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disadvantage is that it uses the approximation j — 0and is consequently only valid for small

angles « . However, here the exact solution is needed as the effect of multiple reflections of
the fundamental beam arises in the s-SHG measurements only for angles of & which are
close to 90°. On the other hand, an exact calculation here is not possible either because the

sum over the interfering beams consists of an infinite number of additions. Using the fact that

the contribution of every addition decreases with increasing n (R<1= limR" =0), the sum
n—w

can be approximated by taking m=10.

The so calculated fundamental beam now generates the second harmonic at the surfaces of the
substrate. At first, we reduce the problem to the SHG originating from the second surface and
neglect the contribution of the first one. This describes the case for such wavelengths where
the substrate is not transparent in the region of their second harmonic frequency. Using the
electric dipole approximation, the polarization at the second harmonic frequency at the

surface, P

20 » Can be written as (see chapter 2.2.1):

P, ~7”-E., (eq.6-15)

( (0)

where, 7, is the second order susceptibility tensor, and E,  , the electric field. As

(@)>
mentioned above, only the component of the polarization which is perpendicular to the

surface, P(p)uw), is SHG active. From this condition, the nature of the susceptibility tensor

can be derived and equation 6-15 can be rewritten as:

p® E’ sina (eq.6-16)

o) T = (@)

In figure 6-13, a sketch of the described process is shown. Here, the generation of the second
harmonic takes place at the point P2. The oscillation at the second harmonic frequency at
point P2 generates anew electromagnetic wave, from which one part is reflected at the
surface back into the substrate and another part radiates into the vacuum. The transmission

efficiency is given by the Fresnel coefficient t The angle at which the SH beam leaves

(p.2w) "
the sample is the same as that of the fundamental beam although their frequencies are
different. The reason for this is that the refractive index of the vacuum is not wavelength
dependent. As a consequence, the amplitude of the transmitted SH beam is reduced by the
factor sina compared to the amplitude of the oscillation. Here, a simple projection of the

oscillation vector to the electric field vector of the SH beam is used. The combination of the
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Fresnel coefficient and the projection factor is, however, only an approximation. An exact
solution would instead have to be derived by solving the nonlinear Maxwell equations at the
substrate vacuum interface. However, the approximation is good enough to give a qualitative

picture of the angular dependency of the SH signal for BK7.

A<
05@\
o

— (1)

2a

p-pol ¥ s

B2

Fig. 6-13. Sketch of the generation of the second harmonic at the surfaces of a thin substrate. In point P3 only the
generation at the backside of the substrate is considered. Point P2 represents the case where an interference

between the SH beams generated at both surfaces occurs.

Considering all mentioned effects, the electric field component of the generated SH beam can

be approximated as:
2 )
E(2w) ~toom E () "SI & (eq.6-17)
Following this equation the intensity is then given by:

l 20y ~ (1=Rp,))- 1 z(w) -sin*a  (€0.6-18)

Here again, the relation between the Fresnel coefficient and the reflectivity, tp2 =1- Rp , 18

used. As already seen before, the reflectivity can be derived from the Fresnel formulas:

2
2 [2 . 2
-Nn cosa +.4/n —Sin- o
(2w) (2w)
Row = 2 > — (eq.6-19)
N’ 04 COSQA+4/N°, —sin’ &
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where, n,, , is the refractive index of BK7 at the second harmonic frequency. Considering
that I, is just the above calculated intensity of the fundamental beam inside the substrate,

| the intensity of the generated SH beam can be calculated as a function of the incident

(PD)>

angle.

In figure 6-14, an angular dependent s-SHG measurement of a BK7 glass substrate is shown
(red line). At a fundamental wavelength of 520 nm the SH intensity is recorded as function of
o.. Additionally, the result of the calculated curve derived from the above relations is plotted
for comparison (blue line). Qualitatively, the calculation is in good agreement with the
measurement data. This shows that the main factors influencing the shape of the s-SHG
measurement are well understood. In the inset on the upper left side of the plot, the right part

of the measurement is enlarged.

SHG BK7 520 nm

o —— calculation
z —— measurement
=5
a
5,
>
= | | |
5 75 80 85 90
=]
5 :
(A
|
| | | |
0 20 40 60 80
o [deg]

Fig. 6-14. Measurement of the angular dependence of SH signal for the BK7 substrate (red line). Included,
calculated curve from the above relations (blue line). Parameter used in the calculation: d = 135 pm, n,= 1.52,
Ny, = 1.565, A = 520 nm. The intense sharp peaks on the right side of the plot originate from multiple reflections
of the fundamental beam inside the substrate. The plotted blue curve consists of the same number of data points
as the measured curve. Consequently, sampling problems can be observed in both spectra in the region of large

angles.
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In the measured and the calculated curves, a structure with sharp, highly intense peaks
dominates the region towards larger angles. The calculated curve fits the peak positions
almost exactly. This structure is caused by the multiple reflections of the fundamental beam
inside the substrate, whereas in the rest of the measurement those interferences do not show
any pronounced peaks. One important consequence of this observation is that s-SHG spectra
should be recorded with the substrate at the Brewster's angle. At this angle (for BK7 ca.
56 deg.), there are no internal reflections and the SH intensities are relatively high. This

avoids interference patterns in the s-SHG spectrum and ensures good background spectra.

In a next step, we consider a fundamental wavelength where the substrate is transparent to its
second harmonic frequency. Figure 6-15 shows a UV-Vis spectrum of the BK7 glass
substrate. The absorption edge is located approximately at 300 nm . This means that for
fundamental wavelengths above 600 nm interferences between the generated SH beams of the

two surfaces come into play.

1.0 —
0.8 —
s 06—
B — BKY glass
2
5 04+
c
i
'_
0.2 —
0.0 —
| | | | |
250 300 350 400 450
Wavelength [nm]

Fig. 6-15. Transmission measurement of the BK7 glass substrate. The absorption edge is located approximately

at 300 nm.

The resulting intensity | after the interference of the two beams can be expressed as

int

follows:
I = [Al gi2et+) 4 A, .eiZwt:I.[Al LeTi2et+e) | A, .e—izwt} (eq.6 - 20)

where, A and A,, are the amplitudes of the two SH beams, and ¢ is the time delay between
the first and the second SH beam. This time delay is a result of the different phase velocities

of the fundamental and the SH beam when traveling through the sample. If the substrate is
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totally transparent at the second harmonic frequency, A; and A, are nearly equal and can be

replaced by A. Expansion of the equation then gives:
I =2A%[l+cosRw-¢)] (eq.6-21)

The square of the amplitude is the intensity of a light beam and the intensity of the SH beam

is just the intensity, | calculated above. The equation transforms to:

0)°
L =215, - [1+c0sQw-{)]  (eq.6 -22)

The time delay, ¢, can be calculated from figure 6-13. The interference takes place in point P3
(fig. 6-13). Considering the different traveling paths and the different velocities of the two

beams (o, 2m), following equation is found:

¢ = g[\/n2(2m —sin’ a —\/nz(w) —sin’ a} (eq.6 - 23)
C

where, C, is the speed of light in vacuum, and d, the thickness of the substrate.

The mathematical difference between the SH beam intensities | and | (the first without

Qo) int

SH interference and the latter with interference) is the factor [1 +cosRw- ¢ )] which describes

an additional modulation of the signal compared to the case shown in figure 6-14. A
measurement of the SH intensity as function of the incident angle at a fundamental
wavelength of 640 nm is shown in figure 6-16. The additional modulation can be clearly
observed, leading to an oscillation of the SH signal as function of the incident angle with an
increasing amplitude towards larger angles. The calculated curve (blue line) is qualitatively in

a good agreement with the measured data.

To summarize, there are three effects which dominate the measurement of the angular

dependency of the SH intensity for the BK7 glass substrate. Firstly, the increase of SH
intensity towards larger angles, o, due to the symmetry of 7, secondly, at angles, o, close

to 90 de grees there are pronounced peaks which can be attributed to interferences of the
fundamental beam via multiple reflections inside the substrate, and finally, for fundamental
wavelengths above 600 nm interferences between the SH beams generated at the two surfaces
show a modulation of the signal. The latter contains phase information of the generated SH
light and could be used to study resonance induced nonlinear phase shifts in experiments with

samples containing surface adsorbates.
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Fig. 6-16. Measurement of the angular dependency of SH signal for the BK7 substrate (red line). Included,
calculated curve from the above relations considering the interferences between the two SH beams generated at
the two surfaces of the substrate (blue line). Parameter used in the calculation: d = 135.2 pm, n,=1.515,
np,= 1.5565, A = 640 nm. The additional modulation of the signal leads to an oscillation of the SH intensity as
function of the incident angle with an increasing amplitude towards larger angles. A sampling problem due to the

limited number of data points is also present in this measurement.

6.5.2 s-SHG Spectrum of BK7 Glass

For the measurement of a s-SHG spectrum, a BK7 glass substrate is positioned at Brewster's
angle in the focus of the fundamental beam and a wavelength scan is then carried out. The
resulting spectrum is power corrected by dividing the SH intensity by the square of the
measured fundamental laser power at each wavelength. In figure 6-17, the resulting spectrum
is shown (red line). It can be observed that above a fundamental wavelength of ~600 nm the
interference between the two SH beams generated at the two surfaces of the substrate leads to
an oscillation of the measured SH signal. The dotted blue line shows the transparency
spectrum of the sample (from fig. 6-15) and is plotted versus the SH wavelength axis. In
agreement with the theoretical considerations (see last section), the onset of the measured

oscillation is located at the same position as the adsorption edge of the transparency spectrum.
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Fig. 6-17. s-SHG spectrum of the BK7 glass substrate (red line). The oscillations of the signal above a
wavelength of 600 nm originate from the interference between the two SH beams generated at the two surfaces
of the substrate. The dotted blue curve shows the transparency spectrum of the substrate plotted versus the SH

wavelength axis. The black solid line is the spectrometer function, calculated from the s-SHG spectrum

(transmission function of the setup).

In order to understand the form of the spectrum, its main features can be described

mathematically. Considering the interference, the wavelength dependent SH intensity

measured in the detector, | ( M(SHG) , can be expressed as:

(SHG) __ A A 2wt 5 A i20(t+¢) X 5 —i2mt A A —i20(t+<4)
2 =Y [Au) e +T,) A -8 ] ['AU) e+ T Ay e J

=1, =Y, - A [14+T2 ) +2T,) -cosQo-¢) | (0.6 -24)

where, Tz( 4> 18 the measured transparency curve of the substrate, Az( 4> the wavelength

dependent SH conversion efficiency of one surface (A’ ,, ~ ), and Y,,,,

the spectrometer
function. The latter describes effects, such as the transmission of the optical components in

the setup as well as the sensitivity of the photomultiplier, for instance. To extract from the

measurement the product Y, - A’ ., the oscillation described by the term 2T, -cosCw- &)

(1)
must be removed from the spectrum. The most practical way to do this is to use a smoothing

procedure, which averages the cosine to zero. The result is consequently given by:
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I Y

Ao 14T, ] (eq.6-25)

smooth —

Dividing this expression by the function 1+T2( » (which can be derived from the transmission
spectrum of the substrate) gives the function Y, - Az( 4 - The latter is plotted in figure 6-17
(black line). This function must be derived from the measurement because the factor Y,

(SHG)

cannot be calculated. However, the oscillatory part of the spectrum |, can be described

theoretically, and the theoretical spectrum can subsequently be obtained by multiplying the
measured function Y, - AZW by the term [1+T2u) +2T ~c0s(2a)-g”)]. The time delay, ¢,

follows the relation (as seen in the previous section):

e =Q[\/n2(2w) —sin’ —\/n2(w) —sin’ a} (eq.6 - 26)
C

The variable here (in contrast to section 6.5.1) are not the o terms but instead the wavelength
dependent refractive indices: n(,) and ng), of the substrate. In figure 6-18, the measured (red

line) and the calculated spectrum (black line) are shown.
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Fig. 6-18. s-SHG spectrum of the BK7 glass substrate (red line) and calculated s-SHG spectrum (black line). The
calculated curve matches well the measured spectrum. In the oscillatory part the peak positions as well as the
amplitudes show a good agreement with the theoretically derived curve. In the inset on the upper right side, the

oscillatory part of the spectrum is enlarged.
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The interferences are well matched, not only by the peak positions but also the calculated
intensities. This shows that all effects contributing to the form of the spectrum are well
understood. The peak positions of the oscillations are obviously very sensitive to the
refractive indices, n(, and n.) (n represents the real part of the complex refractive index N).

This fact can be used to derive a very precise function n(,) of the substrate.

Of particular note is, that values of n,) in the wavelength range close to the absorption edge
can be extracted. In order to describe the wavelength dependency of the refractive index, a

simple Taylor series of the form:

:a+£+i+i (eq.6 - 27)

“ At A

also known as Cauchy's equation is used. In the standard model, only the parameters a and b
are used for a rough approximation. For BK7, typical textbook values for the parameters are:
a = 1.5046and b = 42-10° pm®. By performing the fit of the measured spectrum, the
following values are found: a = 1.5046; b = 4.2:10~ pm* ¢ = 7.510” um®; d = 3.8:10° um®.
The resulting curve for n() (red line) is plotted in figure 6-19. Additionally, the function using
only the standard values a and b is shown. Comparing the two curves, one can see that there
are deviations especially towards the absorption edge (300 nm). The fitted curve tends to
produce larger values than the standard model. However, the good agreement between the
calculated curve and the measured data in figure 6-18 shows that the derived function of the

refractive index is much more accurate.
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Fig. 6-19. Wavelength dependency of n,, for BK7. Red curve: n,) obtained from the fit of the s-SHG spectrum;
black curve: n,) calculated from textbook values using equation 6-27. The former tends to produce larger values

for n, towards the absorption edge (300 nm) than the standard model.
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One of the big challenges of nonlinear spectroscopy is to determine the spectrometer function,

Y., - Because s-SHG is not a transmission spectroscopy, Y, is not automatically cancelled

out by subtracting the measured spectrum from that of ar eference sample. Instead, the
contribution of the spectrometer function to the measured spectrum must be removed by

dividing the spectrum through by Y, , which must therefore be pre-determined. As shown

before, it is easily possible to extract the function Y, - A2( , from the spectrum, the question is

only, which factor dominates this product. In chapter 2.2.7, it was shown that the SH intensity
does not show a large wavelength dependency as long as there is no resonance at either the
fundamental or the second harmonic frequency. Because the BK7 glass substrate is not
transparent below 300 nm, this could be interpreted as resonant absorption which would
enhance the SH signal. Nevertheless, there is no drastic change in SH intensity in the
measured spectrum which suggests that the absorption is not due to an SHG active resonance
at the substrate surface. It could instead be a bulk property or a resonance with a very high
damping constant. In order to investigate this phenomenon, an s-SHG spectrum of MgO is

measured (see figure 6-20).
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Fig. 6-20. Comparison between the s-SHG spectra of a MgO (red line) and a BK7 substrate (black line). MgO is
transparent in the UV range down to 200 nm and consequently, interferences between the SH beams generated at
its two surfaces are present in the entire measured wavelength range. The smoothed curve (blue line) of the MgO

spectrum shows the same spectral structure as the BK7 spectrum.
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MgO is transparent in the UV range down to 200 nm (and thus Az( 4 1s nearly constant).

Consequently, the interference patterns are present in the entire measured range. In the region
below 500 nm of the fundamental, the oscillation frequency is so high that it cannot be
sufficiently sampled by the spectroscopy, which subsequently slightly distorts the appearance
of the spectrum. However, it can be seen that all main features of the MgO spectrum (red line)
are also present in the spectrum of the BK7 glass substrate (black line). This becomes even
more obvious by smoothing the MgO spectrum (blue line). If the two curves show the same
intensity in the region of the oscillation in the BK7 spectrum - which is the case - the
smoothed line of MgO should be twice as high as the data points of BK7 in the low
wavelength range. This is due to the fact, that the smoothed line of MgO shows the
contribution of two surfaces (MgO is transparent in the entire wavelength range), whereas in
the case of BK7 only the SH light of the second surface is measured (below 300 nm the SH
contribution of the first surface is absorbed while traveling through the BK7 substrate). In the
figure, it can be observed that the above mentioned relation is given in a precise manner.
From this observation it can be concluded that the influence of the absorption edge of the
BK?7 substrate on the second order susceptibility is negligible. Furthermore, it is found that

the second order susceptibilities of MgO and BK7 are nearly identical. This means that for

BK7, A2(/1) also does not show any strong wavelength dependency. A very important

consequence of this is, that the product Y, - A’ is highly dominated by the spectrometer

()

function Y, ,, . Hence, it can be written in a good approximation:

Y, ~ Y, A, (eq.6-28)

This result can be used in the following to correct the measured s-SHG spectra since the
spectrometer function can be extracted from a reference spectrum of the BK7 glass substrate.
In a further experiment, the impact of sputtering on the s-SHG spectrum was investigated. No

measurable effect could be observed.

In these sections, the nonlinear properties of the BK7 glass substrate were characterized and
all important features of the measured s-SHG spectrum could be explained. One of the most
pronounced spectral features which is observed is the oscillation of the SH signal due to the
interference of the two SH beams. Although it contains phase information which could help in
characterizing measured spectra, it leads to a rather complicated data treatment procedure and

decreases the signal to noise ratio. The interference could be suppressed by taking a substrate,
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which is wedge-shaped. Using such a substrate, the SH beams of the two surfaces leave the
substrate at different angles. There are, however, several drawbacks which must be considered
when using such substrates. Firstly, the beam path would not be straight which makes an
alignment of the s-SHG setup much more challenging. For example, it would no longer be
possible to adjust the Pellin-Broca prisms using the BBO crystal, because the beam path
would be different to that with the introduced sample. Secondly, the angle at which the SH
beam leaves the substrate would be dependent on the angle of incidence which makes a very
precise adjustment of the sample necessary. Finally, all angles would be wavelength
dependent which limits the applicable frequency range without readjusting the setup. New

solutions to cope with these challenges will need to be developed.

6.6 Spectroscopic Properties of ZrO,:Y

In this section, the spectroscopic properties of the second substrate, a ZrO,:Y crystal, which is
used in this thesis are investigated. In the following sections, s-IR-CRD and s-Vis-CRD

measurements of the substrate are shown and interpreted.

6.6.1 s-IR-CRD Spectroscopy
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Fig. 6-21. s-IR-CRD spectrum of the empty cavity measured in air (red line) and under UHV conditions (black
circles). In the spectrum of air, sharp absorption peaks are present originating from absorption bands of water

molecules. Under UHV conditions no absorption bands are observed.
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The BK7 glass substrate is not transparent in the infrared region, which leads to the necessity
of a suitable substrate for the s-IR-CRD experiments. Here, the wavelength range of interest is
between 2500 nm and 3600 nm (4000 cm™ to 2800 cm™ ), because in this region the
vibrational transitions of the C-H group are located. The measurement of those vibrational
transitions are part of the aim of this thesis. In order to cover the entire wavelength range,
only one or a maximum of two sets of CRD mirrors are needed. A crucial condition for the
s-IR-CRDS is that the experiments must be carried out under UHV conditions. The reason for
this is, that many of the substances which are found in the air (especially water and traces of
volatile organic molecules) possess sharp absorption bands in the IR region which leads to a
very noisy background spectrum. To illustrate this, a s-IR-CRD spectrum of the empty cavity
recorded in air (red line) and in vacuum (black line) is shown in figure 6-21. Absorption peaks
that are even higher than 4000 ppm can be observed in the spectrum of air, whereas the
vacuum spectrum is approximately as smooth as that of the s-Vis-CRD measurements. This
way the noise can be reduced to about 4 ppm. The InSb detector, which is used to measure the
IR signal is a passive detector, and therefore it is not possible to adjust the intensity of the
detector output by changing its amplification. However, an adjustment is necessary because
the intensity of the light leaving the cavity shows drastic changes over the applied wavelength
range. The only possibility is to weaken the laser beam before it enters the detector using an
optical density filter. As a consequence, the spectrum must be divided in several regions and a

suitable filter needs to be introduced for each of them.

6.6.2 s-IR-CRD Measurement of ZrO,:Y

The most suitable for the s-IR-CRDS of all tested substrates proved to be a ZrO,:Y substrate
(single crystal). In figure 6-22, the s-IR-CRD difference spectrum (the spectrum of the empty
cavity is subtracted) of the sample is shown. In order to perform the measurement, a cleaned
Zr0,:Y substrate is transferred into vacuum and placed at Brewster's angle inside the cavity.
In the spectrum, it can be seen that the optical quality of this substrate is already much worse
than that of the BK7 substrate, because the loss over the entire wavelength range is above
1500 ppm. Scattering cannot be the main reason for the high loss because the surfaces of the
substrate are highly polished. In general, scattering losses in the IR region should be orders of
magnitude smaller than in the visible range because the scattering cross section scales with

1/A* (see chapter 6.4.2). Using the surface topography analysis method (see chapter 6.2),
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small deformations at both surfaces could be observed, which probably cause these high

losses. Care should be taken when interpreting the obtained spectrum because these

deformations lead to high values of AA(W)("‘W“” (see section 6.4.1), which distorts the form of

the difference spectrum. This could, for example, be the reason for the increase of the loss
towards smaller wavenumbers, because it is noticeable that the spectrum of the empty cavity
shows a similar increase (indicating that the increase might be an effigy of the empty cavity).
However, two interesting features can be observed in figure 6-22. One is the very broad band,
which is centered around 3330 cm™ and the other is the double peak between 2900 cm™ and
2960 cm™. The first can be attributed to an O-H absorption band of water (which is present in
trace amounts inside the substrate), whereas the latter probably originates from C-H
absorption bands; however, their exact origins are unknown (although it might be organic
impurities). Despite the poor optical quality the ZrO,:Y substrate can be used as support for s-

IR-CRD spectroscopy.
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Fig. 6-22. s-IR-CRD spectrum of the ZrO,:Y substrate (the spectrum of the empty cavity is subtracted). The

different colors represent the different sections in which the measurement is divided.

6.6.3 s-Vis-CRD Measurement of ZrO,:Y

The s-Vis-CRD measurement of the ZrO,:Y substrate shows a surprising spectrum (see
figure 6-23). There are very distinct and sharp peaks between 500 nm and 600 nm present.
The substrate material itself does not show any absorption patterns, however, the peaks can be

attributed to electronic transitions in Nd** ions.®” *!"'** Nd is a typical impurity in Yttrium
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salts and was probably introduced in traces with the dopant in the substrate. The sharp peaks
observed are typical for f-f transitions which can be found in most of the f-metals. However,
such a structured background is not a good reference for the s-Vis-CRD spectroscopy and this

substrate is consequently not used for measurements in the visible region.
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Fig. 6-23. s-Vis-CRD spectrum of the ZrO,:Y substrate. The sharp absorption bands in the spectrum can be

attributed to electronic f-f transitions in the Nd** ion. Nd is in traces present in the substrate (as impurity).

6.7 Summary Chapter 6

In this chapter, two substrate materials were presented, BK7 glass and ZrO,:Y, which have
been shown to be suitable for the use in experiments with the described spectroscopic
methods (s-Vis-CRDS, s-IR-CRDS, and s-SHG spectroscopy). All relevant linear and
nonlinear spectroscopic properties of the two types of substrates were determined and
characterized. Furthermore, a theoretical description of the s-SHG spectra of the BK7
substrate could be developed which explains the origin of the spectral features obtained by the
measurements. Based on these results, it was possible to extract the spectrometer function of
the setup from the measurement, which is a crucial achievement in order to extract spectral
information from measured raw data using s-SHG spectroscopy. Additionally, experimental
routines for s-CRD and s-SHG measurements could be defined and justified using the results
of the measurements in this chapter. In all following experiments in this thesis, these results

are consequently used as basis for the interpretation of the obtained data.
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7. Surface Spectroscopy of Organic Molecules

In this chapter, measurements of samples containing thin layers of organic adsorbates coated
onto a substrate are presented. The spectroscopic investigations of these samples are carried
out for two purposes: Firstly, the characterization of the spectroscopic setup presented in
chapter 5 (determination of the reliability and sensitivity of the spectroscopic methods) and
secondly, the spectroscopic characterization of organic molecules representing possible
ligands for the preparation of ligand stabilized clusters. The investigation of the latter is one
of the important future projects, because by studying the spectroscopic properties of ligand
stabilized clusters the cluster-ligand interaction can be characterized which provides

important information about the cluster reactivity.

For the characterization of the spectroscopic setup in the first part of the chapter,
measurements of the laser dye Rhodamine 110 coated onto a substrate are performed using all
the three spectroscopic methods of the setup (s-Vis-CRD, s-IR-CRD, and s-SHG
spectroscopy). The resulting spectra are used in order to demonstrate the reliability and the
high sensitivity of the spectroscopic methods. In the second part, measurements of the organic
molecules Binol, BiBuQ, and {5}Helicene coated onto a substrate are presented and the
resulting spectra are discussed in detail. This part focuses ont he sustainability of the
measured molecules for the use as ligand molecule by discussing the obtained spectroscopic

properties.

7.1 Rhodamine 110

In order to characterize the reliability and sensitivity of the three spectroscopic methods
(s-Vis-CRD, s-IR-CRD and s-SHG), a reference sample with well known optical properties is
needed. It must be an organic substance (important for the s-IR-CRD) with a strong
absorption in the visible range (s-Vis-CRD) and distinct nonlinear optical properties (s-SHG).
In the s-SHG spectroscopy, high laser pulse energies are used (1-10 mJ per pulse) which can
lead to photo damage or the evaporation of the molecules from the surface with the
consequence of destruction of the sample. This problem arises in particular, if the
fundamental laser frequency is in resonance with an electronic transition inside the molecule.
However, as shown in chapter 2.2.4, the s-SHG spectroscopy can probe resonances at the

fundamental as well as at the second harmonic frequency. In the latter case, the destructive
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impact of the laser pulses on the molecules is much smaller, provided that the fundamental
frequency is far from any absorption band in the adsorbate. As a consequence, the ideal
substance should have two absorption peaks, one in the ultraviolet, and one in the visible
range with the additional condition that half the frequency of the UV band should be far from

the resonance in the visible.

All of these requirements are fulfilled for the laser dye Rhodamine 110. In figure 7-01, a UV-
Vis spectrum of the dye dissolved in methanol is shown. A very intense absorption band is
located at around 510 nm along with a second band in the UV range at 334 nm with much
smaller intensity. An important observation is that the absorption of the molecules at 668 nm
(half the frequency of the peak at 334 nm) is nearly zero, which makes it possible to measure

the latter peak in an s-SHG experiment without the risk of destroying the sample.
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Fig. 7-01. UV-Vis spectrum of Rhodamine 110 in methanol. Two absorption peaks are present, one at 510 nm,

and a second at 334 nm.
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Fig. 7-02. Chemical structure of Rhodamine 110.

109



Chapter 7 Surface Spectroscopy of Organic Molecules

The structure of Rhodamine 1101s depicted in figure 7-02. A large aromatic m-electron
system is present which is responsible for its intense absorption bands at low transition

134

energies. In the literature ™, the two peaks were attributed to the electronic S, <~ S, (510 nm)

and the S, <~ S, transitions (334 nm) in the molecular orbitals of the Rhodamine 110

molecule. In order to measure the IR spectrum of the dye, a few drops of a highly
concentrated solution of Rhodamine 1101 n methanol are dried on a KBr window and
subsequently measured in an FT-IR spectrometer. The obtained spectrum is shown in
figure 7-03. The strong absorption band at 3180 cm™ can be attributed to the C-H stretch
vibrational mode of the molecule. Considering the chemical structure of Rhodamine 110, it is
obvious that all C-H groups belong to carbon atoms which are sp® hybridized. This gives rise
to one single C-H absorption peak in the spectrum without any significant splitting.
Furthermore, the resonance position of 3180 ¢cm™ is typical for C-H stretching modes in
aromatic systems as present in the molecule investigated here. The two peaks at 3320 cm™
and 3400 cm™ belong to the symmetric and antisymmetric stretch vibrational modes of the
NH; group (the antisymmetric mode is located at higher wave-numbers). These three

absorption bands lie within the spectral range, which is accessible using the s-IR-CRD setup.

FT-IR spectrum — Rhodamine 110
on KBr

Extinction [arb. units]
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Fig. 7-03. FT-IR spectrum of Rhodamine 110 on KBr. The intense peak at 3180 cm' is the C-H stretch
vibrational mode and the double peak at 3320 cm™ and 3400 cm™ belongs to the symmetric and antisymmetric

stretch vibrational mode of the NH, group, respectively.
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In order to perform measurements of Rhodamine 110 using the three surface spectroscopic
techniques, the dye must be coated onto a surface. As substrate for the s-Vis-CRD and the
s-SHG measurements the BK7 glass substrate is used, whereas the ZrO,:Y crystal is chosen
for the s-IR-CRD measurements (see chapter 6). Different coating methods were tested, such
as spin- and dip-coating, but the best results were achieved by simply wetting a lens cleaning
tissue with the dye solution and wiping the dye on the surface. Using this technique, a sample
with a quite homogeneous film of Rhodamine 110 can be prepared. For the two Cavity
Ringdown experiments (Vis- and IR-) the dye is coated onto both sides of the substrate,
whereas for the s-SHG measurement only the back side is coated. The reason for this is that
interferences between the SH contributions of the dye from the two surfaces should be

avoided in order to obtain a clear spectrum.

7.1.1 s-Vis-CRD Measurement of Rhodamine 110

Figure 7-04 shows the s-Vis-CRD spectrum of Rhodamine 110 c oated onto BK7. The

electronic S, «— S, transition at 510 nm is clearly resolved. The spectrum is obtained by

subtraction of a reference BK7 spectrum from the spectrum of the sample with the dye. The

resulting data points are corrected using the method shown in chapter 6.4.1.
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Fig. 7-04. s-Vis-CRD spectrum of Rhodamine 110. The intense absorption peak at 510 nm (see figure 7-01) is

clearly resolved.
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From the spectrum, the coverage of the dye molecules on the surface can be estimated as
shown in the following. The intensity, I, of a light beam traveling through an absorbing

substance follows the Beer-Lambert law:

IL — IO_SL‘C'I — e—ln(l())-é‘;v-c-l (eq7 _ 01)

0

where, ¢, , is the decadal extinction coefficient, C, the concentration of the absorber, and |, the

length of the optical path through the absorbing substance. In the case of a very thin layer of

molecules (|1 <« 1) it can be written approximatively:
e "9 2 1-1n(10)-¢, -c-1  (eq.7-02)

The expression, C-l, can be replaced by the coverage, p, and In(10)-¢, can be transformed
to the extinction cross section, o, . The photon loss per pass, A, in an s-CRD experiment is
nothing other than the ratio of extinguished photons to initial photons, which is: 1-1/1,.

Consequently, the photon loss can be expressed as:
A=o_-p (eq.7-03)

If the extinction cross section of the molecules on the surface is known, the coverage can be

L

calculated from the s-Vis-CRD spectrum. In the literature, the value of ¢, =9-10*
mol-cm
can be found for the decadal extinction coefficient of Rhodamine 110 in ethanol at the peak

wavelength.'*> Based on this value, the extinction cross section for the dye in solution is

calculated to be 3.44-10'°cm”. In general, the extinction cross section of a molecule is
dependent onits orientation with respect to the optical axis of the light beam and its
environment. For molecules in solution, the measured value gives the cross section averaged
over all possible rotational positions of the molecules because they are usually randomly
orientated. On a surface, however, this is not necessarily the case. Here, processes such as the
self organization of organic molecules on surfaces can lead to well defined molecular
orientations. However, for the estimation of the coverage these effects are neglected owing to
the fact that the real configuration is not known. The second effect influencing the absorption
cross section is the presence of the surface. Typically, this leads to a broadening of the

resonance peak in the spectrum. This peak broadening diminishes absorption at the maximum
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of the resonance peak, whereas the peak area remains the same and consequently it can be

written:

j O'eXSOIUtiondl _ J' O'exsmfacedl (eq7 _04)

peak peak

Using this relation, the extinction cross section of Rhodamine 110 coated on a surface,

surface
o, at 4,

ex 2

can be calculated. The UV-Vis spectrum of the dye in methanol is therefore

X

scaled so that its maximum equals the above calculated value of 3.44-10"'°cm’ for the cross
section in solution. In a second step, the s-Vis-CRD spectrum is overlaid and scaled in such a
way that the peak areas equal each other, representing now the absolute values of the

extinction cross section for the dye coated onto a surface. Figure 7-05 shows the two curves.

surface

The maximal value of o, =2.18-10""°cm” can now be derived from the plot.
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Fig. 7-05. Plot of the extinction cross sections of Rhodamine 110 in methanol (black line) and coated onto a BK7

substrate (red line). The curves are scaled so that the peak areas equal each other.

By taking the measured maximal loss from figure 7-04 of 5886 ppm, the surface coverage of
the Rhodamine 110 molecules is calculated to be 2.7-10”cm™. One dye molecule covers
approximately 0.5 nm? of the surface (for random orientation), leading to a surface coverage
in the presented experiment of 13.5% of a monolayer. However, because both sides of the
substrate are coated in this experiment, each surface is actually covered with 6.75% of a

monolayer of the dye.
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By considering the noise of the s-Vis-CRD apparatus (< 4 ppm), absorption peaks down to
approximately 20 ppm in height can be detected. This corresponds to surface coverages of
Rhodamine 110 which are below 0.1% of a monolayer. This sensitivity is far beyond the

sensitivities which can be achieved using standard spectroscopic methods.

7.1.2 s-IR-CRD Measurement of Rhodamine 110

For the s-IR-CRD measurement a ZrO,:Y substrate is coated with Rhodamine 110 using the
technique described in the previous section and transferred into the vacuum chamber. A clean

Zr0O,:Y substrate serves as reference sample. The measured spectrum is shown in figure 7-06.
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Fig. 7-06. s-IR-CRD spectrum of Rhodamine 110 coated onto a ZrO,:Y substrate. The absorption peak
corresponding to the C-H stretch vibrational mode at 3180 cm™ is clearly resolved. The second absorption peak

at 3320 cm’' can be attributed to the symmetric stretch vibrational mode of the NH, group.

The absorption band of the C-H stretch vibrational mode at 3180 cm™ is well resolved and a
second absorption peak is located at 3320 cm™, which can be attributed to the symmetric NH,
stretch vibrational mode. In contrast to the FT-IR spectrum of Rhodamine 110 (fig. 7-03),
however, the second peak of the NH, group at 3400 cm™ has disappeared. A possible reason
for the lack of the antisymmetric contribution is the presence of the surface. One of the
hydrogen atoms of the NH, group might be bound to the surface leading to a confinement of

its freedom of motion and a shift of its vibrational transition frequency. As a consequence, the
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symmetric and antisymmetric vibrational modes of the NH, group transform into a free and a
bound N-H vibrational mode. The free N-H mode corresponds in frequency approximately to
that in secondary amines (3310 cm™), whereas the bound N-H mode can be drastically shifted
(it might be shifted out of the measured range). Similar effects have been observed in weakly
bound complexes consisting of a heavy bound atom and a molecule involving bound and free
carbon hydrogen stretching vibrations. Although the dye is also coated onto a surface for the
FT-IR measurement presented here, the coverage in these experiments is much higher and
thus molecules in contact with the surface represent only a very small percentage. Therefore,
surface effects do not influence the N-H stretching modes in the measurements using the
conventional FT-IR spectrometer. However, to investigate this effect in detail further

measurements would be necessary.

In order to calculate the sensitivity of the s-IR-CRDS apparatus, the coverage of dye on the
surface must be determined. Since the absorption cross section of the C-H stretch vibrational
mode ona surface is not known, it cannot be derived from the s-IR-CRD spectrum.
Furthermore, the ZrO,:Y substrate is not suitable for the s-Vis-CRD spectroscopy, so that it is
hardly possible to determine the coverage by measuring the intensity of the electronic

S, — S, transition on the sample. Because the dye is highly soluble in ethanol, however, it

can be washed off the sample using a defined volume of the solvent. From the resulting
solution a UV-Vis spectrum is measured (using a UV-Vis spectrometer), from which the
concentration of dye in the solution can be extracted. Assuming a homogeneous dispersion of

the molecules on the sample, the coverage is subsequently calculated.

In figure 7-07, the obtained UV-Vis spectrum of the Rhodamine 110 dissolved in 8.4 mL
ethanol is depicted. Using the Beer Lambert law and the decadal extinction coefficient of the

dye, ¢, =9-10* #, the concentration of the dye is calculated to be ¢=7.29-10" mTol'

mol-cm
The total amount of molecules in the solution is consequently n=6.12 nmol. Assuming this
is dispersed homogeneously on the substrate with a surface area of 12.5 cm? (back and front
side), the coverage is calculated to be p=2.95-10"cm™. This corresponds roughly to 1.5
monolayers of the dye on each side of the substrate. Since the absorption of both surfaces is
measured in the s-IR-CRDS experiment, the maximal value of the loss in the spectrum of
~3000 ppm corresponds to the absorption of 3 monolayers of Rhodamine 110. F rom the
determined coverage and the observed loss in the s-IR-CRD spectrum, the absorption cross

section of the C-H stretch vibrational mode can be derived. Considering that there are ten C-H
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groups per dye molecule, the cross section per C-H group is 5.1-10"”cm” which is in a good
agreement with typical textbook values for C-H groups in aromatic systems. The noise of the
s-IR-CRD apparatus is approximately 4 ppm and consequently coverages of Rhodamine 110
down to 1% of a monolayer can be detected. That means that the sensitivity of the s-CRD
technique in the IR range is much smaller than in the visible (detection limit below a surface
coverage of 0.1 % of a monolayer). The reason for the lower sensitivity is due to the fact that
the absorption cross sections of vibrational transitions are approximately two orders of

magnitude smaller than those of electronic transitions in dyes.
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Fig. 7-07. UV-Vis spectrum of Rhodamine 110 in solution. The dye is washed off the sample with ethanol.

In order to test the reliability of the method to determine the coverage of Rhodamine 110 in
the IR experiment presented above, a BK7 glass substrate is coated with the dye and its
transmission is measured in the UV-Vis spectrometer. After that, the dye is washed off with
7.8 mL ethanol and a second UV-Vis spectrum (of the solution) is measured. These two

spectra are shown in figure 7-08. By taking the surface area of both sides of the BK7 substrate

(15.36 cm?) and the decadal extinction coefficient, g, =9-10" %, a surface coverage of
mol-cm

1.53-10"cm™ can be calculated from the spectrum of the dye in ethanol. Similarly, by taking

the spectrum of the dye coated on BK7 and the surface corrected value of the extinction cross

section of o, ™™ =2.18-10"°cm’, the calculation of the coverage per side of the substrate

gives the value of 1.42-10"*cm™ . The deviation from the first value is approximately 7%. One
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possible reason for this deviation is that the coverage at the edges of the substrate is higher
than in the middle, which is a result of the substrate coating process. Consequently, the
surface coverage of Rhodamine 110 determined for the IR experiment is most likely slightly
overestimated (in this case the sensitivity of the s-IR-CRD setup is even higher). However,
this experiment confirms the reliability of the method used here, and the high accuracy of the

derived values.
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Fig. 7-08. UV-Vis spectra of Rhodamine 110 in ethanol (black line) and coated onto a BK7 substrate (red line).

7.1.3 s-SHG Measurement of Rhodamine 110

For the s-SHG measurement, Rhodamine 110 is coated on the backside of a BK7 glass
substrate. All s-SHG measurements, which are presented in chapter 7 were carried out using a
less sophisticated version of the s-SHG apparatus, where the experiments were carried out
under ambient conditions (i.e. UHV conditions were not required). In contrast to the setup
described in chapter 5, the beam separation unit (for the separation of the fundamental and the
SH beam) consisted of a four prism Pellin-Broca device and the fundamental pulse energy
was measured using a photomultiplier. The resulting spectra from the s-SHG measurements
are only corrected by the fundamental power and not by the spectrometer function (see
chapter 6). This can lead to a slight distortion of the spectra; however, all important
spectroscopic features can be resolved. In figure 7-09, the s-SHG spectrum of Rhodamine 110
coated onto a BK7 substrate is presented. The red line shows the raw data and the black line
the smoothed curve. The peak at 668 nm of the fundamental wavelength which can be

observed in the spectrum originates from the electronic S, «<— S transition in the dye. In the
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linear UV-Vis spectrum (fig. 7-01) this transition is located at 334 nm, which means that the
peak in the s-SHG spectrum originates from the resonance enhancement of the SHG process
at second harmonic frequency. This s-SHG spectrum is in a very good agreement with the
s-SHG measurement of the same dye coated onto a quartz glass substrate performed by the

group of Shen."*
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Fig. 7-09. s-SHG spectrum of Rhodamine 110 on BK7. The peak in the spectrum can be attributed to the

electronic S, «— S transition in the dye via resonance enhancement at the SH frequency. The oscillations which

are present in the raw data originate from the interference between the SH contributions of the two sides of the

substrate (see chapter 6).

From the measured s-SHG spectrum, information about the orientation of the molecules on

the substrate can be gained. The transition dipole moment of the S, «<— S transition lies in the

molecular plane of the Rhodamine 110 m olecule. Due to the symmetry considerations
presented in chapter 3.3, the presence of the resonance peak in the s-SHG spectrum indicates
that the molecules do not lie flat on the surface. If this was the case there would be no
component of the transition dipole moment perpendicular to the surface and the transition
would be SHG inactive. From their measurements, Shen and co-workers estimated the angle
between the surface plane of the substrate and the molecular plane of the Rhodamine
molecules to be 34° under the assumption that all molecules are tilted in the same angle. This
discussion illustrates the potential of the s-SHG technique in studying molecular orientations

of surface adsorbates.
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An accurate determination of the surface coverage of the dye for the estimation of the
sensitivity of the s-SHG setup was not possible, due to a strong inhomogeneity of the coated
dye layer in the presented experiment. However, due to the selection rules of s-SHG only
molecules, which are located at the interface region where the substrate has an influence on
the electric potential in the adsorbates, are detected. Consequently, the second harmonic
signal intensity already reaches its maximum at a single monolayer of the dye molecules. This
effect has been shown by Kikteva et al. for the laser dye Rhodamine 6G on a fused silica
substrate. The observation shows that the s-SHG spectroscopy is sensitive enough to detect
sub-monolayer coverages of molecules coated onto a surface. Shen and co-workers measured
in their experiment coverages of Rodaminel 10 molecules corresponding to about 25 % of a

monolayer.

7.1.4 Performance of the Spectroscopic Setup

Rhodamine 110
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Fig. 7-10. Overview plot of Rhodamine 110 spectra. A): Measured spectra of the dye coated on a surface using

the three spectroscopic methods of the presented setup. B) Measured spectra using standard techniques.
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The measurements of Rhodamine 110 using the three different spectroscopic methods of the
presented apparatus give a good overview over the performance of the setup. The laser dye
Rhodamine 110 coated onto a surface proved to be an excellent reference sample for the
characterization of the entire apparatus. All three spectroscopic methods of the setup are
shown to have a sensitivity high enough to detect sub-monolayer coverages of adsorbates on
surfaces. Additionally to that, the reliability of the methods could be demonstrated by
comparing the obtained spectra with reference spectra using standard spectroscopic methods.
All of these results are summarized in figure 7-10, where especially the large frequency range

. . . . 13
is pointed out, in which spectra from the very same sample can be measured."’

7.2 Surface Spectroscopy of Binol (1,1'-Bi-2-naphthol)

In order to investigate the sustainability of Binol for the use as ligand molecule in ligand
stabilized clusters, its linear and nonlinear spectroscopic properties are investigated using the

presented spectroscopic setup. In figure 7-11, the chemical structure of Binol is depicted.

Fig. 7-11. Chemical structure of Binol

The organic molecule Binas which is chemically related to Binol (in the former the OH
groups are simply replaced by SH groups) has successfully been used as ligand molecule for
ligand stabilized clusters in the group of T. Biirgi. In their experiments the chiral properties of
Binas were used in order to prepare chiral cluster-ligand complexes which were subsequently

138190 I addition to this, Binol was successfully

characterized using spectroscopic methods.
used as coating for the investigation of the nonlinear circular dichroism (CD-s-SHG) using
s-SHG spectroscopy.'*! The chirality of Binol (even if no c hiral carbon atom is present)

originates from the repulsion of the two OH groups leading to a twisted configuration of the
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molecule. This explains the CD activity of Binol (in Binas a similar situation is present). The
extension of the present s-SHG setup in order to perform CD-s-SHG measurements is one of
the future projects (see chapter 10.5). All these properties mentioned above make the Binol
molecule a good candidate of a suitable ligand molecule for future experiments and is

therefore chosen and investigated.

7.2.1 s-IR-CRD Measurement of Binol

For the s-IR-CRD experiment, Binol is evaporated in the transfer chamber on a clean ZrO,:Y
substrate using the installed molecule evaporator (see chapter 4.4). The sample is
subsequently transferred into the analysis chamber (under UHV conditions) where the s-IR-

CRD measurements are carried out. In figure 7-12, the derived spectrum of Binol is shown.
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Fig. 7-12. s-IR-CRD spectrum of Binol. The absorption band at 3058 cm™' can be attributed to the C-H stretch
vibrational mode of the molecule. The increase of the loss towards larger wavenumbers indicates the onset of the

O-H vibrational band.

In the spectrum, two features can be observed. The strong increase in loss towards larger
wavenumbers can be attributed to the typical broad O-H absorption band located at 3500 cm™,
originating from the two OH groups which are present in the Binol molecule. The second
feature is the absorption band of the C-H stretch vibrational mode at 3058 cm™. For the

experiment the sample is cooled to a temperature of 200 K. The reason for this is, that Binol
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was found not to be stable on the substrate under UHV conditions at room temperature. It
evaporates constantly from the sample which can be observed in the results of an additional

experiment depicted in figure 7-13.
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Fig. 7-13. s-IR-CRD spectra of Binol measured immediately after the preparation of the sample (black circles),
after 2h (red circles), and after 24h (blue circles). It can be clearly observed that Binol evaporates from the

substrate within hours if stored at room temperature under UHV conditions.

This measurement is carried out with a freshly prepared Binol sample using s-IR-CRD
spectroscopy in the spectral region of the C-H vibrational transition band. Subsequently, the
measurement is repeated after two hours and after 24 hours, respectively. After two hours, the
absorption peak has already drastically decreased and after 24 hours it is below the detection
limit of the spectroscopic setup. The same experiment carried out at a substrate temperature of
200 K shows a much smaller decrease of the peak height with time. In order to investigate this
effect in detail, the time evolution of the loss at the peak position is measured. A clean ZrO,:Y
substrate is therefore coated with several monolayers of Binol in vacuum (using the
evaporator) and subsequently transferred into the analysis chamber. Here, the height of the
C-H peak is measured as function of time using s-IR-CRD spectroscopy, by recording the loss
of the sample at 3058 cm™ in defined time intervals. From all measured losses, the loss of the
bare substrate is subtracted (for background correction) and the resulting curve is normalized
to its initial value. Figure 7-14 shows the results of the measurement carried out at room
temperature (red circles) and at a substrate temperature of 200 K (black circles). In the

beginning of the experiments (between O m in and 40 m in) an approximately constant

122



Chapter 7 Surface Spectroscopy of Organic Molecules

evaporation rate of Binol (expressed by the slope of the data points) is measured. This
observation can be explained by considering that the number of molecules which are located
at the interface to the vacuum remains constant during the evaporation process, as long as
there is more than one monolayer of Binol left on the surface. From the slope of the data
points in the experiment carried out at room temperature, it can be concluded that the
evaporation rate slightly decreases as more time elapses. Here, probably the influence of the
substrate can be observed. When the thickness of the Binol layer approaches one monolayer,
the energy barrier which has to be overcome by the molecules to evaporate increases due to a
stronger binding of the molecule to the substrate. The measurement carried out at 200 K
shows that the evaporation rate is highly reduced for the cooled sample. Here, after two hours

only 20 % of the Binol has evaporated.
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Fig. 7-14. Evaporation rates of Binol at room temperature (red circles) and at 200 K (black circles). In the latter

case the evaporation rate is reduced.

From the measurements shown in figure 7-14, the intermolecular binding energy can be
estimated. The relation between the rate constant, k, and the temperature, T, is described by

the Arrhenius law:

E

k=A-e ¥ (eq.7-05)

where, R, is the universal gas constant, E,, the activation energy, and A, the prefactor. In the
case of an evaporation process, the activation energy equals the intermolecular binding

energy. Taking the logarithm of equation 7-05 yields:
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In(k) = In(A)— FET (eq.7 - 06)

By plotting In(k) versus 1/RT, the intermolecular binding energy can be derived from the
slope of the resulting curve. This plot is depicted in figure 7-15. From the slope, the
intermolecular binding energy is calculated to be 6.5 kJ/mol. Because there are only two data
points from the measurements available, the result represents just a rough approximation of
the real value; however, for Binol where the intermolecular forces consist of dipole-dipole,

hydrogen bond, and Van der Waals interactions, this value seems reasonable.
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Fig. 7-15. Arrhenius plot for the evaporation of Binol from the ZrO,:Y substrate. From the plot the

intermolecular binding energy is calculated to be 6.5 kJ/mol.

By determining the absorption cross section of the C-H stretch vibrational mode for Binol
coated on ZrO,:Y using the method shown in chapter 7.1.2, the coverage of Binol at each
point of the evaporation measurement could be determined. Subsequently, these results could
be used in order to calculate the binding energy of Binol onthe surface as function of
coverage. This would give a greater insight into the interactions between Binol and the
substrate. However, more detailed experiments would therefore be necessary. The results
presented in this section show that Binol can be stabilized on the surface by cooling the
sample. Furthermore, it could be shown that by studying the evaporation process using s-IR-
CRD spectroscopy, information about binding energies can be gained. The latter could be
used in order to determine the binding energies between Binol and supported metal clusters in

future experiments.
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7.2.2 s-SHG Measurement of Binol

For the s-SHG experiment, Binol is coated onto a BK7 glass substrate and measured under
ambient conditions (see chapter 7.3.1). The obtained spectrum is shown in figure 7-16. There
are two dominant peaks present, which are located at 643 nm and 672 nm of the fundamental

frequency, respectively. Furthermore, small features can be observed around 580 nm.
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Fig. 7-16. s-SHG measurement of Binol on BK7.Two dominant peaks located at 643 nm and 672 nm can be

observed. The peaks originate from a resonance at the SH frequency.

Since Binol is fully transparent in the visible range, these s-SHG peaks must originate from
resonances at the second harmonic frequency. In order to compare the obtained spectrum with
linear spectra, UV-Vis measurements of Binol in different solvents and coated on quartz glass
are carried out. The obtained spectra are shown in figure 7-17. It can be observed, that all
features that are present in the s-SHG spectrum can also be observed in the linear spectra.
However, compared to the linear spectrum (especially the spectrum of Binol on quartz glass)
the s-SHG spectrum shows much more pronounced peaks. Comparing the spectra of Binol
measured in different solvents, it can be observed that the best resolution of the optical
features is achieved using the nonpolar solvent cyclohexane. In this spectrum, even the small
peak at 327 nm is resolved which suggests that also the corresponding band in the s-SHG

spectrum at 330 nm is real (despite the high noise level in the s-SHG raw data in this region).
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Fig. 7-17. Comparison between linear and nonlinear spectra of Binol. In the top part of the figure the s-SHG
spectrum of Binol coated on BK7 is shown. The three spectra in the lower part are UV-Vis spectra of Binol in

different solvents. The main spectral features can be observed in all measured spectra.

The high accuracy and the good resolution of the peaks in the s-SHG spectra demonstrate the
potential of the presented spectroscopic setup to measure even small changes in the nonlinear
optical response of organic surface adsorbates. Furthermore, Binol has proven to be an
excellent coating reagent for the investigation of surface processes using linear and nonlinear
spectroscopic techniques. Consequently, Binol (Binas) is a promising ligand molecule for the
preparation and the spectroscopic characterization of ligand stabilized clusters using the

presented setup.
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7.3 s-SHG Measurement of 4,4'"'-Bis-(2-butyloctyloxi)-p-quaterphenyl
(BiBuQ)

In order to further investigate the nonlinear optical properties of organic surface adsorbates, a
next s-SHG measurement is carried out with a second laser dye (BiBuQ) coated onto a BK7
glass substrate. The purpose of this measurement is to verify, if the generation of the second
harmonic in surface adsorbates is restricted to molecules which possess a non centro-
symmetric molecule structure (which is the case for Rhodamine 110 and Binol). According to
the theory (see chapter 3.3), the presence of the substrate surface should be sufficient to
generate a non centro-symmetric electric potential perpendicular to the substrate surface and
thus SHG activity, even in molecules with a centro-symmetric molecule structure.
Consequently, such a molecule is chosen for the experiment. In figure 7-18, the chemical

structure of BiBuQ is depicted.

H3zC(H2C)3 (CH2)3CH3

H3C(H2C)5HC|ZH2CO O O O O OCH2C|ZH(CH2)5CH3

Fig. 7-18. Chemical structure of BiBuQ

The dye possesses a very symmetric molecule structure e.g. a center of inversion on the
molecular axis. This symmetry leads to a centro-symmetric electric potential in which the
n-electros are confined. Any oscillation inside this n-electron system is consequently not SHG
active (for the molecule without any external influences). However, in figure 7-19, the s-SHG
measurement of BiBuQ coated on a BK7 glass substrate is shown and a clear resonance peak
can be observed. For comparison, a UV-Vis spectrum of the dye in solution is included in the
figure, showing an absorption peak located at the same wavelength. From the resonance
position (close to the visible range), it can be concluded that the peak originates from an
electronic transition in the m-electron system. Consequently, the observed resonance peak in
the s-SHG spectrum corresponds to an oscillation of the wt-electrons. From this result it can be
concluded, that the centro-symmetry of the electric potential inside the molecule is
sufficiently broken by the presence of the surface in order to allow for the generation of the

second harmonic frequency. This observation suggests a rather strong impact of the substrate
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on the m-electron system of the molecule. The s-SHG experiment with the BiBuQ molecule
confirms, that in principle any molecule which is coated onto a surface can be investigated
using s-SHG spectroscopy. The only condition is, that the transition dipole moment of the

measured resonance must have a contribution that is perpendicular to the substrate surface.
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Fig. 7-19. In the upper part of the figure the s-SHG spectrum of BiBuQ on BK7 is depicted. In the lower part a

UV-Vis spectrum of the dye is shown for comparison. A clear resonance peak can be observed in both spectra.

By comparing the two spectra in figure 7-19, a shoulder at approximately 670 nm of the
fundamental frequency can be observed in the s-SHG spectrum which is not present in the
UV-Vis spectrum. The distance between the main peak and its shoulder corresponds to
~1600 cm™, which is in the range of the transition energies of vibrational modes in organic
molecules. This observation suggests that the shoulder is formed by a combined transition of
an electronic and vibrational contribution. Since this spectral feature is not present in the UV-
Vis measurement (BiBuQ measured in solution), it is likely that the appearance of the

shoulder is caused by surface effects.
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7.4 Surface Spectroscopy of {5}Helicene

In a last experiment in this chapter, the spectroscopic properties of {5}Helicene are
investigated. Helicenes are polycyclic organic compounds with benzene rings that are
connected in the ortho position. It can be synthesized starting from Binol. The chemical
structure of {5} Helicene is shown in figure 7-20. {5}Helicene molecules are chiral, even if
they lack chiral carbon atoms. The chirality is caused by sterical effects, which lead to the
formation of a helix structure. Consequently, there are two different enantiomers, A and A.
From X-ray studies of the crystal structure of {5}Helicene, the screw axis was determined to
have a pitch of 3.05 A .'"* This corresponds to a tilt angle of approximately 12 d egrees.

However, coated on a substrate these values can change due to surface-molecule interactions.

Fig. 7-20. Chemical structure of {5} Helicene

In a first step, a UV-Vis measurement of {5} Helicene dissolved in dichloromethane (DCM) is

performed. The obtained spectrum is depicted in figure 7-21.
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Fig. 7-21. UV-Vis spectrum of {5} Helicene in DCM. Two pronounced peaks can be observed at 310 nm and

274 nm, respectively.
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Two pronounced peaks can be observed in the spectrum, one at a wavelength of 310 nm, and
the second at 274 nm. In a second step, {5}Helicene is coated onto a BK7 substrate and
subsequently, an s-SHG spectrum of the sample is measured under ambient conditions. The
obtained spectrum does not show any nonlinear activity of the coated molecules. The
resonance peaks observed in the UV-Vis spectrum correspond consequently to SHG inactive
electron oscillations. This result suggests, that the transition dipole moment of the coated
Helicene molecules is parallel to the substrate surface (see previous section). Since the
transition dipole moment for transitions in the n- electron system is parallel to the molecular
plane, this means that the Helicene molecules must lie flat on the surface of the BK7
substrate. However, this configuration is impossible for helical molecules, unless they are
highly flattened by the surface-molecule interactions. As a co nsequence, we assume the
{5}Helicene molecules to be almost planar when coated onto the BK7 substrate. This
experiment demonstrates the potential of s-SHG measurements to investigate orientations of

molecules on surfaces.

In order to exclude the possibility that {5} Helicene is not stable on the surface, an s-IR-CRD
measurement of the molecules coated on ZrO,:Y is carried out under UHV conditions. The
instability of {5}Helicene on the surface could be another reason for the lack of nonlinear
activity of the sample. The obtained spectrum is shown in figure 7-22. The peak at 3060 cm™
corresponds to the C-H stretch vibrational mode in the Helicene molecule. This confirms, that

the Helicene molecules are stable on the substrate even under UHV conditions.
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Fig. 7-22. s-IR-CRD spectrum of {5} Helicene on ZrO,:Y. The observed resonance peak (originating from the

C-H stretch vibrational mode) confirms the stability of {5}Helicene on a surface.
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7.5 Summary Chapter 7

In this chapter, measurements of different organic molecules coated on surfaces were
presented. In the first part of the chapter, the reliability and the high sensitivity of the three
spectroscopic methods (s-Vis-CRD, s-IR-CRD and s-SHG) could be demonstrated. Therefore,
spectra of the laser dye Rhodamine 110 coated onto the surface of a substrate were measured
using all the three spectroscopic methods of the presented setup. The obtained results were
subsequently compared to spectra which were measured using standard spectroscopic
techniques with the result, that the reliability of the methods could be confirmed. Small but
significant differences in the obtained spectra could be attributed to surface effects, such as
surface-adsorbate interactions. In the following sections, the sensitivity of the three
spectroscopic methods was determined using the measured spectra in combination with
additional techniques. It could be shown that all three spectroscopic techniques in the
presented setup are sensitive enough to study coverages of adsorbates which are far below one

monolayer.'?’

In the second part of the chapter, the linear and nonlinear optical properties of the molecules
Binol, BiBuQ, and {5}Helicene coated onto a substrate were investigated. The purpose of
these measurements were to test their sustainability for the use as ligand molecule for the
preparation and spectroscopic characterization of ligand stabilized clusters. It could be shown,
that Binol (and/or Binas) is a suitable candidate for such experiments, in particular due to its
excellent linear and nonlinear spectroscopic properties when coated onto a s urface (well
resolved spectra could be obtained using s-IR-CRD and s-SHG spectroscopy). From s-SHG
experiments carried out with BiBuQ coated on BK?7 it could be learned, that in principle any
organic adsorbate molecule can be measured using s-SHG spectroscopy, as long as the
orientation of the molecule on the surface allows for the generation of the second harmonic
frequency. This dependency of the SHG activity on the molecule orientation could be finally
illustrated by measurements with {5}Helicene molecules on BK7. With the measurements
carried out in this chapter the potential in surface science could be demonstrated when

combining the three highly sensitive spectroscopic methods to investigate surface processes.
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8. Supported Clusters

In this chapter, the linear and nonlinear spectra of supported metal clusters are shown and
discussed. In the first part of the chapter, it is demonstrated using both, AFM and
spectroscopic surface mapping techniques, that clusters can be successfully deposited on
substrates that are insulators, that they are generally stable, and that the plasmonic excitations
in small non-size-selected clusters (< 2 nm) can be measured using s-SHG spectroscopy. In
the second part, the optical properties of silver clusters (non-size-selected and size-selected)
are then investigated using both, s-CRD and s-SHG spectroscopy, with the resulting
observations compared to a model based on Mie theory. The experiments show a splitting of
the plasmon resonance peak which can be attributed to a non-spherical shape of the supported
silver clusters. Using s-CRD spectroscopy, the onset of the p-mode plasmon excitation
resonance (parallel to the substrate surface) can be observed up to ~2.9 eV for the supported
silver clusters, whereas s-SHG spectroscopy is capable of selectively resolving the s-mode
plasmon excitation (perpendicular to the substrate surface) at ~3.7 eV. Based ont he
observations for size-selected silver clusters (Agas, Agr1, Ago, and Ag) it will be revealed that
by using s-SHG spectroscopy, it is possible to distinguish between supported metal clusters

with 3 and 2 dimensional metallic properties.

8.1 Deposition of Metal Clusters on Non-Conducting Substrates

In order to test if the deposition and neutralization of metal clusters on a BK7 glass substrate
can be performed using the presented cluster source and neutralization unit, a number of
experiments are first carried out for clarification. For detecting the clusters on the surface,
three analysis techniques are applied, the Atomic Force Microscopy (AFM), the surface loss

mapping using s-Vis-CRD spectroscopy, and an s-SHG intensity surface mapping.

For the first experiment, Rhodium nano-particles are deposited onto a BK7 glass substrate.
The deposition is carried out using the RF-only mode (i.e. no single size selection) of the
quadrupole mass filter of the cluster source, which is set at a mass of 2000 atomic mass units
(amu). In this mode, only clusters with masses above 7/9ths of the chosen value (here
2000 amu) are guided through the filter. The sizes of the deposited clusters using this setting
vary between approximately 1 and 3 nm in diameter. The precise size distribution is mainly

defined by the settings of the electrostatic elements and the pressure conditions in the cluster
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source. The total number of deposited Rh clusters amounts to 6-10". With a spot-size of
about 0.1 cm? this corresponds to a coverage of few monolayers for the given cluster sizes. In
figure 8-01, two example AFM images depicting sample/surface roughness are shown, which
are measured under ambient conditions. The image on the left side is that of a bare BK7 glass
substrate, whereas the image on the right shows the BK7 glass substrate supporting Rhodium
nano-particles. By comparing the two images, an increase in the graining of the right AFM
image can be observed, indicating that the surface is covered with clusters. This result
confirms the successful deposition of Rh clusters. From the height profile of the AFM

measurement an average size of roughly 1.6 nm can be extracted.
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Fig. 8-01. AFM images of a bare BK7 glass substrate (left) and supported Rhodium nano-particles (right). The

coverage is above one monolayer. The increase in the graining of the right AFM image shows that the surface is

covered by clusters with a height of approximately 1.6 nm.

For a second experiment using the s-Vis-CRD surface loss mapping technique, gold nano-
particles are deposited under UHV conditions on a BK7 substrate using again the RF-only
mode of the quadrupole mass filter of the cluster source at 2000 a mu. Here, the surface
coverage of clusters is about one monolayer. A surface loss mapping of the substrate is
carried out at a wavelength of 520 nm before and after the deposition. In a further step, the
clusters are removed from the surface by sputtering with Ar ions (see chapter 6.4.2) for
10 minutes at an ion energy of 500 eV, followed by a third s-Vis-CRD surface loss mapping.
The results are shown in figure 8-02. In image (A), the surface loss mapping of the bare
substrate before cluster deposition is depicted. Images (B) and (C) are taken after the
deposition and after the removal of the particles by sputtering, respectively. In images (D) and

(E), the differences (B) - (A), and (C) - (A) are plotted. The cluster spot is well resolved and
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shows an increased loss of approximately 500 ppm (image (D)). After sputtering, the clusters
are completely removed from the surface and even the characteristic features of the sample in
picture (A) can be found in (C). This shows that the removal of the clusters leaves the
substrate almost unchanged, and only a slight increase in overall loss is observed, which is

attributed to the roughening of the surface induced by the ion sputtering. These results are

published in.*®’
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Fig. 8-02. s-Vis-CRD surface loss mapping of the bare BK7 glass substrate (A), after deposition of gold nano-
particles (B) and after the removal of the particles by sputtering (C). In image (D) and (E), the differences (B) -
(A) and (C) - (A) are depicted.

An s-SHG intensity surface mapping of a similar sample with a comparable coverage of gold
nano-particles is shown in figure 8-03. Here, the intensity of the second harmonic signal at a
fundamental wavelength of 560 nm is recorded as a function of the substrate position. In this
experiment p-polarized laser light is used with an azimuth substrate angle of 45°. F or all
s-SHG experiments it is crucial that the clusters are deposited on the backside of the substrate,
because the sample would otherwise absorb the SH contribution of the clusters in the

wavelength region where the substrate is not transparent to the SH frequency. Figure 8-03
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shows that also in the s-SHG intensity surface mapping the cluster spot can be clearly
identified from the strong increase of SH intensity at its position. Due to the huge intensity
difference between the regions with and without gold nano-particles, the s-SHG intensity
surface mapping technique is nearly background free and is a highly precise tool for mapping
the spatial distribution of metal particles on surfaces. At the coordinates, x = 7.5; z =7, in the
plot a drop in SH intensity compared to the intensity at the surrounding pixels can be
observed. This is the position at which a s-SHG spectrum was recorded before, suggesting
that the clusters are partly evaporated from the surface at this position, which is likely to be
induced by the strong laser radiation. However, considering that the fundamental laser
wavelength of 560 nm lies close to the position of the surface plasmon resonance of gold

nano-particles, the clusters are surprisingly stable.
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Fig. 8-03. s-SHG intensity surface mapping of gold nano-particles deposited on a BK7 glass substrate. The

cluster spot in the middle of the substrate is well resolved.

All these three experiments clearly show a successful deposition of metal clusters on the BK7
glass substrate, either by means of an increase in surface roughness (AFM), the increase of the
absorption loss (s-Vis-CRD), or the enhancement of the SH signal (s-SHG). Furthermore, the
surface mapping techniques (s-Vis-CRD and s-SHG) proved to be a powerful tool in order to
measure the spatial distribution of clusters deposited on a substrate. The determination of the
spatial distribution of clusters on a s urface is necessary in order to calculate the surface
coverage of the clusters. The latter is needed for any kind of calculation of cluster-cluster

interaction, which influences their electronic properties.
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8.2 Supported Coinage-Metal Clusters

Following the theoretical formulation of the nonlinear optical properties of deposited metal
nano-particles in chapter 3.3, 1t should be possible to measure the plasmon excitation of
coinage metal clusters using s-SHG spectroscopy. For particles that are small compared to the
wavelength of the laser light, the only SHG active oscillation mode is the dipole oscillation of
the particle which is perpendicular to the surface. Only the p-polarized fundamental laser
light, therefore, can give rise to an enhanced SH signal. The positions of the plasmon
frequencies can be approximated from the calculation of the linear optical spectra for
spherical gold, silver and copper clusters using the Mie theory for small particles (for details

see chapter 3.1.2). The absorption cross section, o, can be expressed as:

D 3 & ()
c " le(@)+2¢,] +6,(0)

(eq.8-01)

whereby, V,, is the particle volume, and c,, is the speed of light in vacuum. The dielectric
functions of the metals (& (®),&,(w)) for the calculations, meanwhile, are taken from the

measured bulk data obtained by Johnson and Christy.”® For the dielectric constant of the

surrounding medium, the value &, =1.63 is used, representing the mean value between

vacuum (&, =1) and the BK7 glass substrate (&, =2.25).
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Fig. 8-04. Calculated absorption spectra of Ag, Au and Cu nano-particles using Mie theory for particles that are
small compared to the wavelength of the laser light. Each metal cluster shows a characteristic plasmonic

excitation band.
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In figure 8-04, the resulting calculated absorption spectra for the metals Au, Ag, and Cu are
shown. For a better comparability of the presented cluster spectra with spectra found in the
literature, the energy unit of eV for the photon energy will be utilized throughout this chapter.
All three metals show a characteristic plasmon absorption band. For gold clusters the plasmon
excitation is located around 2.37 eV and for copper a very broad peak is located at 3.1 eV
which is almost not visible. The reason for the small plasmon peak in copper clusters is the
strong interband absorption in this frequency range (see chapter 3.1.2). The most pronounced
plasmon peak can be found for silver clusters (at 3.3 eV), which is about 20 times higher in
intensity than that of gold. Since in s-SHG spectroscopy resonances at the fundamental as
well as at the second harmonic frequency can be probed (measurable range: fundamental,
1.38¢eV - 2.76 eV — SH, 2.76 eV - 5.52 eV), all three plasmon resonances lie within the
applicable range of the spectrometer. Consequently, all three samples should show a peak in

their s-SHG spectra.

8.2.1 Data Treatment for s-SHG Measurements

In order to perform the correct data treatment of the s-SHG measurements of supported metal
clusters, some theoretical considerations must first be made. As shown in chapter 6.5.2, the
s-SHG spectrum of the bare BK7 glass substrate can be described by the superposition of the
SH contributions of the two surfaces (in the wavelength range where the substrate is
transparent to the second harmonic frequency). In the case of a substrate with deposited

clusters, a third SH contribution coming from the metal particles must be introduced in the

equations. Following the nomenclature in chapter 6.5.2,t he intensity, IM)(SHG’, of the

generated SH beam can be expressed as follows:

SHG 20t
1, =Y, (A, €2 +T,

i20(t+¢) iQot+e,))
= A e +B, e I

—i2at —i20(t+¢) -i12ot+e ;)
[Ay € +T, Ay e +B, e ]

= |u)(SHG) =Y., .{AZW[I +T2(;,) +2T,,, -cos(2e- )]+ Bz(l)

+2A B, -[cos g, +T,, -cosCw-& —¢,))]}  (eq.8-02)

where, Y

(1) » describes the spectrometer function, T 2( 4 » 18 the transmittance of the sample, and

¢, the time delay between the SH beam from the first surface and the fundamental beam
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when they arrive at the second surface. A’ and B’ ), are the SH conversion efficiencies of

the substrate and the metal clusters, respectively, and are proportional to the second order

susceptibilities. The phase angle, ¢, , describes a possible phase shift between the
fundamental beam and the SH beam generated from the clusters and is wavelength dependent.

The value of interest in the s-SHG measurements of deposited metal clusters is BZ( 1> because

it describes the nonlinear response of the particles. In order to extract this value from

equation 8-02, the pure substrate contribution must be removed. This can be done by

subtracting the measured curve, |, M(SHG’mfe”m) , of a reference point without clusters, giving:

(SHE) _|

| (SO =) B 1) +2A By, [e0s @, + T -cos2w- ¢ —¢,))]} - (60.8-03)

(4) (4) )

From the reference spectrum, the spectrometer function, Y, , can be derived (see

chapter 6.5.2). Dividing equation 8-03 by Y, and removing the oscillating part,

cos(2w-¢ —@,;,), by applying a smoothing procedure yields:

Y

I (SHG) _ I (SHG, reference)
@) @) =B, +2A, B, - (.8 -04)
=B +2A,)B, cosg,, (€.
() smooth

In most of the cases shown later in this chapter, the SH contributions of the metal particles is
one or more orders of magnitude larger than that of the substrate. Consequently, it can be

written:

Y

{ I (SHG) _ I (SHG, reference)
(4)
(4)

= } ~B’,, forB, >A, (eq.8-05)
smooth

The subsequently derived spectrum gives the nonlinear response function of the clusters. The
data treatment procedure shown here is applied to all s-SHG measurements throughout this
chapter. Consequently, one s-SHG experiment always consists of the measurement of two
different positions on the sample, one at the cluster spot position and one at a reference point
which is far from the deposited metal particles. Here it should be mentioned that due to the
wavelength dependency of the laser power all measured SH intensities must be corrected by

the square of the fundamental pulse energy, which is measured simultaneously using a photo

diode (see chapter 5.2). The absolute values for BZ( »y Which are plotted in the s-SHG spectra

in this chapter are relative SH intensities, giving the number of SH photons generated by the
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clusters per SH photon coming from the second surface of the bare substrate. In order to
derive absolute values for the intensity, the spectrometer function would have to be known,

however, because the latter is calculated on basis of the spectrum of the reference point (see

chapter 6.5.2) only the product Y, - Az( 4 18 determined. Consequently, the function which is

used in the data treatment for Y,,, is only proportional to the real spectrometer function. The

factor of proportionality is A’ ,,, which could be shown to be approximately constant over

(2)>
the applied wavelength range (chapter 6.5.2) and can thus be taken as constant. Because
throughout this chapter all experiments are carried out using the BK7 glass substrate the
absolute values of the relative SH intensities can be used to directly compare different spectra.
One important result of the calculations above is that the measured s-SHG spectra using such
a thin substrate contain phase information of the oscillating nonlinear dipole in the cluster
with respect to the oscillation at the surface of the substrate. This means that the nonlinear
spectrum and the phase of the nonlinear oscillation can be measured in one single experiment.
However, to precisely determine the phase shift, it must be ensured that the two measured
spots on the substrate have exactly the same nonlinear properties, especially the same
substrate thickness, and finally the azimuth substrate angle must be equal for both positions.
Here, temperature gradients on the sample can already lead to huge differences in the
measured phase shift. In equation 8-02, only the superposition of the three different
contributions to the SH signal induced by the fundamental laser radiation is considered, and
not the interaction between the local fields of the metal particles and the surface. The
excitation of a plasmon in a metal can lead to a strong enhancement of the local field, known
as Plasmon Field Enhancement (PFE).'**'** However, for the measurements of silver clusters
presented later, small coverages are used which should minimize this contribution. For all
other experiments the approximation shown above is sufficient to describe the main features

of the spectra as shown in the remainder of this chapter.

8.2.2 s-SHG Measurements of Supported Coinage-Metal Clusters

For the measurement of the s-SHG spectra of supported coinage metal clusters, the metal
particles are deposited under UHV conditions onto the backside of a BK7 substrate. Again,
the RF-only mode of the quadrupole mass filter set at 2000 amu is used to prepare the non-
size-selected cluster sample. The coverage of the particles on the BK7 substrate amounts to

approximately one monolayer. In a second step, s-SHG measurements on both, the position
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where the clusters are deposited and on a reference position on the substrate are carried out
for each experiment, with the substrate positioned at Brewster's angle. The resulting spectra
are shown in figures 8-05 to 8-07. In all three spectra (Cu, Ag and Au), a clear peak is
observed, which can be attributed to the plasmon excitations of the different metals. In
figure 8-05, the plasmon excitation of copper nano-particles is measured at a fundamental
photon energy of 2.01 e V. Compared to the calculated value (see section 8.2) of 3.1eV,
however, its resonance position is shifted by approximately 1 eV. A reason for this large shift
could not be found. The measurement shows that a plasmon resonance is excited at either
2.01 eV (corresponding to a SHG enhancement via resonance at the fundamental frequency)
or at 4.02 eV (corresponding to a SHG enhancement via resonance at the SH frequency).
However, the sample proved to be highly instable which could be observed by repeating the
measurement. The relative SH intensity highly decreases for each additional scan. Possible
reasons for the instability are photo damage of the sample by the laser radiation, or oxidation
processes of the copper clusters. Due to this instability further s-SHG experiments with

supported copper clusters were not carried out.
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Fig. 8-05. s-SHG spectrum of Cu nano-particles on BK7.The surface coverage is approximately one monolayer.

Particle size: between 1 and 3nm.

The oscillation of the SH signal on the low energy side of the spectrum (<2.1 eV) is the
interference pattern which is predicted by equation 8-03. It is the interference between the
SH-signal of the first surface of the substrate and the SH contribution of the clusters; it is

described by the expression cos(2w-& —¢,,,)-
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Fig. 8-06. s-SHG spectrum of Au nano-particles on BK7. The surface coverage is approximately one monolayer.
Particle size: between 1 and 3nm. The SH intensity maximum at 2.23 eV is induced by the plasmon resonance in

the supported Au particles at the fundamental frequency.

Figure 8-06 shows the s-SHG spectrum of gold nano-particles on BK7. The plasmon
excitation is measured at a fundamental photon energy of 2.23 e V. The comparison to the
calculated value of 2.37 eV shows that this SH enhancement originates from a resonance at
the fundamental laser frequency. The sample with the gold clusters shows a much higher
stability than the copper sample, a photo damage could, however, be observed in the s-SHG
intensity surface mapping in figure 8-03. Compared to the calculated value of the plasmon
resonance position for supported Au clusters, the measured value is red shifted by 0.14 eV. As
discussed in chapter 3, the position of the plasmon peak in metal particles depends on size,
shape, and electrical environment of the metal particle. In the present calculation the dielectric

influence of the substrate is approximated by taking the mean value ¢,=1.63 (see

chapter 8.2). The validity of this approximation is the first possible source for the observed
discrepancy. Red shifts of the plasmon resonances can also be observed for clusters which are
either larger than ca. 20 nm in diameter or for small clusters that are smaller than 10 nm. In
the first case retardation effects occur and the excitation of electrical multipoles comes into
play. The dipole approximation (eq. 8-01) is consequently not valid, and an increasing red
shift of the resonance with growing particle size is the result. In the case of very small
clusters, the plasmon resonance is red shifted if the size is smaller than the free mean path of
the conducting electrons in the bulk metal (free mean path effect, see chapter 3.1.5). Here

equation 8-01 remains valid but the dielectric function of the cluster changes. This effect leads
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to an increasing red shift and a broadening of the plasmon peak with decreasing cluster size.
The Au and Cu clusters deposited with an average size of about 1.6 nm are highly influenced
by the free mean path effect and consequently, this effect may indeed explain the observed
red shift of the plasmon peak. The second possibility to explain the red shift (the formation of
larger Au clusters via agglomeration), however, seems improbable because final cluster sizes
of several tens of nanometers would therefore be necessary. A mathematical correction of the
dielectric function of the clusters in order to account for the free mean path effect, meanwhile,
is rather challenging for gold and copper clusters because their dielectric functions are highly
influenced by interband absorptions in the frequency region of the plasmon excitation. Such a
correction is consequently not carried out in the framework of this thesis. In figure 8-07, the
s-SHG spectrum of Ag nano-particles on BK7 is depicted. Here, the plasmon excitation is
measured at a photon energy of 1.85eV. The calculated energy of 3.3 eV is far from the
measured value, however, by taking the SH photon energy axis the former is close to the
measured resonance position with a value of 3.7 eV. This indicates that the SHG enhancement
for Ag clusters is induced by a plasmon resonance at the second harmonic frequency rather
than at the fundamental. Here, the measured energy is blue shifted by 0.4 eV with respect to
the calculation. For silver clusters, shape effects have an enormous influence on the position
of the plasmon frequency which can explain this shift. These considerations are shown in the

following sections.
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Fig. 8-07. s-SHG spectrum of Ag nano-particles on BK7. The surface coverage is approximately one monolayer.
Particle size :between 1 and 3nm. The SH intensity maximum at 1.85 eV is induced by the plasmon resonance in
the supported Au particles at the SH frequency. The plasmon excitation resonance of the supported Ag particles

is consequently located at 3.7 eV.
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In figure 8-08, the smoothed spectra of all three metal clusters are plotted for comparison.
One remarkable observation is that the ratios of the peak heights of the plasmon excitations in
the s-SHG spectra closely match the ratios of the peak heights in the calculated linear spectra
in figure 8-04 (notice, that the SH signal intensity for Ag is more than one order of magnitude
greater than for Cu or Ag in the calculation as well as in the s-SHG measurement). Also, the
plasmon peak of silver clusters has the highest intensity and the lowest width at half
maximum. Furthermore, the silver plasmon excitation in the s-SHG spectrum originates from
the resonance at the second harmonic frequency, whereas the absorption of the clusters at the
fundamental frequency (1.85 eV) is expected to be nearly zero (see calculated spectrum in
figure 8-04). This minimizes the risk of photo damage (induced desorption) of the clusters
because the energy transfer from the highly intense laser beam into the clusters is small.
These properties of supported silver clusters are crucial advantages for the use in s-SHG
experiments. Furthermore, the mathematical description of the size and shape effects on the
optical properties of silver clusters is well developed, which makes the further investigation of
supported silver clusters using s-SHG spectroscopy initially the most promising of the
coinage metals. Further investigations on the influence of the size and shape of clusters on the
linear and nonlinear optical properties focus therefore on silver particles and are described in

the following sections.
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Fig. 8-08. Comparison of the smoothed s-SHG spectra of Cu, Ag and Au nano-particles. The ratios of the peak
maxima (maxima of the SH intensities) between the different metals closely match the ratios obtained by the

calculated linear spectra in figure 8-04.
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8.3 Origin of the SH Contribution of Supported Metal Clusters

From theoretical considerations it can be learned that the only SHG active contribution of
supported metal clusters originates from the oscillation that is perpendicular to the surface
(see chapter 3.3). This can be verified by measuring the angular dependency of the SH
intensity generated by the supported particles, and comparing the resulting data points with a
curve which is calculated on basis of this assumption. The calculation is very similar to that of
the angular dependency of the SH intensity for the bare BK7 substrate (see chapter 6.5.1)
because there also the only SH active oscillation was assumed to be the oscillation which is

parallel to the surface normal. In chapter 6.5.1, the following equation was derived (eq.6-18):
lowy ~ (1=Rpp)) - 2(0)) -sin*a (eq.8-06)

where, | is the intensity of the fundamental beam, ¢, the azimuth substrate angle, and

(0)?

R the reflectivity of the SH beam at the surface (for the SH beam coming from the inside

w) >
of the substrate). In the case of clusters deposited on the backside of the sample, the only
difference is that no reflections of the SH beam occur at the surface because it is generated

outside the substrate (by the cluster). Considering that, equation 8-06 is simplified to give:

I 1° -sin*a (eq.8-07)

Qo) " (o)

In chapter 6.5.1, the calculation of the Intensity, |, of the fundamental beam is done for the

(0)?

position inside the substrate, P, giving:

I(pl) _ (1 _ Rp*) . Az . |:Z aneiw[t+(m—n)6+nA]j| . |:Z ane—ia)[t+(m—n)($+nA]:| (eq8 _ 08)
n=0

= n=0

However, for the cluster sample the intensity, | ., must be derived for a position behind the

(@)°
substrate. Consequently, an additional transmission process at the second surface must be
included in equation 8-08. Following the notation which is used in chapter 6.5.1, this can be

done by multiplying equation 8-08 with the transmittance factor (1-R,), resulting in:

I(w) _ (1 _ Rp) . (1 _ Rp*) . Az |:Z aneim[t+(mn)5+nA]j| |:Z aneiw[t+(mn)5+nA]} (eq8 _09)

n=0 n=0

Combining equations 8-09 and 8-07, the angular dependency can be subsequently calculated.
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For the measurement of the angular dependency of the SH intensity generated by supported
metal clusters, approximately one monolayer of Pd nano-particles is deposited onto the
backside of a BK7 glass substrate using the RF-only mode of the quadrupole mass filter set at
2000 amu. The SH intensity of the sample is subsequently recorded as function of the azimuth
substrate angle at a wavelength of the fundamental laser beam of 560 nm. At this wavelength
the measured relative SH intensity at the cluster spot is approximately 50, which means that
the contribution of the substrate to the SH intensity is negligible. The results of the s-SHG
measurement and the calculated curve are depicted in figure 8-09. The calculation is in a good
agreement with the measured data points, indicating that the assumptions which the
calculation is based on are correct. In particular, the assumption that the only SHG active
oscillation mode inside a supported metal particle is the mode that is perpendicular to the

substrate surface is clearly confirmed.

SHG Pd clusters 560 nm

— calculation
® measurement

SH Intensty [arb. units]

| | | | | | | | |
-80 -60 -40 -20 0 20 40 60 80
o [deg]

Fig. 8-09. Angular dependency of the SH intensity generated by Pd nano-particles (red dots) and calculation
(black line). Note that the calculated curve consists of a limited number of data points leading to a not sufficient
sampling. Fit parameters used for the calculation: substrate thickness d = 130 pm, n, = 1.518, A = 560 nm. The

calculated curve is in a good agreement with the measured data points. Consequently, the assumption that the

only SHG active oscillation inside the metal particles is the oscillation mode that is perpendicular to the substrate

surface is clearly confirmed.
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8.4 Shape Effects in the Plasmon Resonance of Silver Nano-Particles

In order to further investigate the linear and nonlinear optical properties of supported silver
nano-particles, non-size-selected (RF-only mode) Ag clusters are deposited onto the backside
of a BK7 substrate under UHV conditions. The sample is cooled to approximately 120 K
during the deposition and the measurements to avoid an agglomeration of the clusters. The
total number of deposited clusters is approximately 4.28-10". In a first experiment, the
cluster coverage is determined by measuring the spatial distribution of the particles on the
surface. In the following, s-Vis-CRD and s-SHG spectra of the sample are recorded and
discussed. Furthermore, the stability of the clusters onthe substrate is investigated using

s-SHG spectroscopy.

8.4.1 Determination of the Cluster Coverage

For the calculation of the cluster coverage on the surface, the spatial distribution of the
particles must be determined. This can be done (as seen in chapter 8.1) by performing a

surface mapping at a fixed wavelength using either s-CRD or s-SHG spectroscopy.
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Fig. 8-10. Measurement of the spatial distribution of the Ag cluster on the BK7 surface . Left image: using s-Vis-
CRD surface loss mapping at a wavelength of 450 nm; right image: s-SHG intensity surface mapping at a fund.

wavelength of 680 nm. In both images the cluster spot is well resolved.
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In figure 8-10, the images using both techniques on the same sample are depicted. The s-Vis-
CRD surface loss mapping is carried out at a wavelength of 450 nm and the s-SHG intensity
surface mapping at a fundamental wavelength of 680 nm (this is the wavelength where the
maximum of the SH intensity in the s-SHG spectrum of Ag nano-particles is located, see fig.
8-07). For each of the two experiments the substrate is positioned at the Brewster's angle. In
both images the cluster spot is well resolved and the maxima are at the same position of the
sample (pos. x = 5,z = 5). However, the spot size seems to be much smaller in the s-SHG
than in the s-Vis-CRD surface mapping. A possible reason is the field enhancement effect of
the metal particles. Due to the strong oscillations of the conducting electrons in the cluster, the
local field is strongly enhanced in the surrounding of the particle. Since the generated SH
field scales with the square of the fundamental field, the SH intensity is very sensitive to such
effects. As a result, the generated SH intensity does not grow linearly with increasing cluster
coverage but rather with the power of three or even more. A more detailed description of this
effect can be found in the literature.'” '** Consequently, the spot size might be
underestimated in the s-SHG experiment and the linear surface mapping should be used to
calculate the coverage of Ag clusters on the surface. The loss of the sample at a position (x,z),
Az, 1s therefore assumed to be proportional to the cluster coverage, p, at that point

neglecting local field effects for the linear case, and is given by:
A(X’Z) - ’D(X,Z) O abs (eq8 - 10)

where, o, ., 1s the absorption cross section of one cluster. The function of interest is here

abs *

Px..) because it describes the spatial distribution of the cluster coverage on the surface. In

order to calculate its values, the absorption cross section must be determined (because the

experiment is carried out at one fixed wavelength, o, is a constant). This can be done using

S

the relation:

[[ Pundxdz =N . (eq.8-11)

where, N is the total number of particles. Following that, equation 8-11 turns into:

particle »

.” A(X’Z)dXdZ = Oaps 'U‘ lo(x,z)dXdZ =Oqps* N particle (eq8 - 12)
Since the number of deposited particles is known, Pix.z) CaN be derived from equation 8-13:
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A, -N__
(x,2) particle (eq8 _ 13)

P = ﬂ Ay, dxdz

In order to get a better resolution for p, ,,, a two dimensional Gauss fit is performed on the

data of A ,). This method is justified because the deposition should lead to a cluster spot with
approximately Gaussian distribution. The resulting coverage distribution derived from the

s-Vis-CRD surface loss mapping (figure 8-10) is shown in figure 8-11.
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Fig. 8-11. Spatial distribution of the cluster coverage (Ag nano-particles) on BK7.

From the image, it can be extracted that maximal coverage is nearly 1.5-10”cm™. With a
calculated mean cluster diameter of 1.4 nm (see next section), this corresponds to about 23%

of a monolayer. The number of clusters per unit area, A, in a monolayer is approximated by:

N =A/(n-r’ (eq.8-14)

monolayer cluster )

where, r is the cluster radius.

> “cluster *

8.4.2 Linear and Nonlinear Spectra of Supported Silver Nano-Particles

In anext experiment, the linear absorption spectrum of the Ag cluster sample is measured
using s-Vis-CRD spectroscopy with the substrate positioned at Brewster's angle at a substrate

temperature of ~120 K. In order to correct for substrate losses and changes in the resonator
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losses when realigning the cavity, a reference spectrum is taken before the deposition of
clusters. For the reference, two points on the sample are measured, one point in the middle Py,
where the clusters are subsequently deposited and one point far from the middle P, which is

not affected by the cluster deposition. As vertical position z; of the point P, the value z, = z,, +

5 mm is chosen. The resulting curves for the losses at the two positions, A, ™ and A ",

can be expressed mathematically as follows:

Ay ™ = Ay P+ A,
[0}

() ( (@)

A WA F) +A(w)(cavityl) (eq8-15)

() (0)

where, A(w)(Pm) and A((D)(P'), are the scattering losses at the points P, and P, respectively.

Since A(w)(m) and A(w)(” are measured one after another without touching the cavity and the

fact that the optical beam path inside the cavity is equal for both points (due to the high

homogeneity of the BK7 glass substrate, see chapter 6), it can be assumed that the curve of

(cavity)

the resonator losses, A,

, 1s the same for both measurements. After the deposition of the

Ag clusters both points are measured again (A(w)(mz),A(w)(rz)) yielding:

M) — A o)y A

(cluster) (cavity2)
A +A,

(@) (@) (0)

A (1) =A (Pr)+A(w)(cavity2) (6(].8-16)

() (@)

(cluster)

The cluster spectrum, A, , can then be derived from:

(cluster) — A

A (m) A (B) —(A (m) _A(w)(n)) (eq.8-17)

(@) (o) (@) (@)

All s-Vis-CRD spectra of supported metal clusters in chapter 8 are derived using this method

(cluster)

which gives highly precise values for A,

The measured difference s-Vis-CRD spectrum of the Ag cluster sample is shown in
figure 8-12. A strong increase in the loss towards higher photon energies indicates the onset
of an absorption band of the silver nano-particles. This can be attributed to the excitation of a
plasmon in the metal cluster. Unfortunately, the peak cannot be resolved entirely because the
laser system is limited to the applied wavelength range towards the UV. However, using the

s-SHG spectroscopy, the UV-range becomes accessible.
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Fig. 8-12. Difference s-Vis-CRD spectrum of silver nano-particles on BK7. The strong increase in loss towards

higher photon energies can be attributed to the onset of an absorption band of the Ag clusters.

In order to gain spectral information of the Ag cluster sample in the ultraviolet range, an
s-SHG spectrum of the Ag sample, positioned at Brewster's angle at a substrate temperature
of ~120 K is measured. The result of the measurement is depicted in figure 8-13. A peak in
the spectrum can be observed at a photon energy of the fundamental beam of 1.85 eV (3.7 eV
SH photon energy), which originates from the resonance of the silver plasmon at the SH
frequency (see chapter 8.2.2). Consequently, this spectrum represents the optical response of

the Ag clusters in the UV region (at the SH photon energy axis).
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Fig. 8-13. s-SHG spectrum of Ag nano-particles on BK7. A resonance peak is present at an SH photon energy of

3.7 eV. The SHG enhancement originates from a resonance at the SH frequency.
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The attribution of the resonances observed in both spectra to plasmonic oscillations of the
conducting electrons inside the Ag clusters is justified by the observed spectral position and
the extraordinarily large absorption/SH intensity. However, comparing the linear with the
nonlinear spectrum (fig. 8-12 and 8-13), one remarkable difference can be observed in the
position of the onset of the plasmon peak. In the s-SHG spectrum, the relative SH intensity at
2.8 eV of SH photon energy is approximately one order of magnitude smaller than at the peak
position, whereas the s-Vis-CRD spectrum already shows a strong absorption of ~6000 ppm
at this photon energy. Furthermore, on the high energy side of the s-SHG spectrum, between
2 eV and 2.8 eV fundamental photon energy, there is no indication of an onset of an SHG
enhancement induced by a resonance at the fundamental frequency, as is the case in the s-Vis-
CRD spectrum. Instead, in the former the relative SH intensity decreases with increasing
photon energy. This indicates that the onset of the plasmon peak in the s-Vis-CRD

measurement is not part of the plasmon resonance observed in the nonlinear spectrum.

All these observations are strong evidence for the existence of two different modes of the
plasmon, from which the one located at lower photon energy is not SHG active. Such a
splitting of the plasmon resonance into two different modes is known from metal particles
which have an oblate shape (see chapter 3.1.3). From the theory it could be learned that the
resonance position of the plasmon mode parallel to the short axis in such particles is blue
shifted, whereas the resonance position of the plasmon mode parallel to the long axis is red
shifted. Due to the influence of the substrate on the metal particle it is most likely that the
short axis of the Ag cluster is perpendicular to the substrate surface (this has also been

observed by other groups®” ¥ 1!

). The oscillation of the conducting electrons parallel to this
axis is the only SHG active plasmon oscillation in a supported metal particle as shown in
chapter 8.3. This explains the blue shifted position of the plasmon peak in the s-SHG
spectrum as well as the lack of the second plasmon peak in the nonlinear spectrum. The
results obtained in this chapter show clear evidence of a plasmon peak splitting into two
plasmon modes, one perpendicular to the substrate surface which is blue shifted and SHG
active, and the other parallel to the substrate surface which is not SHG active (this mode is
observed in the s-Vis-CRD spectrum). However, further investigation is required in order to
support this interpretation of the obtained spectra. One possibility is the verification of the
existence of the plasmon mode parallel to the substrate surface. Since this plasmon mode
cannot be fully resolved using s-Vis-CRD spectroscopy and it is not possible to measure this
transition using s-SHG spectroscopy, its existence must be confirmed using a different

method.

151



Chapter 8 Supported Clusters

8.4.3 Stability of the Ag Clusters llluminated by Strong Laser Pulses

In order to confirm that the strong increase in the loss towards higher photon energies in the
s-Vis-CRD spectrum really originates from an absorption band of the particles corresponding
to the excitation of a plasmon oscillation parallel to the substrate surface, an additional s-SHG
experiment is carried out. Supposing this plasmon mode exists, the centro-symmetric electric
potential in oscillation direction would not allow for the generation of SH photons; however,
the strong linear absorption of fundamental photons could lead to photo induced desorption of
the particles from the surface. Consequently, information about absorption bands may be
obtained by measuring the stability of the supported clusters for different laser wavelengths,
even if they do not belong to SHG active oscillations. Such an s-SHG stability measurement
is carried out by recording the SH intensity of the sample as a function of time at different
photon energies. For the measurement, the substrate is positioned at Brewster's angle and in
the beginning, a fundamental photon energy of 1.82 eV (this is approximately the maximum
of the plasmon peak in the s-SHG spectrum) is used. In a second step, the sample is irradiated
with laser pulses at a photon energy of 2.76 (450 nm) for 20 minutes, followed again by
measuring the SH intensity at 1.82 eV fundamental photon energy. The result of the

experiment is shown in figure 8-14.

120 —
¢ -
o e ' s 8
100 — o g LR \
9 80 irradiation
= 20 min
T 60 < @ 2.76 eV
S photon energy
=
T 40 \ .
Sy
@ SHintensity @ 1.82 eV
20 —
fund. photon energy
— it
0 —
| | | | |
0 10 20 30 40
t [min]

Fig. 8-14. Stability measurement of Ag clusters on BK7, irradiated with laser light of a fundamental photon
energy of 1.82 eV (first 20 minutes) and 2.76 eV (second 20 minutes), respectively. The instability of the
clusters when irradiated with laser light at a fundamental photon energy of 2.76 eV, is strong evidence for the

existence of a linear absorption band close to this energy.
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During the first 20 minutes, the SH intensity remains constant which shows that the clusters
are stable when irradiated at 1.82 eV of fundamental photon energy even though the SH
frequency is in resonance with the plasmon excitation. The reason for this is the low energy
transfer from the laser beam into the clusters because the linear absorption cross section at
1.82 eV photon energy is small (see fig. 8-12). After the irradiation of the sample with laser
light at 2.76 eV of fundamental photon energy for 20 minutes, the SH intensity at the peak
position of the plasmon (measured again at 1.82 eV of fund. photon energy) has decreased to
about 30 % of the initial value, indicating that the majority of the clusters are desorbed from
the surface. This suggests that a strong absorption of fundamental photons takes place at
2.76 eV of fundamental photon energy even if the s-SHG spectrum does not show a strong
enhancement of the SH intensity in this frequency region. This observation is in perfect
agreement with the existence of the SHG inactive plasmon oscillation in the silver clusters
that is parallel to the substrate surface and has aresonance frequency which is close to
2.76 eV of fundamental photon energy. Consequently, the correctness of the interpretation of

the linear and nonlinear spectra of Ag clusters on BK7 from chapter 8.4.2 could be confirmed.

8.4.4 Interpretation of the Measured Spectra Using Mie-Theory

A theoretical description of the optical properties of small oblate shaped supported metal
particles is given in detail in chapter 3. Here, the results are used to fit the measured data.

Following equation 3-23, the absorption cross section, o;, of small oblate particles with the

dielectric constant of the surrounding medium, &, , and the volume, V,, is:

o, = ﬁgnf/ V, £(@) (eq.8-18)

G, [(e(@)-,)(L+B)+en | +&2(@(L+B)

e(w)=¢(w)+i-¢,(w) is the complex dielectric function of the particle, L,, the shape
parameter, /£, the interaction parameter, and C,, the speed of light in vacuum. For an oblate
particle there are two different values for L, and consequently two absorption cross sections,

one corresponding to the oscillation parallel to the short axis (s-mode), and one parallel to the

long axis (p-mode), respectively. In the s-Vis-CRD experiment (schematic shown in

figure 8-15) the total measured cross section, o, is:

abs *

.cos’ a+o -sina (€9.8-19)

(s-mode)

(o

abs =0,

(p-mode)
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where, «, is the azimuth substrate angle.

Fig. 8-15. Schematic of the s-Vis-CRD measurement of supported oblate silver clusters.

Since the performed s-Vis-CRD measurement only shows the part of the spectrum at small
photon energies, the absorption is highly dominated by the red shifted p-mode oscillation.
Consequently, in good approximation it can be written for the measured range in the s-Vis-

CRD spectrum:
Oabs = Opmotey€08° @ (€0.8-20)

Using equation 8-10, the measured loss, A, ., is then:

(@)
2
Ay = P Cpumoaey "©08” & (60.8-21)
where, p, is the cluster coverage on the surface.

In order to derive the correct dielectric function for the silver clusters, the bulk data for & (@)
and &,(w) must be corrected to account for additional damping effects such as the free mean

path effect in small particles and the chemical interface effect induced by the substrate (see

chapter 3.1.5). This is done using equations 8-22 and 8-23.

awﬁza@mwﬂ+wﬁ{ S J (eq.8-22)

2 2 2 2
O +Y e O+ (g

2
[0}
£y(@) = £y (@) 42| LB Toux | (eq.8-23)
O \O Ty g O F) i
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The dielectric functions, &, and &,y,,, , can be derived from measurements of bulk silver”®
and, 7y, is the size dependent damping constant. The latter can be expressed using the size

independent parameter A as shown in chapter 3.1.5.

V
YRy = Your T A . (eq.8-24)

cluster

where, V., is the Fermi velocity of the electrons in bulk silver and, r, the radius of the

luster >

cluster. The optical constants for bulk silver (plasma frequency w,, damping constant

and Fermi velocity Vv, ) can be found in the literature’® and are listed in table 8-16.

, 9.08 eV
Y bulk 0.018 eV
Ve 0.922 eVnm

Table 8-16. Optical constants for bulk silver.

The fit of the s-Vis-CRD spectrum of the silver clusters is carried out using equation 8-21 in

combination with equations 8-18, 8-22, and 8-23. Furthermore, the fit parameters V,,
(L + /), and yg, are used. For the dielectric constant of the surrounding medium ¢, the

value of 1.457 is used, corresponding to a particle which has a surface area of 70% exposed to

vacuum (& =1) and 30% in contact with the BK7 substrate (&4, =2.372). This ratio

vacuum)
has also been observed for small silver clusters by other groups.*® °' The supported particle

here is assumed to have approximated the shape of a hemisphere.

In chapter 2.2.5, it is shown by using the model of the anharmonic oscillator, that an s-SHG
spectrum is in a first approximation similar to the linear absorption spectrum, if the
enhancement of the SH signal originates from a resonance at the second harmonic frequency
(this is for the s-SHG spectra of silver clusters the case). Even if the limited model of the
anharmonic oscillator is used to describe the optical properties of metal clusters, it shows that
the resonance frequencies and peak widths in the s-SHG spectra are comparable with those in
the corresponding linear absorption spectra. Consequently, for the s-SHG spectrum of the

supported silver nano-particles the fit function based on the calculation model for the linear
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case is used. In figure 8-17, the s-Vis-CRD and the s-SHG spectra are depicted including the
two calculated spectra (Mie-fit). The fitted curves confirm the existence of a splitting of the
plasmon peak into two resonances corresponding to the oscillation parallel to the long axis

(p-mode) and parallel to the short axis (s-mode) of the particles as postulated above.
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' 3
— 10— E | ®
E 200 T
(=} 3
= T
@ L 150 2
k=] Z
L 100 §
— 50
— 0
3.0 35 4.0 45 5.0 55
photon energy / SH photon energy [eV]

Fig. 8-17. s-Vis-CRD spectrum and s-SHG spectrum of Ag nano-particles supported on BK7. The dotted lines
show the corresponding Mie-fits using equation 8-21. The calculated curves are in good agreement with the

measured data and confirm the existence of the plasmon peak splitting.

The two calculated curves show a significant splitting of 0.58 eV between the maxima of the
two peaks. The fit of the s-Vis-CRD spectrum shows very little deviations from the measured
data points. This, in combination with the high precision of the s-CRD technique should
guarantee that reliable fit parameters can be extracted, even if the peak maximum is outside
the measured range. The Mie-fit of the s-SHG spectrum meanwhile is less accurate, however,
the peak maximum is well reproduced by the calculated curve. On the high photon energy
side (above 4.3 eV), the fit (green dotted line) strongly deviates from the measured spectrum
(black line). The reason for the increase of the calculated curve is the onset of the interband
absorption in silver at these photon energies (for bulk silver the edge of the interband
absorption is located at around 3.8 eV).”” ”® From the spectrum it can be concluded, that the
interband absorption does not have an influence on the SH intensity, because the measured

s-SHG spectrum does not follow the increase. In other words, the interband transition does
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not apparently represent an SHG active oscillation. The same effect could be observed in the
s-SHG spectra of gold and copper nano-particles in chapter 8.2.2. There, the plasmon
resonance is well resolved even if in linear absorption spectra of such small particles the
plasmon peak vanishes due to the absorption of the interband transition.*® From this
observation it can concluded, that the s-SHG spectroscopy has a high potential for

investigations of plasmon excitations in metal particles, which are not accessible with linear

techniques.
resonance mode p-mode (s-Vis-CRD spectrum) s-mode (s-SHG spectrum)
Vo 1.5 nm’ -
(L +4) 0.255 0.716
YRy 0.62 eV 1.15eV
hao, 3.12¢eV 3.7¢eV

Table 8-18. Parameters extracted from the fit of the s-Vis-CRD- and the s-SHG spectrum of Ag nano-particles
supported on BK7.

The parameters extracted from the two fits for the cluster coverage of p=1.5-10"cm™

(determined in chapter 8.4.1) and the azimuth substrate angle of a =57° (Brewster's angle),
are listed in table 8-18. From the Mie-fit of the s-Vis-CRD spectrum, the mean volume of the
supported particles can be calculated to approximately 1.5 nm”. This corresponds to a particle
radius of 0.71 nm, assuming a spherical cluster shape. This value is in good agreement with
the observed particle sizes in the AFM images in chapter 8.1 for the deposition of metal
particles using the RF only mode of the mass filter, set at 2000 amu. However, the splitting of

the plasmon peak shows that the particles have oblate shape. The axis ratio R, = short axis

long axis
can be derived from the shape parameter, L,. Using equations 3-16, 3-28, and 3-34 the two
parameters, L, and p,, are calculated for the p-mode oscillation using the given cluster
coverage and the measured values for V, and (L, + /). For the dielectric constant of the
substrate the value for BK7 glass of & =2.37 is used. The resulting values and the

corresponding axis ratio are listed in table 8-19.
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L moce 0.299
ﬂp—mode '0 . 044
R, 0.78

Table 8-19. Calculated shape and interaction parameter for supported Ag nano-particles on BK7. The axis ratio,

R./a » 1s derived from the shape parameter, L ;. -

c/a

The derived value for the axis ratio of R, =0.78 is slightly smaller than the value found by
Hovel®” ® with R, =0.86 (measured for silver clusters with a mean radius of 1nm

deposited on quartz glass). A possible reason for this discrepancy is the different cluster size.
The volume of a cluster with a radius of Inm is 2.8 times larger than the volume of the
clusters investigated here. The smaller the clusters, the larger the influence of the substrate on
the shape of the particle, because the fraction of cluster atoms which bind to the surface of the
substrate increases with decreasing particle size. Consequently, a smaller value of R, for the
measured silver particles seems reasonable. An influence on the particle shape could also be
attributed to the different composition of the substrates (quartz glass, BK7 glass), leading to

slightly different binding energies between the cluster and the surface.

Calculation of the A parameter

From the axis ratio and the particle volume, the radius of the short (¢) and the long axis (a) of

the oblate cluster may be calculated using equation 8-25:

4 ca (eq.8 - 25)

oblate spheroid =

The resulting values are: ¢ =0.6 nm and a =0.77 nm. These values are used as cluster radii
for the p-mode (radius = a) and the s-mode oscillation (radius = c) in order to derive the A

parameter from the measured damping constants, y,;,, using equation 8-24. The calculation

yields: A .. =05and A . =0.74.
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For particles on surfaces the parameter A can be split into two contributions, one for the

cluster size, A, , describing the additional damping induced by the free mean path effect, and

ize °

a second one, A accounting for the chemical interface damping due to the presence of

nterface *

the substrate surface:

A = &ize + Alnterface (eq8 - 26)

From theoretical calculations, Persson found for A, a constant value of 0.25 * which could

101

be confirmed experimentally.’" Using this value, the size independent interface

contribution to the damping for the measured p-mode plasmon is A =0.25, and for the s-

nterface

mode A =0.49. Kreibig et al. determined A for the p-mode plasmon in silver

nterface nterface

clusters with a radius of 1 nm on a quartz glass substrate, and found a value of 0.35.°" '°! The
value measured here is ~30 % smaller. One possible reason for this deviation is the small
cluster size which is studied in the presented experiment. Even if the A parameter should be
independent of the cluster radius, it is likely that below a certain size limit additional quantum
mechanical effects appear, and the classical formalism which predicts the size independency
of A reaches its limits. More sophisticated quantum mechanical models could give an
explanation for the observed deviation. Another reason could be the slightly different support

material which definitely has an influence on the value of the A . . parameter. However,

this contribution should be smaller than the observed discrepancy, because the main
component of the substrate is in both cases the SiO; network. Finally, it should be mentioned

that the accuracy of the A value determined here is limited because the plasmon peak for

nterface

the p-mode oscillation is not fully resolved.

The calculated value of A corresponding to the s-mode plasmon peak (A =0.49) is

nterface nterface

almost twice as high as the value derived for the p-mode plasmon (A =0.25). Despite all

nterface
uncertainties this difference seems to be significant, indicating that the contribution of the
chemical interface damping to the overall damping constant of the plasmon depends on the
direction of the oscillation with respect to the substrate surface. Considering, that the process
leading to the interface damping is the tunneling of electrons from the cluster into the
substrate during the plasmon oscillation'”, it seems reasonable that this effect is stronger for
an electron movement perpendicular to the substrate surface (s-mode). This observed
anisotropy of the interface damping for supported metal clusters has also been proposed by

theory (see chapter 3.1.5). However, for better understanding an exact theoretical description
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of the nonlinear processes at the interface between a substrate and small metal particles is

necessary.

Position of the s-mode plasmon

From the derived spectral position of the p-mode plasmon peak and the extracted parameters,
the theoretical position of the s-mode plasmon peak can be calculated. The obtained value is
subsequently compared to the peak position measured in the s-SHG spectrum in order to
verify the consistency of the theoretical model with the experimental data. In a first step, the

shape parameter for the s-mode plasmon, L

s-mode ?

is calculated from the obtained shape
parameter for the p-mode oscillation (L., =0.299) using equation 8-27 (valid for oblate

particles):

2-L

p-mode

+L

s-mode

=1 (eq.8-27)

yielding L

s-mode

=0.402. In a second step, the interaction parameter for the s-mode oscillation,

Boose» 18 calculated using equations 3-29 and 3-35, yielding S

s-mode

=0.019. Consequently,

the theoretical value for the expression (L +

s-mode s-mode

) which defines the resonance position

of the plasmon, is (L +

s-mode s-mode

)=0.421. This is far from the measured value of
(Lyode T Bommode) =0.716, derived from the s-SHG spectrum (see table 8-18). As a

consequence, the plasmon peak measured in the s-SHG experiment is blue shifted by

Ahow_ . =0.19 eV with respect to its calculated position. In figure 8-20, the fit of the p-mode

plasmon, the calculated s-mode plasmon resonance curve, and the measured s-SHG spectrum
are shown. The different positions of the peak maxima of the calculated and the measured
curve can be clearly observed. In general, shifts of the resonance positions of silver plasmons
on surfaces have already been observed by other groups and are reported in the literature.®*!
They are often attributed to the inaccuracy of the bulk dielectric function for silver and
deviations from its cluster size dependency from the standard model. A correction of the
dielectric function using the Kramers-Kronig-analysis which connects the real and the

imaginary part of the dielectric function'*> '*°

, can give more realistic values. In the presented
case of the blue shifted plasmon resonance position in the s-SHG spectrum, an additional

issue must be considered concerning the interaction parameter f

s-mode *

This parameter

accounts for the difference between the local field at the cluster position and the electric field
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in the laser beam (see chapter 3.1.4.2). This local field effect has two main contributions:
firstly, the modulation of the local electric field by dipole- image dipole interactions between
the particles and the substrate, and secondly, the modulation of the local electric field by
dipole-dipole interactions between neighboring clusters. The latter has a positive contribution

to S for the s-mode oscillation (local field enhancement) and consequently leads to a blue

shift of the plasmon resonance position. This field enhancement via dipole-dipole interactions
is known to have a much larger impact on nonlinear than on linear processes, which leads to a
larger blue shift of the plasmon position for the nonlinear case. Consequently, it is likely that
the value of the interaction parameter calculated in this chapter is highly underestimated in
order to correctly treat the nonlinear local field enhancement effect (for the calculation of

B.... @ model based on linear processes is used). The different impact of the local field

enhancement effect on linear and nonlinear processes could also be seen by comparing the
surface mapping measurements using s-Vis-CRD and s-SHG spectroscopy (see

chapter 8.4.1). This observation supports the presented idea that the underestimation of S,

s-mode
for nonlinear processes (the s-SHG experiment) is the reason for the discrepancy between the
calculated and measured spectrum. All of these results show the necessity of an exact
mathematical description of the nonlinear spectra for small supported metal clusters.
However, the main features of the measured spectra in this chapter could be explained by the
classical linear theory and some parameters could be derived which are in rather good

agreement with data from the literature.
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Fig. 8-20. Mie-Fit of the p-mode plasmon peak (black line), calculated s-mode plasmon peak using the
parameters extracted from the p-mode Mie-fit (blue, dotted line) and s-SHG measurement (red line) of Ag nano-

particles supported on BK7. The discrepancy between theory and measurement can be clearly observed.
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8.5 Linear and Nonlinear Spectra of Size Selected Ag Clusters

In the previous chapter, the linear and nonlinear optical properties of small supported silver
nano-particles were investigated and compared to theoretic calculations. Furthermore, by
comparing the results to measurements of larger silver nano-particles performed by other
groups, it could be shown that all main optical features which are described in the literature
are also present in the spectra shown here. However, some deviations from the theory could
be observed (especially in the nonlinear spectrum), indicating the existence of additional
effects (beyond the used classical models) which appear for small clusters with radii of less
than 1 nm. In order to investigate the evolution of these non-classical properties with cluster
size towards very small clusters (1-50 atoms), experiments with size selected silver particles
are presented in this chapter. Size selected means that all clusters deposited onto the substrate
are composed of an exactly defined number of atoms. The cluster sizes investigated in the

following are in order of decreasing cluster size: Ags,, Agsi, Agy and Ag atoms.

8.5.1 Agy, Clusters on BK7
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CRD difference spectrum

1200 —

1000 —

800 —

loss [ppm]

600 —

400 —

200 —

2.0 22 2.4 2.6 2.8
photon energy [eV]

Fig. 8-21. Difference s-Vis-CRD spectrum of Agy, clusters on BK7. The increase in loss towards larger photon

energies indicates the onset of the p-mode plasmon absorption band.

In a first experiment with single sized particles, Ags, clusters are deposited on the backside of

a cooled BK7 glass substrate (120K) under UHV conditions. The total number of clusters

amounts to 1.18-10". Assuming a cluster spot size which is similar to that measured in
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chapter 8.4.1, this corresponds to a surface coverage of 4-10">cm™ .Subsequently, s-Vis-CRD
and s-SHG spectra of the cooled sample are measured, the results are shown in figure 8-21

and 8-22, respectively.
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Fig. 8-22. s-SHG spectrum of Agy, clusters on BK7. A plasmon resonance peak can be observed at an SH

photon energy of 3.74 eV.

The linear s-Vis-CRD spectrum shows the onset of the p-mode plasmon absorption band as
already seen for the silver nano-particles in chapter 8.4. The main difference to the spectrum
in figure 8-12 shown previously, is the reduced absorption loss. Since the height of the
plasmon peak scales with the particle volume (see equation 8-18), this observation can be
attributed to the smaller size of the Agy, cluster compared to the nano-particles investigated in
the previous chapter. The s-SHG spectrum in figure 8-22, shows the s-mode plasmon peak at
an SH photon energy of 3.74 eV. In comparison to the measurement of silver nano-particles
(fig. 8-13), the resonance is blue shifted and shows an additional shoulder at an SH photon
energy of approximately 3.97 eV. The mean relative SH intensity of approximately 60 at the

peak position, is a factor of two smaller than for the unselected silver particles.

The obtained spectra are fitted using the equations presented in the previous chapter. The
results are depicted in figure 8-23. The calculated curves match the measured spectra well and
again, the splitting of the plasmon peak into the p-mode and the s-mode oscillation band
which was found for the larger silver nano-particles can be observed. The parameters

extracted from the two fits are listed in table 8-24.
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Fig. 8-23. s-Vis-CRD spectrum and s-SHG spectrum of Agy, clusters on BK7. The dotted lines show the
corresponding Mie-fits. The splitting of the plasmon resonance peak is larger than for the silver nano-particles

investigated in the previous chapter.

resonance mode p-mode (s-Vis-CRD spectrum) S-mode (s-SHG spectrum)
8 0.37 nm® -
(L +5) 0.213 0.969
YR 0.5eV 097 eV
ho,,. 297 eV 3.74 eV

Table 8-24. Parameters extracted from the fit of the s-Vis-CRD- and the s-SHG spectrum of Agy, clusters
supported on BK7.

The splitting of the plasmon resonance peak leads to a difference between the resonance
positions of the p-mode and the s-mode plasmon peak of 0.77 eV, and is thus larger than for

the silver nano-particles investigated in the previous chapter. This suggests a stronger

flattening of the clusters. From the value for (L; + /) extracted from the Mie-fit of the
p-mode plasmon, the coverage of Agy, clusters of p=4-10"cm™, and the calculated cluster
volume of V,=0.37nm’, the shape and the interaction parameter (L, and ) can be

calculated, as was shown in the previous section. The results are listed in table 8-25.
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Ly mode 0.262
By mode -0.048
Rc/ a 0.6

Table 8-25. Calculated shape and interaction parameter for supported Ag,, clusters on BK7. The axis ratio, R

c/a?

is derived from the shape parameter, L

p-mode *

The obtained axis ratio of R, =0.6 is smaller than the value derived for the silver nano-

particles (0.78). This observation supports the suggested tendency that the smaller the silver
particles are, the flatter their structure is on the substrate surface. Taking the derived particle
volume of 0.37 nm”>, the calculation of the two different cluster radii for the oblate particle

yields for the short axis ¢ = 0.32 nm and for the long axis a = 0.53 nm.

The measured peak position of the s-mode plasmon (s-SHG spectrum) is again blue shifted
with respect to the calculation of its position (the calculation is based onthe resonance
position obtained for the p-mode plasmon). The calculated interaction parameter is

Boote =—0.09 and from the fit of the s-SHG spectrum a v alue of f =0.49 can be

s-mode
extracted which is far from the calculated value. A possible explanation for this is given in
chapter 8.4.4. Using the radii obtained for the short and the long axis of the particles, the A
parameter can be calculated from the damping constants derived from the two fits using

equation 8-24. The resulting values are A, =0.28 and A, =0.33. These values are

much smaller than those derived from the measurements of the silver nano-particles. A

discussion of the A parameters for the selected clusters is presented in chapter 8.6.

From theoretical calculations of the most stable geometries of silver clusters in vacuum, the
distances between the nearest neighbors inside the cluster are found to be between 0.25 and
0.295 nm, with the latter being the value of the bulk and the former of the dimer.'*” For Agu,
a value of approximately 0.285 nm is found. The radius of the short axis was determined
above to be ¢ =0.32 nm which corresponds to ap article height of h=0.64 nm. If close
packing of silver atoms in the cluster is assumed, this height consequently corresponds to a

mean thickness of the particle of approximately three atomic layers.

165



Chapter 8 Supported Clusters

8.5.2 Agy; Clusters on BK7

In anext experiment, Agy; clusters are deposited on the backside of a cooled BK7 glass

substrate under UHV conditions, followed by an s-Vis-CRD and s-SHG measurement. The
total amount of clusters ont he substrate is 1.35-10", corresponding to a coverage of

~4.6-10%cm™. The resulting spectra and the Mie-fit of the measured s-Vis-CRD data are
depicted in figure 8-26. The s-Vis-CRD spectrum shows the onset of the plasmon peak
originating from the p-mode oscillation as already seen in the previous s-Vis-CRD
experiments. However, the absorption losses are smaller than in the cases of larger clusters,
which is in agreement with the theoretical considerations (see chapter 8.5.1). A remarkable
observation is that the plasmon peak of the s-mode oscillation in the s-SHG spectrum has
completely vanished. In figure 8-27, a more detailed plot of the s-SHG spectrum is shown.
Apart from the interference patterns, there is only a small broadened peak centered around
4.5 eV of SH photon energy. However, the relative intensity of the peak of 0.5 is too small to
be able to exclude the possibility that it is the product of a systematic error introduced by the
extensive correction of the measured data. A Mie-fit of this spectrum is therefore not justified.
These results indicate that the supported Agy; clusters consist in height of such a low number
of atomic layers that a free oscillation of the electrons along the short axis of the clusters is
suppressed. However, the p-mode plasmon oscillation 1is still active which can be deduced

from the measured s-Vis-CRD data.
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Fig. 8-26. s-Vis-CRD spectrum and s-SHG spectrum of Ag,; clusters on BK7. The dotted line shows the
corresponding Mie-fit. The s-mode plasmon peak has vanished, whereas the p-mode oscillation still shows a

clear plasmon resonance peak.
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Fig. 8-27. Enlarged s-SHG spectrum of Ag,, clusters on BK7. No plasmon resonance peak is present, the small

broadened peak centered around 4.5 eV of SH photon energy is too small to be significant.

Vv, 0.21 nm’
(Li+5) 0.217
Y 0.57 eV
ho,,. 2.98 eV
L mode 0.264
By mode -0.046
R.. 0.61

Table 8-28. Parameters extracted from the fit of the s-Vis-CRD spectrum of Agy, clusters supported on BK7.

The parameters derived from the Mie-fit of the p-mode plasmon peak are listed in table 8-28.
From the shape parameter the axis ratio is calculated yielding a v alue of 0.61, which is
comparable to the value obtained for the Ags, clusters. The radii of the short and the long axis
of the Agy; clusters are consequently a = 0.43 nm and ¢ = 0.265 nm. The resulting mean
height with h =0.53 nm corresponds to approximately two atomic layers. The A parameter

for the p-mode plasmon is A, . =0.26. This is even smaller than the value obtained for the

Agy, clusters and is close to the theoretical value for A, =0.25. From this result it can be

ize
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suggested that the contribution of the chemical interface damping to the damping constant of

the plasmon excitation is almost negligible for this cluster size.

8.5.3 Agy Clusters on BK7

A similar experiment is carried out with Agy clusters supported on a cooled BK7 glass
substrate. The coverage here is approximately p=4.7-10”cm™. The measured s-Vis-CRD

and s-SHG spectra with the corresponding Mie-fit of the p-mode plasmon peak are shown in

figure 8-29.
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Fig. 8-29. s-Vis-CRD spectrum and s-SHG spectrum of Agy clusters on BK7. The dotted line shows the Mie-fit

of the p-mode plasmon peak. There is no s-mode plasmon resonance peak in the s-SHG spectrum.

In the spectra of Agy clusters, there is a plasmon peak for the p-mode oscillation but not for
the oscillation perpendicular to the surface (s-mode), as was observed for the Ag,; clusters.
The main difference to the spectra of Ag; clusters is the s-Vis-CRD absorption loss which is
smaller in the case of Agy clusters. The parameters extracted from the Mie-fit of the p-mode
plasmon peak are listed in table 8-30. The calculated axis ratio is 0.6, which is approximately
the same value as obtained for Ags, and Agy; clusters. From the theoretical calculation of the
cluster geometries, the most stable configuration for Agy clusters in the gas phase is found to
be a planar structure.'*’” On a surface, this structure should be even more stabilized due to the

cluster-substrate interactions. Consequently, it can be assumed that Agy forms a planar island
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of a height of one atomic layer on the BK7 substrate. By considering that the electrons in a
planar cluster are confined in this single atomic layer, the absence of the s-mode plasmon is
perhaps not surprising. On the other hand, there are three atomic layers parallel to the plane of
the cluster/substrate in which the electrons can oscillate freely, resulting in a p-mode plasmon
absorption. A sketch of the gas phase structure of Agy clusters is shown in figure 8-31. The
damping constant of the p-mode plasmon is again increased compared to the larger clusters,

confirming its dependency on the cluster radius. The A parameter for the horizontal plasmon

peakis A . =0.34.

Vv, 0.17 nm’
(Li+p) 0.216
T®) 0.79 eV
ha,,, 2.97 eV
L mode 0.263
By mode -0.047
Re/a 0.6

Fig. 8-30. Parameters extracted from the Mie-fit of the s-Vis-CRD spectrum of Agy clusters supported on BK7.

Fig. 8-31. Sketch of the gas phase structure of Agy clusters.

8.5.4 Ag Atoms on BKY7

In a last experiment, silver atoms are deposited on the backside of a cooled BK7 substrate and
investigated using s-Vis-CRD and s-SHG spectroscopy. The coverage of atoms on the surface
here is approximately 1-10°cm™. The obtained spectra are depicted in figure 8-32. No
spectral features can be observed in the s-Vis-CRD spectrum and neither in the s-SHG

spectrum. Spectroscopic absorption measurements of silver atoms can be found in the
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literature.'*® There, experiments were carried out measuring linear spectra of silver atoms
deposited in rare gas matrices at a temperature of 12 K. The spectra show several sharp
absorption peaks around a photon energy of 4.1 eV. The s-SHG spectrum of the deposited
silver atoms measured in this work (figure 8-32) does not show any enhancement of the
relative SH intensity in this frequency region, which means that the transitions observed by
other groups are either not SHG active (due to the special selection rules of the nonlinear
technique), or the signals are under the detection limit of the present spectroscopic setup. In
the latter case, the sensitivity of the setup must be improved in order to detect much smaller
signals. This can be done e.g. by decreasing the noise level of the s-SHG apparatus. A more
detailed discussion of these possibilities is given in the outlook (chapter 10). However, one
important information can be gained from the absence of any plasmon absorption band. It
shows that the silver atoms donot aggregate to larger clusters under the experimental
conditions used for these measurements. This stability of the produced cluster samples is
obviously one of the most important requirements for a successful spectroscopic

characterization of supported size selected metal clusters which is the aim of this thesis.
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Fig. 8-32. s-Vis-CRD and s-SHG spectrum of Ag atoms on BK7. No spectral features from the cluster sample

are resolved.
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8.6 Conclusion

In chapter 8, it could be shown that coinage metal clusters can be successfully deposited on
BK7 glass substrates using the experimental setup presented in chapter 4, and characterized
using s-Vis-CRD- and s-SHG spectroscopy, respectively. A detailed investigation of the
linear and nonlinear spectroscopic properties was carried out with samples containing
supported silver clusters. In the spectra of supported silver nano-particles with an average size
of 1.4nm in diameter, the splitting of the plasmon resonance peak into two peaks,
representing the plasmon oscillation parallel to the substrate surface (p-mode) and
perpendicular to the substrate surface (s-mode) was observed. This effect could be attributed
to a flattening of the particle on the BK7 substrate and described by a theoretical model based
on Mie theory. Subsequently, the spectroscopic properties of size selected silver clusters of
the sizes Ags, Agy, Agy, and silver atoms supported on B K7 glass substrates were
investigated. The results obtained from these experiments are summarized and discussed in

the following.

The most important values which could be extracted from the Mie-fits of the s-Vis-CRD and
s-SHG spectra obtained for supported silver clusters of different cluster size are summarized

in table 8-33.

Agy Agap Agr Ago Ag Agx(lit.)91
V, [nm”] 1.5 0.37 0.21 0.17 - 42
Re/a 0.78 0.6 0.61 0.6 - 0.86
YRytpmoder [€V] 0.62 0.5 0.57 0.79 - 0.48
A mode 0.5 0.28 0.26 0.34 - 0.6
Y ®psmode [€V] 1.15 0.97 - - - -
A mode 0.74 0.33 - - - -

Table 8-33. Summarized values extracted from the Mie-fits of the linear and nonlinear spectra obtained for

supported Ag clusters of different cluster sizes. V, , is the cluster volume, R, , the axis ratio of the oblate

cluster, g, is the size dependent damping constant of the plasmon oscillation, and A, is the size independent

parameter, describing the size dependency of the damping constant. The indices (p-mode and s-mode) show to

which plasmonic oscillation the value is attributed. The caption Ag, stands for non size selected Ag clusters.
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In the column ont he right side, there are data listed measured by Kreibig et al. for

87. 8891101 1 their experiments, silver clusters with an average size of 2 nm in

comparison.
diameter supported on a quartz glass substrate were investigated. By comparing their results
to the values obtained in this work for the unselected clusters (average cluster size of 1.4 nm
in diameter), the values are found to be in rather good agreement. The axis ratio obtained in
this work of 0.78 is slightly smaller than the literature value (0.86). A possible reason for that
discrepancy is the small size of the silver nano-particles investigated here, which is with an
average volume of 1.5 nm’ almost by a factor of three smaller than the particles investigated
by Kreibig et al. with a volume of 4.2 nm’. The influence of the substrate on the particle
increases with decreasing cluster size, because the fraction of cluster atoms which are located

at the interface cluster-substrate raises. This can lead to a stronger flattening of small particles

and thus to a smaller value of R_,. The axis ratio obtained for the Ags, clusters which are

smaller than the Agy clusters, follows this trend with a value of 0.6. For Ag,; and Agy clusters
the derived value remains constant at a value of approximately 0.6. However, the validity of
computing the axis ratios for Agy; and Agy using the theoretical model based on the classical
Mie theory is rather questionable, because for these cluster sizes only one plasmon peak
(p-mode) is present. Consequently, such clusters do not have classical properties and more
sophisticated quantum mechanical calculations are necessary for a realistic estimation of the

cluster shape.

By comparing the damping constant derived from the p-mode plasmon peak of the non size
selected cluster sample with the result from the literature, an increase from the literature value
of 0.48 eV to the value for Agy measured in this work of 0.62 eV can be observed, confirming
the cluster size dependency of the plasmon damping. However, the obtained A parameter
which is supposed to be independent of cluster size shows a little deviation from 0.6 (lit.) to
0.5 in this work. About the reason for this one can only speculate, one possibility is the
different contribution of the chemical interface damping to the value of A, originating from
the slightly different compositions of the two substrates (quartz and BK7). A remarkable
result of the experiments can be observed, studying the evolution of the derived values for the
p-mode plasmon damping constant with cluster size. The trend of increasing damping
constant with decreasing cluster size is present for the size selected Ag clusters, but from the
larger unselected clusters Agy to the small Ags, clusters the damping constant drops from
0.62 eV to 0.5 eV. This is the opposite of what could be expected. A reason for this effect
could not be found in the framework of this thesis. The major difference between the Ag, and

the size selected clusters is that in the case of Agy, a large distribution of different cluster sizes
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is present on the substrate. Consequently, the resulting spectra represent the average over all
deposited sizes. This could lead to effects which are not considered in the theoretical

description. However, further investigation is necessary for clarification.

For Ags; and Ag,), the calculated values for A are close to the theoretically derived value for

silver clusters in the gas phase with A, =0.25. The contribution of the chemical interface

damping from the substrate would consequently be nearly zero which is in contradiction with
the theory. Furthermore, by comparing the values of the A parameters for the s-mode and the
p-mode plasmon, it can be observed that for the former larger values are obtained than for the
latter (for the two cases, Agyx and Ags,, where an s-mode plasmon peak could be measured).
This result is in good agreement with the theory of the anisotropy of the A parameter for
supported metal particles proposed in the literature (see chapter 3.1.5). This anisotropy is
introduced by the dependency of the chemical interface damping on the oscillation direction
of the plasmon. A plasmon oscillation perpendicular to the substrate surface shows a larger

chemical interface damping than the parallel oscillation.
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Fig. 8-34. Fitted curves of the p-mode plasmon peaks for Agy,, Ag,y; and Agy clusters on BK7. The peak

intensity decreases with decreasing cluster size, whereas the peak width increases.

The fitted curves of the p-mode plasmon peaks for the size selected silver clusters is shown in
figure 8-34. For decreasing cluster size, the peak intensity decreases with an increasing peak
width, as predicted by the theory. The resonance position of the s-mode plasmon peak

(measured in the s-SHG spectrum) is blue shifted with respect to the p-mode plasmon peak
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due to the flattening of the particle (see chapter 3.1.3). Additional shifts of the peak positions
originate from the cluster-substrate and the cluster-cluster interactions, leading to a
modulation of the local electric field. These local field effects are described by the parameter

B which can be calculated for the cluster samples investigated here. However, the

theoretically obtained values for the s-mode plasmon peak show a large deviation from the
experimentally derived values (from the s-SHG spectra). These deviations most likely
originate from the underestimation of the calculated parameter. In general, changes in the
local field have a much larger effect on nonl inear than onl inear processes. Since the
calculation is performed using a linear model and the measured s-SHG spectra are nonlinear
spectra, the calculated value may be incorrect. The development of a theoretical model

describing nonlinear local field effects is therefore required.

By comparing the spectra of the Ags, and the Ag,; clusters, the observed disappearance of the
s-mode plasmon peak in the s-SHG spectrum of supported Ag,; clusters is remarkable. The
mean cluster height of the Ags, on BK7 is calculated to be approximately 3 atomic layers,
whereas for the Agy; clusters a value corresponding to approximately two atomic layers is
found. This observation indicates that the oscillator strength of the plasmon excitation does
not grow linearly with the cluster size, but that there is a minimum size of approximately three
atomic layers which is necessary in order to allow for a plasmonic oscillation. The result that
the p-mode plasmon band is present down to the Agy cluster (which is very likely to lie flat on
the surface) supports this idea, showing that the existence of three atomic layers in the
direction of the oscillation of the conducting electrons is sufficient for the excitation of a
plasmon inside the cluster. The plasmon resonance is one of the main spectroscopic properties
of metals. Consequently, the Agy; cluster and the Agy cluster on BK7 could be classified as
two dimensional metals (even if they may have a 3D structure), whereas supported Ags,
clusters have metallic properties (plasmons) in all three dimensions. Following that, there
should be at least two transitions of cluster types, one from a 3D to a 2D metal (located
between Ags, and Agyi), and the other between a 2D metal and a cluster with only molecular
properties (<Agy). The determination of these transitions is one of the main tasks for the

future.

The discussion of the results obtained from the measured cluster samples presented in this
chapter shows that a part of the investigated optical properties can be described using classical
models, whereas other properties strongly deviate from these descriptions and show

discontinuous behavior. This observation indicates that the investigated cluster sizes represent
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the transition from the classical to the semi-classical (quantum mechanical) size regime for
supported silver clusters. More exact theoretical calculations based on quantum mechanics to
determine cluster geometries on the surface and their linear and nonlinear optical properties
could help to better understand the measured spectra and confirm the interpretations which are

presented in this work.
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9. Summary

In the framework of this thesis, the spectroscopic properties of small supported metal clusters
and organic surface adsorbates were investigated under UHV conditions using different laser
spectroscopic techniques. Therefore, two specific spectroscopic methods were employed, the
highly sensitive surface Cavity Ringdown Spectroscopy (s-CRDS) and the surface Second
Harmonic Generation Spectroscopy (s-SHG). The former is applied in the visible range as
well as in the infrared range of the electromagnetic spectrum, whereas the latter covers the
ultraviolet range. In the ultraviolet and the visible range, the electronic transitions in the
clusters and the adsorbate molecules may be measured, whereas in the infrared range
vibrational transitions in the organic adsorbates may be probed. In the following sections, the

more crucial results that were obtained are summarized and discussed.

9.1. Spectroscopic Setup

A spectroscopic setup for measuring the optical properties of surface adsorbates in low
coverage (< 10 % of a monolayer) was successfully installed. The setup was designed to
allow for the fast switching between the different spectroscopic methods (s-Vis-CRD, s-IR-
CRD, s-SHG) without any re-alignment of the setup, and was adapted for use in an ultrahigh
vacuum chamber. Furthermore, the apparatus for the sample preparation was optimized
(involving design of the sample holder, electron source etc.) for the application of the
spectroscopic techniques. As a result of these improvements to the experimental apparatus, a
unique state-of-the-art experimental setup was created which offers a large variety of
experimental possibilities, such as the production and highly sensitive spectroscopic
characterization of metal cluster samples over a wide wavelength range from the ultraviolet to

the infrared.

9.2 Characterization of Substrate Materials

The requirements which must first be fulfilled by the substrates in order to be suitable for use
with the afore-mentioned spectroscopic methods were defined and discussed in chapter 6. It
was shown that only materials which have either a cubic or amorphous crystal structure are

appropriate substrates because birefringence must be avoided. Furthermore, only thin

176



Chapter 9 Summary

substrate slides with very smooth surfaces can be used in order to guarantee a high sensitivity
of the s-CRD spectroscopy. A surface analysis apparatus based on small angle laser reflection,
which allows the detection of surface deformations in the sub-pm range was designed and
successfully used in order to test different substrates for their adequacy. The substrate with the
highest optical quality among the tested materials was found to be a 130 um thin Borosilicate
glass slide (BK7) which was then almost exclusively used as sample substrate for the
investigation of supported clusters and adsorbed organic molecules. A special cleaning
procedure for these substrates consisting of two steps was presented. The first step involved
the removal of dust and other impurities under ambient conditions, whereas the second was
carried out after transferring the substrate into the UHV camber, and had the purpose of
cleaning the surface on the atomic scale by sputtering it with Ar ions. The sputtering process
was characterized using the s-CRD spectroscopy where the roughening of the surface could
be followed by the induced increase in light scattering. From such measurements the optimal
sputtering conditions for adequate cleaning of the BK7 substrate were extracted. Furthermore,
the linear and nonlinear optical properties of the substrates were investigated. A theoretical
description of the nonlinear substrate properties was also presented and the comparison of the
calculated spectrum with the measured nonlinear spectrum (s-SHG spectrum) showed good
agreement. The challenge which had to be overcome here was the description of the
interferences of the two second harmonic beams generated at both surfaces of the substrate.
On the basis of this theoretical description, a data treatment procedure was developed
allowing for the use of the measurement of the bare substrate as reference for the correction of
the nonlinear spectra obtained from a sample with any surface adsorbate (e.g. metal clusters
or organic molecules). The successful mathematical description (see chapter 6) of the
nonlinear spectrum of the substrate is a crucial step, necessary for the extraction of the
nonlinear spectra from the measured raw data and was subsequently used throughout this

thesis.

9.3 Surface Spectroscopy of Organic Molecules

In order to test the reliability and to determine the sensitivity of the spectroscopic setup, a
reference sample with well known optical properties was investigated, consisting of the laser
dye Rhodamine 110 coated onto a BK7 glass substrate. s-Vis-CRD, s-IR-CRD, and s-SHG
spectra were recorded and compared to spectra obtained from the dye dissolved in ethanol

using commercial UV-Vis and FT-IR spectrometers (for the FT-IR measurement the dye was
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coated onto a KBr window). The comparison showed good agreement between the spectra
obtained from the different methods and confirmed the reliability of the s-CRD/s-SHG
spectroscopic setup. Small but significant differences between the measured spectra and the
spectra obtained from the standard spectroscopic methods could be attributed to surface
effects which occur for low coverages, such as those of the coated samples. From the
experiments, the sensitivities of the different spectroscopic methods in the presented setup
were extracted. The highest sensitivity was achieved by the s-Vis-CRD method, which was
shown to be capable of detecting surface coverages of Rhodamine 110 of less than 0.1 % of a
monolayer (approximately 10'" molecules per cm?). The s-IR-CRD method meanwhile was
capable of detecting coverages of Rhodamine 110 dow n to approximately 1% of a
monolayer. The reduced sensitivity of the s-IR-CRD technique originated from the small
absorption cross sections of organic molecules in the infrared range compared to those in the
UV-Vis range. The sensitivity of the s-SHG setup was not determined in the framework of
this thesis; however, since the s-SHG shows a maximum in its signal for exactly one
monolayer of molecules (because of the special selection rules) it was deduced to be sub-
monolayer sensitive which is confirmed by measurements present in the literature. All of
these results showed that all applied spectroscopic methods (in the presented setup) possess a
sensitivity which is high enough to detect adsorbate coverages which are far below one
monolayer. Furthermore, this enabled the investigation of the impact of the surface on the

properties of the coated molecules.

The potential of the presented setup in surface science was demonstrated by measurements of
a sample coated with 1,1'-Bi-2-naphthol (Binol). This molecule slowly evaporates from the
surface under UHV conditions at room temperature, a process that could be followed using
s-IR-CRD spectroscopy. From the evaporation speed measured at different temperatures, the
binding energy of the bond between the molecule and the surface was calculated (in rough
approximation) to be a value of approximately 6.5 kJ/mol. In principle, the sub-monolayer
sensitivity of the s-IR-CRD setup allows the study of evaporation processes of adsorbed
molecules as function of the coverage down to about 1 % of a monolayer, therefore yielding
important information about the kinetics of surface processes. The promising results obtained

encourage further investigations in this field.

s-SHG measurements were found to provide information about the molecular orientation of
adsorbates on a surface. This was demonstrated using recorded nonlinear spectra of samples

coated with {5}Helicene molecules and 4,4"-Bis-(2-butyloctyloxi)-p-quaterphenyl (BiBuQ),
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respectively. Even from the existence or absence of SHG activity in combination with the
geometry of the molecule, some general statements about their orientations could be made, as
shown in chapter 7. The results obtained in this section showed that the combination of linear
and nonlinear spectroscopic techniques over this broad wavelength range provides a powerful

tool for the investigation of surface adsorbates.

9.4 Supported Metal Clusters

Metal clusters were successfully deposited on BK7 glass substrates. The deposition was
confirmed by images measured by Atomic Force Microscopy (AFM) under ambient
conditions (this work was carried out in Marseille in the group of Prof. C. Henry at the
CINaM-CNRS in the framework of the "Deutsch Franzosische Hochschule"). The spatial
distribution of the clusters was determined by a surface loss mapping technique using s-CRD
spectroscopy. Here, the photon loss was recorded as function of the substrate position at a
fixed wavelength. The measured raw data were transformed into a two dimensional image
showing the cluster spot as approximately Gaussian shaped. It was also demonstrated that the
sputtering of the surface completely removes the deposited clusters and leaves a blank
substrate. A similar surface mapping was subsequently carried out using the s-SHG
spectroscopy, showing a well resolved cluster spot. Both spectroscopic methods confirmed
the successful deposition of the metal particles. The determination of the spatial distribution
of the clusters was crucial for the calculation of the cluster coverage on the surface. This

calculation was performed for a sample with supported silver clusters.

The nonlinear s-SHG spectra of supported coinage metal nano-particles were recorded. The
sizes of the particles ranged between 1 and 3 nm in diameter. In the spectra of each sample a
broad peak was observed which could be attributed to a plasmonic excitation of the
conducting electrons inside the particles. These results showed that plasmonic oscillations in a
small supported metal particle can give rise to a signal at the second harmonic frequency. Due
to the selection rules of the SHG process, such a SH signal must exclusively originate from an
oscillation inside an asymmetric electric potential (this was shown in chapter 2). In supported
nano-particles this is the case for a plasmonic oscillation perpendicular to the substrate
surface. A comparison between a measurement of the angular dependency of the SH signal
for supported Pd nano-particles and its calculation for the perpendicular oscillation mode

confirmed this origin of the second harmonic radiation. Consequently, it was shown that the
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s-SHG spectroscopy only probes the plasmonic properties of these small supported metal

particles along the particle height (perpendicular to the substrate surface).

In the next part of the thesis, the optical properties of small supported silver clusters were
investigated in greater detail. The average size of the non-size selected particles produced by
the cluster source and deposited onto the substrate was found to be around 1.4 nm in diameter.
The s-Vis-CRD spectrum of the sample showed the onset of an absorption peak towards
higher photon energies (the measured spectrum ranged from 1.8eV to 2.9 e V). Using a
theoretical description based on Mie theory (presented in chapter 3), the raw data were fitted,
identifying the measured spectrum as the onset of a plasmon absorption peak of the particle
with its maximum located at 3.12 eV. The high accuracy of the measured raw data using
s-CRD spectroscopy in combination with the small deviation of the fit from the measured
curve made the fit trustworthy. The s-SHG spectrum of the same sample showed a broad peak
with a maximum at 3.7 eV which could be attributed to a plasmonic excitation. Obviously, the
positions of the plasmon peak determined from the spectra of the two different spectroscopic
methods differ from each other. Using an extension of the classical mathematical description
of the optical properties of small metal particles towards non-spherical geometries (presented
in chapter 3), this effect was identified as a splitting of the plasmon peak into two resonances
for oblate shaped particles. According to the calculation, the peak observed in the s-Vis-CRD
measurement originated from the plasmonic oscillation parallel to the surface of the substrate,
whereas the peak observed in the s-SHG spectrum belonged to the oscillation perpendicular to
it. It could be shown that this interpretation is in full agreement with the selection rules of the
s-SHG spectroscopy. The existence of two plasmonic modes inside the silver particles on the
surface, from which one is SHG inactive was additionally confirmed by stability
measurements using s-SHG spectroscopy. By irradiating the sample with laser light of a
photon energy close to 3.12 e V the silver particles were evaporated from the surface
indicating a strong absorption of the fundamental light, although no enhanced SH signal could

be observed in this region (for more details see chapter 8).

From the position of the plasmon peak obtained from the s-Vis-CRD spectrum, the mean axis
ratio of the oblate silver particles was derived to be a value of 0.78 which is slightly smaller
than the value obtained by Hovel et al. for supported 2 nm silver clusters (0.86). A possible
reason for this discrepancy could be given and justified, based on the idea that the reduced
cluster size of the silver clusters investigated in this work leads to a stronger flattening of the

particles due to an enlarged cluster-surface interaction. However, taking the values obtained
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from the s-Vis-CRD spectrum and subsequently calculating the position of the second SHG
active plasmon mode, the result was found not to match exactly with the measured plasmon
peak in the s-SHG spectrum. The measured peak was more blue shifted than predicted

(Ahow,  =0.19 eV). This discrepancy was discussed in chapter 8 and was attributed to the

underestimation of the local field parameter for nonlinear processes in the calculation. This
attribution could be justified in a discussion about the impact of the plasmon field
enhancement on nonl inear processes. Furthermore, the width of the plasmon peak was
discussed on basis of the model of the "free mean path effect" for the oscillating electrons.
The different damping constants derived for the two different oscillation modes suggested a
different contribution of the so called "interface damping" to the overall damping constant
(see chapter 8). This anisotropy of the interface damping has also been predicted theoretically;

however, further measurements are needed to investigate this finding in more detail.

Following the investigation of non-size selected clusters using s-CRD and s-SHG
spectroscopy, the focus was then shifted to the study of size selected Ag clusters. Here, the
linear and nonlinear spectra of samples with the cluster sizes Ags,, Agsi, Ago and silver atoms
on BK7 were measured. In both, the s-SHG and the s-CRD spectra of the supported Ags,
clusters a p lasmon resonance peak was observed, indicating the existence of a collective
oscillation of the conducting electrons parallel and perpendicular to the surface. The spectra
showed a larger splitting of the two resonances than it was the case for the non-size selected
supported silver nano-particles, which suggested a stronger flattening of the Ags, clusters to
an axis ratio of approximately 0.6. In the s-SHG spectra of all other samples containing
smaller silver clusters than Ags,, there was no plasmonic resonance peak present, suggesting
the breakdown of the collective electron oscillation perpendicular to the substrate surface
between the cluster sizes Ags, and Agy;. The large difference between the nonlinear activities
of the samples containing those two cluster sizes (factor of about 60) cannot be simply
attributed to a scaling effect (which would lead to a factor of two) but instead indicates a
drastic change in the excitation process. However, the s-CRD spectra of the Agy; and Agy
clusters showed a plasmon peak at approximately the position where it was found in the
s-CRD spectrum of the Agus clusters. These observations showed that supported Ag,; and Agy
clusters allow for a plasmonic oscillation parallel to the surface, whereas the perpendicular
plasmon mode is inactive. Consequently, those clusters could be classified as two dimensional
metals (even if they may have a 3D structure) since they possess clear metallic characteristics
parallel to the surface but not along their height. The approximate calculations of the cluster

mean heights yielded for Ags, a value corresponding to about three atomic layers and for Agy;
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of two atomic layers. Based onthese results, a three atomic layer model was proposed
suggesting that three atomic layers are needed in supported silver clusters to allow for a
collective oscillation of the conducting electrons. This model is in good agreement with the
existence of a plasmon oscillation parallel to the surface for Agy clusters since it is likely that
those clusters form two dimensional islands on surfaces (confirmed by theory). Furthermore,
the s-CRD spectra of Ags,, Agyi, and Agy showed an increasing peak width with decreasing
cluster size, which can be attributed to the increased damping of the plasmon oscillation

originating from the mean free path effect of the conducting electrons.

The spectra of the single supported silver atoms did not show any spectroscopic features. The
electronic transitions of silver atoms could be expected at a photon energy of about 4 eV thus
in the range which is measured with the s-SHG spectroscopy. However, in this region nothing
could be observed in the nonlinear spectra, indicating that either those transitions are not SHG
active or their spectroscopic signal is under the detection limit of the s-SHG setup. The same
observation was made in the s-SHG spectra of Agy and Agy;. These results suggested that
only collective electron oscillations (plasmons) give rise to a significant signal at the second
harmonic frequency. The reason for this is still to be found. So far, using the setup presented
in this thesis, the transition from metallic clusters to particles with "molecule like" character
must be determined by the disappearance of the plasmon peak in the spectra. However, from
the results in this work, it can be concluded that this transition seems to take place at cluster
sizes between 42 and 21 atoms for silver. Further measurements should give more precise

answers to the questions which remain partly unanswered in this thesis.
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10. Outlook

In this chapter, several suggestions for further investigations into the electronic properties of
supported metal clusters are proposed. The ideas are based on the results that have been
obtained within the work of this thesis and represent possible further characterization steps
which could be carried out using the presented apparatus. Additionally, some small
modifications to the spectroscopic setup are proposed, which would enlarge the experimental

possibilities and increase the sensitivity of the spectroscopic methods.

10.1 Cluster Size Dependency of the Nonlinear Plasmon Excitation

The observed disappearance of the SHG activity for small silver clusters (Agn, N< 21)

suggests a breakdown of the plasmon oscillation perpendicular to the surface for such small
particles. So far, the exact cluster size where this transition takes place is not determined,
however, it is probably located between the sizes Ags, and Agy;. A systematic investigation of
the nonlinear properties of small size selected silver clusters between these two measured
sizes should enable the exact size where this transition takes place to be determined.
Furthermore, the investigation of the SHG activity as function of the cluster size in this size
range could yield interesting information because it is likely that the cluster geometry plays an
important role. By comparing these results to theoretical calculations, changes in the cluster
geometry for different cluster sizes could consequently be identified. Investigating the cluster
size dependency of the position of the plasmon resonance in the s-SHG spectrum and the size
dependency of the width of the plasmon peak will yield additional information about the
geometry and electronic structure of the particles, as well as the interaction between the
clusters and the surface. Here, the observed anisotropy of the chemical interface damping is
an especially promising field of investigation because this effect is directly related to the
cluster-surface interaction. However, ad etailed theoretical description of the nonlinear
properties of these small supported clusters will be essential for an unambiguous

interpretation of the obtained data.
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10.2 Nonlinear Characterization of the Parallel Plasmon Mode

Due to the selection rules of the s-SHG spectroscopy, the plasmon oscillation mode parallel to
the substrate surface is not SHG active and can thus not be directly probed by the second
order nonlinear spectroscopy. Furthermore, the limited range of the s-CRD spectroscopy does
not allow for the measurement of the entire plasmon peak for silver clusters using the linear
technique. However, it is possible to determine its exact position using a destructive
technique. In chapter 8.4.3, it could be shown that the irradiation of the cluster sample with
strong light pulses at a fundamental photon energy which is close to the transition energy of
this plasmon mode leads to the evaporation of the clusters from the surface. The decreasing
number of clusters can be followed by detecting the second harmonic signal at the peak
position of the SHG active plasmon mode perpendicular to the substrate surface, as was done
in the stability measurement in chapter 8.4.3. The evaporation speed of the clusters is
determined by the quantity of energy transfer from the fundamental light beam into the
clusters and thus by the linear absorption coefficient. Measuring the evaporation speed as a
function of the photon energy at a constant laser pulse energy should yield the linear
absorption spectrum. In this way, the indirect measurement of this SHG inactive oscillation

using s-SHG spectroscopy is possible.

A second possibility for the measurement of the plasmon mode parallel to the substrate
surface, is the use of a third order nonlinear spectroscopy, such as Third Harmonic Generation
Spectroscopy (THG)"* *° or Four Wave Mixing Spectroscopy (FWM)."*"* 12 Third order
nonlinear processes are not restricted to media with non-centro-symmetric electric potentials
which makes the parallel plasmon active to a third order nonlinear oscillation. The drawback
of the third order spectroscopic techniques is, however, the reduced conversion efficiency
compared to second order processes and the loss of the surface sensitivity due to the different
selection rules. Consequently, bulk contributions from the substrate would complicate the
identification of the signal originating from the clusters. On the other hand, the
implementation of a third order spectroscopic technique in the existing spectroscopic setup
should be possible without significant modifications because the major parts of the setup can

be used for most of the nonlinear spectroscopic techniques.
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10.3 Pico-Second Laser System

As shown in chapter 2.2.1, the intensity of the generated second harmonic beam in an s-SHG
experiment is proportional to the square of the intensity of the fundamental beam. Since the
intensity of an electromagnetic wave is defined as energy per time and area, it is possible to
increase the intensity of the fundamental laser beam by using short laser pulses. The present
OPO laser system supplies laser pulses of 7 ns pulse length at a maximal pulse energy of
10 mJ (see chapter 5.1.1). Typical tunable picosecond laser systems (e.g. optical parametric
generators OPG) generate laser pulses of 30 ps pulse length at a maximal pulse energy of
1 mJ. The intensity of the generated second harmonic radiation in an s-SHG experiment is
consequently increased by a factor of 544 for the OPG laser source compared to the OPO.
Since the number of photons in a laser pulse is proportional to the pulse energy and thus to the
intensity multiplied with the pulse length, the number of SH photons generated per laser pulse
using the OPG system is increased by a factor of approximately 2.3 in comparison to the
nanosecond laser system. At the same time, the fundamental beam energy per pulse for the
picosecond laser system is a factor of 10 smaller (1 mJ) than for the OPO system (10 mJ),
which minimizes the total energy transfer into the measured sample, and thus reduces the risk
of photo damage. These considerations show that using picosecond laser pulses, the intensity
of the second harmonic beam generated, as well as the total number of generated SH photons
per pulse, can be raised whereas the destructive potential of the fundamental beam is
simultaneously reduced. The former would lead to larger SH signals in the s-SHG
measurement and would thus facilitate the increase in the detection limit. Consequently, using
such a laser system, the sensitivity and reliability of the s-SHG experiments could essentially
be improved. This could help to investigate the molecule-like transitions of very small

supported metal clusters which are predicted by theory.

10.4 Ligand Stabilized Clusters

UV-Vis measurements of silver nano-particles that are protected by thiol-ligands show the

153-155
The plasmon resonance frequency

existence of plasmonic excitations in the metal core.
is red shifted to 400 nm - 480 nm (2.57 eV - 3.1 eV photon energy), which is in agreement
with the theoretical prediction (se chapter 3.2) because the electron density in the clusters is
reduced by the chemical bond to the ligands. This makes such samples rather suitable for

investigations using the s-Vis-CRD spectroscopy, because the transition lies within the
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applicable range of the spectroscopic technique. The experimental setup is equipped with an
evaporator for organic molecules which allows organic ligands to be supplied to the cluster
samples under UHV conditions. From the investigation of supported ligand stabilized clusters
(LSC), information about the cluster reactivity as a function of the cluster size can be gained
which would be an important step towards understanding the catalytic properties of supported
metal clusters. The preparation of the supported LSC's using the presented experimental setup
has the advantage, compared to the standard preparation method in liquid phase, that the
sample can be produced step by step and the cluster size can be precisely defined.
Measurements of the plasmonic transitions in such samples will yield information about the
character of the metal ligand bond which is expressed by the quantity of the red shift of the
peak and its width, which is influenced by the chemical interface damping. Furthermore, the
impact of the cluster on the electronic properties of the ligands can be probed using s-Vis-
CRD and s-SHG spectroscopy. Finally, changes in the vibrational transition frequencies in the
organic adsorbates studied by s-IR-CRD spectroscopy give additional information about the
cluster-ligand interaction. Combining all these measurements from a single sample will allow
for a detailed characterization of the prepared cluster systems. The results obtained could then
be compared to the results from measurements of LSC's prepared in liquid phase and should
provide answers to many questions about the reactivity of metal clusters which still remain

open.

10.5 Measurement of Chiral Cluster Samples

One of the important future projects will be the investigation of chiral cluster samples. The
aim here is to perform enantioselective cluster catalysis representing the ultimate form of
organic catalysis. A spectroscopic detection of chirality will be crucial in order to characterize
the prepared samples. One possibility to investigate the chirality of a molecule (cluster) is the
measurement of its circular dichroism. Chiral substances show different absorptions cross
sections for right handed and left handed circularly polarized light. These effects are enhanced

: . . 156
for nonlinear processes, such as the generation of the second harmonic.

In order to perform
measurements of the nonlinear circular dichroism, the existing s-SHG setup could be
modified by introducing a quarter wave plate or a Pockels cell, generating circularly polarized
light. In such experiments, the different intensities of the SH radiation from a chiral sample
for the two circular directions would be measured as a function of the fundamental photon

energy, yielding the spectrum of the nonlinear circular dichroism. This technique (Circular
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Dichroism surface Second Harmonic Generation spectroscopy, CD-s-SHG) has been
successfully used by other groups and is described in the literature.'>” As a starting point, the
measurement of (R)- and (S)-Binol coated onto a substrate seems suitable. These enantiomers

141 and the coated

of the Binol molecule were already used for CD-s-SHG measurements
racemic mixture has been successfully used for s-SHG measurements using the setup
presented in this thesis (see chapter 7.2.2). Since the modifications of the spectroscopic setup
for these purposes are not drastic, the installation of the CD-s-SHG spectroscopy is a

promising project.

A second possibility to identify chirality is the property of chiral substances to turn the
polarization plane of transmitting linearly polarized light if only one enantiomer is present.'*®
Small changes of the polarization can already be detected by s-CRD spectroscopy. The reason
for this is that the substrate is placed at Brewster's angle inside the optical cavity. The
Brewster's angle, where the reflection of the light beam at the surface of a substrate is zero
only exists for p-polarized light. The s-polarized component of a light beam for the substrate
at this angle leads to the reflection of about 30 % of its intensity at the substrate surfaces (for
BK?7 glass). This reflected fraction of the light is removed from the oscillating beam in the
resonator which increases the cavity loss. Turning the polarization plane of p-polarized light,
the resulting beam can be described as superposition of the p-polarized and the s-polarized
component. This process consequently leads to an increased cavity loss and can be detected
by s-CRD spectroscopy. The high sensitivity of the s-CRD technique allows for the detection
of polarization changes in the range of 10~ degrees, corresponding to an increased cavity loss
between 3 ppm and 30 ppm. This extraordinarily high sensitivity to detect changes in the

polarization of the laser beam could be sufficient to detect the polarization effects induced by

enantiopure chiral surface adsorbates.

The spectroscopic investigation of chiral cluster samples will remain a great challenge,
however, the modifications of the existing spectroscopic setup proposed here, in combination
with the use of the s-CRD technique as mentioned above, are promising methods for the

characterization of these chiral samples.
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