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Abstract

This thesis is devoted to the study of the optical properties of small metal clusters and metal
cluster organic compounds. For this purpose a ultra-high vacuum (UHV) experimental
apparatus has been built which allows for the deposition of mass selected neutral clusters
in a size range up to 16,000 amu which corresponds to Ag;so or Augy. Cluster cations are
produced in a gas aggregation cluster source, steered in an ion optics device and co-deposited
with electrons and excess rare gas on a cryogenic deposition head. Neutral mono dispersed
clusters are analyzed by optical absorption, fluorescence and excitation spectroscopy in the
UV-visible energy range. A novel custom-made conical octupole combined to an organic
molecule injector has been built, serving as a generator of metal cluster-organic compounds.
These are atomically precise model systems which permit to study surface-enhanced Raman
scattering (SERS) in order to test the theoretical models and better understand the mechanism
of SERS.

Optical absorption on size-selected silver clusters of Ag, (n= 20— 120) embedded in neon
solid matrix was investigated. The spectra show plasmon-like absorption profiles around
a photon energy of 4.0 eV which match in energy molecular like absorption spectra for the
smallest Ag clusters but are sensitively higher than what would be expected for the dipolar
absorption for bulk silver of about 3.3 eV. The central absorption peak, i.e. the plasmon energy
as a function of cluster size is presented. The data fall in a transition between a blueshift of
the plasmon resonance with decreasing size to a superimposed red shift for the very smallest
sizes. Superimposed, we observe a distinct structure where clusters with atom number of
8,18,34,58,92 show a localized maximum value of the plasmon energy. These numbers
correspond perfectly to the fully filled states of 1p, 1d, 1f, 1g and 1h according to the electronic
shell model, manifesting a clear sub-shell effect.

Optical absorption, fluorescence and excitation spectroscopy on size-selected small gold
clusters of Au,, (m=19,20,21) embedded in solid neon were measured. These are the first
optical data on ligand free neutral atomically precise Au clusters. Auyg, the famous tetraedic
structure, shows a rich structured absorption spectrum, superimposed on a continuous
background increasing to the UV part of the spectrum. Aup; and Au;9 show the same tendency,
however without any superimposed structure. Very interestingly, all three Au clusters show
strong fluorescence centered at around 1.85 eV, here again Auyg being the prominent species.
Comparison to ligand protected Au clusters clearly proves that the fluorescence comes from
the Au cluster itself and is only weakly influenced by the ligands.

For the first time, size-selected small metal-organic compounds of silver-pyridine Ag,Py;,
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Abstract

(a=1,3; b=1,2) which are prototypes for surface enhanced Raman scattering (SERS) have
been produced and isolated in a solid Ne matrix. Optical absorption and fluorescence spectra
have been measured. Raman scattering cross sections with an enhancement factor of 103
have been found in fair agreement with recent high level time-dependent density functional
theory (TDDFT) calculations.

Keywords: Clusters, Solid rare-gas matrix, Silver, Gold, Pyridine, Optical absorption, Fluores-
cence, SERS, Vacuum, Cryogen.
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Résumé

Cette these est consacrée a I'étude des propriétés optiques de petits agrégats métalliques ainsi
que de composés contenant des molécules organiques et des agrégats métalliques. Dans ce
but, un dispositif expérimental a ultra-vide a été fabriqué, permettant la déposition d’agrégats
métalliques neutres sélectionnés en masse, d'une taille pouvant atteindre 16’000 uma, ce
qui correspond a du Ag;sp ou Augg. Des agrégats chargés positivement sont produits dans
une source de condensation, guidés a ’aide d’un dispositif électrosatique et déposés dans
une matrice de gaz rare. Les agrégats neutres sont analysés par spectroscopie d’absorption
optique, de fluorescence et d’excitation dans le domaine UV-visible. Un octopdle conique
combiné a un injecteur de molécules organiques a été développé, servant ainsi de générateur
pour les composés organo-métalliques. Ces derniers sont des systemes modeles pour I'étude
de la diffusion Raman amplifiée par effet de surface (SERS) permettant de tester les modeles
théoriques et de mieux comprendre le mécanisme SERS.

L'absorption optique d’agrégats d’argent Ag, (n = 20 —120), sélectionnés en masse et iso-
1és dans une matrice de néon solide, a été étudiée. Le spectre montre un profil d’absorption
de type plasmonique autour d'une énergie de photons de 4.0 eV, ce qui concorde avec le
spectre d’absorption de type moléculaire pour les plus petits agrégats d’Ag tout en étant
sensiblement plus élevé que ce que I'on attendrait pour une absorption dipolaire dans I’argent
solide, qui est d’environ 3.3 eV. La position du pic d’absorption, c.-a-d. I'énergie de plasmon
est présentée en fonction de la taille des agrégats. Les données correspondent a une transition
entre un décalage vers le bleu de la résonance plasmonique suivant une taille décroissante a
une superposition de décalage vers le rouge. De plus, nous observons une structure distincte
superposée, ol les agrégats contenant 8, 18, 34, 58 ou 92 atomes montrent un maximum de
la valeur d’énergie du plasmon. Ces nombres correspondent parfaitement a un remplissage
complet des états 1p, 1d, 1f, 1g et 1h définis dans le modele en couches électroniques, révélant
clairement un effet de sous-couches.

Les spectroscopies d’absorption optique, de fluorescence et d’excitation sur des agrégats
d’or Auy, (m=19,20,21) sélectionnés en masse et isolés dans une matrice de néon solide ont
été mesurées. Ce sont les premiéres données optiques d’agrégats d’Au neutres de nombre
d’atomes bien défini et sans liguants. L'agrégat Auyg, célébre pour sa structure tétraédrique,
montre un spectre d’absorption riche en structures, superposé a un fond continu croissant
dans la partie UV du spectre. Les agrégats de Auy; et Aujg montrent la méme tendance, toute-
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Résumé

fois sans aucune structure superposée. Il est intéressant de noter que les trois types d’agrégats
d’or montrent une forte fluorescence centrée autour de 1.85 eV, ol celle d’Auyg est la plus
marquée. La comparaison avec des agrégats d’Au en I’absence de tout liguants démontre
clairement que cette fluorescence provient de I'agrégat d’or lui-méme et qu’elle n’est que
faiblement influencée par les liguants.

Pour la premiere fois, de petits agrégats de composés organo-métalliques d’argent-pyridine
Ag, Py, (a=1,3; b= 1,2), des prototypes pour I'étude de la diffusion Raman amplifiée par effet
de surface, ont été produits et isolés dans une matrice de néon. Leurs spectres d’absorption
optique et de fluorescence ont été mesurés. Des sections efficaces de diffusion Raman avec
un facteur d’amplification de 102 ont été observées, ce qui est en bonne adéquation avec de
récents calculs time-dependent density functional theory (TDDFT).

Mots-clés : Agrégats, matrice de gaz rare, argent, or, pyridine, absorption optique, fluorescence,
SERS, vide, cryogénie.
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|§ Introduction

“If I have seen further, it is only by standing on the shoulders of giants.” — Sir Isaac Newton [1]
This is how human beings push science forward.

Physics, named from Ancient Greek: ¢pvoi¢ (nature), and called as ‘natural philosophy’ until
the late 19/ century, is a branch of science and is currently defined as the study of matter,
energy, and the relation between them.

The history of physics goes back to Ancient Greece times, at which time a Greek philosopher
Aristotle (4'" century BCE) proclaimed that all matter was made up of four elements: earth,
water, air, and fire. During late 17/" and early 18" centuries after two thousand years with
several stages of scientific revolutions by many epochal physicists such as Archimedes and
Galilei [2], an English physicist and mathematician Sir Isaac Newton established three laws of
motion [3] and a law of universal gravitation [4], which laid the foundation of classical physics.
At the beginning of the 20°" century after more than two hundred years with the development
of thermodynamics by Thomson and the promotion of electromagnetic theory by Maxwell, a
major revolution shook the world of physics. The establishment of theory of relativity by a
young German physicist Albert Einstein [5] and the foundation of quantum mechanics by a
group of genius physicists leading by Max Planck [6] have knocked on the door of modern
physics, which led to a new era.

Today, classical physics is still being used to describe the behavior of large-scaled bulk matter
like the well-known tourism scenic flight by a hydrogen balloon who is light enough to over-
come the gravity, and quantum physics is used to explain the phenomena in atomic-scaled
particles such as the famous experiment of spectral series of hydrogen atom which led to the
development of quantum electrodynamics. But there is still something in between that we
don’t know clearly even today. A natural question then come out: What is between bulk and
atom?

The answer is: cluster! In fact, cluster is not new. The glaziers in Middle Ages have already
known how to produce beautiful and colorful stained glasses for church windows by special



Chapter 1. Introduction

treatments of metal-containing glasses. The first investigation of clusters was perhaps per-
formed in 19"
glasses behind due to the scattering of light by small metal particles embedded. This work was

followed by Mie using electrodynamic at the beginning of 20’ century, who then proposed a

century by Rayleigh [7] who revealed the secret of color-changeable stained

smart way of the study of cluster in 1908: “Gold atoms sure optically behave differently than
small gold beads, so it would be very interesting to study their optical absorptions and track
the process on how to build the gold particles from the atoms” [8]. But it was until more than
half a century later that his idea about the study of optical properties of gold particles with
sizes beyond the resolution limit of light microscopes has been realized thanks to the new
field of cluster science.

What is cluster? Cluster is usually defined as a number of unspecified objects gathered together,
composed of a certain number n of atoms with 2<n<10’. Cluster bridges the gap between
bulk and atom. The study of cluster helps people to explore how a bulk is made up from one
atom and how the micro property of atom transits to the macro property of bulk, thus to
understand the transition from classical physics to quantum physics.

The development of cluster science begins at 1960s, during which time most of cluster work
focused on the investigation of small metal particles in glasses for their electromagnetic
properties [9]. At that time, new cluster sources were also improved to produce clusters of
only a few atoms in gas phase which had shown properties that were different from those of
bulk. Up to the early 1980s clusters were still thought as either small molecules treated with
molecular physics and quantum-chemical methods, or bulk materials described by solid-state
and statistical physics. The view of clusters changed in later 1983, when Walter Knight’s
group produced and measured alkali metal clusters up to about 100 atoms, and found the
electronic shell structure from the cluster abundance spectra where the clusters with valence
electrons that matched the spherical shell-closing numbers were produced more abundantly
[10]. Coincidently at the same time, Ekardt independently predicted a shell model for metal
clusters [11] using jellium approach adopted from nuclear shell theories, in which the cluster
was considered to be a uniformly positive charged ionic sphere core filled with delocalized
valence electrons in the mean field background created by the ionic core, resembling a giant
atom. After the discovery of electronic shell structure, the simple metal clusters were treated
as the quantized motion of collective delocalized electrons, and the detailed core structure did
not affect so much the properties of clusters. The shell (jellium) model worked well even for
clusters with several thousand atoms [12]. But the disadvantage of this model is also obvious:
it neglects the ionic structure and works only for spherical metal clusters with electronically
closed shell that satisfies the s-wave character of valence electrons, and for open-shell clusters
the spherical shape is unstable towards distortion due to Jahn-Teller effect [13]. Hence, the
shell model has its main applicability only in alkali metals such as sodium and potassium,
and to some extent coinage metals like copper and silver. This problem had been noticed
by Clemenger [14] who then adapted the deformed nuclear shell model of Nilsson [15] to
metal clusters and explained the fine structure of cluster abundance spectra, giving birth to
ellipsoidal shell model. From then on, the development of cluster science was rapid.



Cluster starts with the smallest size containing 2 atoms and ends with the largest size con-
taining 107 atoms. The matter is like a long snake, with the head called bulk, the body called
cluster, and the tail called atom. Generally, the physical property of a cluster is more sensitive
to its size toward the tail than toward the head. For these very small clusters the surface is
important, with the proportion of surface atoms of more than a quarter even for a cluster
with 500 atoms. Therefore, the study of small cluster (usually defined as 2<n<500) is more
interesting than that of large cluster (usually defined as 500=n<107) because the change of
physical property is more pronounced and dramatic for small cluster when add or remove
one atom.

The evolution of geometrical and electronic structure of cluster with size is still quite chal-
lenging and not very clear. How the famous tetrahedral structure of Auy [16] evolves to the
face-centered cubic (fcc) crystal structure of bulk gold? How the plasmon energy of 4.0 eV of
Ag atom descends to the one of 3.3 eV of bulk silver [17]? Theoretically, geometrical structure
and electronic structure are linked together: one of the two can be derived from the other.
When we know the geometrical structure, the electronic structure can be calculated by time
dependent density functional theory (TDDFT) [18, 19, 20]. Vice versa, when we know the
electronic structure, the geometrical structure can be deduced as well. The electronic structure
is accessible either via photoelectron spectroscopy (PES) or optical spectroscopy (OS). The
geometrical structure can be determined by ion mobility measurements [21, 22, 23, 24] and
electron diffraction [25, 26]. Technically for small clusters it is very difficult to observe theirs
geometrical structure by experiments directly, thus an effective way is to detect its electronic
structure first by measuring their optical properties. This is actually the idea of Mie.

The optical properties of metal clusters reveal their electronic and geometric structures,
showing a fingerprint effect. Although our knowledge on the optical properties have been
greatly improved over the last decades, the optical spectroscopy on small clusters was only
limited to laser excitation techniques like resonant two photon ionization spectroscopy (R2PI)
[27], laser induced fluorescence (LIF) [28] and photodepletion spectroscopy [29, 30] due to
the low density of cluster specimens. Although big efforts have been made to enhance the
cluster density by collecting them in a radiofrequency ion trap [31], limited success have been
achieved. A promising way is to embed clusters in a solid rare gas matrix, which allows one to
use optical absorption directly.

On one hand, small cluster has so high ratio of surface to volume that such large fraction
of surface atoms make it very difficult to measure the pure property of cluster itself when
embedded in a matrix due to the interaction between them on interface. On the other hand,
free cluster without matrix in gas phase is also not possible to be measured because of very
small target density. Hence, how to choose a perfect matrix that has the least interaction with
cluster is a critical point for the study of cluster. A smart way is to use a rare gas solid as matrix
at low temperature, the inert environment of which allows the study of even the most reactive
particles. Among all the rare gas solid, neon provides the weakest interacting medium but
technically requires the lowest sublimation temperature.
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The first measurements on matrix isolated small metal clusters have been performed almost 40
years ago [32]. But the matrix with a rather wide size distribution of clusters made any spectral
assignment impossible. This problem has been resolved by soft-landing mass-selected clusters
into rare gas matrices [33]. This technique, developed in Lausanne and still state of the art,
is commonly used in matrix isolated spectroscopy on small clusters [34, 35, 36, 37]. The
advantage is that the neutral clusters with well-defined size can be investigated.

The complexity of optical properties of metal clusters starts from alkali metals, over the
coinage metals to the open d-shell metals. For alkali metals, their optical properties are
completely determined by s valence electrons. Among coinage metals, silver is the simplest
case because of the large s-d separation, manifesting a pronounced surface plasmon. Copper
is the intermediate case with small s-d separation and small relativistic effect, showing a
damped surface plasmon. Gold is the most complex case since it has a small s-d separation
with strong relativistic effect, implying a heavily damped surface plasmon. For open d-shell
metals, the experiments are quite challenging and the results on such systems are sparse.

The optical properties of metal clusters are important in a new field called plasmonics
(38, 39, 40, 41, 42]. Transition metal clusters, in particular silver and gold, have a great deal
of important applications in biolabelling, nanophotonics, light energy harvesting, catalysis
and so on [43, 44, 45, 46]. The plasmonic properties of these transition metals are key for
the development of applications. These properties, defined by the dielectric function of the
bulk materials, have been thoroughly characterized for nano-scaled particles in the frame-
work of electromagnetic theory [47]. However, there is a particular interest in the so-called
non-scalable cluster size regime where the dielectric function evolves from single molecu-
lar transitions into bulk regime and where each constituent atom counts and changes the
physical property of the cluster [48, 49, 50]. For the optical properties, this is the range where
molecular like electronic transitions evolve into surface plasmon whose shape depend on the
symmetry of the cluster, changing smoothly for large clusters but dramatically for small ones
as a function of size.

Small metal clusters are ideal objects for thorough tests of theoretical calculations since they
are small enabling all electron, fully relativistic, as well as time-dependent density functional
calculations. Recent progress in TDDFT allows to extend the size range for the investigation of
optical properties up to more than 100 atoms for the simplest transition metal clusters [18, 19].
Therefore, there it is highly desirable and demanded to measure high quality optical spectra
of small metal clusters under well-defined conditions, such as low temperature, defined
cluster size, and most inert environment. For many metals, there is only limited experimental
information on these studies, for some elements these are yet unknown. Measurements of
optical absorption on size-selected silver clusters have been performed up to 9 atoms in Ne
matrix [51] and up to 39 atoms in Ar matrix [52], and for gold and copper clusters only in Ne
matrix up to 9 atoms as well [53, 54].

The realization of metal clusters stabilized in the inert gas matrix, and accessible to high-



resolution optical spectroscopy, also allows to perform surface enhanced Raman scattering
(SERS) studies on very well defined structures of molecules attached to small metal clusters.
Raman scattering is a powerful method to detect molecules and identify them by their vi-
brational fingerprint. The intrinsically weak Raman cross section (1073° cm?) can be greatly
improved by SERS where the molecule is in the vicinity of a nanostructured metallic surface
on a metallic nanoparticle [55]. Typical enhancement ratios of SERS are 103 - 108 and can
reach 10 in particular cases.

SERS has been discovered almost 40 years ago [56, 57]. But a complete understanding has
not yet been achieved. Two contributions are generally believed to enhance the Raman cross
sections: chemical enhancement by resonance with a molecular transition or cluster molecule
charge transfer transitions, and electromagnetic enhancement by plasmon excitation. Raman
cross sections as large as 1071° cm? have been found which makes single molecule detection
possible when adsorbed on silver nanoparticles [58]. The amplification of the electrostatic
field in the surface plasmon excitation of silver plays an important role in SERS. Theoretical
calculations predicted large enhancement factors for molecules like pyridine (Py) attached to
small silver clusters [59, 60, 61]. Giving the importance of SERS with small metal clusters for
applications as well as a fundamental understanding of the underlying processes, it is highly
desirable to obtain experimental data on size-selected neutral cluster molecule complexes.
Freezing the Ag,Py;, complexes in Ne matrices should provide an ideal system to measure
Raman cross sections for a well-defined cluster size and environment. Based on this system,
optical absorption, fluorescence and Raman spectroscopy should allow to test the theoretical
predictions and thereby make a first step to the detailed understanding of the enhancement
effect.

My thesis is devoted to the study of optical properties of small metal clusters. We will perform
optical absorption measurements in the UV-visible range on size-selected Ag clusters in the
size range n = 20 — 120 atoms. We expect to explore the evolution from molecular like single
electron transitions into collective type transitions, the surface plasmon. This allows to trace
the evolution of the dielectric function from molecules to the extended solid. Experiments
will be compared to TDDFT calculations. In addition, we will perform optical absorption
measurements on the famous Auyg in order to compare with the theoretical models. As a
second step, we will perform SERS studies on size-selected Ag,Py), clusters in the size range
a=1,3 and b=1,2. This allows us to test the theoretical models and better understand the
mechanism of SERS.

For better organizing the thesis, we separated theoretical models (Chapter 2), experimental
techniques (Chapter 3), and experimental results on silver clusters (Chapter 4), gold clusters
(Chapter 5) and silver-pyridine compounds (Chapter 6). We hope this division increases the
clarity of the presentation.

A brief overview of theoretical approaches in treating optical properties of metal clusters is
given in Chapter 2. Two size effects of optical properties on metal clusters are shown here:
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extrinsic size effect and intrinsic size effect. The first one is based on solid-state theory, and
the optical response of the clusters follows classical electrodynamics. The second on is to
calculate the optical response directly from the electronic structure of the clusters by applying
quantum-mechanical methods.

A new setup for optical measurements (including absorption, fluorescence and Raman scatter-
ing) on size selected small clusters and cluster-organic compounds embedded in rare gas solid
Ne matrixes is presented in Chapter 3. The object is to study the electronic structure of metal
clusters and the surface-enhanced Raman scattering (SERS) of metal-organics combinations.
Clusters of all elements with mass range of 116,000 amu can be fabricated and mass-selected.
Simulations are shown to manifest the capability of mass-selection and transmission of cluster
ions in the device. The design, construction and performance of the setup are discussed
and demonstrated on the mass spectra of Ag, (n=1-140), Au,, (m=1-40) and Ag,Py; (a=1-11,
b=1-3).

Emphasis will be given to the experimental results of optical absorption on small silver
clusters with size range of 20 — 120 atoms in Chapter 4. Results of clusters of Ag, (n=
20,35,55,58,84,92,120) are shown here and compared to TDDFT calculations. Plasmon
absorption as a function of cluster size is presented. This fills the gap of silver clusters in
intermediate size range of several tens of atoms [17, 62]. Clusters with atom number of
8,18,34,58,92 show a localized maximum value of plasmon energy, the numbers of which
correspond to the fully filled states of 1p, 1d, 1f, 1g and 1h according to the electronic shell
model, manifesting a sub-shell effect.

Experimental results of optical measurements on the gold cluster of Au,, (m=19,20,21) are
shown in Chapter 5, including optical absorption, fluorescence and excitation spectra. The
results have been compared to the TDDFT calculations. This helps to explore and verify the
electronic as well as geometric structures (e.g. the beautiful tetrahedral structure of Auyg [16]).

Last but not least, results of optical measurements of absorption, fluorescence and Raman
scattering on cluster-organic compounds of Ag,Py, (a=1,3; b= 1,2) are shown in Chapter 6.
The purpose is to test the theoretical models of SERS and better understand the mechanism of
enhancement effect behind.

The Appendix lists the designs of the machine and the simulations of cluster ions that are not
discussed in detail in this thesis.



4 Theory

In this Chapter, we will focus on the theoretical models of optical properties of metal clusters
[47, 48, 63, 64, 65].

2.1 Size dependent optical material function of clusters

All the following theoretical calculations of optical properties of metal clusters rely on the
optical material function €.

For large clusters (with a diameter larger than about 10 nm), their dielectric functions € = €(w)
are size independent and have the values of bulk material. The optical response can then be
calculated by classical electrodynamics. For metals the spectra are dominated by collective
resonances. This kind of resonance is oftenly called as surface-plasmon or Mie resonance.
The optical material functions are so important that determine not only the position but also
the shape of these resonances. Due to the comparable scale of cluster size to light wavelength,
aretardation effect of the electromagnetic field across the particle can cause huge shifts and
broadening the resonances, if the particle size is increased. This size dependence of the
optical spectra of large clusters manifests an extrinsic cluster size effect governed only by the
dimension of the particle with respect to the light wavelength.

For small clusters (with a diameter smaller than about 10 nm), their dielectric functions
€ = ¢(w, R) are size dependent and vary as a function of particle radius. The change of dielectric
functions can also cause huge shifts of plasmon resonance of optical response, although
the retardation effect does not play a role here due to the unmatch of cluster size with light
wavelength. This size dependence of the optical spectra of small clusters manifests an intrinsic
cluster size effect governed only by the dielectric function.

Therefore, extrinsic size effect dominates for large clusters and intrinsic size effect dominates
for small clusters, as shown in table 2.1.
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Cluster radius R R<10nm R=10nm
Electrodynamic of Mie theory f=f f=fR
Optical material functions e=¢(w,R) e=¢(w)
Size effects intrinsic extrinsic

Table 2.1 — Extrinsic and intrinsic size effects of the optical response of metal clusters.

2.2 Extrinsic cluster size effects

2.2.1 Bulk metals (Drude model)

Most of bulk metals are free-electron metals, and their electronic as well as optical properties
are determined completely by the conduction electrons, including alkali metals, magnesium,
aluminum, and also noble metals to some extent. For free-electron metals, their valence band
is fully filled by electrons, but the conduction band is only partially filled. The linear response
of these metals to electromagnetic field is determined by the dielectric function €(w). For alkali
metals, their dielectric function are governed only by the transitions within the conduction
band. For other metals, interband transitions from low-lying bands to conduction band or
from conduction band to higher unoccupied levels also contribute to the dielectric function.
Noted that for noble metals both types of transitions exist.

(1) Free electron optical response

For free electron metals, a simple approach to the optical response is the Drude-Lorentz-
Sommerfeld model. In this model, it assumes that all the conduction electrons are indepen-
dent and fully coupled in phase. That is, the response of a metal particle can be considered first
microscopically by the influence of one free conduction electron alone by external forces, and
then macroscopically multiplying the effect of the single electron by the number of electrons.

The response of a free electron of mass m, and charge e to an external electric field E= E;e‘ wt
can be described as:
i + ra7 Ege ™10t @.1)
Me—— + mI'— = eEye , .
o2 "% ot 0

where T is the damping constant. Equation 2.1 gives the dipole moment p = e7 and the
polarization P = n'p, where n is the number of electrons per unit volume. Introducing the
polarizability « by P = na E, we have P = na E = neT . Using the definition of dielectric

8



2.2. Extrinsic cluster size effects

functione bye =1+ T))/(Eog), we get:

—

1 1 r
e-1=—na=—ne=. (2.2)
€0 €0 E

Solving equation 2.1 and substituting 7 into 2.2, we obtain:

oY% wpt (@) + 162(®) 2.3)
ew=1-——"—=1- +1 =¢&1(w) + 162 (w), )
(@) w?+1Tw w2 +T2 wWw?+T?) ! 2
where

wp= (nezlsome)”2 (2.4)

is the Drude plasma frequency. The damping constant (or say relaxation constant) I" can be
related to the electron mean free path ¢ by I' = vr/¢, where v is the Fermi velocity. For w > T,
we have:

2 2
w w
£2(w)~1-—2T. (2.5)
w

We can see from equation 2.5 that w = w, when &) (w) = 0. Namely, the resonance (v = w1)
occurs when:

€1(wy =wp) =0. (2.6)

This plasma frequency of w, is also called the volume plasmon frequency. The real part of the
dielectric function describes the polarization, and the imaginary part of the dielectric function
describes the dissipation of matter, respectively.

It is common to express the dielectric function £(w) in terms of the electric susceptibility y, as:

e) =1+ x2S (w), 2.7)
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where yPS(w) denotes the free-electron Drude-Sommerfeld susceptibility.

(2) Interband transitions

Until now, only conduction electrons have been treated. However, all other electrons in
deeper levels also contribute to the dielectric function. The influence of interband transition
gives an additional contribution ¥’ (w) to the susceptibility. The resulting dielectric function
is determined by the band structure E (75) and transition matrix elements M; fr describing
the interband transition between initial (i) and final (f) state. Using the electric-dipole ap-
proximation for the electron-photon interaction, the expression of XI B (@) can be written as
[47]:

3702 T _
IB=8h2ne f 2d k3 ?Mif(k)lz
meff i,f/BZ (2m)
{ 1 (2.8)
[Ef(k)—E;(k)(Ef(k) - E;i(k))? - h2w?]
T
+12h3w2

S1E;(k) - Ei(K) —hw]}.

In this equation, the integral is over the Brillouin zone and ¢ is the unit vector along the
direction of the electric field. Therefore, the total complex dielectric function including the
interband transitions (as shown in figure2.1) is given by:

e) =1+ yP5(w) + y'B(w). 2.9)

Thus the real part of dielectric function can be expressed as:
e1() = 25 () + y B (w). (2.10)

Assuming that the matrix elements are independent of wavevector, i.e. constant throughout
the Brillouin zone, the imaginary part of XgB (w) can be expressed as:

1
13" (@) o EZf|M,-f|21,~f(w), 2.11)

10
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4 Ag |
)
2~ _
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! I N B 4k | | | | A
0 2 4 6 8 10 0 5 10 15 20 25
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Figure 2.1 — Left: Decomposition of measured €, (hw) into the free electron contribution

e{ "“®(Drude) and the interband transition contribution y/. Due to y!Z, the plasmon energy

for €1 (hw) = 0 is red-shifted by about 5 eV from the free electron value. Right: Dielectric
functions & (hw) and &2 (hw) for bulk solid silver. Below about 4 eV ¢(hw) is dominated by free
electron behavior, above 4 eV by interband transition [47].

where J; r(w) is the joint density of states given by the integral over the Brillouin zone:

2 [ &% F)—E(K) -
Jif(w) = (Zn)3fBzd kS[Ef(k)—E;i(k)— hw). (2.12)

The real part of X{B (w) can be calculated using Kramers-Kronig relation between €, (w) and
£2(w).

2.2.2 Quasistatic response of a small metal sphere

For a small metal sphere (R « A), the understanding of the optical response can be facilitated
by the application of electrostatics. The positive charges in the clusters (i.e. core) are assumed
to be immobile and the negative charges (i.e. conduction band) are allowed to move under
the external field. Thus a displacement between the positive charges and the negative ones
occurs if a metal cluster is placed in an external field. Using the boundary conditions at the

11
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sphere surface, the static polarizability of a small sphere can be calculated as:

E—€py,

a=4negR® (2.13)

£+2em,

In the special case of metals we have £(0) = —oo and this leads to the classical static electric
polarizability:

A = 47r50R3. (2.14)

The polarizability shows resonance behavior when:

le+2em| = Minimum,

: 2 2 .. (2.15)
i.e. [e1(w)+2ep,+]+[e2(W)]” =Minimum.

Therefore, the resonance (w = w;) occurs when:
&1(wy) = -2¢5,. (2.16)

Here ¢,;, shows a medium effect. In vacuum (¢, = 1), we find the resonance position at:

w1 =—, (2.17)

or inserting equation2.14 at the frequency:

N2
Wy =1 ——, 2.18)
Melc]

where N denotes the total number of conduction electrons in the sphere.

Sometimes the w; of equation of 2.17 is interpreted as the classical surface plasmon frequency.
Plasmon conditions for various sample geometries are compiled in table 2.2.

12
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Geometry Resonance condition Resonance frequency
Bulk metal e1(w)=0 W] =wWp

Planar surface e1lw)=-1 wy = 3—%

Thin film iij =texp[-(k)xd] :“\;—’%\/liexp[—(k)xd]
Sphere (dipole mode) e1lw)=-2 wy = u\;—g

Ellipsoid (dipole mode) ¢&;(w) = el wy = wpfm

m

Table 2.2 - Plasma resonance positions for various sample geometries in vacuum (€, = 1). Ly,
denotes the depolarization factor, d is the film thickness and x gives the direction parallel to
the film.

2.2.3 Electrodynamic calculation of a small metal sphere (Mie theory)

The above discussion of the quasi-static regime serves as a first rough estimate which only
holds for sufficiently small particles and needs to be extended considerably in order to account
for larger particle sizes. The general solution of the diffraction problem of a single sphere
of arbitrary material within the frame of electrodynamics was first put forward by Mie in
1908 [8]. He applied Maxwell’s equations with appropriate boundary conditions in spherical
coordinates using multipole expansions of the incoming electric and magnetic field, as shown
in figure2.2. The input parameters were the particle size and the optical functions of the
particle material and of the surrounding medium. Note that, all Mie theory calculations are
restricted to electrically neutral clusters.

It is common to express the optical properties in terms of absorption and scattering cross
sections 0 45 and o0 s¢4. Following the Lambert-Beer law, we have:

Alyps(2) = Ip(1 — e 79abs?)

(2.19)
Alseq(2) = (1 — e #0sca?),

where # is the number density of clusters. Hence, the extinction cross section, contributed by
both absorption and scattering, is given by:

Oext =Ogbs T Osca- (2.20)

The extinction, scattering, and absorption cross sections can be calculated from Mie theory by

13



Chapter 2. Theory

Total Mie extinction E

/N

Dipole mode (L=1) Quadrupole mode (L=2) Higher order modes (L=3,4,5...)
Electric modes Magnetic modes Electric modes  Magnetic modes
Absorption ya: Scattering vs: Va1 Vs'1 Va2 Vs2 Va2 Vs2

Figure 2.2 — Scheme for decomposing the total Mie extinction spectra in dipolar, quadrupolar
and higher modes of electronic excitations. Each multipole contributes by electric and mag-
netic modes, i.e. plasmons and eddy currents which each consist of absorption and scattering
losses [47].

series expansion of the involved fields into partial waves of different spherical symmetries:

2 o0
Oext = _>_T[ Z (2L+1)Re(ar + br)
| k|2 =1
2 &
Osca=—=— Y QL+ (larl*+1br*) (2.21)
| k%2 1=1

Oabs = Oext — Osca»

with

_ mymx)y(x) -y (mx)yp(x)

— my (mx)n, (x) -y, (mx)n,(x)

_ yrm)y () - my' (mOyL(x)
BT im0 — my! (mxn(x)

(2.22)

Here m = n/n,;,, where n denotes the complex index of refraction of the particle and n,, the
real index of refraction of the surrounding medium. * is the wavevector and x = |7c>|R the
size parameter. Y (z) and 1y (z) are Riccati-Bessel cylindrical functions. The prime indicates
differentiation with respect to the argument in parentheses.

The summation index L gives the order of the partial wave, thus is the order of spherical
multipole excitations in the clusters. L = 1 corresponds to dipole fields, L = 2 to quadrupole,
L =3 to octupole fields and so on, as shown in fig2.3.

14
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Figure 2.3 — Top: Dipole mode (L = 1); Mid: Quadrupole mode (L = 2); Down: Multipole mode
(L > 2) of Mie theory.

Before presenting numerical results of the complete electrodynamic calculation, it is worth
analyzing the resonance frequencies of plasmon of metal clusters in the quasi-static regime.
In this case (R <« A1), phase retardation and effects of higher multipoles are neglected and the
Mie formula is simplified considerably. Thus equation 2.21 yields as the lowest order term:

W 32 €2(w)
o =9—¢ .
T e () + 26 )2 + £2 ()2

(2.23)

Here Vp = (47/3)R® denotes the particle volume, €, is the dielectric function of the embedding
medium, and ¢ is the dielectric function of the particle material. This extinction cross section
is due to dipolar absorption only. Again, the condition of resonance is simplified to &; (w) =
—2¢&,,. Figure2.4 shows dielectric function of €; (w) and €2 (w) of bulk metals and the effective
absorption section of metal spheres of copper, silver and gold.

For free electron metals with w > T the resonance position and shape can be approximated
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Figure 2.4 — Left: Dielectric function of €; (w) and €, (w) of a bulk metal. Right: The effective
absorption section of a metal sphere using Mie theory. [66]

by inserting equation 2.5 into 2.23. In the vicinity of the resonance, the lineshape is then
described by a Lorentzian:

1

o0 (w—w))2+T/2)%° (2.24)

Oext =

The resonance position follows from equation 2.23 as w1 = wj,/+/1 + 2&,. For the positions of
higher multipole orders in the quasi-static limit of Mie theory, we have:

0L =W, ————. (2.25)
b L+1
1+ em
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Up to now we have assumed the presence of one single Mie resonance for each L which is by
no means the general case.

2.2.4 Extrinsic size effect

For large clusters in the cluster size range from 10 to 100 nm, the quasi-static approximation
does not hold anymore, and extrinsic size effects due to retardation of the fields across the
cluster come into play.

It is difficult to prepare samples of monodieperse clusters of a given size. Clusters in matrices
or on surfaces commonly have size distributions of considerable width.

Symmetric distributions are usually described by the Gaussian distribution, also called normal

distribution:
1 (R—Ry)?
fNormul(R) = \/EO' €xp _T"Z ’ (2.26)

where o is the standard deviation. This equation frequently describes colloidal systems.

Asymmetries the distributions can be described by two half-Gaussian functions of different
widths, centered around the maximum value Ry:

_ 2
&) (2.27)

fGauss,i(R) = CeXp 20__2_'—

where o, holds for R = Ry and o_ holds for R < Ry. The full width at half maximum (FWHM)
is related to the standard deviation 0 by FWHM= (21n 2)Y2(g, +0_). Cis determined by the
normalization [ f(R)dR = 1.

Alternatively cluster samples produced by gas aggregation can be quantitatively modeled
using the /og normal distribution as below:

(2.28)

foR) = _[In(R) —1n<Ro)12)
og -

1
\/2_71—1n(ﬁ)exp( 2[In(p)]2
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Figure 2.5 — Absorption cross section as function of wavelength for size distributed free sodium
clusters in vacuum with fixed mean cluster sizes R = 20 nm, 40 nm, 60 nm, 80 nm and 100 nm,
and full width at half maximum (FWHM) of the cluster size distribution of 0%, 50% and 100%,
respectively. [47]

where £ is a measure of the width of the distribution. If the cluster size distributions are narrow
it is difficult to distinguish between the lognormal and the normal distribution. As optical
material functions the data for bulk sodium were chosen for the wavelength region from 330
nm to 800 nm. Several important features can be illustrated with figure2.5.

(1) For monodisperse particles (FWHM=0) of 20 nm mean radius, the absorption cross sec-
tion is dominated by the dipole resonance, centered around 1; = 400 nm. The electrostatic
approximation without phase-retardation effects would lead to a size-independent resonance
at A; = 384 nm for the dipolar mode. Although the particle size is only 10% of the wavelength
of the light, the shift introduced by phase retardation amounts to about 16 nm, still showing a
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small extrinsic effect.

(2) With increasing cluster radius, higher order resonances come into play in the absorption
cross section. For R = 40 nm, the quadrupole oscillation becomes clearly visible and even
overcomes the dipole contribution for R = 60 nm. Further increase in particle size leads to
octupole resonances and for R = 100 nm the dipole resonance is even negligible.

(3) The change of the absorption cross section due to nonzero width of the cluster size distri-
bution is pronounced. Clearly seen from figure2.5 (from top to down), the structures due to
the various multipoles are smeared out when the FWHM increases, leading to larger apparent
widths of the resonances. However, the position of the peaks is not affected seriously.

Cathedral colorful stained glass is a good example to show the extrinsic effect of metal clusters.
The wavelength of absorption light changes with the size of metal clusters embedded in the
window.

The width of the cluster size distribution has also another interesting consequence. For
R « A, absorption is proportional to (|7c>|R)3’/|7c)|2 and for scattering to (|7c)|R)6/|7c>|2. Asa
consequence, for broad size distributions the resulting extinction spectra are dominated by
the largest heavily scattering particles.

Mie theory is not specific to any type of material and can be applied to the interaction of light
with any sphere of given dielectric function, for instance, also for the rainbow produced by
water droplets. However, this is a tedious calculation because the cluster sizes are of the order
or even larger than the wavelength and hence a very large number of multipoles have to be
considered.

2.3 Intrinsic cluster size effects

The dielectric function of €(w) represents a system rather than a material quantity since it in-
cludes surface effect which, in turn, are closely related to the cluster size. As shown in table2.1,
if sizes are large, size dependencies of the Mie absorption are caused by electrodynamic effects.
We have called these effects extrinsic, being due to size dependent interference of the retarded
electromagnetic scattering fields outside the clusters.

We defined as extrinsic size effect those properties of the Mie spectra depending on R and
bulk dielectric functions €(w) that occurs for sizes above 2R = 10 nm, and intrinsic size effect
which results from the cluster material in the form of size dependent dielectric functions
€(w, R) that occurs in quasi-static regime (R <« 1) where the electrodynamic effects vanish.
Hence, the two kinds of effects are automatically separated from each other: at small sizes,
there are only intrinsic size effects and at large sizes, the extrinsic ones dominate.

Intrinsic size effects can be be due to many different reasons. they reflect changes of the
atomic structure of the cluster, and the influence of the cluster surface. The dielectric function,
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defined as an average over microscopic polarizabilities, changes in clusters due to the limited
volume for averaging, the existence of the surface, inhomogeneities of the change densities,
local polarizabilities etc., that means generally changes of the electric and the atomic structure
across the cluster.

2.3.1 Size dependent optical material functions

Some general features of £(w, R) are obvious:

g(w,R — 00) = e(w, bulk)
(2.29)
le(w,R— Rgrom)l is finite

A common feature of small particles is that the additional contribution to I'o, which called
AT'(R) is proportional to (1/R). Therefore I in the Drude dielectric function of 2.3 is replaced
by:

v
T'(R) =Too+ AT(R) =Too + A?F, (2.30)

where the parameter of A is a theory-dependent quantity of the order of 1. For small particles,
surface scattering obviously becomes the dominant contribution to the relaxation. The (1/R)
law simply reflects the ratio of surface scattering probability (being proportional to the surface
area 47 R?) and the number of electrons (which is proportional to the volume 4?”R?’), that is
the surface to volume ratio.

Early quantum mechanical concepts for clusters started from the solid state physics point
of view. Soon afterwards people realized that the continuous electronic conduction band of
a solid should break up into discrete states (levels) if the dimensions of the metal become
small enough. Towards large cluster sizes the number of levels increases while the gap width
decreases, finally leading to the band structure of the bulk.

A starting point for the calculation of the optical response of metal clusters is the polarizability
or the dielectric function of the cluster material, including the influence of the confining
surface. If the metal clusters are so small that the conduction band breaks up into the discrete
levels separated by energies 6 large compared to thermal energies (6 > kT) as shown in
figure2.6, and if, furthermore, the level widths due to lifetime limitations §; are so small
compared to the level distance (§; < 8), then the Drude expression of 2.3 is no longer valid.

Ruppin and Yatom [68] have proved the similarity of various theoretical approaches regarding
the prediction of the (1/R)-law. Formally, €2 (w, R) can be decomposed into bulk contribution
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Bulk Metal Metallic Cluster Insulating Cluster Molecules

6 < kT 0 > kT 6 >> kT

-

ﬁreasi ng Size Decreasib

Figure 2.6 — Evolution of the band gap and the density of states as the number of atoms in a

system increases (from right to left). § = % is the so called Kubo gap, where N is the number
of valence electrons and Ey is the fermi level. [67]

€2 pulk (w) and the size-dependent free electron contribution y2(w, R):

£2(w, R) = €2, puik (@) + y2(w, R). 2.31)

The term &5 p,11 (w) is determined by the limit R — oo provided that y, goes to zero. Ruppin
and Yatom compiled various ways to determine y»(w, R) and yielded the (1/R)-law:

e? 1
X2, R) = Zj%ﬁgj(v)ﬁy (2.32)

with Z; =32/ 7, 4/, and 12/7? for the sphere, the film and the cylinder geometry, respectively.
R denotes the radius of sphere and cylinder and half the thickness of the thin film. The
functions g;(v) of the variable v = hiw/ Er are monotonic functions close to unity with Er
being the Fermi energy.

The (1/R)-law appears to be universal for €3 (w, R) and I'; (R). One fundamental problem still
open: the limiting case y2(R — 0) — oo has no physical meaning, hence, a lower limit at some
finite R must occur where the (1/R)-law begins to fail.
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2.3.2 Direct quantum mechanical calculations (Jellium approximation)

The theory discussed in Section 2.3.1 introduced a complex, cluster volume averaged, €(w) of
the cluster material, yielding the optical response of the clusters if € (w) is inserted into the Mie
equations.

The interaction of metal clusters with visible light usually gives rise to excitations of electrons.
Energies of vibrational or rotational excitations lie in the infrared spectral region and thus
beyond the scope of this Chapter.

In small clusters, the single-electron transitions directly reflect allowed transitions between
different individual electronic levels. For larger sizes, the additional collective excitations of
the metal electrons constructed from the single-electron transitions are the plasma or Mie
resonances. Since this Section is restricted to clusters with 2R < 1, collective excitations
refer here to the dipole resonance alone. Currently, the question of how collective excitations
emerge from molecular excitations is one of the most intensely discussed topics in cluster
physics.

Quatum-mechanical studies of small metal clusters can be done either with quantum-chemical
methods or with approaches borrowed from solid-state quantum theory. Although being
successful in studying ground-state electronic properties, especially for very small clusters,
quantum-chemical all-electron calculations of larger clusters are limited by available time
and capacity of computers. In contrast, some simpler methods, like jellium approximation,
give reasonable results for large and small clusters but have apparent limitations for very small
clusters.

The jellium approximation commonly used for simple-metal crystals neglects the structure
of the ion lattice and replaces it by a uniform, positively charged background. In the jellium
theories, the electrons move in fact in one central potential of the whole cluster which then
resembles a giant atom. Consequently, like atoms, the electron eigenfunctions are labelled
by the quadrupole of quantum number v, I, m, and s. The states are filled with electrons
according to the Pauli exclusion principle. Whenever 2(2! + 1) states are occupied for a given [,
itis called a completely filled /-shell. Then the total angular momentum is zero. Such clusters
are proved to be very stable, assigned as clusters with electronic magic number. For spherical
symmetry they are 2,8,18,20,34,40,58,68,70,92, etc, as shown in table2.3. The geometric
magic numbers of hard sphere packing structures have also been listed, which have been used
to describe abundances of rare gas clusters.

According to Lushnikov [69] and Ekardt [70], the position of the collective dipole resonance can
be estimated if we assume that all the optical oscillator strength is stored in just one collective
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Geometrical magic Number of Electronic magic Last filled
numbers atomic shells numbers electronic shell
1 0 2 1s

13 1 8 1p

55 2 18 1d

147 3 20 2s

309 4 34 1f

561 5 40 2p

923 6 58 1g

1415 7 68 2d

2057 8 70 3s

2869 9 92 1h

Table 2.3 - Geometric and electronic magic numbers of the metal clusters.

mode, namely the surface-plasmon mode. The peak position is as given by equation2.18:

Ne?
W) = . (2.33)
Mea
With a.; being the classical static polarizability, equation 2.33 can be written as:
Wp &l
W) = —4 ] ==, (2.34)
V3V a

This means that, as long as the static polarizability a(0) of a cluster is enhanced with respect
to the bulk value, the surface-plasmon resonance is red-shifted.

2.3.3 Shell model for simple metal clusters

Up to the early 1980s clusters were primarily thought of as small molecules. However, this
changed in late 1983 when Walter Knight’s group, with Keith Clemenger, Walt de Heer, and
Winston Saunders, produced and detected clusters of alkali metals with up to about 100
atoms. They found a striking order from the cluster abundance spectra : clusters in which
the number of valence electrons matched the spherical shell closing numbers were produced
more abundantly, as seen in figure2.7, reflecting a shell structure. By a coincidence, Ekardt
independently and simultaneously predicted this shell structure in his model for alkali clusters
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using the jellium approach.
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Figure 2.7 — Sodium cluster abundance spectrum: (a) experimental; (b) dashed line, using
Wood-Saxon potential; solid line, using the ellipsoidal shell model. [63]

For monovalent simple metals, the conduction band is approximately free-electron-like and
the Fermi surface is nearly spherical. For sodium especially, deviations from a perfect sphere
are almost negligible. Correspondingly, the jellium model ignores the ionic core structure
altogether and replaces it by a uniform positive background, and this approach has led to
valuable insights into the electronic structure of bulk metals.

In contrast with the jellium calculations, a related semiempirical model - shell model - based
essentially on the Sommerfeld model takes for granted that a very simple effective single-
particle potential is a good starting point.

(1) Shell model for spherical metal clusters

In metal cluster physics the quantum numbers follow the nuclear (i.e., not the atomic) con-
vention, so that each shell is characterized by the radial quantum number n and the angular
momentum /. For a given quantum number [, the lowest state has n = 1, etc. Figure2.8
shows the energy-level structure for three spherically symmetric wells, and it can be seen that
changing the well shape not only changes the relative level spacings, but may even alter their
ordering.
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Figure 2.8 — Energy-level occupations for spherical three-dimensional, harmonic, intermedi-
ate, and square-well potentials. [63]

For comparison, figure2.9 shows the calculated self-consistent effective single-particle poten-
tial for Nayy. The energy levels are also shown and the shell structure is clearly discernable.
This particular self-consistent potential well has the shape of a wine bottle, and the energy-
level spacings approximately correspond to those of the intermediate case in figure2.8.

Now we examine the properties of a three-dimensional harmonic oscillator. The effective
single-particle Hamiltonian for electrons with mass m is:

72 mwiq?
H= p—+—0q—th0[lz—n(n+3)/6], (2.35)
2m 2

where p and ¢ are single-electron momentum and coordinate operators, [ is the angular
momentum, 7 is the shell number, and U is the anharmonic distortion parameter. U = 0
corresponds to the harmonic oscillator.
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Figure 2.9 — Self-consistent effective potential of jellium sphere corresponding to Nayo with
the electron occupation of the energy levels. [63]

The spherical shell model predicts an energy eigenvalue spectrum:

3
En=hwo{(n+5)—U[lz—n(n+3)/6]}. (2.36)
These levels as a function of U are shown in figure2.10.

(2) Spheroidal Clemenger-Nilsson shell model

Approximating small clusters with spheres can be only be justified for closed-shell clusters.
From the Jahn-Teller theorem it follows that open-shell clusters must distort. As demon-
strated by Clemenger, the fine structure in figure2.7(a) is a manifestation of these distortions.
Clemenger introduced a deformable potential well that is particularly well suited to account
for this effect.

The Clemenger-Nilsson model assumes that the effective single-particle potential is essentially
that of a three-dimensional harmonic oscillator. This turns out to be a good approximation for
smaller clusters (i.e. N < 20). For larger ones, a small anharmonic distortion term is required.

An important feature of the model is that its shape adjusts to the electronic structure while
keeping the volume of the cluster fixed. In this way spheroidal cluster (i.e. with two equal axes
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Figure 2.10 - Single-particle energy levels as a function of the anharmonic distortion parameter
U. [63]

Ry = Ry and one unequal axis R;) can be treated.

As in the spherical shell model, the spheroidal shell model predicts enhanced stabilities for
closed-shell clusters. However, in addition, the spheroidal distortions cause sub-shell closings
which are also seen in the spectra. Hence this model reproduces not only the main features
but also most of the fine structure in the abundance spectrum, as shown in figure2.7(b).

The basic assumption of the Clemenger-Nilsson model is that for fixed volume the cluster
shape adjusts to minimize the total electronic energy. Ignoring the anharmonic term of U
gives the eigenvalues as a function of the shape:

E( )= hwo | (e + )20 4+ 1y B L, Ly Bo
Ny, Ny, Nz) = hwo | (N +=)—+ Ny +=)— + (N +=)—|,
oty e TR YT 2R, T T 2R,

(2.37)
where Ry, Ry and R, are the semiaxes of the ellipsoid, and ny, n, and n, are the harmonic-
oscillator quantum numbers (ny + n, + n; = n). For example: for the 1s state, (ny, ny, n;) =
(0,0,0); for the 1p, they are (1,0,0), (0,1,0) and (0,0, 1); for the 1p, they are (1,0,0), (0,1,0) and
(0,0, 1) etc. All the details are shown in table2.4. The volume are constrained by Ry Ry R, = RS’.
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Hence the energy of cluster with the index of N (e.g. Agy) is:

E —iE(n n n)l'—%{hw (n"+1)R°+(n"+1)R°+(n"+1)R°” (2.38)
N_i:1 x) My, Iz _i:1 0 xTy R, Yo Ry z7 9 R, : :

Using the conditions of Ry = Ry and RyRyR, = Rg and minimizing the energy of equation2.38,
we obtained the shape of cluster as a function of (ny, ny, n;):

N i i 3
Yo (ny+n,+1)

Ry=Ry . ,
* ¥V, @ni+1)
1
N i i 3
~o(ni+n,+1
R, =Ry Zl:jlv( r Y ) , (2.39)
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, 2
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Figure 2.11 — Clemenger-Nilsson diagram. Cluster number are positioned at the highest
occupied levels and at the equilibrium configuration 7. [63]
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N n (ny, ny, ng) v, D
1-2 |0 (0,0,0)12 1s
-8 [ 1] (1,0,0" (0,1,00>¢ (0,0,1)3* 1p
9-20 |2 | »00 020002 1d,2s

(1,1,0) 0,1,1) (1,0,1)

(3,0,0) (0,3,0) (0,0,3)

(1,2,0) 0,1,2) (1,0,2)
2205 bl 02y @on 1f»2p

(1,1,1)

(4,0,0) (0,4,0) (0,0,4)

(1,3,0) (0,1,3) (1,0,3)
41-70 | 4| (3,1,0) 0,3,1) (3,0,1) | 1g,2d,3s

(1,1,2) (1,2,1) 2,1,1)

2,2,0) 2,0,2) 0,2,2)

(5,0,0) (0,5,0) (0,0,5)

(1,4,0) 0,1,4) (1,0,4)

(4,1,0) 0,4,1) (4,0,1)
71-112 | 5 | (2,3,0) 0,2,3) 2,0,3) | 1h,2f,3p

3,2,0) 0,3,2) (3,0,2)

(1,1,3) (1,3,1) (3,1,1)

(1,2,2) 2,1,2) 2,2,1)

Table 2.4 — Shell model, where N is the number of free electrons in the conduction band of a
cluster, namely the number of cluster atoms with one valence electron (e.g. cluster of Agy).

Inserting equation2.39 into equation2.38, we obtain the energy of cluster as a function of

(ny, ny, nz):

=2

Ev=h i+ 1)RO i I)R)Zc
N= (1)(). nx+ny+ R_x+ nz+§ﬁ

i=1 0
; . _1 ; ; 2 (2.40)
N[ YN l+ni+D] 0 [EN (mk+nl+D)]0
= hwo ) 4§ (ny+n,+1) T +(nl+ =) T .
i=1 YN @nl+1) 27| N @ni+1)
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For spheroids, the shape can be expressed in terms of the distortion parameter:

R,—R,
R, + Ry
22N nl)— &N, nh) - (€N, ni) (2.41)

225N n) + (Y, nh + (O, ) + 2N

n=2

All the discussion from equation2.37 to equation2.41 are in harmonic case with U = 0. Fig-
ure2.11 shows the Clemenger-Nilsson diagram, giving the single-particle energies as a function
of n, with U = 0.04 of anharmonic distortion. The total electronic energy is the sum of the
single-particle energies. We find that the closed-shell clusters, i.e., 2,8,20,..., are spherical
(n = 0) and that open-shell clusters are either oblate or prolate spheroids.

(3) Ellipsoidal Clemenger-Nilsson shell model

Now we extend the Clemenger-Nilsson model by allowing distortion along three axes, allowing
the shapes to be either spheres, spheroids, or ellipsoids. Figure2.12(a) shows the cluster shapes.
For example, the atom and dimer are spherical, since only s states are occupied. The tetramer
is prolate, since then p, state is doubly occupied, and the p, energy is reduced by elongating
the cluster in the x direction. The 5- and 6-mer are disk shaped, since now both the p, and
py are filled. The 7-mer is the first three-dimensional cluster, since the p, orbital is singly
occupied, followed by the spherical 8-mer with a completely filled 1p shell.

9 10 11 13

a D 27T
@ UA {!$'=§"=S{=({l;f{=n M
] A
2s
19 20
@) o)

Figure 2.12 — Cluster shapes (a) according to the ellipsoidal shell model, normalized to the
constant volume; (b) from ab initio quantum-chemical calculations by Bonacic-Koutecky.
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Ry / Ro

Figure 2.13 — Total-energy surfaces of several sodium clusters as a function of Ry and R,
calculated in ellipsoidal shell model. Contours are spaced every 0.2eV.

The cluster shapes in the previous subsection were constrained to be spheroidal, i.e., Ry = R),.
Removing this constraint allows the clusters to assume ellipsoidal shapes. Therefore the
ground-state total-energy surfaces may also be represented simply as functions of Ry and R,
(R; = Rg / Ry Ry). But it is trivial to find the equilibrium cluster shapes analytically. Figure2.13
shows examples (assuming U = 0). Here it is evident that Nag is spherical (since the lowest
energy occurs for Ry = Ry = R; = Ry, Nag and Na are spheroidal, and Na; ellipsoidal.

(4) Polarizability by cluster shape

The normalized polarizability of a spherical cluster can be calculated from equation2.13 as
[71]:

a e—1
eV e +2

an (2.42)

where ¢, = €/¢ is the relative permitivity of the sphere.
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Now for a ellipsoidal cluster, the polarizability can be calculated as:

1
Xp,ave = g(ax tay+ az),

where:
e—1
Ax =" "0
1+ Ny(e,—1)
e—1
ay=——""—,
1+ Ny(er—1)
er—1
A= ——"
1+ Ny(e,—1)
with:

_ ReRyR; foo ds
X — )
2 b (s+R§)\/(s+Ri)(s+R§)(s+R§)

_ RnyRz foo ds
y - )
20 (s+RY\ 5+ RY(s+ R)(s+ R2)
_ RnyRz foo ds

0

2 (s+R§)\/(s+R§)(s+RJ2,)(s+Rg)’

where Ny + Ny + N, =1.

(2.43)

(2.44)

(2.45)

For a spheroidal cluster (Ry = Ry and RyRyR; = Rg’), we have the shape of cluster defined by

the distortion parameter of n according to equation2.41:

-7
R, =21\’ R,,
X 2+77 0
1
2-n\3
R, = _n) Ro,
2+7n
2
2+n)\3
R = —") Ry
2-1
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So equation2.45 can be written as:

1 [ ds’
Nx:éf ) 1
O s+ s [ + G
1 [*® ds’
-y
1 (2.47)
2 Jo S/+(2_n)§ [ /+(2+77) ]2
1 [ ds’
NZ:E_[
0 S,+(2_'I)§ [s,+(2+ﬂ)—]

With equation2.43, 2.44 and 2.47, we have the polarizability a,, 4, of cluster as a function of
shape 1.

2.3.4 Hydrodynamic model of a metal sphere
(1) Classical local Drude model

The simplest approach is the classical local-response Drude model with a homogeneous
electron density profile in the metal, assuming a constant free-electron density ng in the metal
particle, which drops abruptly to zero outside the particle.

Neglecting the extrinsic retardation effect and combining equations2.3 with 2.9, we can rewrite
the classical quasistatic Drude permittivity as:

2
Wp

_ 2.48
w?+1Tw (2.48)

ep(w) = exo(w) —

by taking interband transitions into account through 4 () = 1+ y8 ().

If the metal sphere is embedded in a homogeneous background dielectric media with permit-
tivity €,,,, the classical local-response polarizability @ can be writen as (see equation2.13 and
equation2.42):

_ 3 ED(W)—€p
ar(w)=4nR —81) @) + 26, (2.49)

where R is the radius of the particle. As we have already discussed before in Section 2.2.2, the
resonance condition is e p (w) = —2¢,, which makes a (w) maximum.
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(2) Semiclassical local Drude model

A more complicated approach is the semiclassical local-response Drude model, where the
electron density is determined from the quantum mechanical problem of electrons moving in
an infinite spherical potential well [72]. In this approach, the standard approximation in local-
response theory of a homogenous electron density profile is corrected by using insight from the
quantum wave nature of electrons to model the electron density profile and take into account
the quantum confinement of the electrons, thus taking into account an inhomogeneous
electron density.

Therefore, equation2.49 can be extended as:

R e(rw) —em
=12 2dr——, 2.50
#1Qc(®) nfo ’ rs(r,w)+2£m ( )
with a spatially varying Drude permittivity:
2
w
£, ) = £oo () — — 2 ") (2.51)

w?+iTw ny

Here n(r) is the electron density in the metal nanoparticle. Clearly, if n(r) = ng we arrive at the
classical model of equation2.49 as expected.

(3) Semiclassical nonlocal hydrodynamic model

The final approach is the semiclassical nonlocal hydrodynamic description of the electron
density which takes into account nonlocal response through the internal quantum kinetics of
the electron gas in the Thomas-Fermi (TF) approximation [72]. In this approach, the electron
density is allowed to deviate slightly from the constant electron density used in classical
local-response theories. The dynamics of the electron gas is governed by the semiclassical
hydrodynamic equation of motion, which also results in an inhomogeneous electron density
profile.

The nonlocal hydrodynamic polarizability is given as:

3 €Ep(W) — €, (1 +6n1)

ep(w) +2&m(1+6n1) (2.52)

anr(w) =4nR
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with

ep(w) — o)  j1(kLR)
Eco(W) kiRjj(kLR)’

OnL = (2.53)

Here k; = \/ w?+1Tw— w%/ €00/ P is the wave vector of the additional longitudinal wave al-
lowed to be excited in the hydrodynamic nonlocal theory, and j; is the spherical Bessel
function of first order. Finally, within TF theory  =3/5 1/12[:, where vr is the Fermi velocity. Note
that for § — 0, the local-response Drude result is retrieved, since 6 y; — 0 and equation2.52
simplifies to the classical model of equation2.49 as expected as well.

Therefore, the resonance frequency can be approximated by using equation2.16 as:

W= Wp N 2em ﬁ N
VRe[exo ()] + 265, Re[ex ()] 2R

1
O(

ﬁ)’ (2.54)

where the first term is the common size-dependent local-response Drude result for the SP
resonance (see equation2.17) that also follows equation2.49, and the second term gives the
size-dependent blueshift due to nonlocal corrections.

2.3.5 Time dependent density functional theory (TDDFT)

Recent progress in theory, in particular TDDFT, allows to extend the size range for the inves-
tigation of optical properties up to more than 100 atoms for the simplest transition metals
[73].

TDDFT can be viewed as an exact reformulation of time-dependent quantum mechanics,
where the fundamental variable is no longer the many-body wave function but the density
[74]. This time-dependent density is determined by solving an auxiliary set of noninteracting
Schrédinger equations, the Kohn-Sham equations. The nontrivial part of the many-body
interaction is contained in the so-called exchange-correlation potential, for which reasonably
good approximations exist. Within TDDFT two regimes can be distinguished: (a) If the external
time-dependent potential is “small,” the complete numerical solution of the time-dependent
Kohn-Sham equations can be avoided by the use of linear response theory. This is the case,
e.g., for the calculation of photoabsorption spectra. (b) For a “strong” external potential,
a full solution of the time-dependent Kohn-Sham equations is in order. This situation is
encountered, for instance, when matter interacts with intense laser fields.

It was in 1964 that Hohenberg and Kohn [75] discovered that to fully describe a stationary
electronic system it is sufficient to know its ground-state density. From this quantity all ob-
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servables (and even the many-body wave function) can, in principle, be obtained. The density
is a very convenient variable: it is a physical observable, it has an intuitive interpretation, and
it depends only on three spatial coordinates, in contrast to the many-body wave function,
which is a complex function of 3N spatial coordinates. Hohenberg and Kohn also established a
variational principle in terms of the density by showing that the total energy can be written as a
density functional whose minimum, the exact ground-state energy of the system, is attained at
the exact density. In this way, they put on a sound mathematical basis earlier work by Thomas
[76], Fermi [77], and others, who had tried to write the total energy of an interacting electron
system as an explicit functional of the density.

Another breakthrough occurred when Kohn and Sham [78] proposed the use of an auxiliary
noninteracting system, the Kohn-Sham system, to evaluate the density of the interacting
system. Within the Kohn-Sham system, the electrons obey a simple, one-particle, Schrodinger
equation with an effective external potential, vgs. As vigs is a functional of the electronic
density, the solution of this equation has to be performed self-consistently. The effective
potential, vgg, is usually decomposed in the form:

VKS(7) = Vext(7) + VHartree(7) + VXC(7)- (2.55)

The first term is the external potential (normally the Coulomb interaction between the elec-
trons and the nuclei), whereas the second includes the classical (Hartree) part of the electron-
electron interaction. All the complex many-body effects are contained in the (unknown)
exchange-correlation (xc) potential vxc. Kohn and Sham [78] also proposed a simple ap-
proximation to vxc, the local density approximation (LDA). This functional, that uses the
knowledge of the XC energy of the homogeneous electron gas [79], turned out to be quite
accurate for a number of applications, and is still widely used, especially in solid-state physics.

The use of the density as the fundamental variable, and the construction of the Kohn-Sham
system form the basis of what became known as density functional theory (DFT). The original
formulation assumed an electronic system at zero temperature with a nondegenerate ground
state, but has been extended over the years to encompass systems at finite temperature, su-
perconductors, relativity, etc. An extension of somewhat different nature is time dependent
DFT (TDDFT) [80]. The foundation of modern TDDFT was laid in 1984 by Runge and Gross
[81], who derived a Hohenberg-Kohn-like theorem for the time-dependent Schrédinger equa-
tion. The scope of this generalization of DFT included the calculation of photoabsorption
spectra or, more generally, the interaction of electromagnetic fields with matter, as well as
the time-dependent description of scattering experiments (which was actually the original
motivation of Runge and Gross). Again, the rigorous theorems of Runge and Gross put on a
firm basis previous work by Ando and by Zangwill and Soven [82], who had performed the first
time-dependent Kohn-Sham calculations.
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The (nonrelativistic) many-body Schrédinger equation can be described as:

a — A — —
l&‘l’({ rh)=H{r},o¥Y{r}o, (2.56)

where H is the Hamilton operator of the system and {7} = {71,..., 7x} are the spatial coordi-
nates of the N electrons. This equation describes an initial value problem, i.e., if we know
the state of the system at an initial time £y, equation2.56 allows us to calculate W at any other
time ¢. This is quite different from the solution of the time-independent Schrodinger equa-
tion, where our aim is to find the eigenstates of the Hamiltonian subject to some appropriate
boundary conditions.

The Hamiltonian is naturally decomposed into three parts:

HUTLO =TUTH+WATH + Vort (T, 1). (2.57)

The first two are the kinetic energy and the electron-electron interaction:

A 1y, 1 X 1
TATH=-2). V5, W(irh== > ——. (2.58)
2i=1 i,j=1G#j |71 = Tjl
The third term can be written as a sum of one-body potentials:
A —_ N —_
Vert((TH 1) =) Vext(77, 1), (2.59)

i=1

and can be used, for example, to describe the Coulomb interaction of the electrons with a set
of nuclei:

N,
— I Z
Vext(r»t):—z -

g (2.60)
v=1lT — Rv(t)

where Z, and 7?", denote the charge and position of the nucleus v, and N, stands for the total
number of nuclei in the system. Note that by allowing the R, to depend on time we can treat
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situations where the nuclei move along a classical path. This may be useful to study, e.g.,
scattering experiments and chemical reactions. Another very interesting class of problems is
the interaction of electrons with external time dependent fields. For example, for a system
illuminated by a laser beam we can write, in the dipole approximation,

Vext (T, 1) = Ef (D) sin(w)T - a, (2.61)

where a, w, and E are the polarization, the frequency, and the amplitude of the laser, re-
spectively. The function f(#) is an envelope that describes the temporal shape of the laser
pulse.

The absolute square of the wave function YT 1) is interpreted as the probability of finding
at time ¢ one electron at 71, another at 73, etc. It then follows that:

n(7, 0 :Nfd372’...dsﬁ’v|\y(_r’,72’...ﬁ’v, D2, (2.62)

gives N times the probability of finding an electron at time ¢ and position 7. With this
definition, the density n(7, ) is normalized at all times to the total number of electrons, N.
This quantity, the electronic density n(7, 1), is the basic variable in terms of which TDDFT is
formulated.

The central theorem of TDDFT (now called the Runge-Gross theorem) proves that there is a
one-to-one correspondence between the external (time-dependent) potential, Vert(T, 1), and
the electronic density, n(7, t), for many-body systems evolving from a fixed initial state. This
is a nontrivial statement with profound consequences. It implies that, if the only information
we have about the system is its density, we can obtain the external potential that produced
this density. With the external potential the time-dependent Schr o dinger equation can be
solved, and all properties of the system obtained. From this we conclude that the electronic
density determines all other properties of the quantum system. Note that this statement is
true for a fixed initial state, i.e, besides the knowledge of n(7, t) we also need to know the
initial many-body state. The situation is somewhat different if the system departs from its
ground state: By virtue of the ordinary Hohenberg-Kohn theorem, the many-body ground
state is uniquely determined by the initial density, n(7,t = tp). If, however, the system at t = fy
is in a arbitrary state, the knowledge of the initial state is essential.

In possession of the Runge-Gross theorem, it is fairly straightforward to construct a time-
dependent Kohn-Sham scheme.We introduce an auxiliary system of noninteracting electrons
subject to an external local potential vks. This potential is unique, by virtue of the Runge-
Gross theorem applied to the noninteracting system, and is chosen such that the density of
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the Kohn-Sham electrons is the same as the density of the original interacting system. These
Kohn-Sham electrons obey the time-dependent Schr o dinger equation:

a —_— S — —_
la—[(ﬂi( r,t)=Hgs(r,De;(r,1), (2.63)

where the Kohn-Sham Hamiltonian is defined as:

NN V2 -
HKs(r,t)=—7+va[n](r,t), (2.64)

By construction, the density of the interacting system can then be calculated from the Kohn-
Sham orbitals:

N
n(7, 0= lo:(7, 0. (2.65)

As in theKohn-Sham scheme for the ground state, the time-dependentKohn-Sham potential is
normally written as the sum of three terms:

Vs (T, 8) = Vext(T, ) + VHarreen (7, 1) + vxenl (7, 0. (2.66)

The first term is the external potential, whereas the second accounts for the classical electro-
static interaction between the electrons:

- = n(r,0
VHartree(T,1) = de T/_>—_;. (2.67)
lr =7

The third term, the xc potential, includes all nontrivial many-body effects, and has an extremely
complex (and essentially unknown) functional dependence on the density. This dependence
is clearly nonlocal, both in space and in time, i.e., the potential at time ¢ and position 7 can
depend on the density at all other positions and all previous times (due to causality). Note that
the way of writing is largely a matter of convention. We separate out of vis two large terms
that are well known, the external and Hartree potentials, and write the rest as the “mysterious”
xc term that we expect to approximate using clever physical and mathematical arguments.

39



Chapter 2. Theory

The quality of the results obviously depends on the quality of the approximation to the xc
potential used. It is important to stress that, like in ground-state density functional theory,
this is the only fundamental approximation in TDDFT.

Formally, not only is viks a functional of the density, but it also depends on the initial Kohn-
Sham determinant and on the initial many-body wave function. For practical reasons the
latter dependence is always neglected. Explicit density functionals, like the adiabatic LDA,
only retain the density dependence. Orbital functionals, on the other hand, are functionals of
both the time-dependent density and the initial Kohn-Sham determinant.

At the heart of the Kohn-Sham construction lies the assumption that there exists a noninter-
acting system that possesses the same density as the interacting system that we are interested
in. If this is the case, the interacting density is said to be noninteracting v-representable. For
ground-state DFT it is well known that there are some smooth densities that are not non-
interacting v-representable by a single determinant. Curiously, the situation is much more
satisfactory in TDDFT: it was shown that, under very mild assumptions, a time-dependent
one-body potential vgs (7, t) exists that reproduces a given smooth density n(T,t) at all
times.

2.3.6 Intrinsic size effect

As discussed before, the change of optical response with cluster size can be described either
by extrinsic effect or by intrinsic effect. The former is caused by the retarding effect due to
the comparable size of cluster to light wavelength. The colorful stained glass of cathedral
window is a good example. But although the absorption wavelength of stained glass changes
with the size of clusters embedded inside, the intrinsic dielectric function of the clusters stay
the same value as that of the bulk material. By contrast, the latter is caused by the change
of dielectric function with cluster size due to the limited volume and high surface to volume
ratio. Figure2.14 gives the examples of some experimental results of intrinsic effect compared
with theoretical TDDFT calculations in very small silver clusters (Ag;-Agg).
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Figure 2.14 - Comparison between experimental and calculated absorption spectra of silver
clusters. Experimental absorption for Ag,, (n =1-9) —bottom curve. TD-DFT calculations for
the best fitting isomer — continuous line — and energetically closest isomer — interrupted line.
The black dots identify transitions whose initial state is predominantly of s-type. [51]
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2.4 Surface enhanced Raman scattering (SERS)

SERS is currently the only method that can simultaneously detect a single molecule and
provide its chemical fingerprint [67, 58]. SERS refers to the strong enhancement by factors as
large as 108 — 10'? of the Raman signal of molecules in close proximity to nanostructures that
exhibit plasmons [67]. However, even 35 years after its initial discovery, it is still not completely
understood due to its highly complex nature and required experimental conditions. Most
early theories of SERS focused on simple classical models, such as a dipole model where
the adsorbate is approximated by a single dipole over a smooth surface with no chemical
interaction between the two [83].

Recently, resulting from the experimental observations, two main methods of explaining the
larger enhancements of SERS arose, one being an electromagnetic mechanism (EM) and the
other being a chemical mechanism (CM). In its most general terms, CM arises from overlap
between the metal and adsorbate wave functions, whereas EM is classical in nature and does
not rely on this overlap.

Today, it is well accepted that EM arises due to resonances between the incident laser and
the surface plasmons of the metallic nanostructured surface. EM typically is the largest
contributor to SERS, yielding enhancements anywhere between 10% and 108 [67].

In contrast to EM, the nature of CM enhancement is less clear. It is generally accepted that
there is a dynamic charge-transfer (CT) mechanism that arises from a resonance between
the incident laser and a metal to molecule or molecule to metal excitation. Additionally, if
the incident laser is resonant with an intermolecular excitation, the molecule will experience
resonance Raman scattering (RRS). Although this is strictly not a surface effect, the metal does
influence the RRS enhancement. CT and RRS have individually been known to contribute
enhancements anywhere from 10 to 10°. Finally, there is a small enhancement that is gained
simply by placing the molecule onto a metal surface, which is due to relaxation of the electronic
structure of the molecule; this is called the nonresonant chemical mechanism (CHEM) and is
expected to only yield enhancements on the order of 10? or less.

Of course, the two mechanisms EM and CM are not mutually exclusive but work together in
concert to produce the overall SERS effect. However, depending on the specific system, the im-
portance of individual mechanisms may vary. Figure2.15 illustrates the different enhancement
mechanisms.

2.4.1 The electromagnetic mechanism (EM)

EM is a result of surface plasmon resonances on the nanoparticle surface and is therefore
considered to be independent of the nature of the molecule or the chemical bond between
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Metal Molecule Metal Molecule Metal Molecule Metal Molecule
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a) Non-Resonant Chemical b) Resonance Raman c¢) Charge-Transfer Resonance d) Plasmon Resonance
Enhancement (CHEM) Enhancement (RRS) Enhancement (CT) Enchancement (EM)

Figure 2.15 - Diagram of the mechanism of SERS, which includes EM and CM=RRS+CT+CHEM.
(EM=electromagnetic mechanism; CM=chemical mechanism; RRS=resonance Raman scatter-
ing; CT=dynamic charge transfer; CHEM=nonresonant chemical mechanism). [67]

the metal and molecule. The enhancement factor due to EM can be written as:

EFgn = |E (@) E (), (2.68)

where EFg)y is the electromagnetic mechanism enhancement factor, E (w) is the frequency-
dependent electric field at incident frequency w, and E (') is the frequency-dependent
electric field at the Stokes shifted frequency w’. However, since the Stokes shift is usually small
compared with the wavelength of laser, equation 2.68 is typically simplified as:

EFgy = E ()" (2.69)

The local electromagnetic field due to plasmon excitations is largest in regions with high local
curvature and in particular in the junction between dimers of nanoparticles, the so-called hot
spots. An intriguing phenomenon related to EM is that the location of the maximum EFgy,
does not coincide with the plasmon resonance peak w, but rather is slightly blue-shifted. A
simple explanation of this can be achieved by considering equation2.68. Since EFgy, is
dependent on both both w and ', the maximum EFg); should occur halfway between these
two values. This is indeed what is observed, which calls into question the validity of the w =~ o'
approximation that is generally assumed.
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2.4.2 The chemical mechanism (EM)

SERS was shown to exist for nonplasmonicmetals349 or flat surfaces where EM effects are
not expected to be important. These observations pointed toward the existence of a chemi-
calmechanism (CM). CM is also sometimes referred to as the electronic mechanism or first
layer effect due to its short-range nature.

The chemical mechanism can be divided into three contributions:

(1) A molecular resonance (RRS) mechanism. This is analogous to RRS for a free molecule
except that the presence of the surface modifies the enhancements observed. This is not
traditionally included as a chemical mechanism, but since it is in fact altered by the metal,
we prefer to include it as a chemical mechanism. RRS is typically expected to contribute
enhancements of 10% — 106,

(2) A charge transfer (CT) mechanism,in which the applied field is in resonance with either a
metalmolecule or molecule-metal transition and typically provides enhancements around
10—10%. It has been proposed that it may be as large as 107 in some situations, based on recent
experimental work.

(3) A nonresonant chemical (CHEM) mechanism, which arises simply fromthe ground-state
interaction of themolecule with themetal.This is the weakest of the mechanisms, only leading
to enhancements on the order of 10 — 100.

2.4.3 Unitying EM and CM

Previous subsections focused on one of the main mechanisms of SERS. However, because the
different mechanisms occur in concert, it is important to establish a model that describes their
combined effect. Lombardi and Burke [84, 85] have recently developed a unified expression to
explain many of the observations that are seen in SERS. This unified theory for SERS models
EM, CT, and RRS simultaneously, and is written as:

Sk

Ri(w) = .
T (@1 + 26002 + 2 @)2) (@2 - 02 +T2,) (@ s — @) + Thgs)

(2.70)

Here €;(w) and &3 (w) are the real and imagninary dielectric components of the metal, ¢
is the permittivity of free space, w is the incident laser frequency, and wc7, wrgs, I'ct and
I'rrs are the CT and RRS excitation energies and excited state relaxation rates, respectively.
The enhancement factor for a specific mode is then given by EFy(w) = | Ry (w) |2. The term S k
represents selection rules for the given vibrational mode k based on transition dipole moments
and Herzberg-Teller coupling [86]. The denominator represents the different resonance
conditions for the different enhancement mechanisms, where the first term is EM (&1 (w) =
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—2¢gp), the middle term is CT (w¢r = w), and the last term is RRS (wWgrgs = ).

The expression of equation2.70 illustrates that the different mechanisms are not isolated,
because the three terms are multiplicative rather than additive.

45






8] Experiment

This Chapter focuses on the experimental setup developed during this thesis work that are
designed for the fabrication, size selection and deposition of small metal clusters and metal-
organic compounds as well as the optical measurements of absorption, fluorescence, excita-
tion and Raman scattering in the UV-visible range.

3.1 Overview of apparatus

The experimental setup is designed and built to fabricate, size-select and deposit small metal
clusters in a solid rare-gas matrix. Figure 3.1 shows a 2D drawing and 3D model of the
apparatus which is composed of 4 vacuum chambers (source chamber, differential chamber,
deflection chamber and deposition chamber) containing 3 main sections (cluster source, ion
guide and deposition head). Clusters are produced from the cluster source, then guided and
size-selected by the ion guide, and finally soft-landed and co-deposited with rare gas on the
deposition head.

3.2 Vacuum system

The source chamber is pumped by two turbo-pumps 2x (1300 L/s) backed by a roots pump
(70 L/s) to pump the large gas load of about 100 sccm. The differential chamber is separated
into two chambers pumped by two turbo-pumps (500 L/s) each. The deflection chamber is
pumped by one turbo-pump (260 L/s) to further reduce the pressure. Finally the deposition
chamber is pumped by one turbo-pump (140 L/s) and one cyro-pump (50 K) to condense
the contaminants like H,O on its cold surfaces [87]. A residual gas analyzer is installed in the
deposition chamber to inspect the vacuum and the purity of the matrix. Without the cluster
source running, the background pressure in the chambers is about 10~ mbar uniformly.
When the cluster source is on with the input of He and Ar gas, the pressure in the source
chamber is about 103 mbar with a typical gas load of 10! mbar in aggregation tube. Thanks
to the differential chamber as shown in table3.1, the pressure of residual gas in the deposition
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chamber is finally reduced to 10~/ mbar which is only about 1% of the pressure of 10~ mbar
of Ne gas load for the matrix formation, ensuring a high matrix purity of about 99%.

Deflection chamber

Cluster source Orifice
‘ Quadrupole Lens | | ‘ Y
Target | = 54 -
: - Deflector
Silver | = - -
Conical X/
octupole
—— Lens
Source chamber Differential chamber ens —

Cuad IApu:ule

Deposition chamber

Source chamber
Deflection chamber

Deposition chamber \
Differential chamber

Figure 3.1 — Sketch of the experimental setup for fabrication, mass-selection and deposition of
small metal clusters embedded in rare gas solid matrix. Here the inset shows the 3D model of

the machine.
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3.3 Gas aggregation cluster source

Iris

Figure 3.2 — 3D model of the gas aggregation cluster source.

3.3.1 Source setup

Clusters are produced in a combined sputter gas aggregation source given from Freiburg
University [88, 89]. As shown in figure 3.2, the cluster source is composed of 4 main parts:
metal target with magnetron sputtering head, gas inlet, aggregation tube, and iris.

An oblate metal target with 50.8 mm (2 inches) of diameter and 5 mm of thickness is placed
on the magnetron head which is covered by a metal cap in front and connected by two water
tubes behind. The cap has numerous millimeter-size pores, linking to the gas tubes, around its
periphery towards the magnetron head in order to provide the He and Ar gas. The water tubes
are used to cool down the magnetron head when the source is running. Two liquid nitrogen
tubes are connected to the aggregation tube, serving to cool down the environment inside
the aggregation tube. The position of the magnetron head inside the aggregation tube can be

Pressure (mbar)

Source Matrix | Aggreg. tube Sour. chamber Dif. chamber Def. chamber Dep. chamber
OFF OFF 1078 1078 1078 1078 1078
ON OFF 107! 1073 1074 1076 1077
ON ON 107! 1073 1074 1076 1075

Table 3.1 — Differential pressures in vacuum chambers of the experimental setup in different
conditions.
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changed by a spiral hand on the base.

There are two main process of the fabrication of clusters from the source: firstly the sputtering
process that provides atoms, and secondly the aggregation process that forms the clusters.

3.3.2 Sputtering process

When the source is running, a constant discharge power of about tens of watts with a typical
discharge voltage of hundreds of volts is provided between the magnetron head and the cap
that connects to the ground, where the magnetron head serves as the anode and the cap
serves as the cathode. Argon and Helium gases are co-injected from the gas inlet towards the
magnetron head, the flux of which is controlled by a MKS mass flow controller. The argon
atoms then get ionized and hit on the metal target with kinetic energy of about 0 —100 eV,
making the sputtering. The neutral metal atoms and charged metal ions then come out from
the target. At this energy range, only atoms (not clusters) are produced from the metal target
during the sputtering process.

3.3.3 Aggregation process

The hot metal ions then drift from the target toward the iris window inside the aggregation
tube due to the electric field. The He atoms then collide with the metal atoms during the drift
inside the aggregation tube. The collisions aggregate the metal ions together, the size of which
grows with the process of drift. At the same time during the drift, the metal ions also reduce
the heat and become cooler due to the collision, which transforms the metal vapor to metal
cluster.

3.3.4 Characteristic of source

Compared with the conventional sputtering source, the biggest advantage of this aggregation
source is its continuous and tunable size of clusters (normally from 1 to 10* atoms). The shape
of the distribution of cluster size is very sensitive to the parameters of aggregation source:
aggregation length (defined as the distance between the magnetron head and the iris, typically
10 cm), discharge power (typically 20 W), flux of Ar (typically 100 sccm) and flux of He (typically
200 sccm).
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Figure 3.3 — 3D model of experimental setup which includes the cluster source (right part), the
ion guide device (center part) and the deposition head (left part). Here the inset shows the
whole view of the setup.

3.4 Ion guide device

One of the core parts of the machine is the ion guide device who transports and mass-
selects the metal clusters. As shown in figure 3.3, this device includes a conical octupole,
two quadrupoles, four electrostatic lenses and a deflector. Cluster ions coming out from
the iris window of the cluster source are first focused by the conical octupole, then guided
(or mass-selected) by the first long quadrupole, focused by the first lens, bended by the de-
flector, focused by the second and third lens, mass-selected (or guided) by the second short
quadrupole, focused by the fourth lens, and finally soft-landed toward the deposition head.

3.4.1 Conical octupole

The custom-made conical octupole was designed following the concept of Rottgen et al. [90].
Its realization is shown in figure 3.4. The conical octupole is composed of two ceramic plates
(grey part), eight identical conical metal rods (pink part) and an orifice (brown part), the whole
of which is mounted in a cylindrical tube (transparent part in figure3.4(f)). The eight conical
rods are separated into two groups, each of which contains four rods, that are fixed on two
electrical isolated ceramic plates forming two conical quadrupoles (as shown in figure3.4(d)-
(e)) in order to avoid short-circuit of the electrodes caused by the metallization of the ceramic
due to the metal vapor transported by the rare gas. The two conical quadrupoles are provided
with high frequency (= 1 MHz) AC voltage (= 1 kV) with opposite sign. In this way, the cluster
ions can be well confined in the octupole due to the high frequency AC voltage, and focused
toward the orifice due to the conical shape. Note that the octupole is the first ion guide piece
after the cluster source, where a large collision of clusters exist inevitably. So the conical
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octupole is an essential and irreplaceable part here for ions focusing, serving as a phase-space
compressor that naturally compresses ions into a state of very low energy [91].

3.4.2 Quadrupole

Two quadrupoles, a long one (830 mm in length) and a short one (200 mm in length), are
installed in the ion guide device. Each quadrupole has four identical cylindrical metal rods.
The four rods are separated into two groups, each of which contains two rods, provided with
high frequency AC voltage (= 100 — 1000 V) with opposite sign in positive and negative. In this
way, the cluster ions can be confined and guided through the path in the quadrupole with high
transmission. But when an additional DC voltage (= 10 — 100 V) is applied to the quadrupole
with opposite sign in positive and negative on two groups of rods, only a certain mass range of
ions are stable and can survive inside the quadrupole. All the other cluster ions are instable

(b) (c)
(e) (f)

(d)

Figure 3.4 — Photos and model of the home-made conical octupole. (a) Top view. Side view (b)
without (c) with the cylindrical tube. (d)-(f) The conical octupole is composed of two electrical
isolated conical quadrupole. Here the diameter of the conical rod/octupole is 6/24 mm on
one side and 1/4 mm on the other side respectively, and the vertical length of the octupole is
80 mm.
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and will be filtered during the way of passing the quadrupole. In this way, the quadrupole
serves as a mass selector.

According to the quadrupole theory [92, 93], the resolution of mass selection is

Am 0.16784-U/V
- 3.1
m 0.126

where U and V are DC and AC voltages respectively. Clearly seen from the equation, a higher
ratio of U/V results in a higher resolution, and the limit of U/V = 0.16784 gives the zero
transmission. The long quadrupole with frequency of 880 KHz serves to mass select small
cluster ions (1 — 4000 amu), and the short quadrupole with frequency of 440 KHz serves to
mass select large cluster ions (1 — 16000 amu). This is because the maximum mass of ions that
can be selected by the quadrupole (with 9.5 mm of diameter of the rods) is

0.822V,
Mmax = Tmax, (3.2)

where fis the AC frequency of quadrupole.

3.4.3 Electrostatic lens

An electrostatic lens is composed of three hollow cylindrical metal plates. By tuning the
voltages on the plates, normally a high voltage on the central piece and low voltage on two
side pieces, an electric field with wave-packet shape can be formed, realizing the ion focusing.
It’s similar to the focus of light by an optical lens. Compared to conical octupole, electrostatic
lens is easier to be used with small collision of clusters at low pressure.

3.4.4 Ion deflector

A deflector is composed of four hyperbolic-shaped rods as a quadrupole. When a low voltage
is applied on one rod and a high voltage is applied on the other three, the beam of cluster ions
will pass in and out the deflector by bending 90 degree around the rod with low voltage [94].
In this way, the ion beams will be bent and the neutral clusters will be filtered out from the
ion guide device because the neutral particles do not respond to the electric field and always
go straight. By manipulating the voltages on the deflector rods, the ions beam can be bent
to the other direction. In this case, the current of the ions beam can be measured either by a
channeltron (if the intensity of the beam is large) or a Faraday cup (if the intensity of the beam
is small).

53



Chapter 3. Experiment

3.5 Pyridine injector

The experimental apparatus can also generate cluster-organic compounds like silver-pyridine
clusters, as shown in figure 3.5. A pulsed electrical valve is installed to inject pyridine molecules
from the reservoir into the vacuum chamber through a teflon tube. The other side of the
tube connects to the conical octupole, guiding the pyridine molecules into the trajectory of
silver clusters beam. The vapor pressure of pyridine is about 10™2 mbar at room temperature.
With high pressure and strong collision inside the octupole, these pyridine molecules and
silver clusters will form into silver-pyridine compounds. The efficiency of the generation of
silver-pyridine can be optimized by manipulating the parameters of the pulsed valve (e.g. the
opening time and the frequency).

Deflection chamber

Pyridine

Cluster source
l Quadrupole
Target | o
_—— . =
Silver - Pyridine Deflecto
Silver el

Conical
octupole

Source chamber Differential chamber

(a) Qutside chamber (b)

Quadrupole

Lens

Electrical valve

Matrix

Cryostat @ |
- Light
Deposition head

Deposition chamber

Pyridine reservoir

Inside chamber Ag-Py

Figure 3.5 — Sketch of the experimental setup for fabrication, mass-selection and deposition of
small metal clusters combined with organic compounds embedded in rare gas solid matrix.
Here the inset of (a) shows the way of injection of organic compounds into vacuum chamber,
and (b) shows the way of combination of metal clusters with organic compounds in a conical
octupole.
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Copper rods

Rare gas inlet

Figure 3.6 — 3D model of our sample holder of, which includes a polished aluminum mirror,
three aluminum fixing plates, a copper shield and two copper rods that fixed by a sapphire
plate.

3.6 Deposition head

The above discussions showed the fabrication and the guidance of clusters from cluster source
to the ion guide device. In this Section, we will show how the clusters are soft-landed and
deposited in the rare gas solid matrix on deposition head which has been done in previous
thesis [87, 95].

3.6.1 Sample holder

Figure 3.6 show the sample holder, which includes a polished aluminum mirror, three alu-
minum fixing plates, a copper shield and two copper rods. The aluminum mirror, where the
matrix sample is formed and the cluster current is detected, is fixed on the lower copper rod.
The mirror offers a region of 2 mmx20 mm for the deposition. This region is confined by three
aluminum plates that are electrically isolated from the mirror by kapton foil with a thickness
of 50 um. The copper shield is further fixed above the plates with electrically isolation as well.
The combination of mirror, plates and shield serve as an electrostatic lens, and by tuning the
voltages, the ion beam can be focus on the mirror and the clusters can be soft-landed.

3.6.2 Cryostat

The sample holder needs to be cooled to cryogenic temperature in order to be able to condense
rare gases. Hence, a cryostat is used here, which connects to the upper copper rod. The lower
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copper rod with the aluminum mirror is then fixed on the upper rod with a depolished
sapphire plate which allows good thermal contact and an electric isolation in order to make
the measurement of cluster current on the aluminum mirror possible. The cooling is achieved
with a plused tube cryocooler (SRP-052A, Sumitomo Heavy Industries Ltd.) using a helium
compressor (CSW-71, Sumitomo Heavy Industries Ltd.). Temperature as low as 4.2 Kwith a
cooling power of 0.5 W can be obtained. The copper shield works as a protection from the
thermal radiation to the aluminum mirror. With the shield, temperature as low as 5 K can be
achieved for the deposition region. This temperature is sufficient to condense neon since the
sublimation temperature of neon is about 9 K at 108 mbar. All the temperatures are measured
by the silicon diodes based on LakeShore 330 temperature controllers.

3.6.3 Rare gas inlet

Gas inlet for the deposition is located on the right side of the shield, with an outer diameter
of 1 mm and an inner diameter of 0.5 mm. Injection of the gas onto the deposition region is
achieved through a network of tubes within the shield ending with two tubes with an angle of
30° with respect to the surface of the deposition region. The rare gas will be solidified on the
aluminum surface and form a matrix. During the same time, the incoming metal clusters will
be soft-landed on the matrix surface, and embedded into the rare gas solid matrix with time
of matrix growing. The rare gas pressure between 1 x 107> — 2 x 10> mbar is used during the
deposition, the duration of which is between 1 — 4 hours.

3.6.4 Filament

The sample holder is placed after the ion guide device and aligned by the orifice on the shield.
As discussed before, only the ions of clusters can be bent by the deflector and the neutral
clusters will be filtered. So the positive charged clusters coming out from the last piece of
electrostatic lens will fly into the sample holder and deposit on the aluminum mirror. But
with time, the matrix will get more and more charged and make it more and more difficult
to deposit ions. The typical charging time is about 10 s in our system. Therefore, a tantalum
filament is placed close to the exit of the lens before the sample holder (as shown in figure 3.7)
to neutralize the matrix by donating low energy electrons, which makes long time deposition
possible.
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Figure 3.7 — Neutralization of positive cluster ions by the donation of electrons from a filament
between the lens and the deposition head.
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Figure 3.8 — Collection of optical signals by two optical fibers clamped inside the deposition
head.
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3.7 Optical setup

The optical setup is also an important part of the apparatus for the study of optical proper-
ties of small metal clusters. There are four main optical measurements: optical absorption,
fluorescence, optical excitation and Raman scattering.

3.7.1 Lightsource and spectrometer

A T64000 spectrometer coupled to a liquid nitrogen-cooled charge coupled device is used
for all the optical analyze. A deuterium (D) lamp (L7296, Hamamatsu Photonics K.K.) and
a tungsten (W) lamp are used for the measurement of optical absorption. The diode lasers
with separated wavelengths of 266, 375, 450, 473, 532, 635 nm and a YAG-MOPO laser with
continuous wavelength of 450 — 650 nm are used for the measurements of fluorescence,
excitation and Raman scattering.

3.7.2 Fixed optical fiber

The sample holder mentioned before is designed not only for the deposition of clusters in
matrix but also for the optical measurements. As shown in figure 3.8, the aluminum mirror is
constructed to increase the optical path (about 2 mm), by working in a plane perpendicular
to the deposition. The aluminum plates serve to clamp one end of two fibers to collect the
luminescence at less than 0.2 mm from the deposition region. The other end of the fiber is
connected to the spectrometer. Two grooves are especially engraved on the aluminum mirror
for this purpose. These optical fibers have a core diameter of 400 um and a high transmission
in 220 — 1000 nm, and are solarization-resistant (400-SR, Ocean Optics Inc.).

3.7.3 Optical absorption

The measurement of optical absorption is performed by injecting the light from the D, lamp
or W lamp through the 2 mm length of the matrix and collecting the residual light on the
other side with the optical fiber, as shown in figure 3.8. The collected light is analyzed by the
optical spectrometer. Comparing the intensity of the light passing through a matrix doped
with clusters to a reference signal of light passing through a pure neon matrix yields the optical
absorption spectrum. According to the Beers law, the light intensity after absorption can be
written as:

I=ILe %, (3.3)

where I is the light intensity before absorption, a is the absorption rate and x is the length of
the matrix. To increase the sensitivity, the matrix need to fully cover the light passing directly
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to the fiber, which means the thickness of matrix should be larger than the core radius of the
fiber. The determination of the matrix thickness is made by measuring the intensity of light
coming from a D, lamp that passes through the matrix solid which is collected by the optical
fiber. The intensity decreases gradually as the thickness of the matrix grows. The reduction
of intensity is due to the scattering of the light on the polycrystalline matrix and increases
strongly with decreasing wavelength.

3.7.4 Fluorescence collection

The measurement of fluorescence is performed by injecting the laser light perpendicular to
the surface of matrix, as shown in the blue trajectory of figure 3.9. Then there are two ways
of the collection of fluorescence light. One way is collecting the light by the optical fiber
mentioned before. In this way, less background of laser source will be intervened. The other
way is collecting the light by an external fiber through two optical lenses, as shown in the red
trajectory of figure 3.9. In this way, more fluorescence signal can be captured. Usually, the first
way is used when the difference of wavelength between the incident laser and the out-coming
fluorescence is large, and the second way is used when the difference is small.

Fluorescence )
Lens ) Fiber
Prism ||Lens B

-4

D2 Light
28 Lens
— I
Iris
Concave mirror Laser 1

Figure 3.9 — Diagram of optical setup for the measurements of absorption, fluorescence and
Raman scattering. Here the green lines represent the incident D; light for absorption mea-
surement, the blue lines represent the incident laser for fluorescence or Raman measurement,
and the red lines represent the out coming fluorescence or Raman signals.
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3.7.5 Excitation measurement

The measurement of excitation is performed based on the the fluorescence signal by sweeping
the wavelength of the incident light. The intensity of fluorescence response to the wavelength
provides the excitation spectrum.

3.7.6 Raman measurement

The measurement of Raman scattering is performed the same way as that of fluorescence
except for the replacement of a 300 lines/mm grating by a 2400 lines/mm one in the spectrom-
eter. This is because for the Raman measurement, a higher resolution is essential. In this way,
the resolution is enhanced by 8 times with the compensation of the reduce of the detection
area to 1/8 times.

3.8 Simulations of ion particles passing through the device

In order to test the ion guide device as discussed in Section3.4, we have performed simulations
on cluster ions passing through the device by SIMION which is a software package used
primarily to calculate electric fields and trajectories of charged particles in those fields via
solving Laplace equations when given a configuration of electrodes with voltages and particle
initial conditions [96].

3.8.1 Transmission of cluster ions

Figure 3.10(a) shows the simulation of ions passing through the device. As an example, here
we use a group of 1000 ions with charge of +1 and mass of 5000 — 6000 amu starting at the
entrance of the octupole with a homogeneous particle distribution of 4 mm in radius and an
initial speed of 180 m/s (corresponding to 1 eV for 6000 amuy).

One of the most significant factors for ion guide is the transmission of ions passing through
the device. Figure 3.10(b) shows the distribution of number of cluster ions passing in (red
bars) and out (blue bars). We found a transmission as high as 25% in the size range selected.

Another important factor is the kinetic energy of cluster ions at the exit of the ion guide since
we want to soft-land the clusters which requires a low deposition energy of about 1 eV/atom
[97]. Figure 3.10(c) shows the distribution of ion speed passing out each piece of device. Note
that, for Ag clusters, the speed of 103 m/s corresponds to the kinetic energy of 0.56 eV/atoms.
It is worth mention here that the initial ion speed of 180 m/s is the gas speed in the aggregation
tube of the cluster source at liquid nitrogen temperature. We clearly see from figure 3.10(c)
that the landing energy of clusters passing out from the last piece of ion guide device is about
0.1 -0.5 eV/atom, largely sufficient for soft-landing.
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Figure 3.10 — (a) Diagram of SIMION simulation of cluster ions passing through the ion guide
device, where the blue curves show the trajectories. (b) Distribution of number of cluster ions
passing through the device. (c) Distribution of speed of cluster ions passing out each piece of
device. Here the red (or blue) bars represent the cluster ions passing in (or out) the device.

3.8.2 Ions focusing and pre-mass selection

As discussed before, the home-made conical octupole was designed to focus the cluster ions.
Figure 3.11(a) shows the simulations of particles passing in (red dots) and out (blue dots) the
octupole. As clearly seen, the initial diameter of incoming cluster beam has been reduced
from 8 mm to 3 mm when the particles pass out the octupole. This manifests that the conical
octupole works well for the ion focusing. Figure 3.11(b) shows the transmission of clusters
passing through the octupole. With mass ranged from 100 to 16,000 amu, cluster ions have
an average transmission of about 70%. This means that the density of cluster beam passing
through the octupole has been enhanced 5 times. Interestingly, as shown in figure 3.11(b), the
optimal mass of cluster ions with the highest transmission can be manipulated by changing
the AC voltage of octupole. The higher the voltage is, the larger the mass will be as expected.
This means that the octupole also works as a pre-mass-selector.
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Figure 3.11 — Simulations of (a) cluster ions focusing and (b) pre-mass-selection by conical
octupole with radio frequency of 2.4 MHz. Here the red (or blue) dots in (a) represent the
cluster ions passing in (or out) the device.
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Figure 3.12 — Simulations of (a) resolution and (b) center mass shifting of mass selection
of cluster ions by quadrupole with radio frequency of 1.0 MHz. Here the red (or blue) bars
represent the cluster ions passing in (or out) the device.

3.8.3 Mass selection and resolution

Different from the octupole that roughly mass selects the ions with a low resolution, the
quadrupole serves as a real mass selector. Theoretically, cluster ions passing through a
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3.9. Mass spectra

quadrupole will be mass selected and only a certain part of clusters with mass range of

m = my(+or—)Am are stable and can survive inside the quadrupole. Here mg = 0.822% is the
center mass of selected ions and Am = my x % is the resolution of mass selection,

where U (or V) is the DC (or AC) voltage and f is the radio frequency of quadrupole. Usually
when a resolution is chosen, the ratio of U/V (< 0.168) is fixed. Figure 3.12(a) shows the resolu-
tion of mass selection by the quadrupole as a function of U/V, and figure 3.12(b) shows the
mass of selected ions as a function of V. Note from simulations that the response of resolution
to mass is asymmetric, where the ions with lower mass are more sensitive to the mass selection
than those with higher mass, as shown in figure 3.12(a). All of these simulation results are
consistent to the quadrupole theory, which proves the reliability of the simulations.

3.9 Mass spectra

3.9.1 Mass selection and ion detection

As discussed in Section 3.4.2, the quadrupole serves as a mass selector. Cluster ions passing
through it will be mass selected and only a certain part of clusters are stable and can survive
inside the quadrupole. As changing the voltage (both DC and AC) through the range from
minimum to maximum, a scanning of selected mass of cluster ions through the range of
1-16,000 amu will be given, showing a mass spectrum. The signal of cluster ions is detected
by the aluminum mirror on the deposition head. All the electric currents are measured
by Keithley 6517A electrometers. Please note, in experiment, we first sweep the voltage of
quadrupole to obtain a whole range of mass spectrum, and then fix the voltage response to
one size for the deposition of mass selected clusters.

3.9.2 Resolution and purity of mass selection

As shown in figure 3.13, if the single size spectrum has a Gaussian shape (see blue curve):

I=1Iyx exp(41n2 x (m — mg)*/Am?), (3.4)

then the resolution of mass selection can be calculated as:

Amimgy = (n2/1n2/a)'? when a<1

(3.5)
=(n2/In2/a-1)"?  when a=~1,
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Figure 3.13 — Theoretical result of a mass spectrum on clusters with mass separation of my.
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Figure 3.14 — Experimental result of mass spectrum of Ag clusters with size of 34, 35 and 36
atoms.

where & = I1,in/ Imax and my is the mass separation of two neighbor sizes of clusters (see red
curve). The proportion of ion current of the neighbor cluster of Ag;,,_; (or Ag,1) response to
that of selected cluster of Ag,, that is approximately half of the impurity of Ag,, is:

B= (@/2)* when a<x1 56
=(a/2-a)? when a=1, )

where 1 -2 is the purity of Ag,,. Figure3.14 shows the experimental result of mass spectrum
of Ag clusters with size of 34, 35 and 36. Cluster current of about 30 pA (I,,4) is obtained at
one cluster size, and 2 pA (I;,i,) at the middle between two sizes with a separation of m = 108
amu. Hence, according to equations and , the resolution of mass selection here is 48/108 amu
and the purity of Agss is 1 — 107® which is good enough for single size selection.
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Figure 3.15 — Experimental mass spectra of Ag clusters response to the gas flux of Ar and He
respectively.

In experiment, we sweep the voltage of quadrupole to obtain a mass spectrum. For the
deposition of mass selected clusters, a voltage response to one size at the peak of mass
spectrum is fixed, for example at the peak of Agss in figure 4.2.

3.9.3 Response to gas parameters

As discussed in Section 3.3, the parameter of cluster source play an important role on the size
of clusters generated inside. Figure 3.15 shows the experimental mass spectra of Ag clusters
response to the gas flux of Ar and He respectively. Ag clusters with mass range of 1 — 100 atoms
are fabricated by the source. Cluster currents of about 100 pA are found on the aluminum
mirror of the sample holder. The mass spectra show multi-peaks separated by the mass of
108 amu under an oscillated envelope including 3 groups of (1 — 10 amu), (10 —30 amu) and
(30 — 80 amu). The resolution of mass selection here is about 90/108 amu.

Interestingly, when the Ar flux is changed from 60 sccm to 100 sccm continuously, the curve of
spectrum will move right and left in the direction of mass. By contrast, when the helium flux
is changed from 200 sccm to 600 sccm, the curve of spectrum will move up and down in the
direction of current. This means, as shown in figure 3.15, by controlling the gas flux of Ar and
He, the position and the amplitude of mass spectrum can be manipulated.

3.9.4 Size selection shift

Figure 3.16 shows the experimental result of mass spectra of Ag clusters in the size range of
0 — 140 atoms in 4 cases with different parameters. Figure 3.16(a) shows a mass spectrum
under an envelope with 2 groups, mainly in the range of 0 — 60 amu with current of cluster
ions of about 400 pA. Figure 3.16(b) shows a mass spectrum under an envelope with 4 groups,
mainly in the range of 0 — 80 amu with current of cluster ions of about 100 pA. Figure 3.16(c)
shows a mass spectrum under an envelope with 5 groups, mainly in the range of 0 — 120 amu
with current of cluster ions of about 150 pA. Figure 3.16(d) shows a mass spectrum under an
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Figure 3.16 — Experimental result of mass spectra of Ag clusters in the size range of 0 — 140
atoms with different parameters.

envelope with 7 groups, mainly in the range of 0 — 140 amu with current of cluster ions of
about 30 pA. These envelopes manifest a beat effect such as the interference between two
acoustic waves. This may due to the interference of the radio frequency by two quadrupoles
in the ion guide device.

3.9.5 Resolution effect

Figure 3.17 shows the experimental result of mass spectra of Ag clusters in the size range of
0 - 70 atoms. Figure 3.17(a) gives a current of cluster ions of 300 pA and a resolution of mass
selection of 94/108 amu with purity of 95%, and figure 3.17(b) gives a current of cluster ions of
10 pA and a resolution of mass selection of 59/108 amu with purity of 99.9999%. As clearly
seen, compared with figure 3.17(a), figure 3.17(b) shows a much better resolution and purity
but a smaller current as compensation. In experiment, the current is usually optimized with a
tolerance of purity of about 99%.

66



3.9. Mass spectra

T T % '5
12x10™7
z z 0 3
5 5
8] o 6
B 3
g [}
3 13 4
2- E|
ot L i L . : I . h 0 | ! | . | L 1 . h { i
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Mass [Ag atoms] Mass [Ag atoms]

Figure 3.17 — Experimental result of mass spectra of Ag clusters with different resolutions.

3.9.6 Isotope spectrum

All the experimental spectra shown before are under mass selection by the short (second)
quadrupole. Figure 3.18 shows the mass spectrum of Ag, (n= 1-15) by the long (first)
quadrupole. Interestingly, the isotopes of silver (107 and 109 amu) can be seen from the
spectrum. This manifests that the resolution of mass selection here is better than 2 amu.
Actually, as said before, a tolerance of the purity of 99% (equals to the resolution of 60 amu for
Ag) is enough for the deposition of clusters of pure silver. But for the deposition of clusters
of complex like silver-pyridine (Ag,-Py}), a good resolution is essential for the separation of
different clusters. For example, the mass difference of Ag;-Pys (503 amu) and Ag,-Py; (511
amu) is only 8 amu.
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Figure 3.18 — Experimental result of mass spectrum of small silver clusters with high resolution
of about 1 amu.
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Figure 3.19 — Three groups (red, blue and green) of mass spectra of silver clusters in the
range of 1 — 140 atoms with different parameters of cluster source. Red: P=27 w, ®(Ar)= 96
sccm, ®(He)= 410 sccm, p= 0.46 mbar. Blue: P= 18 w, ®(Ar)= 88 sccm, ®(He)= 245 sccm,
p=0.58 mbar. Green: P= 34 w, ®(Ar)= 95 sccm, ®(He)= 360 sccm, p= 0.42 mbar. Here P is the
discharge power of cluster source between anode and cathode, ®(Ar) and ®(He) are the flux of
Ar and He gas, and p is the gas pressure inside the aggregation tube.

3.9.7 Silver clusters spectra

The parameters of the cluster source play an important role on the distribution of cluster
sizes. Figure 3.19 shows the experimental results of three groups of mass spectra of Ag clusters
response to different parameters of cluster source, which cover the whole range of size from 1
to 140 atoms continuously. Cluster current of 100 — 300 pA with resolution of about 90 amu
and purity of about 95% are found in the green group with 1 —40 atoms, the blue group with
20— 70 atoms, and the red group with 50 — 140 atoms. Note that the resolution and purity
can be improved with the compensation of the decrease of cluster current. Here all the three
groups manifest a beat effect on the envelopes of spectra such as the interference between
two acoustic waves. This may result from the interference among different sets of parameters
of the cluster source. Please note, although only mass spectra of silver clusters are shown here,
this machine can also produce size selected clusters of other metal materials like gold and
coppetr.

68



3.9. Mass spectra

160x10 2 p e
140; 7
120° é
100+ :

80+ :
60 3
40
20-
b

Cluster Current [A]

20 30 40 50
Mass [Au atoms]

Figure 3.20 — Experimental result of mass spectrum of Au clusters.

3.9.8 Gold clusters spectra

By replacing the silver target with a gold target, the gold clusters can be fabricated by the
cluster source and mass selected by the quadrupole as the same way. Figure 3.20 shows the
experimental result of a typical mass spectrum of Au in the size range of 5 — 30 atoms. The
spectrum is optimized for Au;; with a current of 160 pA and a resolution of 88 amu. Different
from Ag clusters, the Au clusters have a mass separation of 197 amu instead of 108 amu. So for
Au clusters, the purity is higher than Ag clusters with a same resolution. But for the same size,
Au clusters have a larger mass, which results in the reduction of the limitation in size selected
by quadrupole.
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Figure 3.21 — Experimental result of mass spectra of Ag,, (n=1-13) and Ag,-Py, (a=1-13
with b= 0 — 3) when the pyridine is injected or not respectively.

3.9.9 Silver-pyridine clusters spectra

As shown in figure 3.5, by opening the electric valve of pyridine, the Ag,-Pyj, clusters will
be fabricated in the conical octupole and mass selected by the quadrupole as the same way
for Ag, clusters. A big challenge for the deposition of mass selected Ag,-Pyj, clusters is its
single size selection. As discussed before, the mass selection of Ag,-Py,, clusters requires a
high resolution, which makes it important to use the long quadrupole instead of the short
one as the mass selector. Figure3.21 (a) and (b) show the experimental result of mass spectra
of Ag, (n=1-13) and Ag,-Py, (a=1—-13 with b= 0 - 3) when the pyridine is injected ro not
respectively. The current of Ag,-Py), cluster ions is about 100 pA - 1 nA. As clearly seen, each
Ag,-Pyy cluster is well separated from its neighbors due to the high resolution. This is very
important for the single size selection.
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Figure 3.22 — (a)Statistic ratio of a4 (b) = N(Ag,—Pyp)/ N(Ag,) of number of Ag atoms between
Ag,-Pyy, clusters and Agj, clusters response to the index number of pyridine of b with different
index number of silver of a respectively. (b) Statistic ratio of B, (a) = N(Ag,— Pyy)/ N(Agy) =
a4(b) of number of Ag atoms between Ag,-Pyy, clusters and Ag, clusters response to the index
number of silver of a with different index number of pyridine of b respectively.
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Figure 3.23 — The number of Ag atoms of Ag, and Ag,-Py; clusters before and after the
injection of pyridine respectively, and the ratio y(a) = 2, N(Ag, — Pyp)/ N(Agy) = ZpBp(a) of

total number of Ag atoms between Ag,-Py,, clusters and Ag;, clusters response to the index
number of silver of a.

Figure 3.22(a) shows the ratio

aq(b)=N(Ag,—Pyp)I N(Agn) (3.7)

of number of Ag atoms between Ag,-Py;, clusters and Ag, clusters response to the index
number of pyridine of b with different index number of silver of a respectively. Except for
Ag) -Pyy, all the Ag,-Py,, clusters show a decreased characteristic curve of current when b is
increased. This manifests that the Ag,-Py;, clusters with a smaller b is easier to be formed than
those with a larger b. One possible case is that the Ag,-Py;, clusters are formed as a sequence
of Ag,-Pyo, Agq-Py1, Agq-Py» and Ag,-Pys, where the latter is obtained by attaching one more
pyridine atom on the former. The reason why Ag;-Py has a lower current than Ag;-Py; is
because the Ag atoms have been greatly donated for the formation of Ag,-Pyy, clusters.

Figure 3.22(b) shows the ratio

Br(a) = N(Aga— Pyp)/ N(Agn) = aa(b) (3.8)

of number of Ag atoms between Ag,-Py, clusters and Ag,, clusters response to the index
number of silver of a with different index number of pyridine of b respectively. Here § is the
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survival rate of Ag, from Ag,, after the injection of pyridine. Each group shows a different
characteristic curve. The peak value of the curve is at a=9 for Ag,-Py, group, at a=6 for Ag,-
Py, group, at a=6 for Ag,-Py» group, and at a=5 for Ag,-Py; group. This means that each
group of Ag,-Pyj clusters with different index number of pyridine of b has different response
to the optimum number of combined silver atoms of a. Besides, here (1-) reflects the
consumption rate of pure Ag, clusters after the injection of pyridine response to n. This
sustains the assumption before that the Ag atoms have been donated most compared with all
the other Ag,, clusters for the formation of Ag,-Py;, clusters, since Ag; has the minimum value
of ﬁo.

Figure 3.23 shows the number of Ag atoms of Ag,, and Ag,-Py,, clusters before and after the
injection of pyridine respectively, and the ratio

y(@) =ZpN(Aga— Pyp)/ N(Agn) = ZpPp(a) (3.9)

of total number of Ag atoms between Ag,-Py;, clusters and Ag;, clusters response to the index
number of silver of a. Here y is the survival rate of Ag,-Py; from Ag,, after the injection of
pyridine. In other way, (1-y) reflects the deformation rate of Ag,, to Ag, Py, after the injection
of pyridine response to n. The optimum value of survival rate is at Agg-Py,,. As seen in the
green curve compared with the bottom curve (b=0) of Figure 3.22(b), there are two valley
values at Ag,-Py;, and Ags-Py;, (not for Ag,-Pyy and Ags-Pyy). This means, for Ag, and Agy, it's
more difficult to form silver-pyridine combination compared with the other Ag, clusters.

3.10 Optical spectra (Ags)

Size selected silver clusters of Ags with beam current of 200 pA and purity of 99% have been
co-deposited with rare Ne gas at pressure of 1.5 x 10> mbar and temperature of 6 K during
2 hours. Figure3.24 shows the experimental results of optical absorption spectrum of Ags
embedded in solid Ne matrix (red curve). Main absorption peaks at 2.52, 3.11, 3.52, 3.71,
4.06, 4.47, 4.64 and 4.80 eV are found in the spectrum, the result of which is consistent to the
previous result (gray curve) [51] of Ags fabricated by a sputtering source.

Figure3.25 shows the experimental result of fluorescence spectra of Ags excited by a 450 nm
and a 473 nm laser respectively. A large fluoresent peak at 603 nm with FWHM of 9.0 nm is
found for both excitations, which corresponds to the energy of 2.23 eV with FWHM of 0.015 eV
in vacuum. Please note, here a blue shift of 0.17 eV is introduced due to the matrix effect of
neon solid [98]. This is consistent to the previous fluorescence result found at 616 nm in AgsAr
system (corresponds to the energy of 2.26 eV by a blue shift of 0.25 eV for Ar matrix effect) [99].

All of these manifest that our experiment setup is reliable and works well for optical measure-
ments on size selected metal clusters.
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Figure 3.24 — Experimental result of optical absorption of Ags in Ne matrix (red curve) com-
pared with previous result of Ags in Ar matrix (grey curve) [51].
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Figure 3.25 — Experimental result of optical fluorescence of Ags in Ne matrix excited by a 450
nm and 473 nm laser respectively.
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Small noble metal clusters and nano-particles have unique optical properties related to the
localized surface plasmon resonance which determine the optical absorption spectrum in
the UV-visible wavelength range. These properties make them interesting for biolabelling,
nanophotonics, light energy harvesting, sensing, electronics and catalysis [100, 42, 101, 102].
The determination and understanding of the optical properties of these small metal clusters
are key for the development of applications. Larger particles in the nanometer size range
can be characterized essentially in the framework of classical electromagnetic theory [42, 47]
using the dielectric function of the bulk material. In the very small size range for noble metal
clusters containing less than 10 atoms, single electron excitations dominate the optical spectra.
They are successfully described in the framework of time dependent density functional theory
(TDDFT) choosing appropriate functionals [51, 103]. In this size range, different isomers for
one particular cluster size can be distinguished in the optical response experimentally as
well as theoretically. There is strong interest in the intermediate, non scalable cluster size
regime where the dielectric function evolves from single molecular transitions into the bulk
regime and where each constituent atom changes the physical property of the cluster under
investigation [49]. For the optical properties this is the range where molecular like electronic
transitions evolve into surface plasmon resonances whose shape depend on the symmetry
of the particle [50, 18]. Their center wavelength and width change as a function of size [47],
smoothly for larger particles more dramatic for the very small ones.

Silver clusters, the electronic complexity of which lies between that of alkali clusters and
gold and copper clusters, have been the object of numerous studies. Understanding their
electronic properties and optical response remains an interesting challenge due to the close
lying d-electrons, which quench the oscillator strengths by screening the s-electrons and get
partially involved in the excitations. A recent paper [62] shows the center of the plasmon
absorption (for small clusters the center of the absorption lines) as a function of silver cluster
size. Large particles where the dielectric function is the same as for the extended solid, show a
smooth behavior and are fairly well understood. Very small particles (up to 39 atoms) which
have been measured on mass selected neutral clusters clearly do now follow the trend of a
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monotonous redshift for increasing size but show shell closing and molecular like structures.
The intermediate size regime (40 —120 atoms) is not covered by measurements on size selected
neutral clusters and that is the gap which is interesting to be filled.

In this Chapter, we present a series of optical absorption measurements on neutral, size
selected (20— 120 atoms) silver clusters embedded in a solid neon matrix at 6 K. These atom for
atom precise optical spectra provide a unique way to investigate the evolution of the plasmon
energy of these small clusters and successfully fills the gap in the intermediate size range of
several tens of atoms [62].

4.1 Optical absorption spectraofAg, clusters (n = 20, 35,55,58,84,92,120)

The optical absorption spectra in the UV-visible range of size selected neutral Ag;, clusters
(n=20,35,55,58,84,92,120) embedded in a solid neon matrix at 6 K are presented here. These
spectra have been normalized by absorption intensity per atom, and the absorption energies
have been blue shifted by 0.17 eV due to the matrix effects of neon solid [98].

4.1.1 Agz()

Figure4.1 shows the experimental results (red curve) of optical absorption spectrum of Agy.
Using a multi-lorentzian fit, we have found 3 main absorption peaks at 3.85 eV (with amplitude
of 1.10 a.u. and FWHM of 0.19 eV), 3.96 eV (with amplitude of 1.20 a.u. and FWHM 0f 0.17 eV),
and 4.04 eV (with amplitude of 1.26 a.u. and FWHM of 0.24 eV) respectively.

4.1.2 Ag35

Figure4.2 shows the experimental results (red curve) of optical absorption spectrum of Agss.
Using the multi-lorentzian fit, we have found 4 main absorption peaks at 3.87 eV (with ampli-
tude of 2.37 a.u. and FWHM of 0.33 eV), at 4.00 eV (with amplitude of 0.96 a.u. and FWHM of
0.21 eV), at4.11 eV (with amplitude of 1.50 a.u. and FWHM 0of 0.18 eV), and at 4.21 eV (with
amplitude of 0.80 a.u. and FWHM of 0.19 eV).

4.1.3 Ag55

Figure4.3 shows the experimental results (red curve) of optical absorption spectrum of Agss.
Using the multi-lorentzian fit, we have found 3 main absorption peaks at 3.77 eV (with ampli-
tude of 0.12 a.u. and FWHM of 0.17 eV), at 4.04 eV (with amplitude of 1.56 a.u. and FWHM of
0.25eV), and at 4.21 eV (with amplitude of 0.48 a.u. and FWHM of 0.20 eV).
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4.1.4 Ag58

Figure4.4 shows the experimental results (red curve) of optical absorption spectrum of Agss.
Using the multi-lorentzian fit, we have found 2 main absorption peaks at 3.81 eV (with am-
plitude of 0.59 a.u. and FWHM of 0.37 eV), and at 4.11 eV (with amplitude of 1.44 a.u. and
FWHM of 0.32 eV).

4.1.5 Agg4

Figure4.5 shows the experimental results (red curve) of optical absorption spectrum of Agg,.
Using the multi-lorentzian fit, we have found 3 main absorption peaks at 3.79 eV (with ampli-
tude of 2.32 a.u. and FWHM of 0.34 eV), at 3.93 eV (with amplitude of 1.73 a.u. and FWHM of
0.28 eV), and at 4.10 eV (with amplitude of 2.43 a.u. and FWHM o0f 0.31 eV).

4.1.6 Aggg

Figure4.6 shows the experimental results (red curve) of optical absorption spectrum of Agg,.
Using the multi-lorentzian fit, we have found 2 main absorption peaks at 3.79 eV (with am-
plitude of 0.07 a.u. and FWHM of 0.22 eV), and at 3.94 eV (with amplitude of 1.08 a.u. and
FWHM of 0.28 eV).

4.1.7 Ag120

Figure4.7 shows the experimental results (red curve) of optical absorption spectrum of Agy .
Using the multi-lorentzian fit, we have found 4 main absorption peaks at 3.61 eV (with ampli-
tude of 0.20 a.u. and FWHM of 0.16 eV), at 3.74 eV (with amplitude of 0.25 a.u. and FWHM of
0.18 eV), at 3.86 eV (with amplitude of 0.28 a.u. and FWHM of 0.23 eV), and at 4.04 eV (with
amplitude of 0.37 a.u. and FWHM of 0.42 eV).
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Figure 4.1 - Optical absorption of Agyg, where the red curve represents the experimental result
and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey curve).
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Figure 4.2 — Optical absorption of Agss, where the red curve represents the experimental result
and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey curve).
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Figure 4.3 — Optical absorption of Agss, where the red curve represents the experimental result
and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey curve).
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Figure 4.4 — Optical absorption of Agsg, where the red curve represents the experimental result
and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey curve).
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Figure 4.5 - Optical absorption of Aggs, where the red curve represents the experimental result
and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey curve).
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Figure 4.6 — Optical absorption of Agg,, where the red curve represents the experimental result
and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey curve).
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Figure 4.7 — Optical absorption of Ag;»o, where the red curve represents the experimental
result and the blue curve represents the multipeak fitting result by lorentzian lineshape (grey
curve).

4.2 Comparison to TDDFT calculations

As discussed before, TDDFT calculation is a very powerful tool to explore the electronic struc-
tures and optical properties of small clusters theoretically. For example, TDDFT calculations
have been very successful to explain the optical spectra for small cluster with sizes up to
n =9 [20, 51]. It was found that only energetic close lying isomers coexist in a neon matrix
while in all other cases only the ground-state was present. This manifests that our optical
measurements are performed not only on monodispersed samples but even on isomeric clean
samples.

Agyp has been calculated by the Lyon group using different functionals [20, 103]. The most
recent ones, using the CAM-B3LYP and LC-MO6L functional, show excellent agreement with
the experimental spectrum as shown in figure4.8 for the latter one. In these calculations the
groundstate structure has been calculated and found to be of D symmetry, different from the
highly symmetric tetrahedric T, structure like in Auyg [16]. The optical absorption spectrum
calculated by Aikens et al. [18] shows a fairly similar absorption profile in an comparable
energy range as seen in figure4.9. However the highly symmetric tetrahedral structure is
characterized by one strong electronic transition at around 4 eV. The experimental spectrum
clearly is composed of multiple transitions (see table4.1) which together account for the total
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Figure 4.8 — Comparison of experimental measurements (red curve) to TDDFT calculation
using LC-M06L/SDD model (grey curve [20]) of optical absorption on Agy, cluster.

width of the absorption peak. It seems therefore plausible to adopt the calculated Dg symmetry
as the lowest lying ground state.

Aikens et al. [18] have performed a comparative study over a large set of cluster sizes fo-
cussing on tetrahedral shell closings (n = 20, 35,84, 120). It should be noted that the geometric
structure in the calculations was not relaxed but the T; structure imposed. In contrast to the
experimental data where the oscillator strength clearly bunches around 4 eV with a very weak
redshift to larger sizes, this shift is much more pronounced in the calculations. Furtheron
the high symmetry leads to a plasmon width which is rather narrow and does not show an
increase in the calculations, while the experimental spectra are broad compared to Agss and
Agg> which would indicate that these clusters clearly possess a higher symmetry correspond to
subshell closings in the geometrical. A comparison of the calculations with the corresponding
experimental data is given in figure4.9. Their results showed that for the selected tetrahedral
clusters, the plasmon width does not increase with decreasing cluster size. They claimed that
this lack of sensitivity of plasmon width to cluster size is specific to tetrahedral clusters with
filled shells, in which the low symmetry clusters give much broader spectra.

We have also compared our experimental result of optical absorption spectrum of Agss to the
TDDFT calculation of AgZ, by Aikens group [18]. Although owning the same number of free
valence electrons according to jellium model (see section2.3.2), two isoelectronic spectra show
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Figure 4.9 — Comparison of experimental measurements (red curve) to TDDFT calculation
(grey curve [18]) of optical absorption on Ag, (n = 20,35,84,120) clusters.

completely different features. As shown in figure4.10, Agss gives a single narrow absorption
peak at about 4.0 eV with FWHM of only about 0.3 eV. But Ag}, presents a much broader
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Figure 4.10 - Comparison of experimental measurements of optical absorption on Agss cluster
(red curve) to TDDFT calculation (grey curve [18]) on Ag;G.

absorption spectrum with two main peaks at about 3.2 eV and 4.7 eV . This manifests that the
core ions of small metal clusters play an important role on the dielectric function which can
be reflected by its optical response due to the intrinsic effect (see Section 2.3).
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Figure 4.11 — Plasmon energy and width as a function of the inverse particle diameter of 1/D
with cluster size from 20 to 120 atoms.

4.3 Plasmon energy of Ag, clusters

Plasmon, as a quantum of plasma oscillation, is an oscillation of free electron density at the
plasma frequency with respect to the fixed positive ions. Plasmon plays an important role in
the optical properties of metals. For the small metal clusters, only the surface plasmon can be
excited by light. The plasmon energy, that is the mean absorption energy, can be defined as
[104]:

Jolw-o(w)dw

Ep=h @)= e

4.1)

where o is the absorption cross section. Therefore, by using equation4.1, we can obtain the
plasmon energies of Ag;, clusters from the optical absorption spectra as shown in figure4.1-4.7.

4.3.1 Plasmon energy and width with cluster size

Figure4.11 shows the plasmon energy and width as a function of the inverse particle diameter
of 1/ D with cluster size from 20 to 120 atoms. The central absorption energies of these clusters
are around 3.9 — 4.1 eV, which are typical plasmon energies for small silver clusters. Agsg has
the highest plasmon energy of 4.10 eV and Agj» has the lowest plasmon energy of 3.90 eV.
Besides, we can see that Agy, Agss, Agg show respectively narrow absorption widths (< 0.32
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eV of FWHM), while Agss, Agss, Aggss, Ag120 show respectively wide absorption widths (> 0.42
eV of FWHM).

For small metal clusters, the plasmon energy reflects the resistance of conduction electrons of
the cluster forced by the external electric field: higher the resistance is, higher the plasmon
energy is. In addition, the width of plasmon reflects the geometrical symmetry of conduction
electrons cloud of the cluster particle: more symmetrical the cluster particle is (e.g. a sphere
shape of s electrons), a smaller width of plasmon it has. Interestingly, as shown in figure4.11, a
relatively higher plasmon energy corresponds to a relatively smaller FWHM. This manifests
that a cluster with a higher symmetrical electrons cloud has a higher resistance of conduction
electrons to the external electric field.

4.3.2 Bridge the gap between atom and bulk

As we mentioned before, the intermediate size regime (40 — 120 atoms) of silver was not
covered by measurements on size selected clusters. Now this gap has been filled. Figure4.12
shows the optical absorption spectra of silver from atom to bulk, with our size by size the
measured absorption spectra of Ag,, (n = 20,35,55,58,84,92,120) clusters embedded in solid
neon at 6 K. Spectra have been normalized to cluster density and to the number of atoms per
cluster. The whole absorption spectrum has further on be blue shifted by 0.17 eV to account
for the dielectric matrix shift [98]. This allows to compare the spectra to gas phase values.
For comparison, we have calculated the bulk limit, i.e. the optical spectrum in the dipolar
approximation using the dielectric function of bulk silver [105]. The experimental data are
given in red. The blue line corresponds to a multi-lorentzian fit with variable energy, intensity
and line-width. The relative positions and intensities are represented as grey bars. The data
are summarized in table4.1, which list energy, intensity and line-width for a given transition.
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Table 4.1 — Energies, intensities and widths of plasmons and transitions contributing to the
absorption spectra. x figure4.1-4.7; ¢ [51]; * [106]; o [107]; © [105].

Our experimental results of clusters with size range from 20 to 120 fill the gap in the size
range of several tens of atoms. The central absorption energies of these clusters are around 4
eV, which is a typical plasmon energy for small free silver clusters. Besides, we can see that
Agyo, Agss, Agg2 show narrow absorption widths (around 0.3 eV full width at half-maximum
(FWHM)), while the absorption profile for Agss, Agss, Agsa, Ag120 is much wider (around 0.5
eV of FWHM). Moreover, clearly seen from figure4.12, by multi-lorentzian fit, Agy;, Agss and
Aggr show two peaks, Agyy, Agss and Aggy show three peaks, and Agss and Agy»¢ show four
peaks. Compared with the narrow peak of plasmon energy at about 3.3 eV for bulk silver on
one hand, the silver clusters of Agyo-Agi20 show a higher and wider peak of plasmon energy.
Compared with the spread multi-peaks of plasmon energy of very small clusters of Ag;-Ag;;
on the other hand, the silver clusters of Ag,y-Agi2¢ show a wide absorption peak formed by
several very closed narrow peaks.

4.3.3 Sub-shell effect

An interesting question is the size dependence of the surface plasmon resonance energy which
can be well defined by the single symmetric absorption peak for larger particles supposed to
be spherical in shape. This situation is more complicated for smaller clusters whose shape
deviates from the sphere with a splitting of the plasmon resonance in multiple peaks. A further
complication arises from the perturbation of this resonance due to the dielectric influence of
the substrate for supported clusters (inhomogenous dielectric environment) and embedded
clusters (homogenous dielectric environment). Most measurements for larger clusters are,
because of technical difficulties restricted to an ensemble of sizes which makes the attribution
of an absorption profile to a specific size difficult. Exceptions are the very recent electron
energy loss measurements on single Ag clusters supported on carbon grids from Scholl et al
[62] and on silicon nitride by Raza et al.[72].
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Figure 4.13 — Experimental results of plasmon energy of silver clusters response to the inverse
cluster diameter of 1/D. H [106]; A [108]; ¢ [62]; #[72]; *[107]; ® [105].

Figure4.13 shows the experimental results of plasmon energy of silver clusters response to
the cluster size. Here the plasmon energy is calculated by using equation4.1 and is plotted
against the inverse particle diameter of 1/D. The data of ref[62, 106, 108] have been scaled to
obtain the resonance energies in vacuum. Please note, here we use 0.25 eV instead of 0.29 eV
to blue shift the plasmon energy from argon matrix to vacuum according to the matrix effect
[98]. Our present results on Ne matrices conincide perfectly with the older data from plasmon
energies in Ar [106]. This shows that matrix effects [98] will only weakly influence the optical
absorption of embedded clusters except for the red shift.

Moreover, we have noticed that our results show a higher plasmon energy of about 0.03 eV,
compared with the results of ref[108]. Note that the silver clusters used in ref[108] are not
mass-selected, having a wide size distribution with constant 1/D. This means the average
plasmon energy of a cluster group with a certain size distribution of 1/D is lower than that of
its center size of 1/ D, which indicates the plasmon energy of silver cluster has an open-down
parabola relationship with inverse particle diameter, as shown in figure4.14. This conclusion
is completely consistent with our theoretical calculation based on ref[109].

Clearly seen from the figure4.13, the plasmon energy shows an oscillated characteristic re-
sponse to the cluster size. Interestingly, we can find that the silver clusters with atom numbers
of 8, 18, 34, 58, 92 show a localized maximum value of plasmon energy. According to the
well-known shell model as shown in figure2.8, these numbers correspond to the fully filled
states of 1p, 1d, 1f, 1g and 1h. This manifests that the clusters with fully filled states have
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Figure 4.14 — Calculations of mean plasmon energy as a function of the mean inverse cluster
diameter with different cluster size distribution.

higher plasmon energies than those of clusters with partial filled states, showing a sub-shell
effect.

4.4 Polarizability of Ag clusters

As discussed in Section 2.2.2, for a small metal particle, the positive charged core in the clusters
is assumed to be immobile and the negative charged conduction electrons are allowed to
move under the external field. Thus a displacement between the positive charges and the
negative ones occurs if a metal cluster is placed in an external field. The polarizability of
clusters can be defined and calculated from the absorption spectra as [104]:

N2 1. Né [y o odo
€ome w2 gome Jolo(wdw

a= (4.2)

Therefore, by using equation4.2, we can obtain the polarizability of Ag,, clusters from the
optical absorption spectra as shown in figure4.1-4.7.
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Figure 4.15 — Experimental results of polarizability of silver clusters of Ag, (n =

20,35,55,58,84,92,120) as a function of the inverse cluster diameter.

4.4.1 Polarizability with cluster size

Figure4.15 shows our experimental results of polarizability of silver clusters of Ag, (n =
20,35,55,58,84,92,120). Here the polarizability is calculated by using equation4.2. Polar-
izabilities in the rage of 0.97 — 1.07 are found. We can see from the figure that Agss and Ag 9
show localized minimum of polarizability. Compared with figure4.11, as expected, we can find
that a higher plasmon energy results in a lower polarizability. This is because the cluster with
a higher plasmon energy is more stiff, which indicates a smaller displacement under external
field.

4.4.2 Comparison with theoretical model

Figure4.16 shows theoretical calculation of shape of clusters with different cluster size using
harmonic spheroidal model according to equation2.41 and table2.4 based on Section 2.3.3.
Please note that, by comparison, figure2.11 gives the cluster shapes using unharmonic spheroidal
model with harmonic oscillator of u = 0.04 [63].

Based on Section 2.3.3 and using equation2.43,2.44 and 2.47, the polarizability of clusters
can be calculated from the cluster shape. Figure4.17 shows our experimental and theoretical
results of polarizability of silver clusters as a function of inverse diameter of cluster size of 1/D.
We can see that the unharmonic model shows a better agreement with the experimental result
than the harmonic model.
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Gold clusters and nanoparticles are in the center of an intense research effort and have
attracted considerable interest due to their potential technological applications such as na-
noelectronics by single molecule electronics with gold nanowires [111]. Gold nanoparticles
also exhibit novel optical, electronic, and magnetic properties such as chiroptical activity in
glutathione-passivated clusters [112]. In addition, small gold clusters have been found to be
good catalysts for the oxidation of small molecules such as CO and Hy [113, 114].

From a fundamental point of view, clusters of noble metal elements are of particular interest
because they form the natural bridge between clusters made from free electron like metal
elements and transition-metal clusters, and thus constitute an interesting ground for the
testing of theoretical approaches. Gold clusters are much more complex systems compared
to silver clusters as discussed in Chapter4. Having a smaller s-d separation and showing
strong relativistic effects, the optical spectra of Au are of larger complexity. Until now, reliable
optical spectra of the neutrals are still not available except for the recent optical absorption
measurements on small gold clusters Auy, (m=1-5,7-9) [53].

The important features of Au,, particularly relevant to nanophotonic applications, are their
dielectric and optical properties. Experimentally, the optical absorption spectra of small Au
clusters were obtained using a variety of techniques such as noble-gas matrix spectroscopy,
resonant two-photon ionization spectroscopy, photodepletion spectroscopy, and photodisso-
ciation spectroscopy [115, 116, 52, 117]. For the neutral Au clusters, the experimental study of
the optical absorption was limited only up to Aug so far [53].

Recently, the studies of fluorescence on Au nano-particles have shown great potential and
attracted much interest due to its wide applications in a variety of disciplines, such as the
switchable fluorescence in Au nanoparticle/ DNA rotaxane hybrid nanostructures [118], the
enhanced fluorescence from dye molecules by Au nanoparticles [119], the nonbleaching
fluorescence of gold nanoparticles for the application in cancer cell imaging [120], the mul-
tiphoton fluorescence in human insulin—Au nanodots [121], the molecular fluorescence by
Au@SiO; core-shell nanoparticles [122], and the label-free fluorescence on protein-protected
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Au clusters [123]. Understanding the fluorescence origin is of critical importance for the
applications of bioimaging and photonics.

Au clusters with a few atoms usually show fluorescence in the blue or green region with a
very broad bandwidth [124]. Despite considerable theoretical efforts on Au clusters [125, 126,
127, 128, 129], the optical properties of Au clusters have been rarely reported experimentally
and the fundamental understanding remains far from being completed. Furthermore, their
electronic and geometric structures remain unclear due to the complexity and lack of exper-
imental evidence. Experimentally, fluorescence studies of Au clusters are mostly based on
ligand-protected or protein-encapsulated Au nanoparticles [130, 131, 132, 123], and optical
measurements on pure neutral Au clusters don'’t exist for cluster sizes above 9 atoms. Actually,
fluorescence measurements on size-selected neutral Au clusters have never been performed
before except for the gold atom and dimer [133].

In this Chapter, we present optical absorption and fluorescence measurements on neutral,
size selected Au,, (m =19,20,21) gold clusters embedded in a solid neon matrix at 6 K. These
optical spectra provide a unique way to investigate their electronic and geometric structures.

5.1 Optical response of Auy,

5.1.1 Absorption spectrum of Auy

Recent photoelectron spectroscopy and relativistic density functional calculations have sug-
gested that Auyy has a tetrahedral geometry (see figure5.1) similar to a fragment of bulk
face-centered cubic (fcc) gold [16]. This similarity suggests the use of this cluster as a model
of the bulk surface where each of the four faces of the tetrahedron represents a (111) surface.
Besides, the apex and edge atoms have different coordination numbers and may also provide
useful sites for catalysis and other applications. Hence, acquiring a high resolution reliable op-
tical absorption of size-selected Auyg clusters can give further confirmation for this structure
and, in addition, permit to test TDDFT calculations that report the optical properties.

Figure5.2 shows the experimental result of the optical absorption on mass selected Auy clus-
ters embedded in Ne matrix at 6 K. Here the optical spectrum has been blue-shifted by 0.17
eV in order to compensate the energy offset on the electronic states caused by the Ne matrix
[52]. Different from the absorption spectra of Ag, (n =20 —120) clusters mentioned in Sec-
tion 4.1 that all show a plasmon-like peak at about 4.0 eV, the Auyq cluster shows a continuous
rich-structured absorption spectrum from 2.0 eV to 5.5 eV. The strongest absorption peak is
presented at 3.31 eV with several other main peaks at 2.48, 3.37, 4.16, 4.28, 4.69 and 5.17 eV.
Moreover, the blue (higher energy) part has a larger optical absorption than the red (lower
enregy) part, which is consistent with the feature of optical absorption of a bulk gold [105].

96



5.1. Optical response of Auy,

Aux
70
a8
L A N,
e o o £y o

Figure 5.1 — Tetrahedral structure of Auyg [16].
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Figure 5.2 — Measurement of optical absorption on mass selected Auyg clusters embedded in
Ne matrix at 6 K.

5.1.2 Fluorescence spectrum of Auy

Figure5.3 shows the the spectra of fluorescence on Auy, excited by lasers at wavelengths of 266
nm, 375 nm, 473 nm and 532 nm respectively. We can clearly see that, despite of the change of
the incident light wavelength, Auyg cluster presents a very strong fluorescence at 739.2 nm
(equaling to 1.85 eV considering matrix effect) with a bandwidth (FWHM) of about 35 nm
(equaling to 0.08 eV). Note that, for excitations at 266 and 375 nm, a group of continuous
fluorescence peaks is presented closed to the excitations, as shown in figure5.3(a) and (b).
Interestingly, the fluorescence peak of Auyg at 1.85 eV is extremely close to that of 1.83 eV on
Auy. But the bandwidth of Auyy of 0.08 €V is much smaller than that of 0.2 eV on Au, [133].

Compared to the fluorescence measured on other Au cluster systems like ligand-protected or
protein-encapsulated Au nanoparticles, our result on pure Auyg clusters shows a much smaller
bandwidth. For example, Wu et al. showed a fluorescence on Auys(SCH2,CH,Ph) g~ system at
750 nm with 150 nm bandwidth [131]. Xu et al. found the fluorescence on Au nanoclusters/BSA
(bovine serum albumin) systems from 650 to 700 nm with 100 nm bandwidth [130]. Wen et
al. gave a fluorescence on Auys/BSA systems at 690 nm with 120 nm bandwidth [132]. Liu et
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al. presented a fluorescence on human insulin—Au nano-dots at about 700 nm with 150 nm
bandwidth [121]. We think that the small bandwidth of the fluorescence peak of Auyy may be
due to the different cluster size or its ligand-free property.
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Figure 5.3 - Measurement of optical fluorescence on mass selected Auyg clusters excited by a
266 nm, 375 nm, 473 nm and 532 nm respectively.
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Figure 5.4 — Measurement of optical excitation on mass selected Auy clusters by measuring
the intensity of fluorescence at 739.2 nm as a function of incoming photon energy.

5.1.3 Excitation spectrum of Auy

Based on the fluorescence observation found at 739.2 nm, the excitation measurement is
then performed by changing the incident light wavelength. Figure5.4 shows the experimental
result of excitation spectra on Auy,. The strongest peaks are presented at 2.48 and 3.31 eV
with several main peaks at 2.33, 4.16, 4.28, 4.53 eV. Compared with the absorption spectrum
shown in figure5.2, the excitation spectrum provides a higher resolution on transition peaks.
It’'s worth mention that the lack of the peaks in excitation spectrum compared to absorption
spectrum is due to either the dark tunnels of relaxation of electrons without fluorescence after
absorption, or the other fluorescence tunnels (not the 739.2 nm one) at different wavelength
as shown in figure5.3(a) between 266 and 532 nm, or the surface plasmon. Please note, the
peaks of excitation spectrum cannot be the surface plasmon.

5.1.4 Conclusion of optical response of Auy

Now we summarize the optical response of Auyg. As shown in figure5.5 and 5.6, the absorption,
fluorescence and excitation spectra show consistent transition peaks. We have listed all the
transition peaks in table5.1. Four strongest main peaks at b =2.48 eV, k =3.31eV, p =4.16 eV
and g =4.28 eV can be clearly seen from the table.
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Peaks Energy (eV) Wavelength (nm) | Absorption Excitation Fluorescence
fluo 1.85 739.2 N
a 2.33 574.1 W S
b 2.48 536.8 S S
c 2.58 514.5 W W
d 2.75 480.6 W S W
e 2.88 457.6 \\ W
f 2.95 446.0 \\ W W
g 3.02 435.1 \\ w
h 3.08 426.1 A\ S
i 3.15 416.1 W W S
j 3.23 405.2 W w
k 3.31 394.9 S S w
1 3.37 387.5 S W
m 3.51 371.3 W W S
n 3.71 350.3 w S
0 3.86 336.0 \\ W
p 4.16 310.8 S S
q 4.28 301.7 S S
r 4.48 287.7 W W
S 4.53 284.4 W S
t 4.69 274.3 S W
u 5.17 248.0 S W

Table 5.1 - Comparison of transitions peaks of optical absorption, fluorescence and excitation
on Auy. Here 'S’ represents strong peak and "W’ represents weak peak.
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Figure 5.7 — Measurement of optical absorption on mass selected Au;g clusters embedded in
Ne matrix at 6 K.

5.2 Optical response of Au;g

5.2.1 Absorption spectrum of Au;g

It is interesting to look into Au clusters with one atom size above and one below 20 to see
the close shell effect according to the shell model as discussed in Section2.3.3. Therefore, we
have also performed the optical measurements on Au;9 and Auy;. Figure5.7 shows the optical
absorption spectrum on mass selected Au;9 embedded in solid Ne at 6 K. As discussed before,
here a blue shift of 0.17 eV has also been applied due to the matrix effect of Ne. We found
that the absorption spectrum presents continuous transition peaks from 2.0 eV to 5.5 eV, and
the absorption increases with the increase of photon energy, the characteristics of which are
similar to those of Auyg. But different from the rich-structured absorption spectrum of Auy,
Aujg here presents a poor-structured spectrum. The strongest absorption peak is shown at
3.33 eV with several main peaks at 2.39, 2.77, 3.54, and 5.08 eV.

5.2.2 Fluorescence spectrum of Au;g

Figure5.8 shows the spectra of fluorescence on Au,g excited by the lasers with wavelengths of
473, 532 and 635 nm. We can see that Au;9 has a strong fluorescence peak at 737 nm (equaling
to 1.85 eV) with a bandwidth of 34 nm (equaling to 0.08 eV). Interestingly, this is exactly the
same as that of Auyg. But clearly seen from figure5.8, Au;9 has additional fluorescence peaks
depending on the excitation light wavelength. For the incident 473 nm laser, Au;9 shows a
small additional peak at 689 nm (equaling to 1.97 eV) with a bandwidth of 12 nm (equaling to
0.03 eV). For the incident 532 nm laser, Au;9 shows a large additional peak at 650 nm (equaling
to 2.08 eV) with a bandwidth of 110 nm (equaling to 0.33 eV). For the incident 635 nm laser,
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Au;g shows a small additional peak at 713 nm (equaling to 1.91 eV) with a bandwidth of about
20 nm (equaling to 0.05 eV).
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Figure 5.8 - Measurement of optical fluorescence on mass selected Au;g clusters excited by a
473 nm, 532 nm and 635 nm respectively.
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Figure 5.9 — Measurement of optical absorption on mass selected Auy; clusters embedded in
Ne matrix at 6 K.

5.3 Optical response of Au,;

5.3.1 Absorption spectrum of Auy;

Optical measurements on Aup; have also been performed. Figure5.9 shows the spectrum
of optical absorption on Auy; again blue shifted by 0.17 eV. Similarly to Au;9 and Auyg, the
spectrum of Auy; presents continuous absorption peaks from 2.0 eV to 5.5 eV, increasing with
the increase of photon energy. Similar to Au;g, Auy; also presents a poor-structured spectrum.
But different from Au;9 and Auyy, there is no obvious main absorption peak in Auy;.

5.3.2 Fluorescence spectrum of Auy,;

Figure5.10 shows the spectra of fluorescence on Auy; excited by the lasers with wavelengths
of 473, 532 and 635 nm. We can see that, for excitations at 473 and 532 nm, Auy; presents a
strong fluorescence peak at 660 nm (equaling to 2.05 eV) with a bandwidth of 150 nm (0.43
eV). In addition, a small adjacent fluorescence peak at 730 nm (equaling to 1.87 eV) is also
obscurely immersed inside the main peak of 660 nm because of the wide bandwidth. But for
the excitation at 635 nm, the main peak is quenched and only the small peak of 730 nm is
shown. This is because the excitation position is too close to the fluorescence position.

Most important, given that all three Au,, (m = 19,20,21) clusters show strong fluorescence
centered at around 1.85 eV (see Sections5.1.2, 5.2.2 and 5.3.2), comparing the fluorescence
results of our ligand-free Au clusters to those of the ligand-protected Au clusters as discussed
in Section5.1.2 clearly proves that the fluorescence comes from the Au cluster itself and is only
weakly influenced by the ligands.
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Figure 5.10 — Measurement of optical fluorescence on mass selected Auy; clusters excited by a
473 nm, 532 nm and 635 nm respectively.
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5.4 Comparison to TDDFT calculations

Theoretically, there have been few studies on the dielectric and optical properties of small
and medium sized Au clusters. Among the issues considered were the size dependence and
anisotropy of the static dipole polarizabilities [134, 135, 136] and the features of the absorption
and vibration spectra [137, 138]. Most of these studies were performed within the framework of
density functional theory (DFT) and time-dependent DFT (TDDFT), and some using quantum
chemistry techniques such as coupled cluster and configuration interaction methods. All the
theoretical explorations for the absorption spectra of Au,, clusters have so far focused on a
single size or a set of clusters in a narrow size range. Wang et al. [139], Itkin and Zaitsevskii
[140], and Wang and Ziegler [141] computed the low-energy excitations of Au,. The infrared
vibronic absorption spectrum of Aug was investigated by Guo et al. [137]. For Aug, Omary et
al. [142] computed the absorption spectrum of a three-dimensional (bicapped tetrahedron
of Dyj, symmetry) isomer, while Rao et al. [143] investigated the spectrum of three low-lying
isomers. In a combined experimental and theoretical study, absorption spectra for gold cluster
anions complexed with one Xe atom, Au,, Xe, were measured and computed for the n="7-11
size range. Lecoultre et al. has reported the optical absorption measurements as well as
TDDFT calculations on small gold clusters Au, (n=1-5,7-9) [53].

While there was no experimental data available for the absorption spectrum of the tetrahedral
Auy cluster before, several groups have recently reported its computed spectrum within
TDDFT, such as Wu et al. [144], Xie et al. [145], Aikens et al. [138], and Idrobo et al. [127].
Figure5.11 shows the comparison of our experimental Auy, optical absorption spectrum on
Auy cluster to the TDDFT computational calculations mentioned above. Our experiment is in
good agreement with those of Idrobo’s calculations, except for a blue shift of about 0.3 -0.4
eV. The computed values of Idrobo et al. are also in good agreement with those of Aikens et
al,, other than a 0.1 — 0.2 eV energy shift toward red. The computations of Wu et al. has given
the similar spectra but shifted to blue by 0.3 — 0.4 eV compared to that of Aikens’ result. Xie
et al. found two absorption peaks at 2.74 and 1.93 eV which are in good agreement with the
corresponding values of 1.86 and 2.78 eV of Idrobo’s result.

We have also compared our experimental excitation spectrum with the TDDFT calculations of
absorption result by Anak et al. [20]. As obviously seen in figure5.12, our result shows a very
good consistency with the calculation except for a —0.2 eV shift. Many of the transition peaks
in table5.1 are also presented in the spectrum of TDDFT calculation, such as b, k, m, o, p, r
and u.
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Figure 5.11 — Comparison of our experimental result to TDDFT calculations of optical absorp-
tion on Auyg. Idrobo et al. [127], Aikens et al. [138], Wu et al.[144], and Xie et al. [145].
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Figure 5.12 — Comparison of our experimental result to TDDFT calculation by Anak et al. [20]
of optical absorption on Auyg.

5.5 Transition of optical response of gold from atom to bulk

Figure5.13 shows the optical absorption spectra of gold from atom to bulk, with our measured
absorption spectra of Au,, (n =19,20,21) clusters embedded in solid neon at 6 K. The whole
absorption spectrum has been blue shifted by 0.17 eV to account for the dielectric matrix
shift [98]. This allows to compare the spectra to gas phase values. For comparison, we have
calculated the bulk limit, i.e. the optical spectrum in the dipolar approximation using the
dielectric function of bulk gold [105].

We can see from figure5.13 that, for very small gold clusters of Au,, (n =1,2,3,4), the spectra
present several molecular like transitions between 2.5 and 5.5 eV. For small gold clusters of
Auy, (n=5,7,8,9), the spectra show many more transition peaks. The intermediate-sized gold
clusters of Au,, (n = 19,20,21), as discussed above, exhibit continuous absorption spectra
from 2.0 to 5.5 eV that change from unstructured to multipeak and back to unstructured
for single atom size increments. This may be attributed to the close-shell effect. Finally, for
bulk gold, a smooth absorption spectrum exhibits a plasmon peak at about 2.5 eV. Through
figure5.13, we can see the evolution from molecular like single electron transitions in atom
into collective type transitions (surface plasmon) in bulk, where Auy( interestingly shows both
types of transitions. Please note, Auyy with an absorption peak profile around 2.5 eV is also
shown, which suggests the existence of the surface plasmon if compared to the bulk gold.
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Figure 5.13 — Optical absorption spectra of gold from atom to bulk. Au,, (m=1-5,7-9) [53];
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pyridine clusters

Detecting single molecules with high sensitivity and molecular specificity is of great scientific
and practical interest in many fields such as chemistry, biology, medicine, pharmacology, and
environmental science [146]. Surface-enhanced Raman scattering (SERS) is a useful technique
resulting in strongly increased Raman signals from molecules which have been attached to
nanometer sized metallic structures. Although the ordinary Raman effect is extremely weak

0739 cm? per molecule), a dramatic signal enhancement

(characterized by cross sections of 1
may occur if the analyte molecule is adsorbed to metal particles of subwavelength dimensions
[147]. Raman cross sections as large as 10~'5 cm? have been found which makes single
molecule detection possible when adsorbed on silver nanoparticles [58]. The amplification
of the electrostatic field in the surface plasmon excitation of silver plays an important role in

SERS.

SERS has been discovered already more than 40 years ago [56, 57], but a complete understand-
ing has not yet been achieved. It is generally agreed that more than one effect contributes to
the observed large effective SERS cross section. The enhancement mechanisms are roughly
divided into electromagnetic and chemical effects. Of course, the two mechanisms are not
mutually exclusive but work together in concert to produce the overall SERS effect. It’s a
combination of the very high local electromagnetic fields at the junction of the molecule and
the nanoparticle (electromagnetic enhancement) and a chemical enhancement due to the
interactions (most likely charge transfer processes) between the two constituents.

The SERS was successfully employed by Kneipp et al. 20 years ago, who have observed
extremely large Raman cross sections on the order of 107!7 to 107!% cm? per molecule in SERS
experiments using near-infrared (NIR) excitation for dyes adsorbed on colloidal silver [148].
More recently it was shown by Peyser-Capadona et al. [149] that small (2 — 8 atom) Ag clusters
encapsulated in a peptide or dendrimer scaffold can produce comparable enhancement
factors. In this size regime the classical description, where the strongly enhanced local field
near the nanoparticle surface is caused by the surface plasmon excitation is not longer valid,
since molecular type electronic excitations are dominant. These results have renewed an
effort of understanding the Raman enhancement at the molecular level.
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Theoretical calculations predicted large enhancement factors for molecules like pyridine (Py)
attached to small silver clusters [59, 60, 61]. Zhao et al. have calculated in the TDDFT scheme
the surface enhancement of the Raman cross section for pyridine in contact with a single Agsq
nanocluster [59]. Enhancement factors of 10° at best have been found. Jensen et al. have
presented a TDDFT study of the size-dependence of the absorption and Raman scattering
properties of pyridine interacting with small silver nanoclusters Ag;, (n =2 —8,20) [60]. They
found that both the absorption and Raman properties depend strongly on cluster size and
adsorption site. The total enhancements for the complexes are between 103 and 10* and the
strongest enhancement is found for the Ag,-Py complex.

Giving the importance of SERS with small metal clusters for applications as well as a funda-
mental understanding of the underlying processes, it is highly desirable to obtain experimental
data on size-selected neutral cluster molecule complexes. Freezing the Ag,Py; complexes
in Ne matrices should provide an ideal system to measure Raman cross sections for a well-
defined cluster size and environment. Based on this system, optical absorption, fluorescence
and Raman spectroscopy should allow to test the theoretical predictions and thereby make a
first step to the detailed understanding of the enhancement effect.

As mentioned in Section 3.5, silver-pyridine compounds are fabricated in a conical octupole by
combining pyridine molecules injected from the reservoir and silver clusters produced from
the cluster source due to high pressure and strong collision. The silver-pyridine compounds
are then mass selected by a quadrupole as shown in figure 3.21, and co-deposited with Ne rare
gas under low temperature of 6 K, forming a solid matrix.

In this Chapter, we will present the experimental results of optical measurements of absorption,
fluorescence, and Raman scattering on size-selected silver-pyridine compounds of Ag,Py;,
(a=1,3;b=1,2).

6.1 Optical response of Ag, Py,

6.1.1 Absorption of Ag, Py,

Figure6.1 (red curve) shows the experimental result of absorption spectrum on size-selected
AgPy; clusters embedded in solid neon. Four main peaks at 3.93, 4.06, 4.20 and 4.56 eV and
six small peaks at 2.06, 2.55, 3.19, 3.40, 4.27 and 4.39 eV are found. As discussed before, here
the spectrum has been blue shifted by 0.17 eV in order to compensate the energy offset caused
by the matrix. Please note, all the following optical spectra in this Chapter will be shifted by
this amount in order to be representative for gas phase species.
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Figure 6.1 - Comparison of optical absorption spectrum of Ag; Py; to that of pure Ag; and pure
Py,. Here Ag; embedded in solid Ne [51], vapor pyridine [150], pyridine in aqueous solution
[151], pyridine hemochrome [152].

Comparing the absorption spectrum of Ag, Py, to that of Ag; Py as shown in the blue curve of
figure6.1, we can see that the four absorption peaks of Ag; Py, at 3.93, 4.06, 4.20 and 4.27 eV
are consistent to the corresponding values of 3.93, 4.06, 4.19 and 4.28 eV in the spectrum of
Ag, except for an energy shift of 0.07 eV. This is attributed to the effect of the pyridine molecule
attached to the silver atom. Interestingly, the TDDFT calculations by Jensen et al. has also
shown an energy shift of the absorption spectrum of Ag,,Py; compared to that of pure Ag,
[60]. For example, Ag>Py; presents a blue shift of 0.27 eV compared to that of pure Ag,, and for
larger clusters like AgsPy; and AgsoPy; a red shift of 0.07 eV is displayed.

The cyan curve in figure6.1 shows the absorption spectrum of pyridine vapor which presents
three main peaks at 4.31, 4.38 and 4.45 eV [150]. The first two peaks are consistent with those
of 4.27 and 4.39 eV in Ag; Py; spectrum. In contrast, the spectrum of pyridine in aqueous
solution shows three main absorption peaks at 4.71, 4.83 and 4.94 eV (the orange curve in
figure6.1) [151] which are higher in energy than all the absorption peaks of Ag; Py;. The green
curve shows the spectrum of pyridine hemochrome [152]. Two main peaks at 2.05 and 3.20 eV
are in good agreement with those of 2.06 and 3.19 eV of Ag; Py, except for a —0.85 eV shift.
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Figure 6.2 — Fluorescence spectrum of size-selected Ag; Py; clusters embedded in solid neon
matrix.

6.1.2 Fluorescence of Ag, Py,

Figure6.2 shows the experimental result of fluorescence spectrum on Ag; Py, excited by a 473
nm laser. A very small peak at 735 nm is found, which corresponds to the energy of 1.86 eV in
vacuum. Note that the width of this peak is very small - only 2.5 nm of FWHM in wavelength
(corresponding to 0.006 eV in energy).

Lecoultre et al. have performed the fluorescence measurements on pure silver atoms embed-
ded in Ne matrix [66]. Fluorescence peaks at 3.75 and 3.55 eV are shown by the excitation at
4.00 eV. Kolb et al. have also performed the fluorescence measurements on silver atoms in
solid Kr [153], and found fluorescence peaks at 531, 492 and 415 nm (corresponding to 2.69,
2.87 and 3.34 eV respectively considering a blue shift of 0.35 eV for Kr matrix effect) by the
excitation at 309, 314 and 323 nm. Besides, Yamazaki et al. [150] have done the fluorescence
measurements on pure pyridine vapor and found peaks at 333 nm (corresponding to 3.72 eV)
with the FWHM of 45 nm (corresponding to 0.5 eV) by the excitation at 287 nm (corresponding
to 4.32 eV).
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Figure 6.3 — Optical absorption spectrum of size-selected Ag; Py» clusters embedded in solid
neon matrix.

6.2 Optical response of Ag; Py,

6.2.1 Absorption of Ag, Py,

Figure6.3 shows the experimental result of absorption spectrum on size-selected Ag; Py,
clusters embedded in solid neon. Two main peaks at 4.20 and 4.56 eV and seven small peaks
at 3.08, 3.18, 3.29, 3.39, 3.52, 3.60 and 4.75 eV are found. Compared the absorption spectrum
of Ag; Py, with that of Ag;Py;, we can see that the four absorption peaks of Ag; Py, at 3.18,
3.39, 4.20 and 4.56 eV are in good agreement with the corresponding values of 3.19, 3.40, 4.20
and 4.56 eV in the spectrum of Ag; Py;. This manifests that these four peaks can serve as the
fingerprints for compounds of pyridine molecules attached to a silver atom.

6.2.2 Fluorescence of Ag, Py,

Figure6.4 shows the experimental result of fluorescence spectrum on Ag; Py, excited by a 450
nm laser and a 473 nm laser respectively. A large fluoresent peak at 735 nm with FWHM of
2.5 nm is found for both excitations, which corresponds to the energy of 1.86 eV with FWHM
of 0.006 eV in vacuum. This is interestingly the same as that of Ag; Py;. In addition, a small
peak at 795 nm with FWHM of 2.0 nm (corresponding to 1.73 eV with FWHM of 0.004 eV)
is presented for both excitations at 450 and 473 nm. However, for the excitation at 473 nm,
Ag Py, shows a very wide peak at about 650 nm with FWHM of 130 nm (corresponding to 2.08
eV with FWHM of 0.17 eV), while for the excitation at 450 nm, a tiny peak at about 613 nm
(corresponding to 2.19 eV) is shown.
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Figure 6.4 — Fluorescence spectrum of size-selected Ag; Py» clusters embedded in solid neon
matrix.

6.2.3 SERS of Ag,Py>

Figure6.5 shows the Raman scattering measurements on size-selected Ag; Py, clusters. Two
Stokes shifted Raman peaks are found at 1075 and 1102 cm™! (corresponding to 0.1316 and
0.1365 eV in energy) excited by a 473 nm laser. These two peaks are the typical Raman peaks
of silver-pyridine compounds, which are slightly shifted from those (992 and 1031 for pyridine
vapor [154] and 988 and 1027 for pyridine liquid [155]) of pure pyridine that are always used
as a fingerprint for pyridine, depending on the composition and structure. For example, the
Raman peaks of pyridine adsorbed at a sliver electrode are found at 1005 and 1037 cm™! [56],
and the TDDFT calculations of Ag,-Py (n= 2 — 8) clusters have given the Raman peaks at 979
and 1022 cm™! [60].
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Figure 6.5 — Raman scattering spectrum of size-selected Ag; Py, clusters embedded in solid
neon matrix.

According to theory, the light intensity I after Raman scattering by clusters can be written as

4
247w 2

Ig = ——Ipa?, 6.1)
C

where I is the initial light intensity before Raman scattering, w is the frequency of the excita-
tion light, and « is the total Raman cross section [156]. Hence, from equation6.1 the Raman
cross section per cluster can be calculated as

1
ao:ﬁ:(i)zﬁ, 6.2)
N \3x2"7%) N

where = I/ Iy, A is the wavelength of the excitation light, and N is the number of clusters
in the matrix. For the 1075 cm~! Raman peak, $(1075) = 2.1 x 10~%; and for the 1102 cm™!
Raman peak, $(1102) = 8.8 x 107%. The total number of Ag; Py, clusters is about 9 x 10'?
estimated by the cluster current of 100 pA and deposition time of 2.5 h. Therefore, according
to equation6.2, the Raman cross sections of Ag; Py, are 1200 x 1073% cm? for the peak of 1075
cm~! and 4000 x 10739 ¢cm? for the one of 1102 cm ™!, which have an estimated enhancement
factor of about 103 compared to the normal Raman cross section of 1 x 10739 ¢cm? [60].

117



Chapter 6. Result: Optical properties of silver-pyridine clusters

L I L L L L L L BN BB
— Ag;Py,

. 1k _AQS

-

S,

c

Q

[

o

(%2}

o]

<
1k
T T T T T T T T T T T T AT T ST T Y T Y T AT T B B M B |
0 1 2 3 4 5 6

Energy [eV]

Figure 6.6 — Comparison of optical absorption spectrum of AgsPy; to that of Ags.

6.3 Optical response of Ag;Py,

6.3.1 Absorption of Ag;Py;

Figure6.6 (red curve) shows the experimental result of absorption spectrum on size-selected
AgsPy; clusters embedded in solid neon. Three main peaks at 3.38, 4.20 and 4.56 eV and five
small peaks at 2.58, 3.02, 3.73, 4.43 and 4.78 eV are found. Compared the absorption spectrum
of AgsPy) to that of Ag; Py, we can clearly find that the four absorption peaks of AgsPy; at 2.58,
3.38, 4.20 and 4.56 eV are consistent to the corresponding values of 2.55, 3.40, 4.20 and 4.56
eV in the spectrum of Ag, Py;. This manifests that these four peaks can serve as fingerprints
for compounds of silver clusters attached to a pyridine molecule. Moreover, compared the
absorption spectrum of Ag;Py; to that of AgsPyy (see the blue curve in figure6.6), we can see
that two peaks of AgsPy; at 3.73 and 4.43 eV are in good agreement with the corresponding
values of 3.71 and 4.47 eV in the spectrum of Ag;Py,. This means these two peaks are the
fingerprints for AgzPy; compounds.
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Figure 6.7 — Fluorescence spectrum of size-selected AgszPy; clusters embedded in solid neon
matrix.

6.3.2 Fluorescence of Ag;Py;

Figure6.7 shows the experimental result of fluorescence spectrum on AgsPy; excited by a 450
nm laser and a 473 nm laser respectively. A large fluoresent peak at 601 nm with FWHM of 7.0
nm is found for both excitations, which corresponds to the energy of 2.23 eV with FWHM of
0.024 eV in vacuum. This is interestingly the same as that of AgsPy, as shown in figure3.25.
In addition, a small peak at 734 nm with FWHM of 4.0 nm (corresponding to 1.86 eV with
FWHM 0of 0.010 eV) presents for both excitations at 450 and 473 nm. Similarly to Ag; Py, for
the excitation at 473 nm, AgsPy; shows a very wide peak at about 650 nm with FWHM of 130
nm (corresponding to 2.08 eV with FWHM of 0.17 eV), while no such wide peak is shown for
the excitation at 450 nm.
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Figure 6.8 — Optical absorption spectrum of size-selected AgsPy» clusters embedded in solid
neon matrix.

6.4 Optical response of Ag;Py,

6.4.1 Absorption of Ag;Py>

Figure6.8 shows the experimental result of absorption spectrum on size-selected AgsPy»
clusters embedded in solid neon. Two main peaks at 4.20 and 4.56 eV and five small peaks at
3.30, 3.39, 3.54, 3.94 and 4.40 eV are found. Compared the absorption spectrum of Ag;Py» to
that of AgsPy;, we can find two identical peaks at 4.20 and 4.56 eV. These two peaks also exist
in Ag; Py, and Ag; Py, clusters. Besides, compared the absorption spectrum of Agz Py, to that
of Ag; Py,, we can see that the four absorption peaks of AgsPy» at 3.39, 3.54, 4.20 and 4.56 eV
are consistent to the corresponding values of 3.39, 3.52, 4.20 and 4.56 eV in the spectrum of
Agy Py,. This manifests that these four peaks can serve as fingerprints for compounds of silver
clusters attached to two pyridine molecules.

6.4.2 Fluorescence of Ag;Py>

Figure6.9 shows the experimental result of fluorescence spectrum on AgsPy, excited by a 450
nm laser and a 473 nm laser respectively. A large fluorescence peak at 735 nm with FWHM
of 2.5 nm is found for both excitations, which corresponds to the energy of 1.86 eV with
FWHM of 0.006 eV in vacuum. In addition, a small peak at 795 nm with FWHM of 2.0 nm
(corresponding to 1.73 eV with FWHM of 0.004 eV) is presented for both excitations at 450 and
473 nm. Interestingly, this is exactly the same as that of Ag; Py,. Different from AgsPy; and
Ag1Py,, AgsPy» does not show a wide fluorescence peak at 650 nm (corresponding to 2.08 eV).
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Figure 6.9 — Fluorescence spectrum of size-selected AgszPy» clusters embedded in solid neon
matrix.

6.4.3 SERS of AgsPy,

Figure6.10 shows the Raman scattering measurements on size-selected AgsPy» clusters. Two
Stokes shifted Raman peaks are found at 1032 and 1090 cm ™! (corresponding to 0.1272 and
0.1353 eV in energy) excited by a 375 nm laser. As discussed in Section 6.2.3, these two peaks
are also the typical Raman peaks of silver-pyridine compounds, which are slightly shifted
from that of Ag; Py, and pure pyridine because of the different compositions. According to
equation6.2, 5(1032) = 1.2x 105 and $(1090) = 5.8 x 10~°. The total number of Ag; Py, clusters
is about 6.75 x 10'2. Therefore, the Raman cross sections of AgsPy, are 500 x 1073° cm? for
the peak of 1032 cm ™! and 1500 x 10-3% cm? for the one of 1090 cm~!, which have also an
estimated enhancement factor of about 10° compared with the normal Raman cross section

of 1 x 1073% cm? [60)].
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Figure 6.10 — Raman scattering spectrum of size-selected Ag;Py» clusters embedded in solid
neon matrix.

6.5 Conclusion of optical response of Ag,Py;, (a=1,3; b=0,1,2)

The comparison of optical absorption spectra of Ag,Py;, (a=1,3; b=0,1,2) clusters is pre-
sented in figure6.11. The spectra are grouped on the left hand side according to the number
of Ag atoms and on the right according to the number of pyridine molecules. As clearly seen,
Ag,Py, clusters with the same number of pyridine molecules present more similar spectra
than those with the same number of silver atoms. It is evident that the number of pyridine
molecules strongly changes the spectra, while the number of Ag atoms has less influence on
the absorption features. The same trend also holds for the fluorescence spectra, namely, the
number of Ag atoms is less influential than the one of pyridine molecules.

Table6.1 and figure6.12 list the peaks energies in absorption, fluorescence and SERS spectra
for Ag,Py;, (a=1,3; b=0,1,2) compounds. One see from table6.1 that 4.20 and 4.56 eV are the
fingerprints for absorption spectra, and 1.73 and 1.86 eV are the fingerprints for fluorescence
spectra.

This is the very first time that the SERS on size-selected Ag, Py}, clusters has been observed. An
enhancement factor of 10% is shown for both Ag; Py, and AgzPy». An interesting effect is that
the SERS in our experiment only exists in Ag,Py» compounds but not in Ag,Py; compounds,
which needs to be further studied. We suggest that our experimental results of the SERS in
well defined systems can be compared to further theories under certain assumptions of the
mechanism for the enhancement thus possibly revealing the mechanism.
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Figure 6.11 - Comparison of optical absorption spectra of Ag,Py, (a=1,3; b=0,1,2) clusters.
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Absorption (eV) Fluorescence (eV) SERS (eV)
450 nm laser 473 nm laser

AgaPyp

3.79 3.86 3.9
AgiPyy | 412 421

255 3.19 3.40 1.86
AgiPy; | 3.93 4.06 4.20
427 439 456
3.08 3.18 329|173 186 219|173 1.86 208 | 0.1316 0.1365
AgiPy; | 339 352 3.60
420 456 4.75
252 311 352|170 223 162 171 2.24
AgsPyo | 3.71 4.06 4.47
4.64

258 3.02 3.38 | 1.86 2.23 1.86 223
AgsPy; | 3.73 420 4.43
456 4.78
330 3.39 354|173 1.86 1.73  1.85 0.1272  0.1353
AgsPy, | 3.94 420 4.40
4.56

Table 6.1 — Energies of peaks in absorption, fluorescence and SERS spectra in Ag,Py, (a=1,3;
b=0,1,2) clusters.
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Figure 6.12 — Peaks of optical absorption, fluorescence and Raman scattering in Ag,Py;,
(a=1,3;b=0,1,2) clusters.
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7d Conclusions

The optical properties of small size-selected neutral metal clusters have been studied in order
to explore the electronic and geometric structures of small metal clusters. Cationic metal
cluster-organic compounds have been produced in different stoichiometries, mass selected
and isolated as neutrals in a rare gas solid. To achieve these objectives a UHV compatible
apparatus, allowing for the fabrication, size-selection and deposition of small metal clus-
ters and metal-organic compounds in a solid rare-gas matrix under cryogenic conditions
has been developed. Cluster cations are formed in a combined sputtering gas aggregation
source commonly named the Haberland-Issendorf source. The combination of an AC or DC
magnetron sputtering source, which allows to create atomic vapor of basically any element
together with rare gas condensation makes this source very polyvalent. A novel custom-made
radio frequency driven conical octupole serves to efficiently collect charged clusters and inject
them into an electrostatic and radio frequency beam line which allows for mass selection and
particle transport up to the deposition region where they are co-deposited together with excess
rare gas (forming the matrix) and electrons for neutralization. Mass selection is performed by
either one of two quadrupoles operating at low frequency which covers the mass range from
1 to 16,000 amu. The new source will be able to produce clusters of basically any element
and forming a beam of mono dispersed clusters in the mentioned size range. This source has
proven its performance in producing clusters of Ag and Au in large quantities. Cluster currents
are sufficiently strong to allow for an accumulation of neutral clusters in an inert medium
with sufficient densities. Clusters can be analyzed by absorption, fluorescence, excitation
spectroscopy and Raman scattering in the UV-visible energy range.

The optical absorption on size-selected small silver clusters of Ag,, (n= 20, 35, 55,58, 84,92, 120)
embedded in neon solid matrix has been investigated. These measurements extent previous
studies to a larger size range closing the gap between molecular like absorption profiles on one
side and plasmonic excitations on the other side obtained by electron energy loss spectroscopy
on single particles using aberration corrected electron microscopes. A surface plasmon like
absorption profile around 4.0 eV was found for the clusters in this size range. This energy
is close to the molecular like absorptions of the smallest clusters but sensitively larger than
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would be expected from the dielectric function of bulk silver. Among these clusters, Agsg
shows the highest plasmon energy of 4.10 eV and Ag,¢ shows the lowest plasmon energy of
3.90 eV. Besides, Ag»o, Agss, Agg2 present respectively narrow absorption widths (< 0.32 eV of
FWHM), while Agss, Agss, Agsa, Ag120 present respectively wide absorption widths (> 0.42 eV
of FWHM). The spectra of Ag»g, Agss, Agss, Ag120 were compared to the TDDFT calculations of
clusters with highly symmetric tetrahedral structures, and the comparison results show that
these selected clusters possess ground states with non-tetrahedral structures. Clusters with
atom number of 8,18, 34,58,92 show a localized maximum value of plasmon energy. These
numbers correspond to the fully filled states of 1p, 1d, 1f, 1g and 1h according to the electronic
shell model, manifesting a sub-shell effect.

The optical spectra of Au clusters which are ligand stabilized have been obtained in recent
years. One of the key questions is whether the optical properties, absorption as well as fluores-
cence are properties of the Au clusters themselves or ligand mediated. We were successful to
measure optical absorption, fluorescence and excitation on size-selected small gold clusters
of Au,, (m=19,20,21) embedded in neon solid matrix. This environment is inert up to very
high excitation energies and the optical spectrum of the pure Au cluster is measured. These
are the first optical data on ligand free neutral atomically precise Au clusters. All three clusters
show continuous absorption spectra monotonically increasing from 2.0 to 5.5 eV. In addition,
superposed to the monotonous increase, Auy, presents a rich-structured absorption spectrum
while Au;9 and Auy; present poor-structured spectra. While the absorption background is
reflected in ligand stabilized clusters, this is not the case for the rich fine structure. TDDFT cal-
culations, which are in fairly good agreement show also these rich structures. Most important,
all three Au clusters show strong fluorescence centered at around 1.85 eV, thus clearly proving
that the fluorescence comes from the Au cluster itself and is only weakly influenced by the
ligands.

Finally, optical absorption, fluorescence and Raman scattering on size-selected small silver-
pyridine compounds of Ag,Py; (a=1,3; b=1,2) embedded in neon solid matrix were performed.
For the first time these prototype metal-organic clusters could be isolated and measured.
Absorption peaks between 2.5 and 4.8 eV as well as fluorescence peaks between 1.6 and 2.3
eV are shown in these compounds. Interestingly, the number of pyridine molecules strongly
changes the spectra, while the number of Ag atoms has less influence on the absorption and
fluorescence features. Most important, the SERS with an enhancement factor of 103 on size-
selected Ag; Py, and AgsPy, clusters have been observed. We suggest that our experimental
results of the SERS in well defined systems can be taken as a benchmark for further theories
thus possibly revealing the mechanism of the SERS.
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Section3.4.1 has shown the custom-made conical octupole which was designed to focus the
cluster ions. As discussed, the eight conical rods of the octupole are separated into two groups
in order to avoid short-circuit of the electrodes. Actually, this is already an improved version
of the octupole. FigureA.1 shows the original version of the octupole. Compared with the
improved version shown in figure3.4, all the eight rods of the original octupole are fixed
together on a ceramic plate. After using it for a month, we have found that a short-circuit
of the electrodes has occurred caused by the metallization of the ceramic due to the metal
vapor transported by the rare gas. Therefore, a frequently periodic cleaning of the octupole is
inevitable for the maintain of the original version of the octupole. By contrast, the improved
version of the octupole has been used for two years and no short-circuit has been found. This
manifests that the improved one is very practical and reliable.
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Figure A.1 — Photos and model of the original version of home-made conical octupole.
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Supporting information to simula-
tions

Section3.8 has discussed the SIMION simulations of cluster ions passing through the ion guide
device. Here we will supplement some additional simulation results of cluster ions passing
through the conical octupole (see Section 3.4.1) and the lens (see Section 3.4.3).

FigureB.1 shows the simulations of ion particles passing through a conical octupole toward
the quadrupole, where the blue curves represent the trajectory of ions. As discussed in Sec-
tion 3.4.1, the octupole serves to focus the cluster ions from cluster source into the quadrupole.
An important key to judge the ability of the octupole is the transmission of ions passing
through it. The transmission can be affected both by the initial conditions of ion particles
and by the parameters of octupole. FigureB.2 shows the simulation results of transmission
of ion particles passing through the octupole as a function of different parameters. We can
see from figureB.2(a) that the transmission decreases slowly when the initial kinetic energy
of ions increases. A smaller initial diameter of ions distribution or a smaller initial angle of
ion speed direction results in a higher transmission, as seen from figureB.2(b)-(c). Besides,
the transmission does not change with the change of DC voltage of the octupole as shown
in figureB.2(d). But there exist an optimal AC voltage and an optimal radio frequency for the
highest transmission, as shown in figureB.2(e)-(f).

FigureB.3 shows the simulations of ion particles passing through an electrostatic lens toward
the deposition head. As discussed in Sections 3.4.3 and 3.6.1, the lens before the sample
holder serves to focus the cluster ions thus having a high deposition rate. An important key
to judge the ability of the lens is the transmission of ions passing through the sample holder,
that is the deposition rate. The transmission can be affected by the focus of the ions that is
strongly dominated by the parameter of the voltage Vp of the center piece of the lens. We can
clearly see from figureB.3 that the focus of ions is very sensitive to Vp, and the optimal value of
VB = —20V for the best focus can also result in the highest transmission of the ions, as shown
in figureB.4.
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Figure B.1 — Simion simulations of ion particles passing through a conical octupole toward
the quadrupole. Here the blue curves represent the trajectory of ions.
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Figure B.2 — Simulation results of transmission of ion particles passing through a conical oc-
tupole as a function of (a) initial kinetic energy of ions, (b) initial diameter of ions distribution,
(c) initial angle of ion speed direction, (d) DC voltage of octupolr, (e) AC voltage of octupole,
and (f) radio frequency of octupole.
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Figure B.3 — Left: Simulations of ion particles passing through an electrostatic lens (consisting
of pieces A, B and C) toward the sample holder (consisting of pieces D, E and F) as a function
of the voltage V5 of the center piece B of the lens. Here the blue curves represent the trajectory
of the ions. Right: Simulation results of ions cross section distributions on the pieces of the
sample holder, where the red dots represent the distributions of ion particles on the surface of
piece D, and the blue (or green) dots represent those of piece E (or F).
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Figure B.4 — (a) Simulation results of transmission of ion particles passing through an electro-

static lens and the sample holder as a function of V3. (b) Simulation results of cross section
distributions of ion particles on the surface of piece E with different V3.
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