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Abstract

Photoabsorption of size-selected free silver cluster cations, Agy™ (N = 2-92), is
studied by photodissociation action spectroscopy (PDS) and photoabsorption
spectroscopy by means of a cavity ring-down technique (CRDS) in a spectral range of
2.8-5.0 eV. Emergence of collective excitation of electrons is discussed along with
geometric structures in the course of cluster growth toward nanoparticles. Theoretical
analysis on the photoabsorption was also carried out. To generate a wide range of cluster
sizes, the cluster-growth process in a magnetron-sputtering cluster-ion source is first
examined by optical emission spectroscopy characterizing the magnetron plasma as well
as mass spectrometry. It is suggested that rarefaction of the sputtered atoms leads to
smaller clusters, which implies that larger clusters are formed by reducing kinetic energies
of sputtered atoms. Agy" thus generated are interrogated by PDS. Multiple-modal
profiles are observed for N < 14. On the other hand, N > 19 show single-/double-band
profiles in a specific energy range, which reflects their spherical/spheroidal structures.
Such a change in geometric structures of Agy' is systematically examined.
Photoabsorption cross sections measured by CRDS characterize oscillator strengths
quantitatively.  Theoretically, the effective number of electrons contributing to the
excitation is estimated to be 40-50% of 5s electrons at larger sizes. To summarize these
experimental/theorical considerations, the author concludes the collective excitation of
electrons emerges above N = 19 in Agy". The present study reveals emergence of
collective excitation of electrons in Agy" as the cluster changes its geometry during
growth into the nanoparticle regime. The author believes that the present methodologies,
including PDS, CRDS, and theoretical evaluation of collectivity indices, open the door to

investigation of the essence of electronic excitations in metal clusters.
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1. General Introduction

1.1. Photoabsorption of metal nanoparticles

Metal nanoparticles are known to exhibit characteristic optical properties
different from the bulk. Historically, human beings have utilized metal nanoparticles or
colloids as color formers of, e.g., the Roman Lycurgus Cup and stained glasses [1-3]
without understanding what actually exhibits the colors. Faraday’s report in 1857 made
a great step to understanding the phenomenon [4]; he revealed that the colloidal gold
exhibits a ruby tint. It was subsequently shown that the origin of the optical absorption
that gives these characteristic colors is the collective motion of electrons in the metallic
colloids/nanoparticles. Many researchers have been investigating this phenomenon
called plasmonic excitation or collective excitation of electrons, which attracts much
attention today because of potential use in various applications such as optical sensing,
energy harvesting, etc. [5]. In 1908, Mie established a theoretical framework describing
photoabsorption of a small particle based on the classical electrodynamics [6], which
predicts that the resonance energy is not size-dependent for particles much smaller than
the wavelength of incident light. However, Charlé et al. reported a blue shift of the
resonance as a diameter of a silver nanoparticle decreased below 10 nm in 1989 [7].
Scholl et al. also interrogated silver nanoparticles on carbon films by electron energy loss
spectroscopy employing a scanning transmission electron microscope (STEM EELS) [8];
a blue shift of the plasmon peak was observed as the diameter of the nanoparticle
decreased from 20 nm to less than two nanometers. They revealed the size-dependence
of the plasmon energy and the significance of the quantum effect in the smaller silver
nanoparticles by the experiments in combination with theoretical calculations: the

nanoparticle was modeled by a dielectric material of which permittivity explicitly



involved transitions between energy levels of valence electrons.

1.2. History of spectroscopic studies on metal clusters

In contrast to the case of metal nanoparticles, it is not obvious whether metal
particles show the collective excitation of electrons in the sub-nanometer scale. In this
context, metal clusters, aggregates of several to several hundreds of metal atoms, have
been investigated as intermediates between metal atoms and nanoparticles. Such a
bottom-up approach in cluster science, in contrast to the top-down approach from bulk
metal to nanoparticles, is necessary to elucidate the optical property and establish a
theoretical framework describing the photoabsorption in the intermediate regime as a
function of cluster size, N, i.e., the number of constituent atoms in a cluster.

Early work on photoabsorption of metal clusters was limited to smaller sizes,
e.g., Agi6 [9], Mnz [10], Fez [10], Ni13 [10, 11], Pbz [12], Mgz [13], Ptz [14], Cr13 [15,
16], V2 [17], Mo1-3 [16], Na3 [18-21], Cui4 [22, 23], and Lii-g [24, 25]. Among them,
for example, spectroscopic studies such as resonant two-photon ionization spectroscopy,
on neutral lithium clusters were performed by Woste’s group [25]: rich transitions in the
absorption spectrum of Lis were interpreted as molecular-type excitations, i.e., not
collective.

Surprising reports were presented by Knight’s group in 1987 and later [26-29];
they performed photodissociation spectroscopy on neutral sodium clusters with the sizes
up to 40, where a cluster beam with multiple sizes was irradiated for dissociation, ionized
and size-selected. Observed absorption bands accounted for ~60% of the oscillator
strengths originating from valence electrons at N = 10. Especially, for N = 612, the

photodissociation spectra were well explained by geometries of the clusters estimated by



an ellipsoidal-shell model [28]; collective motions of electrons along the three axes of an
ellipsoidal cluster correspond to the resonance frequencies, which depend on the axis
lengths. Because these features were in contrast to those of smaller clusters such as the
trimer and the tetramer showing multiple narrow bands reminiscent of molecular
photoabsorption spectra, they concluded that collective excitation of electrons emerges in
neutral sodium clusters at N=3-5. Emergence of collective (or plasmonic) behavior of
electrons even in such small sizes is remarkable, as it is generally observed in
nanoparticles. The reports from Knight’s group have stimulated studies on collective
excitation of electrons for various metal clusters, e.g., neutral sodium clusters [30-33],
sodium cluster cations [34—36], potassium cluster cations [37], copper cluster cations [38],
and neutral cesium clusters [39]. However, if one wishes to utilize the collective
excitation of electrons in the cluster regime for various applications, alkaline metal
clusters are not suitable for materials [5].

“Collective excitations of electrons” in silver cluster cations, Agy", and anions,
Agy, were firstly reported by Tiggesbdumker et al. [40—44], where the discussion was in
line with that presented on sodium clusters by Knight’s group [26-29]. Agy" and Agx*
showed intense single bands which carry 94% and 64% of oscillator strengths of valence
electrons, respectively, in their photodissociation spectra.  Moreover, the spectral
profiles were explained by the ellipsoidal-shell model [28]. From a point of view of
applications of the collective excitation, silver is advantageous compared with other
elements. It is chemically more stable than alkaline metals. Moreover, silver clusters
show more intense light absorption than other coinage-metal clusters, i.e., gold and
copper [45—-48]. Therefore, silver clusters have been attracting a great deal of interests

from many researchers [5, 47-79] as shown in Table 1.1. Among the previous research,



Rayner et al. performed photodissociation spectroscopy employing a messenger-tagging
technique [50, 51]; structured absorption bands were reported for AgoKr", which was in
contrast to a structureless profile of Age" obtained by Tiggesbiumker et al.
Photodissociation spectra of Ago" similar to Rayner et al.’s result were also reported by
Ito [52] ,Terasaki et al. [53], and Lindinger et al. [47]. On the other hand, a series of
systematic photoabsorption studies on size-selected neutral silver clusters, Agy (N = 1—
120), in rare-gas metrices were performed by Harbich’s group [49, 57—60], where a
change in spectral profiles, i.e., from highly structured to a single broad band, was
observed. However, they supposed that the single band was due to plasmon without any
quantitative analysis. Aikens et al. carried out simulation of absorption spectra of
neutral silver clusters with the sizes of 10, 20, 35, 56, 84, and 120 by assuming tetrahedral
structures for all the sizes [64]. They mentioned that the predicted intense band at N =
20 is collective because the band originates from a sp «— sp intraband transition in analogy
to plasmon. Shibuta et al. reported that Agy supported on Ceo showed collective
excitations of electrons above N = 9 in their time-resolved two-photon photoemission
spectroscopy [79]; photoemission intensity upon laser irradiation was examined as a
function of polarization direction of the laser, where the intensity increased from N =3 to
9 and was leveled off at N =9 and above. Shibuta et al.’s result is inconsistent with
those in Rayner et al.’s report mentioned above. Campos et al. [80] performed STEM
EELS on silver clusters embedded in silica. No signal originating from the plasmonic
excitation was observed at the beginning of their experiments; the signal emerged and
shifted by removing oxidized surface layers and the surrounding medium upon
continuous electron irradiation.  This result implies that photoabsorption of silver

clusters is easily affected by surrounding media.



Table 1.1. Major studies on photoabsorption of silver clusters. The literatures are
classified by the form of sample clusters (either gas phase, embedded or supported) for

experiments and theoretical studies.

Year Gas phase Embedded/supported Theory
1990s  Agoi-~s0~70" [40,42-44],  Agrso/Ar[58-60], Agr 4”7 [66, 67],
Ags 19 [41,42],Ago" [47], Agrai/ArKrXe [59] Agio 59" [76]

Aga 12" Kri3 [50, 51],

Ags" [55]
2000s Ago" [53] Aga 22/Ar [68] Ags12[75],
[Agas(SH)1s] [81]
2010s  Ags s’ [52], Aga® [54] Ags 11/Ar [49], Agio-120 [5, 64],
Agi-120/Ne [57], Ags g7"and Agr®”
Ag,55/BK7 [62], [5, 65], Ags [48],
Ag-37/BK7 [63], Aga, Agss™ [69],
Agoss/BK7 [84],  Ago/Ne,ArKr,Xe [70],
Agr o, Agiar" [71-74],
Agess” > [82],
Agss [83]
2020s Ags 19 [56], Agor [61] Ags 55/Co0 [79]




1.3. Problems in the previous cluster studies

Although the photoabsorption of silver clusters has been investigated by many
researchers as mentioned in Section 1.2, whether it is collective or not is still in debate
because of two reasons: (a) embedded or supported clusters have been mainly
investigated especially for larger clusters; surrounding media probably perturb the
photoabsorption of the cluster [80], which makes it difficult to interpret the experimental
data. To simplify the situation by removing the perturbations, investigation on the
intrinsic optical property of free silver clusters is demanded. (b) The emergence of the
collective excitation has been discussed only qualitatively in the previous studies. The
author would like to emphasize that two pieces of evidence are necessary to prove
emergence of the collective excitation by referring to Reference [78]: (1) concentration
of oscillator strengths: intense absorption such as collective excitation should be
characterized by a high density of oscillator strengths in a specific spectral region,
because all the molecules show total oscillator strengths equal to the number of electrons
over the entire photon-energy range based on the Thomas—Reiche—Kuhn sum rule (Figure
1.1). (2) Theoretical evaluation of the collectivity, i.e., contribution of multiple
individual transitions; the contribution of the individual transitions in silver clusters has
also been discussed only qualitatively by employing model structures [5, 65]. To discuss
the collectivity in electronic excitations, a theoretical method of the quantitative
collectivity is necessary. Moreover, we must measure absolute absorption cross sections
experimentally to ensure the theoretical results in addition to tracing the concentration of
oscillator strengths as a function of cluster size. However, there is no experimental study
that evaluated photoabsorption spectra and oscillator strengths of size-selected free silver

clusters quantitatively.



(a) ordinary molecules (b) plasmonic materials

Oscillator
strength

L1 |y >
Photon energy

Figure 1.1. Illustration of concentration of oscillator strengths. (a) Ordinary

molecules. (b) Plasmonic materials.

1.4. Objective of the present study

The background described in Section 1.3 motivated the author to investigate
geometric structures and electronic excitations of size-selected free silver cluster cations,
Agy", via their photoabsorption in a broad size range from the dimer (N = 2) toward the
nanoparticle regime as large as N = 92. Specific focus is placed on their geometry
evolution in the course of cluster growth and on emergence of collective excitation of
electrons as a function of cluster size.

Prior to optical studies, a method for cluster formation in a broad size range,
especially in large sizes, is established with the aid of analysis of cluster-growth processes
employing optical emission spectroscopy. Based on this technique for cluster
generation, photodissociation action spectroscopy is performed on size-selected free
silver cluster cations. The author intends to extract information about size-dependent
evolution in geometric structures of the clusters from spectral profiles measured by the
photodissociation experiment. On the other hand, the spectral profile may be reflective
of collective excitation modes. However, multi-photon dissociation processes would
dominate in large cluster sizes, as discussed in detail in Chapter 4, a novel technique is
required to obtain one-photon absorption cross sections without relying on the action

spectroscopy of photodissociation, which is the key to quantitative characterization for



collectivity of electronic excitations.

To tackle this challenging issue, the author employs cavity ring-down
spectroscopy [85], which enables direct measurement of absorption cross sections with
extremely high sensitivity, in combination with a linear ion trap to prepare a high-density
sample of size-selected cluster ions. In this manner, quantitative evaluation of oscillator
strengths of photoabsorption will be accomplished for specific sizes up to N =92.

To support these experimental results, theoretical studies are performed to
evaluate collectivity of electronic excitation as well as to obtain geometric structures and
optical excitation spectra. Density-functional and linear-response density-functional
theories are employed for structure optimization and for simulating absorption spectra,
respectively. A collectivity index, representing the number of effective excitations [78],
is evaluated for discussion of collective behaviors of electronic excitation. In addition,
a concept of an ideal plasmon state [86] is introduced to analyze the excited states.

The present thesis is organized as follows. An overview of the experimental
setup is described in Chapter 2. Analysis on cluster-growth processes investigated by
optical emission spectroscopy as well as mass spectrometry is presented in Chapter 3.
Photodissociation action spectroscopy on silver cluster cations are described in Chapter
4, where size-dependence of geometric structures are investigated based on the spectral
profiles of photodissociation. In Chapter 5, presented are photoabsorption spectra
measured in a direct manner by employing cavity ring-down optical absorption
spectroscopy, which enables us to evaluate oscillator strengths quantitatively. Chapter
6 presents theoretical investigation on the collectivity in the electronic excitations.

Finally, concluding remarks are given in Chapter 7.
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2. Experimental Procedures

2.1. Overview

In the gas phase, conventional spectroscopy such as optical absorption
spectroscopy based on transmission measurement is difficult because a decrease in light
intensity is so small due to an extremely low density of the sample that it is
undistinguishable from fluctuation in the light intensity. Therefore, two types of
supersensitive measurements were performed in this study, i.e., photodissociation action
spectroscopy and cavity ring-down spectroscopy. In the former, the photodissociation
yield of the parent ion is normalized by the number of incident photons to derive a
photodissociation cross section as a measure of optical absorption on the premise that
photoabsorption leads definitely to dissociation of ions. On the other hand, a sample is
placed between a pair of high-reflectivity mirrors in the latter, which is irradiated by a
pulsed laser. Because the intensity of the incident pulse decays exponentially during
multiple reflection between the mirrors plus additional losses by the sample, the decay-
rate difference between with and without the sample becomes a measure of optical
absorption when it is normalized by the density of the sample. In this section, a brief
explanation of the experimental setup and procedures are given. Detailed descriptions
of the apparatus and principles are presented in Chapters 4 and 5.

The two spectroscopic experiments were carried out in a vacuum by employing
the same apparatus with two configurations shown in Figure 2.1. Silver cluster cations
produced by magnetron sputtering were transported along the red arrows in Figure 2.1 by
octopole ion guides and quadrupole ion deflectors. The generated clusters have both
positive and negative charges and various sizes, i.e., the number of constituent atoms in

the cluster. Only the cations were carried downstream by applying optimal voltages on
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the first ion deflector. A size of the clusters of interest was selected by the first
quadrupole mass filter. The size-selected ion beam was introduced into a temperature-
controlled linear ion trap, where the loaded ions were interacted with incident photons.
After laser irradiation, the trapped ions were ejected toward an ion-detector electrode
connected to an ammeter (Picoammeter 6485, Keithley Instruments, Inc.) to measure the
number of the ions. Note that only the parent ions were monitored through the second
mass filter in front of the detector electrode in photodissociation spectroscopy. At the
same time, the laser pulses were detected either by a photodiode for photodissociation
spectroscopy or by a photomultiplier tube for cavity ring-down spectroscopy. The
photodiode was calibrated beforehand by a laser-power meter to convert the resultant
voltage to laser power. The photomultiplier tube was connected to an oscilloscope to

record temporal profiles of the intensity of laser pulses.

2.2.  Vacuum system

The experimental apparatus is composed of several vacuum chambers. The
turbomolecular pumps were installed in six chambers containing the magnetron, ion
deflectors, and mass filters. All the pumps were backed by rotary pumps. The base
pressure inside the setup was ~ 107> Pa, which was sufficiently low to prevent the clusters
from reacting with residual gases such as oxygen. An additional mechanical booster
pump equipped behind the turbomolecular pump at the magnetron chamber was powered
on during sputtering in the presence of buffer gases introduced for cluster generation.
The working pressure in the magnetron chamber was typically ~ 107! Pa; pressures in the
downstream chambers were kept sufficiently low by differential pumping, which enabled

the present cluster study.
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Figure 2.1. A schematic view of the experimental setup. Two configurations for
photodissociation and cavity ring-down spectroscopies are depicted in (a) and (b),

respectively.

2.3. Magnetron sputtering for cluster generation

Various methods have been utilized for cluster generation historically, e.g.,
metal-vapor gas aggregation [1] and laser vaporization [2, 3]. Amongst the methods,
magnetron sputtering is known as a powerful method to produce an intense cluster-ion
beam, which has originally been utilized for preparation of thin films since its

development. It was first employed for cluster generation by Haberland et al. in 1992
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[4]. Recently, the magnetron-sputtering cluster-ion source “nanojima®” was developed,
which was reported to produce more than 1 nA of silver cluster anions after size selection
[5].

The mechanism is illustrated in Figure 2.2. The magnetron-sputtering cluster
source consists of a magnetron and an aggregation cell. Two types of gases are used to
generate clusters, i.e., a sputter gas and a buffer gas, which are introduced into the gap of
magnetron electrodes and the aggregation cell, respectively. The sputter gas ionized by
discharge is accelerated by an electric field toward the cathode, a metal plate called a
“metal target”, to sputter metal atoms or ions from the surface. Especially, the ionization
is promoted by electrons trapped by a magnetic field in magnetron sputtering. The
sputtered atoms and ions are decelerated and cooled by the buffer gas to grow into clusters
by three-body collision with the buffer gas and other metal atoms, ions, or clusters. An
example of mass spectra of generated clusters is depicted in Figure 2.3. Note that the
clusters thus generated are not monodispersed. Additionally, positively and negatively
charged clusters as well as neutrals are generated at the same time. It is necessary to
select the charge state and size of interest to reveal optical responses of clusters as
mentioned below.

A silver plate (Kojundo Chemical Laboratory Co., Ltd., 99.99%) was used as a
metal target in the present study. A direct-current voltage was applied between the anode
and the metal target. Argon and helium gases (99.99995%) were introduced as sputter
and buffer gases, respectively. Their flow rates were kept constant during experiments
by mass flow controllers (MODEL 3660 for argon and MODEL 3650 for helium, Kofloc
Corp.). The position of the magnetron was designed to be adjustable along its axis to

tune an aggregation length through the buffer gas. Size distribution of generated clusters

18



were dependent on the following parameters, i.e., the direct-current voltage, the gas flow
rates, and the aggregation length, which were optimized for the cluster size of interest

before spectroscopic measurements.
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Figure 2.2. The illustration of cluster generation employing magnetron sputtering.
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Figure 2.3.  An example of mass spectra of silver cluster cations, Agy’, generated by the
present cluster source. This mass spectrum was measured at the third octopole ion guide,
which was temporary connected to an ammeter while scanning the cluster size by the first

mass filter.
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2.4. lon optics

The system to transport the ions is called ion optics. Especially, octopole ion
guides and quadrupole ion deflectors were used in the present study. An octopole ion
guide consists of eight rod electrodes arranged cylindrically around the central axis. The
rods are alternately wired and thus divided into two groups, where the opposite phases of
a radio-frequency voltage are applied to each group. Ions entering an ion guide undergo
the resultant effective potential to stay inside, which pass through the ion guide if
parameters of the radio-frequency voltage such as its amplitude and frequency are
optimized to the mass of the sample. A quadrupole ion deflector consists of four
electrodes with a cylindrical surface, which are arranged at corners of a square. The
diagonally arranged electrodes are wired together. Different direct-current voltages are
applied to the two pairs of the electrodes. When the neutral, positive and negatively
charged clusters enter a quadrupole ion deflector, the neutral ones pass straight through
the deflector, while charged clusters are bent by the electric field perpendicularly. The
directions are opposite between cations and anions. Therefore, an ion deflector works to
select the charge state of the clusters.

Power supplies for the ion optics are as follows: the ion guides were operated by
homemade radio-frequency drivers [6] generating two outputs corresponding to the
opposite phases of a radio-frequency voltage with a common direct-current voltage. The
circuit of the drivers are depicted in Figure 2.4. The description of the components in
Figure 2.4 is listed in Table 2.1. The radio-frequency voltage is generated by a LC circuit
mainly consisting of a tank coil inside the driver and the ion guides themselves, which is
amplified by vacuum tubes. The coil is designed to exchangeable, which enables

adjusting the frequency to the cluster size of interest. The amplitude is also tunable by
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another direct-current power supply, which determines an accelerating voltage of
electrons inside the vacuum tubes. The direct-current voltages for offset bias of the
octopoles and for the ion deflectors are prepared by two direct-current power supplies

with potentiometers as resistive dividers.

2.5. Size selection by a quadrupole mass filter

A quadrupole mass filter is composed of four rod electrodes arranged
symmetrically around the central axis. Opposite phases of a radio-frequency voltage are
applied to neighboring electrodes. The superposition of direct-current and radio-
frequency voltages is applied to the two pairs of the rods with different polarities. When
a group of ions with different masses enters the mass filter, only ions with a specific mass
can pass through the filter depending on the direct-current voltage and the amplitude of
the radio-frequency voltage. In the present study, two quadrupole mass filters (MAX-

16000, Extrel CMS) commercially available were employed for size selection.

2.6. Linear ion trap

A linear ion trap is a powerful tool for spectroscopic studies in the gas phase. It
enables preparation of an ionic sample at a density sufficiently high for spectroscopic
studies. It consists of an octopole ion guide arranged between two end electrodes. The
ion guide works for radial confinement of ions, while loading/extracting ions and axial
confinement are controlled by the voltages applied to the end electrodes with the aid of a

buffer gas introduced into the trap.
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Figure 2.4. The circuit of the homemade radio-frequency drivers, which was slightly

modified from the original design [6].
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Table 2.1. Description of the components of the radio-frequency drivers.

Component Value Note
Vbci, Vb2 max 200 VDC direct-current component of Vout1/Vout2
variable
Vav max 350 VDC grid voltage of 6146B
variable to tune amplitude
Vac 6.3 VAC 2A for heater of 6146B
Voutl, Vouz  max 940 Vpp, 340-1100 kHz dependent on parameters
C 0.1pF, 1 kV ceramic
2 1000 pF, 3 kV ceramic
C3 100 pF ceramic
Cy 0.1uF, 1 kV ceramic
Cs 0.1pF, 1 kV ceramic
Cs 3 pF, 500 V mica
R 10 kQ, 20 W wire wound
Ly 2.2 mH, 60 mA choking radio-frequency component
copper wire wound in 60-mm diameter
Litank 230-3300 pH
exchangeable to tune frequency
L 2.0 mH, 250 mA choking radio-frequency component
6146B vacuum tube
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The same type of the radio-frequency driver mentioned above was employed as
a power supply for the octopole. The difference between the octopole as a trap and that
as a guide is phases of the radio-frequency voltage applied to the poles. Majima et al.
revealed that spatial distribution of ions in a linear octopole trap drastically changes
depending on its operation mode [7]; ions are located off-center when the opposite phases
of a radio-frequency voltage are applied to the eight rods alternately, while ions are
concentrated around the central axis during a quasi-quadrupole mode, where neighboring
poles are wired to form four pairs of electrodes. Opposite phases of the radio-frequency
voltage is applied to the neighboring electrode pairs to mimic a quadrupole. In the
present study, the octopole ion guide was operated in the latter mode to maximize
interaction between trapped clusters and an incident laser beam.

An operation scheme of an ion trap is depicted in Figure 2.5, which illustrates
direct-current voltages applied to the entrance and exit electrodes during the operation.
The operation is divided into three steps: (a) loading, (b) trapping, and (c) extracting ions.
During the first step, a direct-current voltage is applied to the exit electrode to form a
potential barrier that prevents the ions from passing through the exit. A buffer gas
decelerates the ions inside the trap to avoid their leakage through the entrance electrode.
At the second step, after the sufficient number of ions are loaded, the direct-current
voltage applied to the entrance electrode is raised to terminate the ion loading for storage
of the ions inside the trap. The stored ions are thermalized by a buffer gas and irradiated
with a pulsed laser during the second step. Finally, the ions are extracted from the trap
towards an ion-detector electrode connected to an ammeter. The potential is controlled
by digital outputs implemented in an analogue output device (PCI-6703, NATIONAL

INSTRUMENTS CORP.) installed in a personal computer. Analogue and TTL signals
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from the device adjust the voltages applied to the entrance and exit electrodes,
respectively. The durations of the TTL signals are variable to adjust time intervals of

each step properly.

(a) loading (b) trapping (c) extracting
cluster ion guide buffer gas

& &) 8% 9 ° &2

S

°®

W

entrance electrode  exit electrode
Figure 2.5. Potential control of the entrance and exit lenses composing an ion trap. The
operation is divided into three steps: (a) loading, (b) trapping, and (c) extracting ions.
Direct-current voltages are applied to the yellow-colored electrodes to form potential

barriers for ions.

In the present study, a helium gas was introduced as a buffer gas. The flow rate
was controlled by a needle valve. A typical pressure of the buffer helium gas was ~ 0.1
Pa, which was estimated from a partial pressure of helium measured by a residual gas

analyzer equipped at the second-deflector chamber.

2.7. Laser system and photodetectors

A tunable nanosecond-pulsed optical parametric oscillator (OPO) laser (50 Hz,
NT230-50, EKSPLA) was employed in this study. Its optical path was adjusted by
prisms and apertures. The latter also worked as beam shapers of the laser determining

its spot size. Especially, two prisms mounted on a translation stage were placed in front
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of the ion trap, which enabled moving the optical path parallel to the central axis of the
trap. Its power was controlled by neutral density filters. The spot size and laser power
were adjusted appropriately (see more details in Chapter 3). In the experiment, it is
important to control the number of incident laser pulses. In detail, the laser was always
in operation during the experiment. To control the number of the incident pulses, Npuise,
a shutter was arranged in front of the ion trap, which was closed normally. The shutter
was opened and closed when zero-th and Npuise-th pulses were detected, respectively, by
an oscilloscope device (PCI-5122, NATIONAL INSTRUMENTS CORP.) monitoring
synchronization signals from the laser as triggers; as it took several milliseconds for the
shutter to open, the zero-th pulse was damped by the shutter, whereas the first pulse was
introduced into the trap. The time for opening or closing the shutter was confirmed to
be shorter than the interval of laser pulses of 20 ms. Pulse duration of the laser was also
much shorter than the time for switching the shutter, which avoided missing the laser spot
partially. The shutter was driven by a rotary solenoid, a power transistor, and a
monostable multivibrator receiving a TTL signal from PCI-6703.

The incident photons were detected by a photodiode (S1337-1010BQ,
Hamamatsu Photonics K.K.) in photodissociation spectroscopy and by a photomultiplier
tube in cavity ring-down spectroscopy. A photodiode works as a current source when it
is irradiated by light. The current is proportional to the number of the incident photons,
which is converted to a voltage in a home-made circuit. The circuit used in this study is
shown in Figure 2.6, where the output voltage becomes Vpp =—Rtlsc. A calibration curve
was created beforehand between the laser power measured by a power meter (3A-P,
Ophir) and an integrated value of the temporal profile of the resultant voltage monitored

by the oscilloscope device PCI-5122.
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Figure 2.6. The circuit for a photodiode, which includes a resistor, a capacitor, and an

operational amplifier.
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3. Cluster-Growth Process in a Magnetron-Sputtering Source

3.1. Introduction

As described in Chapter 2, clusters generated in a magnetron-sputtering ion
source are not monodispersed. Therefore, control of the size distribution is important in
cluster studies: it is ideal to maximize the intensity of the clusters with the size of interest.
The size distribution generated by magnetron sputtering depends on various parameters
such as discharge power and gas flow rates. Here the author investigated the cluster-
growth process to find optimal parameters for the size of interest.

Several groups have studied the process in a magnetron-sputtering cluster-ion
source so far. Theoretically, the Smoluchowski rate equation [1, 2] is one of the most
famous models, which describes irreversible aggregation processes of neutral particles.
The rate equation was extended later to treat ionic particles in addition to neutrals [3].
Experimentally, controllability of the cluster-size distribution was studied for, e.g.,
aluminum [4] and silver [5, 6] cluster anions, with the aid of the extended Smoluchowski
rate equation. These experimental studies on the cluster-generation process reported so
far are based on a mass-spectrometric analysis principally.

In this context, optical emission spectroscopy provides an opportunity to
characterize plasma generated in the magnetron for further understanding the cluster-
growth process. For example, an optical emission spectrum provides information on the
numbers of emitting atoms and ions; in previous studies on high-power impulse
magnetron sputtering, an ionization yield of sputtered atoms was reported to be higher
than that in direct-current sputtering [7, 8]. However, application of optical emission
spectroscopy to cluster studies is limited: a study on the carbon dimer [9] is one of the

few examples. Especially, no study on metal clusters has been reported until now.
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In this chapter, an analysis of the cluster-growth process in a direct-current
magnetron-sputtering source is presented.  Experimental results of both mass
spectrometry and optical emission spectroscopy are provided to discuss the cluster-
growth process. A simple statistical model is proposed to interpret the experimental

results, presenting a scenario of cluster growth.

3.2. Experimental procedures

The experiments were performed by the same apparatus described in Chapter 2.
Silver cluster cations generated in the magnetron-sputtering cluster-ion source were
transported thru the first mass filter for mass selection down to the third ion guide, which
was connected to an ammeter (Picoammeter 6485, Keithley Instruments, Inc.), to record
a mass spectrum; a direct-current voltage of —35 V was applied to the rod electrodes of
the third ion guide to collect the ions. Light emission from the magnetron was detected
through a fused silica window by a Czerny—Turner spectrometer (FLAME-S, Ocean
Optics, Inc.) coupled with a calcium fluoride plano-convex lens (Sigma Koki Co., Ltd.)
and an optical fiber (P400-2-UV-VIS, Ocean Optics, Inc.). Mass and emission spectra
were measured as a function of discharge power of the magnetron up to 12 W. Gas flow

rates of argon and helium were kept constant in this study: 122 and 208 sccm, respectively.
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3.3.  Experimental results

Figure 3.1 shows mass spectra of silver cluster cations measured by varying the
discharge power. No cluster ion was detected below 3 W; a significant amount of
clusters showed up at the discharge power of 4 W and above. Larger cluster cations
appeared as the discharge power was raised; the largest cluster detected in this study was
Agiis due to limitation of the mass filter employed. Quantitatively, the average size of
the cluster cations, <N>, ranged from 4.8 at 3 W to 41 at 12 W as shown in Figure 3.1,

which is defined by the following equation:

115

>IN
(N):N;Z;S: , (.1
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where Iy is the current of a silver cluster cation with a size of N.  Corresponding emission

spectra are depicted in Figure 3.2.  All the emission lines in the spectra were assigned to
neutral atoms of silver, helium, and argon by referring to Atomic Spectra Database of
National Institute of Standards and Technology [10]. An energy-level diagram relevant
to these emission lines is illustrated in Figure 3.3.  Energies of the initial states of atomic
silver are located at about 3.7 and 6.0 eV above its ground state, while those of atomic
argon and helium are at 13—15 eV and 23.1 eV, respectively. Especially, amongst the
emission lines, atomic silver exhibited a significant increase in its emission intensity with
the discharge power, which qualitatively indicates that more silver atoms were sputtered

at higher power.
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Figure 3.1. Mass spectra of silver cluster cations, Agy’, measured as a function of

discharge power of the magnetron.
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33



-1 1s3p
501 nm

201 — 1s2s

{ == 3p54d, 3p55d
1 650-700 nm

700-850 nm
{——— 3pS4s

Energy/ eV
|

Ag
———— 4d%d
7 521, 546 nm

————— 4dwsp

328, 338 nm

01 ¥ 4qoss
Figure3.3. An energy-level diagram relevant to emission lines observed in the emission
spectra. The ordinate indicates an electronic energy with respect to the ground states of

each element.

3.4. Discussion

For interpretation of the experimental data, quantitative evaluation of the number
of sputtered silver atoms is necessary. The intensity of a given emission line of atomic
silver, Iag, 1s expressed by the following equation under an assumption that the population
of the exited states follows the Boltzmann distribution:

Ei
I, = BIAN exp[—ﬁ} (3.2)

B'e

Where £ is a coefficient to convert an emission rate to intensity, g the statistical weight of

the initial state, 4 the Einstein A coefficient of the corresponding electronic transition,
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Nag the number of silver atoms, E; the energy of the initial state with respect to the ground
state, kg the Boltzmann constant, and 7t the electronic temperature. This equation is

rearranged as follows:

| E.
N2 =——_4IngN,. (3.3)
gA I(BTe "

- - |
Therefore, the values of fNag are derived as vertical intercepts in linear plots of In iAg

vs. Ei, which show a relative change in the number of sputtered silver atoms as a function
of discharge power. Such Boltzmann plots were made for emission lines of atomic silver
with wavelengths of 328, 338, 521, and 546 nm at each discharge power as depicted in
Figure 3.4, where only data for the power of 6, 9, and 12 W are shown as examples.
Physical constants relevant to the emission lines necessary for the Boltzmann plots were
taken from Atomic Spectra Database of National Institute of Standards and Technology
[10], which are listed with corresponding initial and final electronic configurations in
Table 3.1. The relative change in the number of sputtered silver atoms obtained from
the Boltzmann plots is shown in Figure 3.5 as a function of discharge power of magnetron,
which is normalized by the value at 3 W.  The number of sputtered silver atoms increased
nonlinearly as the power was raised. To correlate the number of sputtered silver atoms
with the measured mass spectra, the average cluster size <N> is plotted as a function of
the number of sputtered silver atoms Nagz normalized by that at 3 W in Figure 3.6 in
logarithmic scales. The average cluster size increases with the number of sputtered
silver atoms. However, the average size is not simply proportional to the number of

sputtered silver atoms; it rather shows a power law with 0.50 + 0.02.
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Figure 3.4. Examples of Boltzmann plots for data at discharge power of 6, 9, and 12 W.
Solid lines are the best fits to the data. An enlarged view in the energy range of 6.04—

6.05 eV is also depicted as an inset. ks7e ~ 0.8 eV was derived without significant

dependence on the discharge power.

Table 3.1. Physical constants relevant to emission lines of atomic silver observed in this

study. Corresponding electronic configurations of initial/final states are also listed.

Wavelength/nm  4/10%s™t  Ei/eV g Transition
328 1.40 3.778 4 5p (*P3n) — 55 (*Sin)
338 1.30 3.664 2 5p(*Pin) — 55 (*Sin)
521 0.75 6.043 4 5d (*D3n) — 5p (*P12)
546 0.86 6.046 6 5d(*Dsz) — 5p (*P3p)
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Before analyzing the spectroscopic result further, the measured mass spectra
were modeled; the present mass spectra were found to be well reproduced by a linear

combination of multiple Poisson distributions:

& AMexp(-4)
P(N)=2a =—— (3.4)

i=1
where i labels Poisson distributions with different average cluster sizes of 4; and o is its

amplitude. A4;’s are parameters for fitting, whereas 4; ’s are fixed values of 1, 3, 7, 13,
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21, 32, 45, 61, 79, and 100 for i = 1-10, respectively. Intervals between neighboring
Ai s were given by full widths at half maximum of Gaussians with standard deviations of
2" centered at 4;, which well approximates Poisson distributions with average sizes of
A

A=A =4(8In2) 4, (3.5)

staring with A1 = 1. The linear combination of Poisson distributions with average sizes
thus determined allows reproducing the measured mass spectra by a minimal set of the
distributions. Figure 3.7 shows that the experimental mass spectra were well reproduced
by the linear combination. The fact that the measured mass spectra were reproduced by
linear combinations of Poisson distributions suggests a “lattice model” of cluster
formation, where a cluster source is divided into a grid of cells representing trajectories
of clusters during aggregation (Figure 3.8 (a)); amongst metal atoms randomly distributed
to the cells upon sputtering (Figure 3.8 (b)), those in the same cell are supposed to form
a single cluster (Figure 3.8 (c)). Based on this model, a mass spectrum of clusters
generated by magnetron sputtering follows a Poisson distribution with an average size
proportional to an average density of sputtered atoms in the cluster source. The
combinations of multiple Poisson distributions with different average sizes rather than a
single Poisson distribution imply inhomogeneity in the density of sputtered silver atoms;
it is well known that sputtered atoms in a magnetron are distributed In a ring-like profile
with a radial gradient in the density. ~Given this fact, smaller clusters are generated along
trajectories with lower average densities of sputtered atom, whereas larger clusters grow
along trajectories with higher average densities. Another finding based on this lattice
model is about a volume of the cluster-growth region; the average cluster size of the linear

combination of multiple Poisson distributions expressed by Equation (3.4) is
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which implies the average cluster size is proportional to the average density of sputtered
atoms. The present finding that the atomic density was not proportional to the number
of sputtered silver atoms as shown in Figure 3.6 suggests that the effective volume of the
cluster-growth region was enlarged at higher discharge power of the magnetron, which
leads to rarefaction of the sputtered atoms and inhibition of cluster growth probably

because the sputtered atoms had larger kinetic energies than those at lower discharge

power and traveled far from the metal target.

40



3.5. Summary

The cluster-growth process in a magnetron-sputtering cluster-ion source was
investigated by optical emission spectroscopy and mass spectrometry to tune the cluster
source for efficiently producing clusters with sizes of interest, in particular, in the larger
size range. The number of sputtered silver atoms was estimated by measuring emission
spectra of the magnetron plasma as a function of its discharge power, while size
distributions of silver cluster cations were measured at the same time. The result was
analyzed on the basis of a statistic model proposed in the present study. In this model,
the size distribution of clusters follows a Poisson distribution with an average size
proportional to the density of the atomic silver. The present mass spectra were
reproduced by multiple Poisson distributions with several different average sizes rather
than a single distribution. This can be ascribed to an inhomogeneous density profile of
the sputtered atoms in the magnetron plasma. By relating the number of sputtered silver
atoms with their density, expansion of an effective volume of the cluster-growth region
was implied for higher discharge power, which leads to rarefaction of the sputtered atoms
decelerating cluster growth. This result suggests a possibility to encourage generation
of larger clusters, e.g., by preventing the sputtered atoms from rarefaction by decreasing
their kinetic energy by a buffer gas. Based on this insight, the author was able to produce
larger silver clusters successfully, which benefits spectroscopic experiments presented in

the following chapters.
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4. Photodissociation Action Spectroscopy

4.1. Introduction

Photodissociation action spectroscopy is one of the powerful techniques to
investigate photoabsorption of molecules, clusters, and ions. Because a decrease in the
number of the sample is measured instead of that in light intensity, this technique works
well especially in the gas-phase study, where the density of samples is extremely low.

Many studies on photodissociation spectroscopy of metal clusters have been
performed so far [1-32]. One of the series of such studies was conducted by
Tiggesbaumker et al. [30-32]. They reported collective excitation of electrons in silver
cluster cations, Agy" (N =9 and 21), i.e., only one absorption band carrying most of the
oscillator strengths originating from S5s valence electrons. In contrast, structure-rich
less-intense absorption bands were reported for AgoKr™ by Rayner et al. [33, 34]. The
difference was interpreted from the point of view of an internal energy of the cluster [33—
35]; the temperature corresponding to the internal energy was estimated to be ~2000 K in
Tiggesbaumker et al.’s study. This implies that temperature control of a sample is
important in investigating photoabsorption.

In this context, an ion trap provides two benefits: preparation of a sample both
at a high density and at a well-defined temperature. Because of these advantages,
photoabsorption spectra of metal clusters have been measured by employing an ion trap
either via photodissociation action spectroscopy, which is presented in this chapter, or via
highly sensitive photoabsorption spectroscopy [36—41], as will be discussed in Chapter 5.

In this study, photodissociation spectroscopy is performed on silver cluster
cations with the sizes up to N =92. The origin of electronic excitations in these silver

clusters will be discussed on the basis of spectral profiles and resonance energies observed
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by experiment along with geometric structures obtained by the Clemenger—Nilsson model

[42].

4.2. Principle

Photodissociation is a chemical process of a molecule resulting in production of
fragments upon absorption of photons. Generally, a molecule undergoes various
relaxation processes after electronic excitation by light absorption, e.g., light emission,
internal conversion via vibronic coupling, intersystem crossing, bond dissociation in the
course of intramolecular vibrational energy redistribution (IVR), and deexcitation by
collision with a buffer gas especially in a trap. A photodissociation cross section is a
good measure for the strength of light absorption if dissociation is a predominant
deexcitation channel for the photoexcited molecules. Technically, there are two
experimental modes to evaluate photodissociation cross sections: monitoring decrease in
the number of parent molecules or increase in those of fragments. The former was
adopted in the present study because a quadrupole mass filter does not allow one to
observe all the fragments at the same time.

Suppose that the probability of dissociation for photoexcited ions be unity.
When a cloud of parent ions with the length of Lirap and the density of N,y (X, Y, Z,f)
is irradiated by a laser pulse with a flux of F (X, Y, Z,f), the change in the flux with
respect to the penetration length along the trap axis, z, is expressed by
dF (X, Y, 2,f) = =0yeNouent (X%, ¥, 2,E) F (X, y, 2, T ) dz (4.1)
as derived from the differential form of the Beer—Lambert law, where (x, y) is a radial

vector perpendicular to the trap axis with its origin at the center of the trap and f isa
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parameter for describing a temporal intensity profile of the incoming laser pulse.

Therefore, N ey (X, Y, Z,f) is defined as the density of the parent ions that experiences
the photon flux at f,ie., F (X, Y, Z,f) (see Figure 4.1). The change in the number of

the parent ions in the volume of dxdydz after experiencing the photon flux F (X, Y, Z,f)

within df equals to the change in the number of the photons irradiating the parent ions,

i.e.,
AN ene (X, Y, 2, dxdydz = dF (x, y, z,{) dxdydf, (4.2)

which results in

dF (x,y,2,f)

UMy (%, ¥, 2,0) = == =0 = =0, F (%, ¥, 2, ) My (%, ¥, 2T . 4.3)

parent

The change in the total number of the parent ions after the photon flux F (X, Y, Z,f)

within df passed through the trap is thus derived:

AN et (£) = ” dxdy J'OL”” dz dn e (X, ¥, 2, )
= —adisﬂdxdyj:"ap dz F (%, Y, 2,E) Ny (%, Y, 2,T) 0.

Equation (4.4) was derived without any assumptions or approximation, which leads to a

(4.4)

rigorous solution for dN .. (f) once F(x,y,0,{) and n .. (X y,2,0) are given.

However, the equation is difficult to solve analytically in its rigorous form. Therefore,

we assume that the density of the parent ions is constant over the trap axis, i.e.,

nparent (X’ Y, Z’f) = Ir]parent (X’ y1t )’ (4-5)

which is a reasonable assumption because the absorbance thru the ion trap is extremely
small in the present experimental conditions as will be described later. On this

assumption, the photon flux is derived from Equation (4.1) as
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aser pulse I ons I
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—
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Figure 4.1. Illustration of F (X, Y, Z, f) and Ny ey (X, Y, Z, f). Note that t is a
parameter for temporal intensity profiles of the laser pulse. The intensity decreases upon
propagation along the trap axis. If the intensity is constant within the pulse width fpulse

before irradiation (i.e., at z = 0), leading components of the laser pulse experience trapped

ions with a higher density and become weaker than trailing components.

Miarent (X, Y, Z,f) is defined as the density of the parent ions that experiences the photon

flux F(X, y,Z,f). Therefore, nparent(x, y,z,f) becomes lower at larger { due to

photodissociation.
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F(xy,2E)=F(xy, Ot)exp( ~0 s Norent (X0 y,f)z). (4.6)
The change in the total number of the parent ions is thus obtained as
dearent (f)
= —Oyis .” dXdyJ. - dz F X’ Y, O! f) nparent (X Y t )exp( O-d|s parent (X y’f) Z)df (47)
=—[[dxdy F(x,y,0,t )(1 eXP (=0 e Nyaent (%, ¥ T) Ltrap))df,

This equation is approximated further by the following equation on an assumption that

the product O'disnparem(x, y,f) Ly <1 which holds in the present experimental

condition where typical values of gais ~ 1 A%, N (X, y,£)~10"ionscm™, and L =

40 cm:

AN, () = Ud.s” dXdy N geene (X ¥, T) Lygo F (X, Y, 0,T) df. (4.8)

If the incident laser has a flat-top intensity profile, i.e.,

I:flat (X Ty <rﬂat’ogt~£t~pulse)

F(x, y,O,f)={ : (4.9)

0 (otherwise

N—

where rnat 1s the radius of the laser spot, the change in the total number of the parent ions

becomes

dearent t Gdls flat »Hx +y <rﬂ dXdy r]parent (X’ y,f) Ltrapdf

(4.10)
= —7Oyis Fﬂat N parent ( )df

The integration equals the number of the parent ions within the flat-top laser spot,
¥Narent (£, for an arbitrary ion-distribution profile, Ny (X,Y,f), where y is a fraction

of the irradiated ions to the total number of the trapped ions. Solving the above

differential equation gives

Nparent (f) parent (O) eXp( J/O_dls I:flat't ) (0 < f < f’pulse ) ’ (4 1 1)
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which derives the dissociation yield after the laser irradiation as

D= Nparent (0) - Nparent (fpulse)
N parent (0)

=1—exXp (704 Faafoue )- (4.12)

flat “pulse

Therefore, the photodissociation cross section is expressed as

O dis :_In(liD) (4.13)
}/Fﬂattpulse

If the dissociation yield is sufficiently small, this equation is approximated by

o — D _ ”rﬂzat D (4.14)
o 7Fflatt~pulse 7/ N;;rg‘loton .

where 7 is the circle ratio and N = Fo xre, xt the number of the incident

photon pulse

photons. This is the equation for evaluating photodissociation cross sections.

In the experiments, D and Nphoton™ in Equation (4.14) are measurable by an
ammeter and a photodiode, respectively; the latter should be calibrated beforehand by a
power meter. r is determined by an aperture. 7y is evaluated by measuring the ion-
distribution profile as follows. Prior to the measurements of the photodissociation
spectra, dissociation yields were measured by scanning the laser position (x, y) at a
constant laser power. The spot size, ~1 mm in diameter, was kept constant during the
measurements. The result was Gaussian-like as shown in Figure 4.2. This one-
dimensional result was converted to two-dimensional data of spatial distribution of ions
by assuming a cylindrical symmetry. The numerical integration of the two-dimensional
data inside the laser spot with linear interpolation between every data point gives the y
value.

Photodissociation spectroscopy is sensitive as explained as follows: the

dissociation yield, D, defined by Eq. (4.12) is readily detectable, which can be as high as
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about 10% in the present experimental condition with typical parameters of ggis ~ 1 A2,

Frar ~ 10" photons cm? ns™!, T, =10 ns pulse™ x10 pulses =100 ns, and y ~ 70%.

On the other hand, the number of photons after irradiation is expressed as
Ngf?(t)ton = NyiJrf:oton - DNparent (O) (415)
This equation gives the decrease in the number of photons as follows:

Nirt]lo on NOtLljct)on N aren (O)
e = D (4.16)

in
photon N photon

Typically, D ~ 10%, Nyarent(0) ~ 10% ions, and Nphoton™ ~ 10" photons result in
Yp Y. p p p

Nin _ Nout

photon photon

Nin

photon

~1.0ppm, which is extremely small to be detected by ordinary

photoabsorption spectroscopy by means of transmission measurement.
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7
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Figure 4.2. The spatial distribution measured for the silver trimer ions.

The explanation presented here is based on the assumption that the dissociation
probability is unity, which does not hold in some cases (e.g., Agic', see Section 4.5).

Therefore, photodissociation cross sections thus evaluated are lower limits of
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photoabsorption cross sections. However, especially for smaller clusters, the assumption
seems to hold well as discussed in Section 4.5, which allows us to adopt these
photodissociation cross sections as measures for photoabsorption. The assumption will

be confirmed as well by cavity ring-down spectroscopy presented in Chapter 5.

4.3. Experimental procedures

In the photodissociation spectroscopy, silver cluster cations Agy™ generated by
magnetron sputtering and size-selected by a quadrupole mass filter were loaded into the
ion trap until a sufficiently large amount of cluster ions was stored, typically for several
hundred milliseconds. The trapped ions were then thermalized for 500 ms by a buffer
helium gas at room temperature and were irradiated by 10 shots of laser pulses. After
the irradiation, the ions were additionally stored in the trap for 500 ms until dissociation
was completed. The ions were finally extracted from the trap and transferred to the
second mass filter to select only parent ions. After the mass selection, the ions were
detected by the ammeter. The same procedure without laser irradiation was carried out.
This set of measurements was repeated 10 times to obtain the number of the parent ions
with and without laser irradiation along with the number of photons measured by a
photodiode. A photodissociation cross section was evaluated from these measured
values and the fraction of the irradiated ions evaluated beforehand. Repeated
measurements as a function of photon energy of the laser, typically in the range of 2.8—
5.0 eV, resulted in a photodissociation spectrum for one size of the silver cluster cations.
In the present study, the photodissociation spectra were measured for almost every cluster
size¢ of N = 2-92. The incident laser power was always adjusted so that the

photodissociation yield does not exceed 10% to satisfy the assumption of
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Photodissociation cross sections were evaluated by substituting experimental
data into Equation (4.14). The errors in the cross sections originate both from statistical
and from systematic errors. The former was due to fluctuations in the numbers of the
ions and the incident photons. Their standard deviations were converted to the standard
errors by assuming that the central limit theorem holds true for these parameters. The
total statistical error in a photodissociation cross section was derived from propagation of
these standard errors, which is depicted as an error bar in the figures presented below.
As for the systematic errors, uncertainty in the diameter of the laser spot is the major
source. Let us assume a Gaussian profile for the spatial distribution of the trapped ions:

- N t 24 y2
nparent (X’ y’t ) = zpaLt()eXp[_xz;yJa (4 17)

T rparent X I-trap parent

where 7parent 1S @ parameter determining the width of the ion distribution. From Equation

(4.17), the photodissociation cross section adis(27aat) is expressed by Equation (4.14) with

2
y=1-exp —LEJ . Typically, 2rflat ~ 2¥parent ~ 3 mm in the present study. The

parent

photodissociation cross section simulated is depicted in Figure 4.3 as a function of
diameter of the laser spot (271at), which is normalized by the cross section at 27fa; = 3 mm.
The cross section is overestimated if the laser diameter is overestimated because the
photon flux is estimated to be lower than the real value. By assuming the uncertainty of
+0.5 mm in 274, the uncertainty in the cross section is estimated to be about £15%. The
consideration presented here implies the possibility to reduce the systematic error by
measuring the beam profile. An additional error would be caused by the approximation
of D <<1 to derive Equation (4.14) from Equation (4.13). At D =10%, the cross section

1s underestimated by 5%, minor than the error caused by uncertainty in laser diameter.
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Figure 4.3. Estimation of the systematic error in the photodissociation cross section.

2Fparent Was set to be 3 mm.

4.4. Photodissociation spectra of silver cluster cations

Photodissociation spectra of silver cluster cations measured for the size range of
N = 2-92 are shown in Figures 4.4-4.7. Note that the ordinate shows “multi-photon
dissociation yield” (see Section 4.5) instead of cross sections for N =19 and above, where
multi-photon processes are observed as will be discussed in Section 4.5. One of the
characteristic features of the present photodissociation spectra is a concentration of

absorption bands in a narrow spectral range at larger sizes. For example, Agae.11,12"
showed multiple bands over the entire spectral range of 2.8-5.0 eV, while absorption

bands were located in 3.6—4.1 eV range at the sizes larger than 19.  This feature reminds
us of collective excitation of electrons although quantitative measurements of absolute
cross sections are necessary to discuss the collectivity for N > 19. Firstly, the present
results are compared with those in the previous studies in this section.

Ag2". The dimer showed only one band at 3.01 eV, which was observed by a
previous report [37] as well.  The band is identical to the previous data both in the band

shape and in the cross sections. A tail toward the lower-energy side is interpreted as hot

52



bands as discussed in the previous report. The present study extended the spectral range
of the measurement from 2.8-3.1 eV of the previous report to 2.4-5.0 eV; a spectrum
covering such a wide energy range was measured for the first time. However, no other

bands were observed except for that around 3.01 eV.
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Figure 4.4. Photodissociation spectra of Agy” (N = 2-18). The error bars denote
statistical errors. The clusters dissociated upon one-photon absorption in the entire
photon-energy range except for N =15, 17, and 18. Note that the spectra of N =15, 17,
and 18 are shown on the assumption that they dissociated by one-photon absorption,
although two-photon processes contributed as well in the low energy region. As for the

black and gray plots in the spectrum of N = 3, see the text for explanation.
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Figure 4.6. Photodissociation spectra of Agn™ (N = 41-65). The clusters with sizes of
41-55 dissociated upon three-photon absorption, while those with N = 60-65 showed
dissociation upon four-photon absorption. The spectra of N = 42—45 were obtained by
five times of measurements, which resulted in larger statistic errors than those in the other
sizes measured 10 times. Note that the spectral range of the measurement is narrower

than that for N < 40.
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Ags*. In Figure 4.4, two sets of data are plotted; black circles are measured in
a limited energy range with accurate estimation of the laser diameter, while gray circles
cover a wider energy range but with some uncertainty in the laser diameter. Therefore,
the latter spectrum was scaled so that the cross section coincides with that of the former;
the profiles of both the spectra were confirmed to be completely identical. The two
complementary spectra thus elucidate that the silver trimer cation exhibits only one band
at about 3.9 eV in the energy range of 2.8-5.0 eV.  Such a spectral feature reminds us of
the equilateral-triangular structure of the trimer. See Chapter 6 for more details.

Ags*.  The photodissociation spectrum of the cationic silver tetramer was
previously measured by Terasaki et al. [40]. The present spectrum matches well with
the previous data in view of their profiles and cross sections. A slight difference
between them is in the profiles of the absorption band at 3.14 eV: it shows a rather sharp
profile in the previous study, while the intensity decreases slowly toward the higher
energy side in the present study. The reason for this difference is currently unclear.
The absorption spectrum was also measured for the corresponding rare-gas complexes of
AgsKr>" and AgsKrs™ by Rayner et al. [33], showing only one band around 3 €V in the
spectral range of 2.5-5.0 eV, which is different from the present result. This might be
due to the Kr adatoms: krypton accounts for 33% or 43% of the constituent atoms of the
cluster. Due to the large polarizability of krypton, perturbation to the electronic state of
the cationic silver tetramer would not be negligible.

Ags™. One absorption band was previously observed by Ito for the cationic
silver octamer [35], where the spectral range was limited to 3.70—4.35 eV due to the light
source employed. The present study with an extended spectral range revealed three

absorption bands. The band at 3.87 eV was identical to that observed by Ito. The other
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bands observed for the first time in this study make geometry assignment clearer as will
be shown in Chapter 6.

Ago*. Ago' is one of the magic clusters because it is regarded as an eight-
valence-electron system based on the electronic shell structure of metal clusters [51].
Tiggesbdumker et al. examined the absorption spectrum of Age" in this context [30-32].
The spectrum exhibited a single band located at 4.02 eV, which is extremely different
from the present photodissociation spectrum of Age" showing a multi-modal profile as
observed by Ito [35] who also employed an ion trap. The difference is explained by
several groups [33-35]; the temperature of Agy" prepared by Tiggesbdumker et al. was
estimated to be about 2000 K. In that case, Ago" is regarded as in a liquid phase, which
enables the application of the jellium model to the cluster according to Rayner et al. [33].
However, there are several questions about the explanation by Rayner et al.; firstly, the
motion of electrons is much more rapid than that of the nuclei. Therefore, the electrons
in the cluster experience some ionic background depending on the geometric structure of
the cluster at the moment of photoabsorption, not the jellium-like potential necessarily.
Secondly, even if the potential for the valence electrons is regarded as the jellium potential,
the excitations are just described by linear combinations of individual transitions between
superatomic orbitals. If an excitation i1s dominated by one transition between
superatomic orbitals, it is not collective. The result of Tiggesbdumker et al. just
indicates that the absorption band of Agy" at 4.02 eV possesses 94% of the oscillator
strength originating from the valence electrons in their experimental condition, of which
systematic error was estimated to be 50% [30, 32]. The present result rather resembles
an absorption spectrum of Age" measured by cavity ring-down spectroscopy by Terasaki

et al. [36], a photodissociation spectrum by Ito [35], and of AgoKr™ measured by Rayner
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et al. [33, 34] both in spectral profiles and in absorption cross sections. It is natural to
speculate that the difference between the spectral profile in the present study and that
measured by Tiggesbaumker et al. is ascribed to a thermal effect as pointed out by Moseler
etal. [43] and Ito [35]; just vibrationally excited clusters and coexistent geometric isomers
seem to be contributing in the previous report of Tiggesbdumker et al. Moreover, their
oscillator strengths would probably have been overestimated by considering the
systematic errors in their report, which results in the difference in absorption cross
sections between the present and the previous reports. The present result is rather
identical with the photodissociation spectrum measured by Lindinger et al. [52] in the
spectral profile, although the present cross sections are larger than their report. However,
quantitative comparison of cross sections is difficult because they do not mention the
accuracy of their cross sections in [52].

Agio®. There is only one study on the photoabsorption spectrum of Agio™ [35],
where a structureless spectrum was observed in the spectral range of 3.70—4.35 eV, which
is a part of the absorption band around 4.3 eV observed in the present study. Moreover,
a sharp absorption band at 3.41 eV was detected for free Agio" for the first time in this
study. The corresponding Kr complex, AgioKr®, exhibited a similar spectrum [33],
which reflects the fact that perturbation of the krypton adatom on the cluster is less
significant at this size.

Agn*. There are two studies on the photoabsorption spectrum for N=11. The
photodissociation spectrum measured by Tiggesbdaumker et al. is characterized by two
broad Lorentzian-like absorption bands located at 3.44 and 4.22 eV with full widths at
half maximum (FWHM) of 0.30 and 0.87 eV, respectively [30, 31]. These spectral

features are different from those of the present spectrum, where five bands were observed
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at2.93, 3.40, 3.66,4.00, and 4.29 eV. Among them, the bands at 3.66 and 4.29 eV show
large oscillator strengths. However, these bands were absent in the previous study.
Probably, isomers other than those possessing large oscillator strengths at 3.44 and 4.22
eV were substantially populated in their experimental condition with a high internal
temperature, which led to the ensemble-averaged spectrum qualitatively described by the
ellipsoidal shell model [42, 53].  On the other hand, the present photodissociation
spectrum is similar to that measured by Ito [35] in its profile; the present
photodissociation cross sections reproduced those measured by Ito within the present
systematic error (see Section 4.3 for details).

Agr2*. Four bands were observed in the present study. Among them, a band
located at 4.01 eV reproduced the only one previous report on the photoabsorption on
pure cationic silver dodecamer [35] both in profiles and quantitative cross sections within
systematic errors. Comparison with a previous study on AgiKr" [33] provides an
important insight, where the absorption bands are sharper than those in the present study,
showing even splitting into multiple bands. This difference originates from the
temperature; the previous spectrum of Ag; Kr™ was measured at 100 K, resulted in
removing hot bands observed in the present study.

Agi3*. There is only one spectrum available for Agi3" [35], which shows a
single band centered at 3.91 eV. The band was quantitatively reproduced by the present
study. Moreover, additional two bands were found at 3.55 and 4.48 eV out of the
previous spectral range.

Agis". A structureless photodissociation spectrum was reported previously in
an energy range of 3.70—4.35 eV [35]. The present result clearly shows three maxima

in an extended spectral range; the band in the previous report was reproduced well.
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Agis,17,18". N =15 showed two bands located at ~3.6 and 4.5 eV, while N=17
and 18 exhibited broad bands over the energy range of ~3.5-5.0 eV. However, these
profiles do not reflect actual profiles of their photoabsorption spectra because two-photon
processes as well as one-photon dissociation contribute to the action spectrum depending
on the photon energy (see more details in Section 4.5). Among these clusters, a
photodissociation spectrum of Agis" was reported by Tiggesbdumker et al. previously
[30]; a sharper band and a more intense and broader band were observed at 3.46 and 4.07
eV, respectively.  Although the internal energies were different, the latter would
correspond to the band at 4.5 eV observed in the present study. The intense absorption
around 4.07 eV in their spectrum would not result in dissociation due to insufficient
photon energy for the present experiment where cooling by the buffer helium gas
competes with dissociation processes, while the absorption around 4.5 eV provides
sufficient energy for Agis' to dissociate (see Section 4.5). To record photoabsorption
spectra of such sizes where one- and two-photon processes compete, some other
techniques may be available, e.g., by cavity ring-down spectroscopy that does not rely on
the action of dissociation.

Agio*. N=19isa characteristic size where photoabsorption started to converge
into a specific photon energy. Tiggesbdumker et al. measured the photodissociation
spectrum for this size. However, the spectral profile was not reported. They only
mentioned the average resonance energy of 3.97 eV [32]. The photodissociation
spectrum of N =19 was reported in this thesis for the first time. The spectral profile will
be interpreted by considering the geometric structure of the cluster in Section 4.6.

Agn*. N =21 is a notable size because it is regarded as 20-valence-electorn

closed-shell system based on the electronic shell structure of metal clusters [S1].  In this
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context, Tiggesbdumker et al. reported its photodissociation spectrum [30-32], where a
single Lorentzian is centered at 3.82 eV with FWHM of 0.56 eV and maximum intensity
of 8.84 A%, The single band was observed as well in the present study at the same
transition energy. However, a difference is in its width, which is as narrow as 0.16 eV
in FWHM in the present spectrum. The origin of this difference is the two-photon
dissociation process observed in the present study as described in Section 4.5; the ordinate
of the spectrum qualitatively corresponds to the product of the sequential absorption cross
sections, which results in the sharper spectrum. Agy" has been regarded to exhibit
collective excitation of electrons so far in view of the fact that 64% of the valence
electrons contributes to the observed absorption [30—32]. Quantitative analysis of the
oscillator strength is difficult for the present photodissociation spectrum. However, the
single-band profile observed in this study brings an important insight into the electronic
excitation; the profile is explained by a number of locally pseudodegenerate excitations
originating from a single geometric isomer, as will be mentioned in Chapter 6. Although
further analysis is necessary, this feature implies collectivity in the electronic excitation
of Agai™.

Comparison with neutral and anionic silver clusters. There is no data
available for photoabsorption spectra of silver cluster cations, Agy™ (N = 5-7, 16-20, 22
and above). However, those of neutral and anionic counterparts were reported by
several groups. Harbich and coworkers reported photoabsorption spectra of neutral
silver clusters with the sizes of 1-120 in various rare-gas matrices [54-58]. Simply
speaking, absorption spectra of Agy are much different from those of cations for N < 16,
while they are similar to each other in their profiles for N > 16. For example, Agss

showed a central absorption energy of 3.84 eV in their study. To compare this resonance
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energy with that of the present result of the gas-phase cationic counterpart, the absorption
energies in the neon matrix were blue-shifted by 0.17 eV to remove a dielectric effect of
the matrix [54, 60]; it is expected that Agss shows an absorption maximum at 4.01 eV in
the gas phase, which is close to that of the present result of Agss™ at 3.95 eV. Profiles of
the previous absorption spectra of Agssgs 9> embedded in the neon matrix are similar to
photodissociation spectra of the cationic counterparts in the present study. However, the
resonance energies in the previous study were 3.90, 3.77, and 3.80 eV, which corresponds
to the energies of 4.07, 3.94, and 3.97 eV in a vacuum, respectively; the energies are
somewhat different from those of the present study, i.e., 3.90, 3.83, and 3.81 eV for Agss ",
Agss’, and Agoo', respectively. As for the anions, Agy~, Tiggesbdaumker et al. reported
broad Lorentzian-like spectra for N=7,9, 11, 13, 15, 17,and 19 [27,29]. Among them,
Ag; and Agiy showed single-band profiles with FWHM of 0.88 and 0.61 eV,
respectively, while the others exhibited double-band profiles. Compered with these
results, the present study of cations showed rather multi-modal profiles for N < 13, which
is due to the difference in internal energies of the clusters as mentioned above. The
photodestruction spectra for Agy (N = 3-19) were reported recently [41], where the
spectral profiles were completely different from the present results for cations. A recent
report on electron detachment cross sections of Ago1~ showed a Lorentzian located at 3.74
eV [59]; although the resonance energy of Agoi~ is different from that of Age," in the
present study, the profiles are similar to each other.

To summarize, the spectral shapes of neutral and cationic silver clusters become
similar to each other above the size of 16. The spectral profile of Agoi™ is also similar

to that of Age>".  From these considerations, it is inferred that the influence of the charge

state is less important above the size of ~20, despite lack of data for anions in the N = 20—
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30 range.

4.5. Dissociation processes

For evaluation of photodissociation cross sections, it is necessary to understand
photodissociation processes. A photoabsorbed molecule undergoes various relaxation
paths as mentioned in Section 4.3. Especially, dissociation after photoabsorption and
deexcitation by collision with a buffer gas are major paths on an assumption of rapid
internal conversion and no contribution of radiative paths to deexcitation. Qualitatively,
if dissociation were the only pathway that a cluster undergoes, all the clusters would
dissociate after laser irradiation. However, in an ion trap, the cluster is cooled via
collision with the buffer helium gas. Therefore, it does not dissociate by one-photon
absorption when its internal energy after one-photon absorption is not as high as the
dissociation rate exceeds the cooling rate; the cluster needs to absorb additional photons
for dissociation, which leads to multi-photon processes. If clusters dissociate upon two-
photon absorption, i.e., excitation of clusters by the first photon is followed by
dissociation upon absorption of the second photon, the first process corresponds to the

absorption cross section expressed by Equation (4.14):

o = Tl N
' 71N N

photon

e (4.18)

parent

and the second one gives the photodissociation cross section of

2

AT\
Ogis = (4.19)
® 7/2 Nphoton Nexc

where Nexc 1s the number of excited clusters upon photon absorption, Nparent that of parent

ions inside the ion trap, Nais that of dissociated clusters (or a decrease in that of the parent
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ions), Nphoton that of incident photons, and y; and y» fractions of the parent and excited
ions irradiated by a laser beam, respectively. The number of the excited clusters cannot

be measured. However, a product of

2 2 2 2
O-lo-dis — Nl\c;is Nﬂ-i:ﬂat — D I\Ti:ﬂat (420)
}/17/2 parent photon 7/17/2 photon

is expressed by the measurable quantities. Generally, when clusters dissociate upon M-

photon absorption, a product of

, \M
010, Oy _10yis = = e (4.21)
YiVo " Vwm Nphoton

is a measure of photoabsorption practically available. This product is referred below as
a “multi-photon dissociation yield,” D’, for M > 2 because it is proportional to a
dissociation yield D = Nais/Nparent divided by the M-th power, Nphoton?, of the number of
incident photons. The above equation is rearranged as follows:

logD = MlogNphoton + const., (4.22)
which implies that the value of M is derived from a slope of a double logarithmic plot of
photodissociation yields as a function of the number of incident photons.

The plots are shown in Figure 4.8, while M values determined by fitting are
shown in Table 4.1 with the photon energies of the incident photons in the experiments;
the energies at absorption maxima were chosen for each cluster size. Generally speaking,
dissociation yields increased drastically as a function of laser intensity for larger clusters;
the smaller clusters with the sizes of 8 and 14 showed dissociation upon one-photon
absorption, while Ag3o" and Agso" exhibited two-photon absorption to dissociate. The
largest clusters in the experiments, Agess" and Ago>*, dissociated upon even five-photon

absorption. This behavior, i1.e., emergence of photodissociation upon multi-photon
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absorption at higher sizes, is explained based on the RRK theory [44—46]; as the number

of the vibrational modes increases at larger sizes, the dissociation rate decreases

exponentially. Clusters with larger sizes must absorb another photon to dissociate.
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Figure 4.8. Dissociation yields measured for silver cluster cations, Agy', as a function

of the number of incident photons. The solid regression lines were determined by fitting

the experimental data to the power law by employing the least squares method.

Table 4.1. The M values obtained for Agn' clusters along with the photon energies of

the incident photons employed in the measurements.

N M  Photon energy / eV N M  Photon energy / eV
8 1 3.87 55 3.90

14 1 4.49 60 3.87

30 2 4.03 65 3.87

40 2 3.80 66 3.92

45 3 3.87 92 3.81
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It is noteworthy to mention experimental results of Agis" in Figure 4.9.
Dissociation yields were measured as a function of the number of incident photons at the
photon energies of 3.78, 4.00, and 4.43 eV. The slopes of the regression lines are
different from each other; dissociation yields increased more drastically in data with a
lower photon energy than those in a higher energy. Moreover, the values of the slopes
were between one and two, i.e., not integers. This behavior was also recognized for
Agis" and Ag17". The result indicates that both one-photon and two-photon absorption
contribute to photodissociation. When clusters absorb the first photon, its dissociation
rate is moderate; some clusters dissociate before absorbing second photons, while others
remain as they are until dissociation occurs upon second-photon absorption. If the
photon energy is lower, one-photon absorption yields a smaller dissociation rate because
of a smaller internal energy. Therefore, dissociation upon two-photon absorption is
slightly major. On the other hand, the internal energy gained by absorption of even a
single photon at a higher photon energy brings a higher dissociation rate, which makes
dissociation upon one-photon absorption rather major. Because of this complexity, the
photodissociation spectra of sizes of 15, 17, and 18 should be interpreted carefully.

Furthermore, a simulation was performed to explain the size- and photon-energy-
dependent multi-photon processes. Suppose that clusters photoexcited at the time origin
follow two pathways, i.e., dissociation followed by rapid internal conversion and
intramolecular vibrational energy redistribution (IVR), or deexcitation by the buffer gas.

The density of the clusters at time #, nparent(?), follows the differential equation of

d nparent (t )
dt

where kqis(?7) 1s the time-dependent decay rate.  For the non-infinitesimal simulation time

= _kdis (t) Ir]parent (t)' (423)

step At, the equation is transformed to
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Figure 4.9. Dissociation yields of Agis” measured as a function of the number of incident
photons at different photon energies. The solid regression lines were determined by

fitting to the experimental data to the power law by employing the least squares method.

Anparent (t) = _kdis (t) r]parent (t)At (424)

The decay rate is represented by referring to the RRK theory [44-46],

EO s—1
o (1)- v[l— > (t)j (Ey<Ew (1) 425)
0 (otherwise)

where v is the frequency pre-factor, Ew(¢) the total energy, Eo the dissociation energy, s =
3N — 5 (for a linear cluster, i.e., the dimer) or 3N — 6 (for the others) the number of the
vibrational modes, and N the cluster size. The frequency pre-factor was assumed to be
the Debye frequency of the bulk silver, 4.48 x 10> Hz [47]. The dissociation energy was
cited from the previous report by Kriickeberg et al. [S0]. The cooling effect by the buffer

helium gas is expressed as the time-dependent total energy

sk, T, . +hv=sk,T 0) (t=0
Etot(t)z{ B " buffer v Bparent() ( ) (426)

SKg Torent (1) (t>0)
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by assuming one-photon absorption, where Toutrer = 300 K is the temperature of the buffer

helium gas, Tparent(?) that of the clusters that follows the time-dependence of

t

K Teotlision
Tparent (t) - (Tparent (O) = Toutter ) (l - 3N kB j + Toutrers (4.27)

ks the Boltzmann constant, 4v the photon energy, K the energy exchange constant set to
be 4.5 peV K'! by referring to a previous molecular dynamics study on Pd;3 [48], and
feollision the interval of collisions between the clusters and the buffer gas. The interval

was obtained as a reciprocal of the Langevin rate constant

2
/nab for©
kLangevin = . nbuffer’ (428)
&0l

where apufrer = 1.38 ao® the polarizability volume of the buffer helium [49], ao the Bohr

mparent mbuffer

m + mbuﬂer

radius, e the elementary charge, g the vacuum permittivity, u= the

parent

reduced mass, mparent the mass of the cluster, muufrer that of the buffer-gas atom,

pbuffer

Noutter = T the density of the buffer gas, and ppusrer = 0.1 Pa the pressure of the buffer.
B " buffer

The dissociation probability is derived by solving Equations (4.24)—(4.28).

The results of the simulation for Agg 619" are depicted in Figure 4.10. The
photon energies were set to be those at absorption maxima in the present
photodissociation spectra. Agg* decays rapidly via dissociation with a lifetime as short
as 35 ns, while its internal energy is constant in that time window. This result is
consistent with the present experiment, where Ags” dissociated by one-photon absorption.
This simulation indicates that the smaller clusters dissociate by one-photon absorption
because the absorbed photon energy is easily concentrated to a specific vibrational mode

leading to dissociation. As for Agio’, its decay rate is extremely low due to a large
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number of vibrational modes; the internal energy becomes lower than the dissociation
energy within 92 ms before dissociation, which is consistent with the fact that Agio®
dissociated by two-photon absorption. On the other hand, Agis" shows an intermediate
behavior between the two sizes. It dissociates rapidly just after the laser irradiation.
However, the dissociation is terminated at # ~ 10 ms due to decreases in the internal energy
and dissociation rate. The internal energy becomes lower than the bond dissociation
energy at 97 ms. The population of the parent ions becomes 24% finally; the dissociation
probability is thus estimated to be 76%. Although the estimation described above is
qualitative, it explains the reason for the low photodissociation cross section observed for
Agis'": such incomplete dissociation results from comparable rates for dissociation and
buffer-gas cooling. Note that photodissociation cross sections underestimate
photoabsorption cross sections in such cases. The simulation was performed further for
Agis" as shown in Figure 4.11. The parent ions do not dissociate at the photon energy
of 3.55 eV, while 64% of the parent ion dissociate at the photon energy of 4.50 eV. This
result is consistent with the fact that Agis® showed dissociation upon one-photon
absorption at higher photon energies and that upon two-photon absorption at lower photon
energies. As a result of the present simulation and photodissociation spectroscopy, N =
15—18 are critical sizes for emergence of multi-photon processes. The reason why only
Agis" showed one-photon dissociation (with a low dissociation probability) among them
would be because it is bound more weakly than the others; the bond dissociation energy
of Agis" is reported to be 2.05 €V, which is lower than those of Agis17,18" by 0.3-0.5 eV

[50].
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Figure 4.10. The simulated internal energies, decay rates, and the population of the
parent ions, Agy', as a function of time. The dashed lines indicate the bond dissociation

energies Eo [50].  Tparen(0) =2795, 1322, and 1167 K for N= 8, 16, and 19, respectively.
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Figure 4.11. The simulated internal energy and the population of the parent Agis" as a
function of time. The dashed lines indicate the bond dissociation energy Eo [50].

Tparent(0) = 1356 and 1639 K for panels (a) and (b), respectively.
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4.6. Discussion

Now the discussion will focus on the larger size range dominated by multi-
photon dissociation, where the spectral profile exhibits a few features depending on the
cluster size above N=19. As shown in Figure 4.5, Agi920" showed double-band profiles
where the bands at a lower energy was more intense than that at a higher energy. On the
other hand, Ag»1 2" exhibited single-band profiles. Agy" (N =23-33) presented double-
band profiles, where the band at a higher energy was more intense, except for N =26, 31,
and 32 exhibiting triple-band profiles. The clusters showed single-band profiles again
at the size above 34 up to 60 with a blueshift of the absorption band, which was located
around 3.9 eV at N=60. At N =61, an absorption band redshifted to ~3.8 eV, which
became more intense with respect to intensity of the absorption band at the higher energy
and redshifted further to ~3.7 eV as the cluster grew into larger sizes; the two bands
showed the same intensity at N =71. The absorption band at the lower energy became
weaker from N = 72 to 77 and again stronger from N = 78 to 83. The two bands
converged into ~3.8 eV showing a broad band width above N = 84, which resulted in a
single band of Age," with a sharp band width. Such a change in the spectral profiles
would result from geometries dependent on the cluster size; according to Schmidt et al.
[1], when the cluster is regarded as a spheroid,

Rradius = Renergy, (4.29)
where Rradius 18 the ratio of the radius along the symmetry axis to the radius perpendicular
to the axis, Renergy the ratio of the resonance energies of the more intense band to that of
the weaker band. The special case of Rrdius = 1 corresponds to a spherical structure of
the cluster. The ratio of the energies was evaluated by fitting of the experimental results

by double-Lorentzian functions:
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minor

Dr E — major +
(E) E—Epe | E-E_ ) (4.30)
1+ 1+ minor
Ew,major/2 Ew,minor/2

with a constraint of Dmajor Ew,major = 2Dminor Ew,minor fOr the intensity ratio of the two bands,
where E is the photon energy, Dmajorminor’ the maximum intensity of each Lorentzian at
the photon energy of Emajor/minor, and Ew the full width at half maximum, respectively.
The subscript, major/minor, specifies whether the absorption is more intense or less. An
example of the results of the fitting is shown in Figure 4.12, where Emajor = 4.02 €V, Eminor
=3.67 eV, and Renergy = 1.10 were obtained. The resonance energies and energy ratios
thus evaluated are depicted in Figure 4.13, which explains the growth mechanism of Agy";
the cluster shows oblate structures at N = 19 and 20, and becomes spherical at N = 21.
Silver atoms are added to elongate the geometry above N = 21, which results in prolate
structures. At N =27, silver atoms prefer to attach in the direction perpendicular to the

symmetric axis probably to maximize the coordination number. Therefore, the cluster
shows again a spherical structure at N ~ 40. Such a geometric growth, i.e., oblate —

sphere — prolate — sphere — prolate — sphere, is observed up to N = 92 (Figure 4.14).

[y
T

Multi-photon dissociation
yield / arb. units

3 4 5

o

Photon energy / eV
Figure 4.12. The result of the fitting. Circles: experimental results. Blue curves:
Lorentzian function. Red curves: summation of the two Lorentzian. Dmajor’ = 1.01,

Emajor =4.02 e\/, Ew’major =0.12 CV, Dminor T= 032, Eminor =3.67 e\], and Ew,minor =0.20¢eV.
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Figure 4.13. (a) The photon energies of the two bands observed in the photodissociation
spectra as a function of cluster size. The data were obtained by the double-Lorentzian
fitting to the experimental results. The fitting was not carried out for N=26, 31, and 32,
where triple-band profiles were observed. (b) Geometric structures represented by
distortion from a sphere predicted for silver cluster cations. Blue filled circles: the
experimental energy ratio. Black open circles: the radial ratio of the most stable
geometry based on the Clemenger—Nilsson model, which is scaled by 0.2 for visibility.
The anharmonic parameter U was set to be 0.04, which is the same as that in Clemenger’s

report for neutral sodium clusters.
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Figure 4.14. Tllustration of the geometric growth of Agy".
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The Clemenger—Nilsson model [42] is a successful model to explain
experimental results [41, 53, 61]. In this model, a valence electron experiences an
anisotropic quasi-harmonic potential; the effective single-particle Hamiltonian is

expressed by

A2
H=P o lme? (Q§r2+Q§z2)—Uhmo(|2—<|2> )
2m 2 Nlolal
: 431)

HO—tho(i2—<|2>N )

where P is the momentum operator, 7. the electron mass, o the eigenfrequency when

1

2+5j3

the distortion parameter , J, and the anharmonic parameter, U, are zero, Q, = ( > 5

and Q, :(2+5
2

2
IR : o .
j ellipsoidal scaling factors satisfying the constant-volume constraint

QiQZ =1, z the coordinate along the symmetry axis, » the distance from the z-axis, 7

A 1
Dirac’s constant, | the total angular momentum operator, <|2> == Ny (Nigw +3),

Niotal 2

Nt the total oscillator quantum number, and H,, the harmonic part of the Hamiltonian,

The non-zero anharmonic parameter U works to flatten the bottom of the harmonic

potential. The distortion parameter o is associated with the radial ratio Rradius as

_2+0

L= —. 4.32
radius 2_5 ( )

By using Rassey’s representation of basis functions, non-zero elements of the

Hamiltonian matrix H are calculated by the following equations [62]:
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<Ntotal’ NZ’A|HO|NtotaI' NZ'A>

=(Ngw =N, +1) 20, Q, +(NZ +%)thQZ

<Ntotal’ Nz +2’A|i2|Ntotal’ NZ’A>

:\/(Ntotal - Nz _A)(Ntotal - Nz +A)(NZ +1)(NZ +2)’ (433)
<NtotaI’ Nz _21A|i2|Ntotal’ NZ’A>

= (N =N, + A+ 2) (N =N, - A+ 2)N, (N, -1),

<Ntotal’ NZ’A|i2|Ntotal’ Nz’A>

:A2 +2Nz (Ntotal - Nz)+2Nz +(Nt0tal - Nz)’

where N, is the number of oscillator quanta along the symmetry axis and A the z-
component of the orbital angular momentum. The Hamiltonian matrix H thus derived

is block-diagonalized as

HO,O

H = H,, , (4.34)

0 H,,

where Hy . is a matrix formed by collecting non-zero elements of H having common

(2,0,0/H|2,0,0) (2,0,0|H|2,2,0)

Nuowt and A, e.g., Hy=(0,0,0[H[0,0,0),H,, = (2,2,0|H[2,0,0) (2,2,0/H2,2,0)]

etc. H is diagonalized by the matrix
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0,0

P 0

P= P : (4.35)

0 P,,

where Py, is a matrix diagonalizing H, . Therefore, the (exact) eigenenergies

are derived as the diagonal elements of P'\_‘t]t-)talv H Ny, APNMY A+ Note that A =0 levels are

twofold degenerate, while the others are fourfold degenerate. The eigenenergy is a
function of the distortion parameter 6. The most stable geometry is predicted by a
distortion parameter which results in the minimum total energy of electrons.

The result is superimposed in Figure 4.13 (b) by black open circles. The ratio
evaluated based on the Clemenger—Nilsson model explains the experimental result
qualitatively below N <46. A disagreement between the results is observed above N >
47; sphere-like or oblate structures were experimentally indicated for N = 47-60, while
rather prolate structures were predicted by the Clemenger—Nilsson model. As for N =
66—73, the clusters were suggested to be prolate by experiments, while oblate structures
were predicted by the model. The disagreement implies that an effect of packing
becomes dominant at the larger sizes; atoms in the cluster are located to maximize their
coordination number to stabilize the cluster in the experiment. Such a disagreement was

also reported in a previous photoelectron-spectroscopic study on sodium cluster anions
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with the size of 40-57 [61]. As for larger sizes, an elongated structure at N =71 and a
spherical one at N =92 were reported for sodium cluster anions in a previous experimental
study [63] and for their neutral counterparts in a theoretical study employing classical
interatomic potentials [64]. Moreover, the packing scheme also explains the local
minima in the mass spectra of photoionized sodium clusters with the sizes of 1500-22000
[62]. Geometric structures of neutral silver clusters were also reported by Chen et al.,
where geometry optimization was performed by employing an embedded atom method
potential in combination with a genetic algorithm [66]. To compare their geometries
with the present photodissociation spectra, moments of inertia of each cluster are
evaluated by assuming that the clusters are expressed by an ellipsoid with a uniform

density and radii of ry, r,, and r::

i m; (X|2 + yiz) :% Metipsoid (rxz + ryz) (4.36)

i1
N

around z-axis, where m; is the mass of the i-th atom, My = Z m, that of the ellipsoid,
i=1

xi* + y the squared distance between the i-th atom and z-axis. By solving the equation

for the geometric structures of Agaoss,71,92 reported by Chen et al., their corresponding

radii were derived as listed in Table 4.2. This analysis supported the present results of

photodissociation spectroscopy except for N=40. As will be mentioned in Section 6.4,

for example, an oblate structure was also obtained for Agss” by a theoretical calculation

in the present study, which resulted in a double-band profile in its absorption spectrum.

The present photodissociation spectrum indicates the existence of a spherical geometry

which was not found in the present/previous calculations.
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Table 4.2. Estimation of radii of neutral silver clusters, Agy, and geometry assignments
by the author. The coordinates of geometries for the calculation were cited from the

report by Chen et al. [66].

N r~n/A rl A r-/ A Geometry assignment
40 5.8 5.6 4.4 oblate
55 5.8 5.8 5.8 sphere
71 7.5 5.9 5.9 prolate
92 7.1 7.1 7.1 sphere

As mentioned above, absorption bands converged into a narrow spectral range
above N = 19, which suggests collective excitation of electrons.  The present

photodissociation spectroscopy revealed also geometry evolution in silver cluster cations
as follows: oblate (N =19, 20) — sphere (N =21, 22) — prolate (N = 23-25, 27-30, 33)

— sphere (N = 34-60) — prolate (N = 61-83) — sphere (N = 84-92). By combining
these insights, threefold degenerate collective excitations of electrons are expected for
spherical clusters, which was observed as a single band. On the other hand, the
degeneracy is supposed to be lifted in a prolate structure; a collective excitation along the
symmetry axis is located at a lower energy than that of twofold degenerate collective
excitations perpendicular to the symmetry axis. In addition, the absorption band of
Agss' at 3.9 eV redshifted by 0.1 eV at N=92. Such geometry- and size-dependence of
an absorption spectrum is well-known in collective excitations of electrons in
nanoparticles and nanorods. Form this analogy, it is implied that collective excitation
of electrons emerges above N = 19. However, an additional analysis on oscillator

strengths is necessary to conclude the emergence of collective excitation of electrons,

79



which will be presented in the next chapter on the basis of cavity ring-down spectroscopy
that enables evaluation of one-photon absorption cross sections even for these large sizes

without relying on multi-photon dissociation.

4.7. Summary

Photodissociation action spectroscopy was performed on silver cluster cations,
Agn', almost every size in a very broad range from N =2 to 92. For larger cluster sizes,
multi-photon absorption was necessary for the clusters to dissociate. Such multi-photon
processes were interpreted by the following scenario: the photon energy absorbed is
converted to a vibrational energy via internal conversion followed by intramolecular
vibrational energy redistribution (IVR) processes. The RRK theory tells us that
photodissociation that takes place via localization of the internal energy in a specific
vibrational mode occurs less frequently at larger sizes, which results in a low dissociation
rate. Therefore, multi-photon absorption is necessary for larger clusters to undergo
photodissociation.

The present photodissociation spectra were compared with previous ones.
Especially, Ago" showed a multi-modal profile, which was in contrast to the previous
report by Tiggesbaumker et al. [30-32]; they observed a broad band which carries 94%
of oscillator strengths originating from the eight valence electrons and thus concluded
that the absorption was collective. The temperature-controlled present study revealed
that such interpretation is not rationalized, i.e., collective excitation of electrons is not
probable for Age". The broad intense band must have rather been due to a high internal
energy and a systematic error in their measurement. On the other hand, Ag>1" exhibited

a single band similar to but narrower than that observed by Tiggesbaumker et al. [30-32].
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Generally, the smaller clusters with the sizes of N < 14 showed multiple bands
over the entire energy range of 2.8-5.0 eV, while one or two bands were observed for
those with N > 19. Such concentration of absorption bands indicates emergence of the
collective excitation of electrons in silver cluster cations with N > 19. The size-

dependence of the spectral profile also provided information on a growth process of
clusters, i.e., oblate — sphere — prolate — sphere — prolate — sphere, up to N =92;

the single-band profiles correspond to a spherical geometry, where three collective
excitation modes are degenerate. On the other hand, the degeneracy is lifted in prolate
structures, which results in a collective excitation along the symmetry axis at a lower
energy and a twofold degenerate collective excitation perpendicular to the axis at a higher
energy. Moreover, a redshift of the absorption band was observed as the cluster grew
from N=551t092. These trends are reminiscent of collective excitation of electrons in
nanoparticles and nanorods.

However, it is necessary to discuss oscillator strengths to conclude collectivity
of excitations. In Chapter 5, the author tries to characterize the electronic excitations in

silver cluster cations from this point of view.
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5. Cavity Ring-Down Spectroscopy

5.1. Introduction

In Chapter 4, electronic excitations of silver cluster cations were found to center
around a specific energy range above N = 19 as elucidated by photodissociation
spectroscopy. Although it was speculated that the spectral profiles are explained by
collective excitation modes by comparing them with the change in the cluster geometries,
there are several problems in the discussion based on photodissociation;
photodissociation cross sections cannot be regarded as photoabsorption cross sections
unless the photodissociation yield is unity. Moreover, photodissociation spectroscopy
cannot determine even spectral profiles because of the involvement of multi-photon
processes discussed in Chapter 4. Therefore, the oscillator strengths are not determined
by relying only on photodissociation spectroscopy, especially for larger clusters.
Therefore, it is desired to perform quantitative absorption spectroscopy without relying
on action spectroscopy. However, it is not feasible to measure absorption cross sections
by conventional transmission measurements based on the Beer—Lambert law as
mentioned in Section 2.1.

Cavity ring-down spectroscopy [1] is a highly sensitive technique to detect very
weak extinction of light through a low-density sample, which enables “direct”
measurement of optical absorption without relying on photodissociation.  Since its
development by O’Keefe et al., the technique has been applied to various systems [2, 3],
e.g., atoms [4], molecules [5-21], radicals [22-25], ions [26-28], films [29-35],
nanoparticles [36, 37], and metal clusters [38—44]. However, there are only a few
reports on size-selected clusters [40, 44] because of difficulties due to an extremely low

sample density.
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In the present study, an ion trap is employed for cavity ring-down spectroscopy
to overcome this difficulty by accumulating sample clusters to enhance their density.
Genuine photoabsorption spectra of silver cluster cations, Agy" (N =3, 4, 8,9, 35, 40, 45,
50, 55, 60, 65, 70, 71, 81, and 92) are presented here for the first time after previous
reports limitedto N=2and 9. Concentration of oscillator strengths in a specific spectral
range is revealed quantitatively, which leads to conclusion that collective excitation of
electrons emerges above N = 19, by combining the insight from the present

photodissociation spectroscopy presented in Chapter 4.

5.2.  Principle

In cavity ring-down spectroscopy, a pair of high-reflectivity mirrors, i.e., an
optical “cavity,” is arranged to enclose a sample as shown in Figure 5.1. An incident
laser beam undergoes multiple reflection between the two mirrors, during which it decays
gradually due to absorption by the sample of trapped ions. At the same time, a small
fraction of the incident light leaks out through the mirror. The intensity of the light
leakage, /;, is a function of the number of round trips, i. The light undergoes reflection
twice by the mirrors with reflectivity of R as well as absorption along the optical path
through an ion cloud with a total length of 2Ltmp during one round trip, which causes

extinction of light intensity according to the Beer—Lambert law:

I ,
%l = ( R exp(_o-absnparent Ltrap)) ) (5 1)

where agaps 1S an absorption cross section of the sample cluster 10ns, 7parent @ density of the

trapped ions. This equation is generalized as follows:

J 2i
I—I = ( R eXp(_o-absnparent Ltrap)) ' (5.2)

0
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where Iy is an intensity of the first output. The number of round trips is related to the

cavity length, Lcavity, speed of light, ¢, and time, #:

. t
l=—.
2|‘cavity/c (53)

By introducing a notation of /(f) as a function of time instead of /;, the intensity is

expressed by the following equation:

I(t o
# = ( R exp(_o-abs nparent I‘trap))l-CaVity ! 5-4)

0

which implies that the intensity decays exponentially as exp(—47) with a decay rate of

c
k= L—(Gabsnparent Ltrap —In R) (5.5)

cavity

By defining ko as a decay rate without a sample in the trap, the difference, Ak, between k
and ko is proportional to the absorption cross section:

— Lcavity Ak

(o) bs .
CL[rap nparent

al

(5.6)

Because Lcavity and Luap are constants specific to the present experimental setup (see

Figure 5.1) as well as the speed of light ¢, the absorption cross section is determined by

measuring Ak and #parent.

cloud of trapped ions
laser PP

A
%
y

A
N
5
N

mirror

Ltrap

A
\ 4

L

cavity

Figure 5.1. A schematic view of the setup for cavity ring-down spectroscopy.
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5.3. Experimental procedures

In the present study, size-selected silver cluster cations prepared by the same way
as in the photodissociation spectroscopy were loaded in the ion trap, where a buffer
helium gas at room temperature was introduced to thermalize the ions for 500 ms. After
thermalization, the ions were irradiated by 100 shots of the pulsed laser. Temporal
profiles of light intensity were monitored by the oscilloscope device. The laser
irradiation was followed by extracting the ions toward the electrode connected to the
ammeter. It is noteworthy that the electrode was placed in the third-deflector chamber:
the electrode behind the second quadrupole mass filter was not used in the cavity ring-
down spectroscopy because transmittance of ions through the mass filter is not 100%,
which makes it difficult to estimate an actual density of ions inside the trap. On the other
hand, the electrode behind the mass filter was used when it was necessary to examine
whether the ions did not dissociate upon absorbing photons; the photon flux was adjusted
not to induce photodissociation. The above set of measurements were repeated for 100
times to derive an increase in the decay rate, Ak, and the number of the trapped ions. The
density, 7parent, of the trapped ions was estimated from the number of the ions by assuming
that its spatial-distribution profile was the same as that measured by photodissociation
spectroscopy in advance. An absorption cross section, gans, wWas calculated from these
values. The measurement was repeated as a function of photon energy to derive an
absorption spectrum for one size of the cluster.

There is a difficulty in determination of the ion density; it drastically changes as
a function of distance from the central axis of the ion trap. It is desirable to irradiate the
densest and uniform region of the trapped ions. Prior to the cavity ring-down

spectroscopy, a spatial distribution of the ions inside the trap was measured by employing
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photodissociation as described in Chapter 4. Cavity mirrors were arranged carefully to
maximize overlap between the distribution of the trapped ions and the cavity mode of the

laser. A Gaussian cavity mode in the middle of the cavity is expressed by

1(x,y)= (0,0)exp[—Z sztzyz j (5.7)

where (x, y) is a radial vector perpendicular to the cavity axis with its origin at the axis
and 2w the minimum beam diameter; 1 — exp(—2) = 86.5% of the light energy of the
Gaussian mode is focused inside this diameter. The parameter, w, is given as follows

[45]:

W2 = %\/Lcavity (210 - Lcavity)’ (58)

where 4 is the wavelength of the incident light, 7 the circle ratio, p the radius of curvature
of the mirrors, which is 6 m in this study. The cavity length Lcaviiy was 1.6 m. For the
incident laser with a wavelength of 308 nm, 2w ~ 1 mm, which implies that almost all the
incident light interact with the ion density at the trap center in view of the spatial
distribution of the ions measured as shown in Figure 4.2. This is the reason why the
density maxima were used to calculate the absorption cross sections in this study. Of
course, the beam diameter estimated above 1s that in an ideal case where the curvature of
the wavefront of the incident laser perfectly coincides with that of the cavity mirrors; the
beam radius may be larger than the ideal value practically.

A spectral range of absorption spectra obtainable is limited by specification of
the cavity mirrors. Reflectivity of cavity mirrors is an important factor determining
sensitivity of the measurement: change in the decay rates due to absorption by a sample
is undistinguishable from rapid decay by reflection loss at cavity mirrors if the reflectivity

is low. Itis important to measure an entire spectral range of absorption for characterizing
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electronic transitions based on oscillator strengths. The reflectivity as a function of
photon energy measured for three pairs of cavity mirrors employed in this study is shown
in Figure 5.2. A single mirror covers only a narrow spectral range. A wide spectral

range was thus covered by the three pairs of mirrors designed for different energy ranges.

10000F T T T T 7 T T T 7T 7T 7T

mirror A ]

-2

99.95 [
99.90 F

99.85 |-

Reflectivity / 10

99.80 H
32 34 36 38 40 42 44 46

Photon energy / eV

Figure 5.2. Reflectivity of the mirrors used in this study, which was measured by the
cavity ring-down technique without a sample, i.e., for an empty cavity. Data for three
types of mirrors are plotted, which have different coating optimized for covering the wide

spectral range.

5.4. Results

Photoabsorption spectra of silver cluster cations, Agy", measured as a function
of photon energy are shown in Figure 5.3. Especially, three types of the mirrors were
employed in the measurements for N=55, 71, 81, and 92. The photodissociation spectra

presented in Chapter 4 are superimposed in the figure by gray curves.
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Figure 5.3. Photoabsorption spectra of silver cluster cations, Agy". Colored circles:
photoabsorption cross sections measured by the cavity ring-down technique with three
types of mirrors. Gray curves: photodissociation spectra measured in the present study,
1.e., identical to the plots in Figures 4.4—4.7; multi-photon dissociation spectra are scaled

so that the band height is comparable with the maximum absorption cross section.

As for N <9, the cross sections and spectral profiles of the absorption spectra
were identical with those of the photodissociation spectra within the systematic errors of
the measurement. This agreement implies that the probability of dissociation for these
clusters was unity in the present experiments, which is consistent with the simulation in

Chapter 4 where the RRK dissociation rate and the cooling effect by the buffer helium
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gas are considered. On the other hand, the widths of absorption bands for N > 40 were
broader than those of corresponding photodissociation action spectra. This
disagreement originates from the multi-photon processes involved in photodissociation
discussed in Chapter 4; the gray curves in Figure 5.3 denote “multi-photon dissociation
yields” proportional to the product of multiple photoabsorption cross sections and a
dissociation cross section as defined by Equation (4.21). Moreover, Ageo" showed a
maximum intensity of ~50 A2 at 3.9 eV, while Ages70,7151" exhibited absorption maxima
of ~20 A? at the same photon energy. Such a decrease in the absorption cross section is
consistent with the discussion made in Chapter 4; due to the elongation of the geometric
structure of the cluster, three-fold degenerate excitations are split into two excitation
modes, i.e., a doubly degenerate mode along two shorter axes of the cluster with a higher
excitation energy and a single mode along the longer axis with a lower excitation energy.
As a result of this splitting, the absorption band at the higher energy lost its oscillator
strength, which caused the decrease in the absorption cross section. The lost oscillator
strength was carried by the band emerged at the lower photon energy, which was
confirmed in the absorption spectra of N =71 and 81 measured by employing the mirror
A (red circles).

Before the following discussion, it is necessary to mention the systematic error
in the absorption cross sections. As for N = 92, there are three data sets in the present
absorption spectra. There plots must coincide at the same photon energies especially
where the reflectivity of the mirrors is identical (i.e., at ~3.8 and ~4.1 eV, see Figure 5.2).
However, for example, the absorption cross sections at the higher energies plotted as the
blue circles are higher than those measured at the lower energies indicated by the red and

green circles. This disagreement originates from an insufficient overlap between the
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spatial distribution of the trapped ions and the Gaussian cavity mode; the laser pulses
would experience an ion density off the trap axis, where the density is low and has a radial
gradient. To merge data of photoabsorption cross sections measured by the three types
of the mirrors, the data sets with higher cross sections were scaled down to the lower ones
in the overlapped spectral region.  Such photoabsorption spectra, depicted in Figure 5.4,
show lower limits of photoabsorption cross sections. Conversely, if the cross sections
measured by the mirrors A and B are scaled, the obtained spectra show upper limits of the
cross sections.  From the data sets for Age,”, the author concluded that photodissociation
cross sections could be larger than those depicted in Figures 5.3 and 5.4 by a factor of

two.

5.5. Discussion
The author focuses on oscillator strengths of the absorption bands for
characterization of the present optical processes. An oscillator strength is related to

absorption cross sections by the following equation:

™ dE oy, (E), (5.9)

E

f

4 e

where & is the vacuum permittivity, me the electron mass, c the speed of light in a vacuum,

min

h Plank’s constant, e the elementary charge, gans(E) the absorption cross section at the

photon energy E, and Emax and Emin specify an integration interval. f = 1, i.e.,

he?

E
"™ dE E)=
I i O_abs ( ) 46‘0 me

corresponds to the situation where a single electron regarded

as a classical oscillator contributes to the excitation [46]. By substituting the 2018
CODATA recommended values [47, 48] for the physical constants into the above equation,

the oscillator strength is represented by the following equation:
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Figure 5.4. Merged spectra of silver cluster cations, Agy" (N =55, 71, 81, and 92).

f =0.911[ ™ dE/eV o, (E)/A% (5.10)

Evaluation of oscillator strengths were performed as follows; for the clusters that
dissociated by one-photon absorption, i.e., N < 14, photodissociation cross sections were
assumed to be identical to photoabsorption cross sections, which were substituted into the
Equation (5.10). This assumption is based on (a) equivalence between photoabsorption
and photodissociation spectra for N <9 and (b) that between experimental and predicted
absorption spectra for N = 10-14 as will be shown in Chapter 6. N = 15-18 were

excluded from the oscillator-strength analysis because the photodissociation cross
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sections were not equivalent with absorption cross sections due to the low dissociation
probability as discussed in Chapter 4 (for N = 16) or due to competing one- and two-
photon-dissociation processes (for the other sizes). As for N = 35, 40, 45, 50, 60, 65,
and 70 where the entire spectral range was not covered, the profiles were deduced from
M-th roots of the photodissociation spectra (M is the number of photons necessary for
dissociation, see Table 4.1). The profiles of photoabsorption spectra were assumed to
coincide with M-th roots of the photodissociation spectra. As for N=55, 71, 81, and 92
where the entire spectral region was covered by the present experiment, the absorption
spectra were numerically integrated without relying on the photodissocitaion spectra to
obtain oscillator strengths. To integrate the spectra, the three sets of data measured by
each type of mirrors must be merged. In the present analysis, the data sets with higher
cross sections were scaled down to the lower ones in the overlapped spectral region.
Therefore, the oscillator strengths thus evaluated for N =55, 71, 81, and 92 present the
lower limits. Note that the integration in Equation (5.10) was performed over the entire
spectral range. In addition, the author defines the spectral width d for characterization

of concentration of oscillator strengths as

42 = I::X dE (E ~ Eoverage )2 O aps (E)
Jo dE 0, (E)

min

i (5.11)
[ dE Ec, (E)

min

Enax '
. dE 0, (E)

average

The integration was performed over the entire spectral range. For example, Emax and
Emin were set to be 5.0 and 2.6 eV, respectively, for the photodissociation spectrum of the

tetramer (see Figure 4.4) and 4.6 and 3.3 eV, respectively, for the photoabsorption
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spectrum of Ago,".

The result is depicted in Figure 5.5. The oscillator strength showed an
increasing trend with respect to the cluster size below N = 14. On the other hand, the
oscillator strength did not show significant size-dependence above N = 35. As for
neutral Agss, Koval et al. reported an absorption spectrum simulated by time-dependent
density-functional theory [49], where it shows a Lorentzian-like band with a maximum
intensity of ~33 A? at ~3.70 eV and a full width at half maximum of ~0.22 eV. By
substituting the Lorentzian profile with these parameters into Equation (5.10), an
oscillator strength of 10.4 is obtained, which is consistent with that of the present
absorption spectrum of Agss* except for the redshift in their spectrum by 0.2 eV from the
present experimental absorption spectrum. Koval et al. also simulated an absorption
spectrum of Agis7, where a Lorentzian-like band with a maximum intensity of 56 A? at
~3.49 eV and a full width at half maximum of ~0.34 eV. These parameter yields an
oscillator strength of 27.2. By interpolation between Agss and Agi47, an oscillator
strength of 17.2 is expected at N = 92, which agrees with the present result within the
systematic error.

On the other hand, the spectral widths d showed a decreasing trend except for N
= 2 and 3. Concentration of oscillator strengths was observed by the present
photodissociation spectroscopy as well, although it was just a qualitative result because

multi-photon dissociation spectra do not reflect absolute profiles of absorption spectra.
: : f : :
Here, the author defines an oscillator-strength density as E’ which represents a density

of oscillator strengths within a practical spectral range. The density exhibited an
increasing trend with respect to the cluster size, which elucidates concentration of

oscillator strengths in a specific photon-energy range.
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5.6.  Summary

Photoabsorption spectra of silver cluster cations were measured by cavity ring-
down spectroscopy. The clusters that dissociated by one-photon absorption in the
present photodissociation spectroscopy (see Chapter 4) showed absorption spectra
identical to their photodissociation spectra in a point of view of spectral profiles and cross
sections. On the other hand, the clusters that dissociated by multi-photon processes
exhibited absorption spectra broader than photodissociation action spectra.  This
difference in the spectral profiles was explained by the multi-photon processes.
Oscillator strengths of silver cluster cations were systematically and quantitatively
evaluated for specific sizes up to 92 for the first time. A density of oscillator strengths
was also evaluated, which showed an increasing trend. In Chapter 6, the observed

absorption will be analyzed theoretically.
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6. Theoretical Evaluation of Collectivity in the Excitations

6.1. Introduction

In Chapters 4 and 5, the author experimentally investigated collective excitation
of electrons in silver cluster cations, which was discussed from points of view of the
spectral profile and the oscillator strength. On the other hand, theoretical approaches
have also been made to gain further insights into collective excitations. Aikens et al.
examined absorption spectra of tetrahedral neutral silver clusters with sizes of 10, 20, 35,
56, 84, and 120 to find out spectral evolution from molecular-like to plasmon-like [1, 2].
Yannouleas et al. revealed that concentration of individual excitations brings a collective
excitation in alkali-metal clusters [3—6]. According to theorical studies of Yan et al. on
linear neutral clusters of sodium, potassium, and silver, there are two modes in their
excitation spectra, i.e., the longitudinal and transverse modes, of which transition
moments increase with the cluster size [7, 8]. However, the mechanism of the growing
intensity has not been revealed. Yasuike et al. evaluated “collectivity indices,” which
represent an effective number of individual excitations contributing to the excitation [9].
From the collectivity-index analysis for linear neutral sodium clusters, it was revealed
that the size-dependent increase in the transition moment of the longitudinal mode
originates from an increase in the charge-transfer distance, while that in the transverse
mode is due to an increase in the collectivity index contributing to the excitation [9].
Yasuike et al.’s method is more quantitative and useful than that proposed by Guidez et
al. [2, 10-13] treating configuration interaction coefficients qualitatively; Guidez et al.
discussed the collectivity from a point of view of whether the excitation is generated by
constructive addition of single-particle transitions or not.

In this chapter, absorption spectra of silver cluster cations are simulated by
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employing time-dependent density-functional theory. Collectivity indices are also
evaluated for the electronic excitations obtained to characterize their collectivity. Size-

dependent evolution in the collectivity is discussed.

6.2. Computational procedures

The computational procedures are divided into three major steps: (a) geometry
optimization, (b) simulation of absorption spectra, and (c) evaluation of collectivity
indices. The geometry optimization was performed by the Gaussian 16 package [14],
which was based on the density-functional theory [15, 16] employing the B3LYP
functional [17, 18] and the basis set of LanL.2DZ with the corresponding effective core
potential [19]. Initial geometric structures were prepared by referring to previous
theoretical studies on those of cationic [20] and neutral silver clusters [21]. The spin
multiplicity was set to be singlet for odd N and doublet for even N. Normal mode
analysis was also carried out to rule out geometries at saddle points on potential surfaces.
Only the most stable structures were handled in the following steps. In the second step,
spectral simulation was also carried out by the Gaussian 16 package. The calculation
was based on the linear-response density-functional theory [22]. The CAM-B3LYP
functional [23] and the basis set of LanL2DZ with the corresponding effective core
potential were adopted. In the third step, collectivity indices were evaluated for
excitations derived in the spectral simulation.

A detailed explanation of the collectivity index is available in Reference [9].
Here, its brief description is provided to present an overview. In the linear-response
density-functional theory (LRDFT), a linear response of the molecule is derived from the

solutions of the following eigenvalue problem:
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A B)XM) (X
-B -AJly" = On ym ! (61)

where m i1s an index for the eigenstates, X” and Y"” vectors formed by collecting
amplitudes for particle-hole and hole—particle pair excitations, respectively, w. the

eigenvalue, A and B matrices defined by the following equations,

Aiay(io) = (¢a—6) 80 + 2K a)(1)

Biiapin) = 2Kiiap (i)

K(i’a)v(j’b):jdrdr’¢i(r)¢a(r)[ ! +5vxc(p)5(r—r’)]¢b(r')¢j(r'),

Ir—r'| Sp

(6.2)

i and j indices for occupied (hole) Kohn-Sham orbitals, @ and b those for vacant (particle)
Kohn-Sham orbitals, &; the orbital energy, J;; the Kronecker delta, r and r’ position vectors,
¢ a Kohn—Sham orbital, vxc(r) an exchange—correlation functional, and p the electron
density. Note that (i,a) and (j,b) are orbital pairs specifying a row and a column of the
matrix, respectively. The second step mentioned above is accomplished by solving this

eigenvalue problem. The vectors X" and Y” satisfy the normalization condition:

(%(X(Ta)x(nna) _Y<in7a>Y(i",a>) = O (6.3)

where m and n are indices for the eigenstates; the summation is performed over all the
combinations of 7 and a@.  If the matrix B is negligible, the vector Y” can be assumed to
be 0. In this case called the Tamm-Dancoff approximation (TDA), a transition density
matrix T™ is formed from the vector X as 7;." = Xi«". The rectangular matrix T” is
transformed to a generalized diagonal form by the singular value decomposition with
diagonal elements of 4:”, 4", etc., which gives the minimal representation of the
excitation. The corresponding bases are called natural transition orbitals [24, 25].

Here, Z(T,"; )2 = Z(X (?a) )2 =1 holds from Equation (6.3). Because the summation of

(ia)
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squared matrix elements conserves before and after the singular value decomposition,

N occ

Z(T.m)2 = Z(/lm )2, where Noce 1s the number of occupied orbitals. Therefore, the

i
i,a i=1

NOCC

2
diagonal elements satisfy the normalization condition Z(ﬂ,,m) =1. In this condition,
i=1

an inverse participation ratio
m N
occ 4
(4" ) (6.4)

represents the effective number of individual excitations (pairs of natural transition
orbitals) contributing to an excited state of interest: when 4/ =1 and A" =0 fori # 1, vi"
becomes 1, which represents that only one particle-hole pair contributes to the excitation.

On the other hand, when contribution of all the excitation pairs is equal, i.e.,

1 * C )
A" =——==, v, becomes Nocc. The above description is based on the TDA, which

1
occ

does not hold in the general LRDFT. Yasuike et al. defined pseudo transition density

matrices

ym

= e ST
v (6.5)

for particle-hole and hole—particle excitation spaces, respectively. Inverse participation

ratios for each excitation space, V.

o and v:m, are obtained from the procedure

described above, which are averaged to obtain the overall collectivity index

I (1§ LY S —
RN TN

(i@ (ia)

The concept similar to the collectivity index is proposed by Luzanov et al. for the first
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time to discuss collectivity in electronic excitations of simple n-conjugated systems [26].
In addition, a similar approach was applied to Ali3~ by Casanova et al. [27] after the report
of Yasuike et al. [9]. Luzanov et al.’s and Casanova et al.’s approaches only handle the
contribution of the particle-hole excitation space X”. Generally, the contribution of the
hole—particle excitation space Y” becomes more significant as the silver cluster cations
grow larger. Therefore, Yasuike et al.’s approach was adopted in the present study to
treat both the excitation spaces. Note that the transition density matrix in the present

study is defined as follows:

-I—m_ T(T 0
Sl T (6.7)

where T," and Tp" are matrices formed by a-orbital- and B-orbital-components of T”,
respectively.  Therefore, collectivity indices thus obtained represent the effective
number of electrons contributing to the excitation, which is different from Yasuike et al.’s
definition [9].

Transition densities were calculated additionally. A transition density gives
dynamical information of the electronic density of the molecule because it is proportional
to the Fourier component of the time-dependent electronic density at the resonance
frequency. In the framework of the linear-response density-functional theory, it is

expressed by
P (X, y,2)= (Z)ﬁ(x('}“’a% (X ¥,2) 8 (% Y, 2)+Y "8 (%Y, 2) 4 (X, Y, z)) (6.8)

Transition densities are depicted by the software VESTA [28] in the figures presented
below.
In this study, the above calculations were performed for silver cluster cations in

the size range of 2—40. The collectivity in electronic excitations of silver clusters is
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discussed by considering optimized three-dimensional structures of the silver clusters

beyond the model cases of linear/ring geometries treated in the previous studies [9, 27].

6.3. Geometric structures

The structures obtained by geometry optimization are depicted in Figure 6.1.
Bond lengths are typically ~2.8 A for smaller clusters, while those of larger clusters
become larger in some cases; e.g., max ~3.2 A for Ags". Agsae’ exhibited planar
structures, while the other Agy” with N = 5, 7, and above were three-dimensional. In
general, the geometries of Agy"™ (N> 21) were derivatives of icosahedra with adatoms as
reported by Chen et al. for neutral silver clusters, Agy [21], despite the difference in the
charge state and the method employed in the computation. In this section, the geometric
structures obtained in the present study are compared with those in previous studies.

Ag2*. There are several experimental and theoretical studies on the bond length
of the silver dimer. Weis et al. determined the length to be about 2.7 A by ion mobility
measurements [29]. Bonaci¢-Koutecky et al. reported the bond length of 2.85 and 2.69
A in their theoretical studies employing relativistic effective core potentials for the one
and 11 valence electrons of a silver atom [32, 33], respectively. The bond length was
2.80 A in the present study, which is consistent with the previous reports.

Ags*.  All data available [29-35] support the Dsn equilateral-triangular
structure, which was reproduced by the present calculation. A D..h linear structure was
also employed as an initial structure, which was relaxed into the D3 structure.

Ags*. A Dy planar thombic structure was obtained, which is well-established

by the previous reports [29-34, 36-41].
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Figure 6.1. The most stable geometric structures of silver cluster cations, Agy" (N = 2—

18), obtained by the present geometry optimization.
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N=39,C, N=40,C,

Figure 6.1 (cont.) The most stable geometric structures of silver cluster cations, Agy”

(N = 19-40), obtained by the present geometry optimization.
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Ags'. A Dyq three-dimensional twisted X-structure was obtained. Many
researchers reported the same twisted X-structure of Ags™ as the most stable geometry
[29-30, 34, 38]. In the theoretical study of Bonaci¢-Koutecky et al. [32], a D3n trigonal
bipyramid structure was reported to be the most stable, which was ruled out
experimentally by Weis et al. [29]. The present study also confirmed that the trigonal
bipyramid shows a saddle point on the potential energy surface and relaxed into the
twisted X-shape. A Dyn planar X-structure is derived by changing the dihedral angle
between two Agp units, which was reported to be slightly less stable than the twisted one
by 0.03 eV from the quantum chemical calculation by Weis et al. [29]. The energy
difference was identical to that obtained in the present calculation as shown in Figure 6.2.
Weis et al. also mentioned that the two isomers were essentially indistinguishable by ion
mobility measurement because their rotationally averaged collision cross sections are
completely identical. Therefore, the dihedral angle is considered to be free to vary

around the central atom. This fluxional behavior will be discussed in more detail in

Section 6.4.
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Figure 6.2. The energy of the X-shaped cationic silver pentamer as a function of its

dihedral angle.
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Age'. A planar structure was identified to be the most stable geometry in this
study, which was ruled out both by previous experiments [29, 35] and by previous
calculations [30-32]. They all reported a bicapped tetrahedron as a possible geometry
of Ags". However, the present optimization resulted in a Cs geometry (see Figure 6.8
(b)) when it started from a bicapped tetrahedron as an initial structure; the Cs geometry
possibly coexists with the planar structure in the present ion trap as will be mentioned in
Section 6.4.

Ag7. A Dsn pentagonal bipyramid structure (see Figure 6.9 (d)) has been
reported as the most possible structure of Ag7" by previous reports [29-32, 35].  In the
calculation by Weis et al., a Dsn hexagonal planar structure was obtained as a metastable
structure but was ruled out due to its total energy higher than that of the pentagonal
bipyramid [29]. Van der Tol et al. obtained a hexagonal structure where the central atom
is slightly out of the molecular plane, which was also ruled out because their infrared
multiple photon dissociation spectrum of Ag7Ar; 2" was not reproduced by the geometry
[35]. In the present calculation, the Desn planar structure was not obtained as a stable
geometry, as was not the case also in Ito’s reports [30, 31]; instead, it was relaxed into the
nonplanar Dsq structure shown in Figure 6.1, where the atoms at the rim of the molecular
frame are located out of the plane alternately. The Dsn structure was energetically less
stable than the Dsq structure by 0.30 eV in the present optimization, which possibly
coexists in the present ion trap as described in Section 6.4.

Ags*. The well-established pentagonal bipyramid with an adatom [29-31, 35]
was obtained in the present calculation as well.

Ago*. A D tricapped trigonal prism structure was obtained as the most stable

one, which coincides with the previous report of Weis et al. [29]. Some researchers
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reported a Cay pentagonal bipyramid with two adatoms (see Figure 6.10 (b)) is more stable
than the tricapped trigonal prism by 0.01-1.26 eV depending on the basis sets and
functionals [30-32]. In the present calculation, the pentagonal bipyramid was also
obtained as an isomer with a total energy higher than that of the tricapped trigonal prism
by 0.02 eV. Therefore, the isomers possibly coexist in the present ion trap. The
coexistence will be reviewed in Section 6.4.

Agio*. A Dag pentagonal bipyramid with three adatoms was obtained as the
most stable one in the present calculation, which coincides with the previous reports [30,
31, 35]. A Cs metastable geometry (see Figure 6.11 (b)) was also obtained, which was
less stable than the pentagonal bipyramid by 0.04 eV. Weis et al. reported the Cs
structure cannot be ruled out experimentally [29], while other reports did not consider it.
Therefore, the two isomers should be considered to explain the experimental result, which
will be reviewed in Section 6.4.

Agn*. A D3 pentacapped trigonal prism was obtained in the present
calculation, which was in line with the previous report of Weis et al. [29]. A Can
structure similar to the Dsp structure was also reported by van der Tol et al. [35]. A motif
of the pentacapped trigonal prism was concluded to be possible.

Ag19". There are few studies for cluster sizes above 12. The trapped-ion-
electron-diffraction study by Blom et al. is the only report on the geometry of Agio,
which revealed that Agio" has three experimentally indistinguishable icosahedral-type
structures, i.e., a Dsn double icosahedron sharing a common pentagon and two types of
Cs icosahedra with a group of six adatoms at different sites [42] (see Figure 6.3). The
former icosahedra were reported to be isoenergetic within ~0.1 eV and more stable than

the latter by ~0.4-0.6 eV. The present calculation reproduced the previous result
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approximately. One of the C; structures shown in Figure 6.1 is more stable than the

other by 0.09 eV. The Dsp structure was less stable by 0.7 eV than the one in Figure 6.1.

(i) Dsn (ii) Cs (iii) Cs
2 P 9
N ] < S\a LB & 9
.. A e 3 ac
K c{"/‘ LR AP ﬁ 1' fs #T9
\ﬁXJ— j Jl« 459 \ ff J\f ~J
top view side view

Figure 6.3. Geometries obtained by Blom et al. [42].

Agss’. Blom et al. studied the geometric structure of Agss* previously [42].
They obtained four types of stable geometries, i.e., a C1 incomplete truncated decahedron,
two C1 incomplete icosahedra, and a truncated octahedron. They ruled out the truncated
octahedron and concluded that a mixture of the decahedron and icosahedra or a very
flexible structure was observed, which is consistent with the previous report by Xing et
al. [43]. An C; incomplete truncated decahedron similar to that obtained by Blom et al.

was obtained as the most stable geometry also in the present calculation.

6.4. Spectral simulation
Simulated absorption spectra are shown in Figure 6.4, where the geometric
structures in Figure 6.1 were employed. To convert the oscillator strengths theoretically

obtained to absorption cross sections, a Gaussian profile

2
o(E)=0,exp —4In2(E;E°j (6.9)

W

is assumed for each transition, where E is the photon energy, Eo the resonance energy, oo
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the maximum absorption cross section, Ey the full width at half maximum (FWHM). By
substituting this profile into Equation (5.9), Equation (6.10) is derived, which determines
the relation among the oscillator strength £, the maximum cross section go, and FWHM
Ey:
£=0.970(c0/A%)(Ew/eV). (6.10)

Eyw was set to 0.2 eV for all sizes, which corresponds to that of the Gaussian-like
absorption band of the silver trimer cation. In this section, the theoretical results are
shown in comparison with the experimental results to confirm reliability of the theoretical
spectra prior to the analysis that follows. The descriptions focus mainly on clusters of
which experimental spectra were reproduced by the calculation.

Ag2*. Two major transitions were obtained in the simulation at 3.03 and 3.73
eV, respectively. The former, the first dipole-allowed transition, reproduces the photon
energy of the band observed experimentally, while, as for its oscillator strength, the
experimental result of 0.1041 is about 55% of the theoretical value of 0.1798. One of
the well-known theoretical studies on the optical absorption of the dimer cation was
reported by Bonaci¢-Koutecky et al. [33].  In the present experimental spectral range of
2.8-5.0 eV, two excitations were found at 3.15 and 3.85 eV in their report.  The oscillator
strengths of the excitations were 0.08 and 0.17, respectively. The excitation energy was
consistent with the present calculation. On the other hand, the oscillator strength at the
lower energy was about 45% of the present calculation, which rather coincides with the

present experiment.
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Figure 6.4. The results of spectral simulation for silver cluster cations, Agy" (N = 2-18).
Red sticks (|): oscillator strengths obtained by the present calculation. Blue solid curves
(—): absorption spectra simulated by assuming Gaussian profiles with full width at half
maximum of 0.2 eV for each transition. Gray solid curves (—): the present
photodissociation spectra. Gray dashed curves (- - -): the present photoabsorption
spectra. The oscillator strengths of N =2, 7, and 15 and the experimental results of N =

15, 17, and 18 are scaled for visibility.

118



[$2]
oo

50;

Cross section / A2
Oscillator strength

Photon energy / eV
Figure 6.4 (cont.) The results of spectral simulation for silver cluster cations, Agn" (N
= 19-40). All the photodissociation spectra are scaled to match the maxima of

experimental normalized dissociation yield and the simulated absorption cross section for

visibility.

Another discrepancy between the present theoretical and experimental data is the
transition theoretically predicted at 3.73 eV. It is reported for Na," that absorption

leading to a bound excited state exhibits an extremely low photodissociation cross section
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[44]. In this context, a potential energy surface of the second dipole-allowed excited
state at the photon energy of 3.73 eV was simulated as well as those of the ground and
first dipole-allowed excited states. As shown in Figure 6.5 (a), the second excited state
at 3.73 eV is a bound state, which is explained by an energy diagram for molecular orbitals
of the dimer depicted in Figure 6.5 (b); the second dipole-allowed excited state is
dominated by the transition from beta d oy to beta s oy to strengthen the bond. Internal
conversion does not happen because there is no vibrational level in the ground state to
interact with the bonding state. In addition, probably, there is no upper level resonant to
the photon energy of 3.73 eV upon multi-photon absorption.  Therefore, the
corresponding absorption was not detected in the present photodissociation spectroscopy.
On the other hand, the transition between alpha s o to alpha s oy is dominant in the first
dipole-allowed excited state, which results in a dissociative potential surface leading to
dissociation without internal conversion.

Ags®™. Only one transition was obtained in the simulation. It comes from a
doubly degenerate excitation with an oscillator strength of 0.78 in total, where the
transition densities of the two excitations are orthogonal to each other in the molecular
plane. The energy approximately coincides with the experimental value. The cross
sections are also identical.

Theoretical prediction of the trimer was also carried out by Bonaci¢-Koutecky
et al. [33]. Their result exhibited doubly degenerate excitations at 4.11 eV with an
oscillator strength of 0.80 in total inside the present experimental spectral range, which

coincides with the present calculation.
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Figure 6.5. (a) The potential energy curves of the silver dimer cation. The ordinate
corresponds to the energy with respect to the ground state with a bond length of 2.80 A.
(b) An energy diagram for molecular orbitals of the dimer. Only orbitals relevant to

excitations of interest are shown.

Ags". The assignment is difficult for this size. Experimentally, five bands
were observed at 2.97, 3.14, ~4.0, 4.35, and 4.68 eV. Among them, those at 3.14, 4.35,
and 4.68 eV were reproduced by the theoretical transitions of the most stable Do
geometry at 3.20, 4.24, and 4.61 eV, respectively. Spectral simulation was also
performed for the metastable C>y Y-shaped structure found in the present study as shown
in Figure 6.6. The theoretical transitions at 3.08 and 4.08 eV are likely to contribute to
the experimental bands at 2.97 and ~4.0 eV, respectively. The Coy geometry is less stable
than the Doy geometry by AE = 0.13 eV. If the Boltzmann distribution holds, the
population of the >y geometry relative to that of the Doy geometry is exp(—%j ~

B

1% at the temperature 7 of 300 K, where kg is the Boltzmann constant. The reason why
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such an energetically minor isomer was detected may be as follows: the clusters initially
energized are cooled during cluster generation to be trapped at local minima of the
potential energy surface, where they cannot obtain a sufficient activation energy to
overcome potential barriers to transform their geometries.

The present calculation was also compared with the previous study by Bonaci¢-
Koutecky et al. [33, 45]. For the Do, planar structure, three intense excitations were
found in their report at 3.25, 4.26, and 4.67 eV in the spectral range of 2.8-5.0 eV, which
were replicated by the present calculation. On the other hand, their spectral simulation
for the Cay Y-shaped structure showed an absorption spectrum similar to that of the planar
structure; the transition at 4.26 eV loses its oscillator strength to result in two transitions
in the spectral range of interest without a significant energy shift. Therefore, the
simulated spectra in the present study reproduce the experimental data better than the

previous simulation.
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Figure 6.6. The experimental and theorical absorption spectra of Ags™ for the most
stable and metastable geometries. The point groups, the energy AFE relative to the most

stable geometry, and the geometric structures are also shown.
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Ags'. An intense band was observed experimentally at 3.73 eV, which was
accompanied by weaker humps located above 3.9 eV. The experimental feature was not
reproduced by the simulated absorption spectrum of the most stable Dyq4 structure. As
mentioned in Section 6.3, two Ags planes can rotate around the central atom easily. The
spectral simulation was carried out as a function of dihedral angle between the two Ags
planes with constant bond lengths as shown in Figure 6.7. In panel (b), the angle of 90°,
i.e., the Dyq structure, yielded a multi-modal profile. The maximum at 3.12 eV
originates from doubly degenerate transition densities, where dipolar transition densities
exist in each Agy unit. The most intense maximum at 3.74 eV corresponds to the
electron oscillation along the symmetry axis, while that at 4.39 eV originates from doubly
degenerate transition densities, where dipolar electron oscillation in one of the Agy units
contributes. By rotating one of the Ags planes by 45°, i.e., the D; structure in panel (d),
the maximum at 3.12 eV is split into two maxima; the one at the lower energy shows a
quadrupolar transition density, which results in an extremely low oscillator strength. On
the other hand, in-phase superposition of the dipolar transition densities in each Ag> unit
at 3.12 eV shifts the transition to 3.51 eV. The maximum observed for the D24 structure
at 3.74 eV stays as it is at the angle of 45°.  The maximum of the Daq structure located
at 4.39 eV is split into two maxima due to interaction between the doubly degenerate
transition densities. At the planar structure in panel (f), the quadrupolar transition
density observed for the D- structure loses all the oscillator strength. Therefore, the
corresponding maximum completely vanishes. The most intense maximum originates
from doubly pseudo degenerate transitions: one is the electron oscillation in the molecular
plane, while the other originates in the oscillation along the symmetry axis. The maxima

at 4.06 and 4.88 eV are caused by the dipolar and quadrupolar transition densities,
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respectively; the latter has no oscillator strength because it is dipole forbidden. To
summarize the spectral features as a function of dihedral angle, the most intense
maximum around 3.7 eV is not affected by the angle, while the maximum at the lower-
energy side is weakened as the geometry becomes planar. The maximum at the higher-
energy side splits as the structure changes closer to planar. The resonance energy varies

depending on the dihedral angle. The overall absorption cross section gaps' becomes

o (E)=[."d6 p(6)o,, (E.0) (6.11)
where oans(E, ) 1s the absorption cross section at a photon energy of E for the geometry
with the dihedral angle 8 found with the probability of p(¢). Because it is not realistic
to simulate absorption spectra for all geometries, the equation is approximated by

abs

o (E)~ p(90 )o,, (E,90 )+ p(1125 )o,, (E,1125)

+p(135 )0, (E,135 )+ p(157.5 ) oy, (E,157.5 )
+p(180 ), (E.180 ),
(6.12)
AE (0)
g(e)eXp(_ e j 1 (0=-90,180)

- ,9(0)= { o
zg(e)exp[—AE@] 2 (otherwise)

KT
where g(6) is the degeneracy factor and AE(6) the energy relative to that at 6 =90°. The
total absorption spectrum reproduced the experimental spectrum as shown in panel (a);
especially, the structureless experimental band at the larger energy side is explained as
multiple excitations originating from the internally rotating molecule. It is concluded
that the twisted X-shaped heptamer rotated around the symmetry axis in the present ion
trap, which resulted in the experimental photodissociation spectrum. This is the first
identification of such isomers; they were experimentally undistinguishable by the

previous ion mobility measurements [29].
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Figure 6.7. The experimental and theorical absorption spectra of Ags" as a function of
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depicted adjacent to corresponding excitations. “Doubly degenerate. *Doubly pseudo

degenerate.

125



Ageé'. A multi-modal profile was observed experimentally, where the bands
were located at 3.00, 3.54, 3.89, 4.09, and 4.71 eV. Only the band at 3.54 eV was
reproduced by the most stable C>y geometry. Two metastable geometries were found in
the present calculation. The experimental bands at 4.09 and 4.71 eV were reproduced

by the Cs geometry, while that at 3.00 eV was replicated by the Cav geometry as shown in

Figure 6.8.
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Figure 6.8. The experimental and theorical absorption spectra of Age" for the most

stable and metastable geometries.

Agr*. The most stable D3¢ geometry reproduced the main band located at 3.75
eV in the experimental result, while the absorption band experimentally observed at 4.93

eV was not reproduced by this geometry. Additional calculations for metastable
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geometries shown in Figure 6.9 imply their contributions to the absorption band at 4.93
eV; all of the three metastable geometries exhibit transitions corresponding to the
experimental main band at 3.75 eV. The Cyy geometry in panel (¢) is excluded because
the predicted satellite transition at 4.05 eV is not observed experimentally. The Cay
geometry in panel (b) and the Dsn geometry in panel (d) show weak transitions at 4.71
and 4.74 eV, respectively, which might correspond to the experimental band at 4.93 eV.

Therefore, these structures probably coexist in the present ion trap.
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Figure 6.9. The experimental and theorical absorption spectra of Ag;" for the most

stable and metastable geometries.
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Ags*. The most stable geometry reproduced the experimental result.

Ago*. The experimental bands at 3.90 and 4.21 eV were reproduced by the
theoretical maxima at 3.90 and 4.34 eV, respectively.  Other bands observed in
photodissociation spectroscopy are explained by the metastable geometry with Cay
symmetry. The result of additional calculation for the C>y geometry is shown in Figure
6.10 as well as that of the most stable D3 geometry. The experimental bands at ~3.2,
3.60, and 4.10 eV were reproduced only by the C2y geometry. In a previous report on a
photodissociation spectrum of Agy” in comparison with theoretical calculation [30], the
experimental spectrum was reproduced by two isomers, which have the same geometries
as those in this study. The difference between the present study and the previous report
is the relative energy of the geometries; the D3n geometry was reported to be less stable
than the Cay geometry by 13.7 meV because of the basis set employed in Ref. [30], i.e.,
LanL.2DZ modified by Couty et al. [46]. The energy difference between the D3n and Cay
geometries are so small that it should be natural to expect that the isomers coexist in the

ion trap.
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Figure 6.10. The experimental and theorical absorption spectra of Agy" for the most

stable and metastable geometries.
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Agio*. The simulated spectrum of the D4 pentagonal bipyramid partially
reproduced the experimental spectrum; the theoretical maximum at 3.61 eV corresponds
to the experimental band at 3.41 eV, while the intense maximum predicted at 4.48 eV was
not observed experimentally. Instead, a broad absorption band was located at 3.8-4.5
eV, which was replicated rather by the simulation employing a Cs structure as shown in

Figure 6.11. Therefore, the two isomers would have coexisted in the present ion trap.
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Figure 6.11. The experimental and theorical absorption spectra of Agio” for the most

stable and metastable geometries.

Agn*. Five bands were observed in the present photodissociation spectroscopy,
which are located at 2.93, 3.40, 3.66, 4.00, and 4.29 eV. Among them, those at 2.93,
3.66, and 4.29 eV were replicated by the simulation employing the most stable Dsn
structure, which predicts the corresponding maxima at 3.11, 3.86, and 4.51 eV,

respectively.  On the other hand, the bands experimentally observed at 3.40 and 4.00 eV
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were not predicted. Theoretical prediction of the absorption spectrum of a metastable
Cay structure was performed additionally as shown in Figure 6.12.  The predicted peaks
at 3.48 and 4.27 eV seem to correspond to the experimental bands at 3.40 and 4.00 eV,

respectively. Therefore, the two isomers would have coexisted in the present ion trap.
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Figure 6.12. The experimental and theorical absorption spectra of Agy;* for the most

stable and metastable geometries.

Agi2, 13*.  Four/three absorption bands were observed experimentally for
Agi2"/Agi3", which were reproduced by the theoretical calculation.

Agi4*.  The experimental and theorical spectra coincided well with respect to
the resonance energy, the spectral profile, and cross sections.

Agisast.  The predicted absorption spectra showed intense bands with the
maximum cross sections of 1425 A2 In Figure 6.4, the present photodissociation

spectra are superimposed for comparison, which is scaled by a factor of 10 for visibility.
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The predicted absorption cross sections were extremely higher than those measured by
photodissociation spectroscopy, especially for Agis,i7,1s", where one-photon and two-
photon dissociation processes take place at the same time; the contribution of one/two-
photon dissociation depends on the wavelength of the incident laser. Because the
photodissociation cross sections are calculated on the assumption that all the clusters
dissociated upon one-photon absorption, the experimental cross sections at lower energies
should be underestimated for clusters dissociating upon two-photon absorption.

Agie" also showed small absorption cross sections experimentally, despite of
dissociation upon one-photon absorption. The laser power required for Agis" to
dissociate is so weak that the irradiation might not induce two-photon absorption because
of its large absorption cross section (estimated to be max. 13 A? in the present calculation)
and a low dissociation energy (reported to be 2.05 eV, which is lower than those of
Agisi7,18" by 0.3-0.5 ¢V [47]). The photodissociation cross sections lower than those
predicted by the calculation might be due to deexcitation by collision with a buffer helium
gas that competes with dissociation as discussed in Chapter 4.

Ag19-242930,34,35,37°.  Photodissociation cross sections could not be determined
experimentally due to the two-photon process; the photodissociation spectra cannot be
compared with theoretical counterparts quantitatively. On the other hand, spectral
shapes of the photodissociation spectra are meaningful. The spectral profiles were
reproduced by the theory: single-band profiles for Ag»1 22343537  and bimodal profiles for
Agi192023242030 are recognized in both the present photodissociation and theoretical
spectra.  Especially, the present photoabsorption spectrum of Agss™ matches with the
theoretical counterpart by considering the large systematic error in the experimental data

which originates from uncertainty in the density of the parent ions.
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The others. The theoretical spectral profiles of Agas 283133363840 did not
agree with the experimental spectra.  This is because the geometric structures
theoretically obtained would be different from those in the experiment. For example,
Agso" exhibited a single absorption peak experimentally. From Equation (4.29)
according to Schmidt et al., the single-peak profile indicates a spherical geometry. On
the other hand, the geometry obtained theoretically was rather oblate. By solving
Equation (4.36) for the Csy structure of Agso" in Figure 6.2, the geometry is approximated
by an oblate spheroid with =7, =6.1 A and .=4.3 A, i.e., an aspect ratio of 0.70. In
this case, the two major peaks predicted theoretically originate from electron oscillations
along the longer and shorter axes, which was confirmed by calculating their transition
densities.

Comparison with neutral silver clusters. It is difficult to compare absorption
spectra of clusters with different charge states. Therefore, the result of the comparison
is described briefly here. Many groups have been reported theoretical photoabsorption
spectra of neutral silver clusters [33, 48, 56, 49]. In the reports of Bonaci¢-Koutecky et
al. [33, 45], possible geometries of neutral silver clusters with the sizes of 2—4 are a linear
structure with a shorter bond length than that of the cationic counterpart, a Cay triangle
due to the Jahn—Teller effect, and a Dan planer thombic structure, respectively: they all
have geometries similar to the cationic counterparts. On the other hand, spectral profiles,
excitation energies, and oscillator strengths are different between predicted spectra for the
neutrals and cations in their reports. Harb et al. reported remarkable results of theorical
calculation for Agy (N = 4-20), which reproduced their experimental absorption spectra
[48]. The simulated spectra are generally different from those obtained in the present

simulation because of the differences in the charge state and geometry. A few
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exceptions are N = 14, 20, and 22, where both the geometries and simulated absorption
spectra were similar to each other between the present and previous studies. This is
probably because the difference in the charge state does not affect geometries and
electronic states of clusters significantly above N =14. The same trend was recognized
from comparison with other previous reports on Agyo [49—54], Agx2 [51, 54, 55], Agss [52,
56], and their cationic counterparts. On the other hand, the absorption spectrum of Agsg"
predicted in the present study did not match with that of its neutral counterpart reported
by Schira et al. [56]. The difference originates from the geometric structures employed
in the calculation; oblate in the present study, while spherical in the previous study.
Schira et al. obtained the structure by geometry optimization employing a Oy structure
previously obtained by Chen et al. [21]; however, the Oy structure was found to be at a
saddle point of the potential energy surface in the present study.

To summarize this section, the experimental spectra of the clusters were
explained well by theoretical predictions, especially for the sizes of 2—14, 19-24, 29, 30,
34, and 35. The following analysis was performed by focusing on these sizes with the

most stable geometries in Figure 6.1 and predicted excitations in Figure 6.4.

6.5. Collectivity indices and oscillator strengths of eigenstates

In the third step of the present computational work, collectivity indices are
evaluated for each cluster. For smaller clusters, the situation is simple; there are only
several excitations in the spectra. For larger clusters, in contrast, a large number of
excitations contribute to the absorption spectra. Therefore, the collectivity indices
distribute in a wide energy range, which makes the analysis complicated. To simplify

the analysis, the author defines the averaged collectivity index weighted by oscillator
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strengths fi:

> finy
()= Z = (6.13)

where the subscript 7 identifies each excitation. The summation was performed over the
spectral range where major excitations are covered as shown in Table 6.1. The averaged
collectivity index is depicted as a function of cluster size in Figure 6.13 (a) as red open
circles. The theoretical result indicates that the collectivity index has an increasing trend
as the cluster grows into larger sizes. Oscillator strengths and their concentration were
also evaluated; here the author defines a total oscillator strength, fioa1, an average energy,
Eaverage, and an effective spectral width, d, as follows:
o = Z fi,
i
Z E f;
. Z f | (6.14)
(6~ Ev )
I

d? =
where the summation was performed over the same spectral range as shown in Table 6.1.

E

The result is depicted in Figure 6.14, where the corresponding result in Figure 5.5 is
superimposed for comparison. The total oscillator strength showed an increasing trend
and replicated the experimental result except for N = 35 where the experimental data have
large uncertainty originating from evaluation of an ion density. The effective width
reproduced qualitatively the experimental result as well; the theoretical widths were
systematically smaller than those in the experimental data because broadening of spectral
widths due to, e.g., thermal broadening is not considered in the calculation. Especially,

a local minimum at N =21 and a decreasing trend toward N = 40 reminds us of spherical
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structures of silver cluster cations predicted by the Clemenger—Nilsson model discussed
in Chapter 4 (see Figure 4.13), which results in local maxima of the density of oscillator

strengths, fiotal/d, in Figure 6.14 (c) corresponding to collective excitation of electrons.

Table 6.1. The excitations considered for evaluating averaged collective indices.

Cluster size Energy range / eV Cluster size Energy range / eV
2 3.03" 19 3.64.6
3 4.01* 20 3.8-4.5
4 3.1-4.8 21 3.74.4
6 3.5-3.8 22 3.8-4.5
7 2.9-39 23 3.5-4.7
8 3.7-4.9 24 3.4-4.38
9 3.8-4.5 29 3.5-5.0
12 3.0-5.0 30 3.6-4.7
13 3.1-4.8 34 3.7-4.6
14 34-5.0 35 3.94.6
16 3.6-5.0

"Only one eigenstate exists in the energy range. *Doubly degenerate eigenstates exist in

the energy range.
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Figure 6.13.

number of 5s electrons, N — 1, as a function of cluster size.
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6.6. Collectivity indices and transition densities of ideal plasmon states
Similar to Equation (6.13), one can consider the ideal plasmon state (IPS) [57]

as a way to assign a single collectivity index to a group of excited states that constitute a

single band at low energy resolution. The ideal plasmon state is defined as the product

of the dipole operator and the ground-state wave function |Yo>. For example,
[2-1PS)=(-€)2¥o) = 2|, )(¥il(-e) 2| ¥o)= D W), (6.15)

where |z-IPS> is the wavefunction of the ideal plasmon state along the z-axis, Vo> that
of the ground state, |¥> that of the excited eigenstates, and w.; = <W¥i(—e)z|'Yo> the
transition moment. The subscript z indicates the direction; |x-IPS> and |y-IPS> are
defined by u.; and p,.;, respectively, in the same way. Although the summation should
run over all the exited states in principle, here the ideal plasmon state was constructed by
summation over a limited energy range, where transition moments are concentrated to
form an absorption band under a low energy resolution. The ideal plasmon state was
thus calculated for each absorption band to compare the experimental spectra with
theoretical ones.

Since the electron density of a given electronic state is has no nodal plane and
each silver atom has the fully-filled d orbitals, the transition density from the ground state
|Yo>to the ideal plasmon state becomes a simple function with one nodal plane. In this
case, the contribution of orbitals that introduce complicated nodal planes into the
transition density in the vicinity of each atom is expected to be small; only contribution
of s electrons is anticipated to survive, while that of d electrons are canceled out for the
case of silver clusters. The normalization condition <z-IPS|z-IPS> = 1 gives the

complete representation of the ideal plasmon state as
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ALY

|2-1PS) = t—e0r\ 6.16
’Z/uz,i ( )

The transition moment of the ideal plasmon state is

(2-1PS|2|Wo)= > 1. 6.17)

Because the ideal plasmon state does not have an eigenenergy, the author defines its

energy as an expectation value
Z ,Uzz i E,
i
Z /Uzz J
i

where E; is the energy of the i-th excited eigenstate. An oscillator strength of the ideal

Eps = (6.18)

plasmon state is thus expressed as

87°m, 2 87z°m
f,PS:W<z-IPS|z|‘PO> Elpszwzﬂiia. (6.19)
By substituting the 2018 CODATA recommended values [58, 59],
2
fios = 0'024Z(luz,i /eao) (Ei /eV)’ (6.20)

where 7 is the circle ratio, m. the electron mass, / the Plank constant, e the elementary
charge, and ao the Bohr radius.

Collectivity indices calculated by Equation (6.6) for the ideal plasmon states of
each cluster size are listed in Table 6.2. The summation in Equation (6.16) was
performed over the same range as listed in Table 6.1. To compare these collectivity
indices with those for eigenstates depicted in Figure 6.13 (a), the indices for x-, y-, and z-

ideal plasmon states are averaged as follows:
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The result is superimposed in Figure 6.13 (a) as blue crosses.  Since the ideal plasmon

states has the physical meaning of a wave-packet generated at the moment of the pulsed-
laser irradiation, the collectivity indices calculated for the ideal plasmon states are
expected to reflect the electron dynamics of the system as a measure of the collectivity in
the electronic excitations. The collectivity index of the ideal plasmon states show an
increasing trend similar to that of the eigenstates. This result is in contrast to ordinary
molecules where only two electrons contribute to the excitation [60, 61], which confirms
the remarkable optical property, i.e., collective excitation of electrons, in silver clusters.
In addition, a normalized collectivity index was calculated, which is defined by the
collectivity index of the ideal plasmon states divided by the number of the valence s
electrons, <n">/(N — 1); <n">/(N — 1) = 1 means that all the s electrons contribute to the
ideal plasmon state. The normalized collectivity index thus defined is depicted in Figure
6.13 (b) as a function of cluster size N, which shows no significant size-dependence above
N ~ 12, where about 40-50% of the valence s electrons are collectivity excited. It would
be interesting to compare silver clusters with other metal clusters. Casanova et al.
reported for Ali3~ cluster that an index called a transition inverse participation ratio, which
corresponds to the present collectivity index, is 7.1 for the most intense electron transition
at 10.5 eV with an oscillator strength of 3.11 [27], which implies that about 35% of
valence electrons contributes to the excitation. The present result indicates that
electronic excitations in the UV-VIS energy range in silver cluster cations is as collective

as that of Ali3™.
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Table 6.2. Information on the ideal plasmon states (IPS) for Agy" (N = 2-30). The
energy ranges, where eigenstates are considered for constructing the ideal plasmon states,

are listed in the second column from the left.

x-IPS y-IPS ZIPS
N  Range/eV
n' fips n firs n fips
2 3.03 - 0 - 0 14 0.18
3 4.01 2.2 0.39 2.2 0.39 - 0

4 3.1-4.8 3.1 0.03 33 0.56 2.1 0.80

6 3.5-3.8 - 0 3.0 0.83 4.1 0.97

7 2.9-3.9 3.9 1.43 3.9 1.43 - 0

8 3.74.9 5.5 0.81 3.9 1.27 5.2 1.31

9 3.84.5 53 1.48 53 1.49 53 1.46

12 3.0-5.0 4.8 2.47 7.0 1.85 7.2 1.37

13 3.1-3.5 6.5 2.12 7.7 2.04 7.3 2.13

14 3.4-5.0 7.8 1.92 6.7 2.10 6.5 2.89

16 3.6-5.0 7.2 2.69 8.0 2.58 10.1 1.76

19 3.64.2 8.5 3.06 11.4 2.20 8.5 3.14

20 3.84.1 9.9 3.06 9.9 3.06 10.8  2.45

21 3.74.4 9.5 3.10 9.9 2.82 10.4 2.84

22 3.84.5 9.9 3.20 114 2.65 10.0  3.33

23 3.54.7 10.7  3.93 11.7 3.19 11.5 2.85

24 3.4-4.38 9.9 4.12 11.6 3.52 12.8 3.16

29 3.5-5.0 11.7  4.87 127 424 142 3.89

30 3.64.7 11.4 5.03 12.9 4.25 14.3 3.73
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Table 6.2 (cont.) Information on the ideal plasmon states (IPS) for Agy" (N = 34, 35).

x-IPS y-IPS ZIPS
N  Range/eV
n' fips n firs n fips

34 3.74.6 153 443 12.8 493 13.0  4.57

35 3.94.6 13.8 4.93 14.9 4.81 15.8 4.40

Furthermore, transition densities of the IPSs for Agio2123" were calculated as
shown in Figure 6.15 (a), (b), and (c), respectively. As expected from the Clemenger—
Nilsson model (see Figure 4.13 in Chapter 4), Agz1 35" were spherical: v =4.6 A, r, = 4.3
A, andr.=4.2 A for Ag>i" from the geometric structure in Figure 6.1 and Equation (4.36).
Transition densities of x-, y-, and z-IPS for Agxi" are certainly in direction of each axis.
Their energies are also close to each other.  On the other hand, Ago*, which is expected
to be oblate from the Clemenger—Nilsson model, has radii of r. = 4.5 A, r, = 3.4 A, and
r- = 4.8 A, which resulted in an energy of the y-IPS oscillating along the shorter axis
higher than those of the others. Because the excitations at the lower energy are nearly
degenerate, its absorption spectrum shows a double-band profile with a weak band at
higher energy. For a case of Agx9', which is predicted to be prolate by the model, r =
54A,r,=4.1A,and -=42A. The situation is opposite to that of Agis"; the x-IPS
along the longer axis has a lower energy than those of the others.  y- and z-IPS are peudo
degenerate to result in a more intense band at the higher energy than that of y-IPS.  This
is a theoretical explanation of the correspondence between geometric structures and

spectral profiles found in the present photodissociation-spectroscopic study in Chapter 4.
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(a) Agyo”
X‘IPS (E|PS = 402 eV) y'IPS (E|ps = 436 eV) Z'IPS (E|PS = 393 eV)

B

(b) Aga”
X'IPS (E|ps = 403 eV) y‘IPS (E|ps = 408 eV) Z'IPS (E|ps = 409 eV)

(c) Aga3"
X‘IPS (E|ps = 3.89 eV) y'IPS (E”:s = 419 eV) Z'IPS (E|PS = 420 eV)

Figure 6.15. The transition densities of ideal plasmon states (IPS) of (a) Agio', (b) Ag21™,

and (c) Agxs™.
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6.7. Summary

A theoretical analysis on the collectivity of electrons in electronic excitations
was performed for silver cluster cations, Agy™ (N =2-40). Firstly, geometric structures
of the clusters were obtained by geometry optimization based on the density-functional
theory. Secondly, absorption spectra were predicted by the linear-response density-
functional theory employing the geometries obtained by the present optimization. The
experimental spectra were reproduced by the theoretical predictions for N =2-14, 19-24,
29, 30, 34, 35 from a point of view of the cross sections, resonance energies, and spectral
profiles. Finally, a collectivity index, representing the effective number of individual
excitations contributing to excitations, was evaluated by employing ideal plasmon states,
which are defined as wave-packet generated at the moment of laser irradiation. The
index exhibited an increasing trend as the cluster grows. At larger sizes, the normalized
collectivity index revealed that about 40-50% of the valence s electrons are excited
collectively. This result indicates the emergence of the collective excitation of electrons
in silver cluster cations, which should be contrasted to ordinary molecules where only
two electrons contribute to the excitation. Such intense and highly collective excitations
were observed in the UV-VIS region (~3-5 eV) is characteristic to silver cluster cations.
In addition, transition densities of the ideal plasmon states explained the correspondence
between geometric structures of silver cluster cations and spectral profiles found in

Chapter 4.
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7. Concluding Remarks

In the present study, geometric structures and electronic excitations of silver
cluster cations, Agn', were investigated by photodissociation action spectroscopy, cavity
ring-down spectroscopy, and theoretical analysis based on density-functional and linear-
response density-functional theories.

The experimental setup was described in Chapter 2.  Silver cluster cations were
generated, size-selected, stored, and irradiated by a pulsed laser. In photodissociation
spectroscopy, dissociation yields are measured to obtain photodissociation spectra. In

cavity ring-down spectroscopy, a pair of high-reflectivity mirrors were placed in such that
the ion trap was enclosed in a Fabry—Perot optical cavity. A photoabsorption cross

section is obtained from the exponential decay of the output laser pulse from the cavity.
Prior to the spectroscopic studies, the cluster-growth process in a magnetron-
sputtering cluster-ion source was investigated for optimizing operation conditions to
generate cluster sizes of interest efficiently as described in Chapter 3.  Optical emission
spectroscopy was employed in combination with mass spectrometry; light emission from
plasma generated in the magnetron was analyzed to obtain emission spectra as a function
of discharge power of the magnetron, while mass spectra of the generated clusters were
measured at the same time. The number of sputtered silver atoms was evaluated from
the intensity of the emission spectra for comparison with the average cluster size, which
1s expected to be proportional to the density of the sputtered atoms based on a statistical
model proposed in the present study. As a result of the analysis, it was implied that the
effective volume of the cluster-growth region was enlarged at higher discharge power,

which leads to rarefaction of the sputtered atoms and suppression of cluster growth.
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Moreover, the mass spectra were reproduced by multiple Poisson distributions with
several different average sizes rather than a single distribution. This is consistent with
the well-known inhomogeneous density profile of the sputtered atoms; larger clusters are
supposed to be generated in a high-density region and vice versa. The insight into the
cluster-growth process gained in the present study proposes a possibility to enhance
intensity of even larger clusters, e.g., by preventing rarefaction of sputtered atoms by
decreasing their kinetic energies by collision with a buffer gas. This cluster-growth
analysis was important for covering the very broad size range up to N = 92 as studied in
the present experiments.

In Chapter 4, photodissociation action spectroscopy was performed on size-
selected free silver cluster cations by employing an ion trap.  This is the first systematic
study covering almost every size of the clusters up to N=92. The action spectra showed
multi-modal profiles at N < 14, while almost all of the clusters with sizes above 19
exhibited single- or double-band profiles in a specific spectral range. Such a trend in
spectral profiles and condensed features of absorption bands indicate emergence of
collective excitations of electrons in silver cluster cations above N =19. Especially, the
single- or double-band profiles were interpreted by geometries of the clusters; spherical
clusters are expected to show three-fold degenerate collective excitation modes, which
results in a single-band profile. On the other hand, the degeneracy is lifted in prolate
clusters to generate two types of excitations: two-fold degenerate collective excitation
along the shorter axis and a single collective excitation along the longer axis. Such a
change in the geometry is consistent with the prediction based on the Clemenger—Nilsson
model up to N =46, while the geometries of the larger clusters could not be explained by

the model because the packing effect becomes dominant in the larger clusters.
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Geometric structures of larger clusters with N > 47 were predicted from the present
spectral profiles; such a systematic study on geometric structures of silver cluster cations
were performed for the first time. Moreover, the redshift of the absorption band from N
=55 to 92 was observed. These trends are in line with collective excitation of electrons
in nanoparticles/nanorods. The result presented in Chapter 4 implies emergence of
collective excitation of electrons in silver cluster cations above N = 19. However,
photodissociation cross sections were not measured for larger clusters with N > 19
because of multi-photon dissociation processes. It is necessary to measure the
absorption cross sections without relying on photodissociation.

In this context, cavity ring-down spectroscopy was performed in Chapter 5.
Photoabsorption (instead of photodissociation) spectra of Agy™ (N=3, 4, 8, 9, 35, 40, 45,
50, 55, 60, 65, 70, 71, 81, and 92) were presented for the first time after previous reports
limited to N =2 and 9. To obtain quantitative absorption cross sections, the density
profile of the trapped ions was measured prior to the spectroscopic experiment. Cavity
mirrors were arranged carefully to maximize overlap between the spatial distribution of
the trapped ions and the cavity mode of the laser. To characterize concentration of
oscillator strengths, the density of oscillator strengths in an effective spectral region was
evaluated as a function of cluster size. The density of oscillator strengths thus evaluated
showed an increasing trend, which implies oscillator strengths are concentrated as the
cluster grows.

Finally, the collectivity in silver cluster cations was analyzed theoretically as
described in Chapter 6. The present calculation consists of three steps: geometry
optimization based on the density-functional theory, spectral simulation based on the

linear-response density-functional theory, and evaluation of collectivity indices that
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represent the effective number of individual excitations contributing to the eigenstates in
the Casida equation. The experimental spectra were reproduced by the calculation for
N=12-14,19-24, 29, 30, 34, and 35 in the aspects of cross sections, resonance energies,
and spectral profiles. To calculate collectivity indices for excited states generated upon
a pulsed excitation, ideal plasmon states were constructed, which carries all the transition
moments of which eigenstates contribute to the excitation. Collectivity indices of the
ideal plasmon states showed an increasing trend. Especially, it was elucidated that about
40-50% of valence electrons contribute to the excitations at larger sizes, which was
regarded as emergence of collectivity in electronic excitations.

In this thesis, a systematic and extensive study was presented on geometric structures and
electronic excitations of size-selected free silver cluster cations. Based on the present
experimental and theoretical results, the author concludes that silver cluster cations show
collective excitations in electrons above N = 19. The collective excitation modes
manifested in the spectral profiles are associated with geometric structures of the clusters
in the same way as plasmonic excitation in nanoparticles/nanorods. Due to limitation
of photodissociation spectroscopy and lack data of photoabsorption spectra, N = 15, 17
and 18 might also show the collective excitation. Additional cavity ring-down
measurements are demanded for these sizes. In addition, there are still open questions
about mechanisms of collective excitation. For example, gold nanoparticles consisting
of more than hundreds of atoms are known to exhibit plasmonic excitation, while it is
theoretically predicted that the plasmonic excitation loses its dipole moment by strong
coupling with d-electron excitations as reported for the gold octamer [T. Yasuike et al.,
Phys. Chem. Chem. Phys. 2013, 15, 5424]; it remains to be elucidated how such d-

electron coupling is reduced as a small cluster grows toward a nanoparticle. In addition,
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there is no systematic experimental study on photoabsorption of free gold clusters
although ligand-protected ones have been studied well. In this context, the present
methodology provides us with an opportunity of size-dependence studies on oscillator
strengths experimentally and on collectivity theoretically; the analysis of the d-electron
coupling described above is applicable as well to exploring size-dependent effects of d
electrons. Not only gold but also copper and even aluminum clusters would be of great
interest for future studies. The author believes that the present study paves the way to
elucidate the origin of electronic excitations in metal clusters and to bridge the gap

between molecular/cluster science and nanoscience.
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