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Abstract. An optical absorption spectrum of a silver tetramer ion, Agj{, was obtained in the photon-energy
range of 2.0-5.2 eV by measuring its photofragmentation action spectrum. Three major absorption peaks
were observed at photon energies of about 3.1, 4.0, and 4.3 V. Each transition has a narrow line width of
less than 0.1 €V, indicating a molecular nature of the present cluster ion at low temperature. Fragmentation
channels were strongly dependent on excited states; Agg' was the dominant product ion at 3.1 and 4.0 eV
excitation, whereas only Ag§r was produced at 4.3 eV excitation. The fragmentation was found to proceed in
a nonstatistical manner. These processes were further characterized by translational kinetic energies of the
photofragments evaluated by the measurements of velocity distributions of neutral fragments. It was shown
that photofragments are emitted with relatively low translational energies and that, consequently, they are
highly excited in internal modes.

PACS. 36.40.Vz Optical properties of clusters — 36.40.Qv Stability and fragmentation of clusters — 33.20.Lg

Ultraviolet spectra

1 Introduction

Optical properties of metal clusters provide fundamen-
tal information for investigating their electronic and geo-
metric structures. Extensive studies have been performed
on these issues to clarify the novel properties of metal
clusters that can be distinguished from bulk-phase prop-
erties [1,2]. At an early stage, size dependence of elec-
tronic structures was emphasized; the metallic features
emerge as the cluster size increases. For these studies, op-
tical absorption spectroscopy has been a powerful tech-
nique. The photodepletion technique has been frequently
applied to dilute systems such as gas-phase clusters. Ini-
tial studies have been focused on sodium clusters, which
have been shown to exhibit an optical transition from
a collective excitation of valence electrons to a surface-
plasma oscillation [3]. For small sodium clusters with sizes
of less than about 8 atoms, on the other hand, it was
found that their absorption spectra are much more like
that of a molecule, which exhibit discrete excited states [4].
These spectra of the small sodium clusters were inter-
preted by theoretical studies based on quantum chemical
calculation [5]. Recently it has been found, in the care-
ful studies of sodium cluster ions [6-8], that the elec-
tronic structure of a metal cluster depends not only on
its size but also on its internal energy (temperature). This

finding points out the importance of vibronic couplings
in metal cluster systems. However, it still remains to be
clarified if this temperature-dependent behavior is com-
mon to other metal clusters, and how a molecular nature
changes to a metallic one at an intermediate temperature
regime.

Among metal clusters, silver clusters are attracting at-
tention because of their important physical and chemical
properties, e.g., their catalytic role in photography [9].
Since both silver and sodium are monovalent elements, it
is meaningful to compare the properties of silver clusters
with those of sodium clusters. Optical properties of silver
clusters have been studied in this respect. A giant reson-
ance due to surface-plasma excitation has been observed in
relatively hot clusters generated from a sputtering cluster-
ion source [10—-12]. Silver clusters in a rare-gas matrix have
also been shown to exhibit a collective excitation of the va-
lence electrons [13, 14]. These results have been interpreted
on the basis of the shell model. Recently, optical absorp-
tion spectra of relatively cold silver clusters in the gas
phase have been reported [15, 16]. There was an indication
of a molecular feature of these clusters, but the measured
spectral range was limited. Theoretical studies have also
been performed to determine the geometric structures of
neutral, cationic [17], and anionic [18] silver clusters. Fur-
thermore, dynamical processes are gaining an interest in
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the recent time-resolved studies by the so-called NeNePo
scheme [19, 20].

In the present paper, we report an absorption spectrum
of a silver tetramer ion generated by laser vaporization at
arelatively low temperature. It was obtained by measuring
a photofragmentation action spectrum in a wide spectral
range of 2.0-5.2eV, and its electronic states were scru-
tinized. As for the dynamical aspects, the fragmentation
pathways and the redistribution processes of excess ener-
gies are discussed on the basis of energetics and dynamics
in the excited states.

2 Experimental procedures

Figure 1 shows a schematic diagram of the experimen-
tal setup. Silver cluster ions, Ag, were produced by the
laser vaporization technique, which entailed the use of the
second harmonics of a Q-switched Nd:YAG laser. Clus-
ter ions thus produced were skimmed (1 mm in diameter)
and extracted by a pulsed electric field. The cluster ions
gained a kinetic energy of 1400 €V. After passing through
a mass gate, a tunable dissociation laser pulse from an op-
tical parametric oscillator (Spectra Physics, MOPO-730)
was irradiated at a right angle to a tetramer ion, Ag}),
mass-selected by time-of-flight (TOF). Photofragment ions
and residual parent ions were mass-analyzed by the sec-
ond TOF path using a reflectron and detected by a mi-
crochannel plate (MCP1). Neutral photofragments pene-
trated through the reflectron were detected by the sec-
ond microchannel plate (MCP2) located downstream by
0.9 m from the laser-interaction region. TOF spectra were
stored either in a transient digitizer (Iwatsu, DM2300)
or in a multichannel scaler (Stanford Research Systems,
SR430), and were processed by a personal computer (NEC,
PC-9801VX). The measurement was performed at the rep-
etition rate of 10 Hz.

By measuring the intensity of photofragment ions Ag;"
(n=1, 2, and 3) relative to the parent ion and that of
an irradiated laser pulse (typically 1-5mJcm~2pulse 1),
a cross section of each fragmentation channel was obtained.
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Fig. 1. Schematics of the experimen-
tal setup. HV: High-voltage power sup-
ply; MCP: Microchannel plate.

The laser beam was collimated to a spot size of about 5 mm
in diameter and was timed carefully to precisely overlap
with all the isotopomers in the cluster-ion pulse. Since a sil-
ver atom has isotopes of 1°”Ag and '°°Ag with almost the
same abundance, there appear five peaks in the mass spec-
trum of Ag; corresponding to different combinations of
the isotopes. The photon energy was varied from 2.0 to
5.2eV. A total cross section was obtained as a sum over
cross sections of all the fragmentation channels; it cor-
responds to an optical absorption cross section under the
likely assumption that all the photoexcited cluster ions are
dissociated within a time scale of observation, about 30 us.

For evaluation of translational kinetic energies released
upon photofragmentation, TOF spectra of neutral frag-
ments were measured. In this experiment, the dissocia-
tion laser pulse was focused by a cylindrical lens with
a 500 mm focal length, which produced an ellipsoidal beam
profile with a longer (vertical) and shorter (horizontal)
diameter of about 5 mm and 1 mm, respectively. With this
arrangement, the laser pulse could illuminate one of the
isotopomers. Measurements were performed on two iso-
topomers, 197Agl and (197Agy1%%Agy)T. They gave al-
most identical results, which verified that an isotope ef-
fect on the TOF was negligibly small. The kinetic-energy
spread of the parent ion beam was measured to be about
12¢€V in the laboratory frame by both TOF broadening
and ion-intensity change with retarding voltage applied to
the reflectron. This energy spread was much narrower than
the observed broadening of a neutral fragment. The po-
larization plane of the laser beam was fixed to be either
parallel or perpendicular to the cluster-ion beam.

The temperature of the present cluster ion was esti-
mated by the measurement of the unimolecular dissocia-
tion rate of an argon-atom adduct, Ag; Ar, produced from
the same cluster-ion source by the use of a carrier gas of
a 10% mixture of argon in helium. No unimolecular disso-
ciation was observed in the present experimental time scale
of about 60 ps. If the binding energy of the argon atom to
Ag] is assumed to be 0.07 eV, which has been reported for
the physisorption energy of an argon atom on a bulk silver
surface [21], this sets an upper bound of about 150 K for
the temperature of the tetramer ion.
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Fig. 2. Cross sections of photofragment-ion production from
Agjlr as a function of the photon energy. The photofragment ion
is (b) Agd, (c) Agy, and (d) Ag™. Panel (a) shows a total cross
section obtained as the sum over three fragmentation channels,
which corresponds to an absorption spectrum.

3 Results

As shown in Fig. 2(a), three major absorption peaks were
observed. By fitting each peak with a Gaussian profile,
these peaks were found to be centered at 3.13, 4.00, and
4.36 eV and to have line widths of less than 0.1V in full
width at half maximum (FWHM). The corresponding os-
cillator strengths were estimated to be about 0.3, 0.1, and
0.2, respectively. The uncertainty in the absolute cross sec-
tion was estimated to be +£25%, due mainly to the uncer-
tainty in the evaluation of an interaction volume between
a laser pulse and a cluster ion. Figure 2(b)-2(d) show cross
sections of each fragmentation channel for the production
of Ag;’, Agl, and Ag™ as a function of the photon energy.
The fragmentation pattern was strongly dependent on the
excitation energy: At about 3.1 and 4.0 eV, Agj was pro-
duced dominantly with much smaller amounts of Ag;' and
Ag*. On the other hand, only Agy was a product ion at
about 4.3 eV.

TOF spectra of neutral fragments were obtained at
three different photon energies corresponding to each ab-
sorption peak: 3.11, 4.01, and 4.36 €V. The TOF was con-
verted to a velocity component parallel to the cluster-ion
beam in the center-of-mass frame (a parallel velocity, vy ).
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Fig. 3. Intensities of neutral photofragments, I (v“), as a func-
tion of the velocity component, v, parallel to the cluster-
ion beam in the center-of-mass frame. Photon energies are
(a) 3.11 eV, (b) 4.01 eV, and (c) 4.36 V. The polarization plane
of the laser beam was either parallel (||) or perpendicular (L) to
the cluster-ion-beam axis. Solid curves represent simulations of
each profile by a sum of two Gaussian functions. A dashed line
in panel (c) shows a velocity distribution of the parent cluster
ion.

Distributions thus obtained for the parallel velocities of
the neutral fragments are shown in Fig. 3. These pro-
files are symmetric with respect to v =0 and have
no significant dependence on the polarization plane of
the dissociation laser beam. These results indicate that
photofragments are emitted isotropically from the par-
ent cluster ion. All the profiles are significantly broad-
ened, compared with the initial velocity distribution
of the parent cluster ion shown by a dashed line in
Fig. 3(c). Therefore, the broadening is predominantly
due to the Kkinetic-energy distribution of the neutral
fragments. The relatively narrow transition line widths
and the isotropic emission of fragments imply a pre-
dissociative nature of the present photofragmentation
process.
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4 Discussion

4.1 Assignment of transitions

The absorption spectrum shown in Fig. 2(a) has rela-
tively narrow line widths, of less than 0.1eV in FWHM,
when compared with those obtained in the previous stud-
ies on Ag! and Ag, produced by a sputtering cluster-
ion source [10-12]. The latter spectra have line widths
broader than 0.5 eV, and are interpreted to originate from
a collective excitation of electrons in the surface-plasmon
mode observed in hot clusters. On the other hand, the
silver tetramer ion under discussion is at a temperature
lower than 150 K, which means it can be regarded to be
in a molecule-like state rather than in a metallic state
with delocalized valence electrons. It should be pointed
out that the present spectrum is similar to that of Na;f
at low temperatures [6—8]; there are three major peaks
in this photon-energy range, although peaks are shifted
by about 1€V to a higher-energy side in Ag;f. Because it
has been shown theoretically that Ag; and Naj have the
same symmetry of Doy, (a rhombic structure) at the opti-
mized structure in the ground state [8,17], it is reasonable
that Ag] have an electronic structure similar to that of
Na; . Therefore, we assume that these transitions have ori-
gins similar to the corresponding transitions of Nai‘: The
ground state is 2By, , and the excited states at 3.1, 4.0, and
4.3 €V are ?A,, ?Bsg, and 2By, respectively.

4.2 Fragmentation pathways

As shown in Fig. 2, fragmentation channels depend on
excited states. These fragmentation pathways can be as-
signed on the basis of energetics. The relevant dissoci-
ation energies are predicted by theoretical calculations
as follows [17]: D(Ags...Ag) = 1.27eV, D(AgS .. Ags) =
2.566V, D(Ag'..Ags) =3.22¢V, and D(Agy..Ag) =
2.89¢€V.

(a) 3.1eV excitation: As shown in Fig. 2, Ag; and Agj are
produced. Production of Agy is considered to be ei-
ther a sequential process, i.e., Agl — Ag; +Ag— Agd
+ 2Ag, or a direct process, i.e., Agf — Agl + Ags.
From an energetic consideration, the former process
requires 4.16 eV, which is not accessible by the photon
energy. Therefore, only the latter process is allowed.
The branching fraction between Agy and Agy produc-
tion provides information about the potential-energy
surface in the excited state.
4.0eV excitation: By a similar energetic considera-
tion, all the processes for the production of Agy, Agy,
and Ag* are direct processes, i.e., Agf — Agy + Ag,
Agl— Agl + Ags, and Ag — Ag™ + Ags, respec-
tively.
(c) 4.3eV excitation: Only Agy was observed at this pho-
ton energy, which is produced via Agf — Agd + Ago.
If the fragmentation process is dominated by a statisti-
cal process, i.e., evaporation of neutral products, Aggr
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Fig. 4. Absolute-velocity distributions, f(v), of neutral photo-
fragments obtained from the parallel-velocity distributions in
Fig. 3 (see text). Photon energies are (a) 3.11 €V, (b) 4.01 €V,
and (c) 4.36 eV. Dashed lines in (a) and (b) show contributions
of two components.

should be observed, because it is more likely to be pro-
duced energetically. Therefore, the exclusive produc-
tion of Agy clearly shows a nonstatistical fragmenta-
tion process along a potential-energy surface in the ex-
cited state. This is in marked contrast to that reported
for larger sizes, Agg and Agj;, for which dissociation
processes were interpreted by a statistical model [22].

4.3 Energy redistribution upon photofragmentation

The one-dimensional parallel-velocity distribution, I(v)),
of the neutral fragments shown in Fig. 3 can be converted
to a three-dimensional velocity distribution, f(v), where v
is the absolute velocity in the center-of-mass frame. When
fragmentation takes place isotropically as in the present
case, a mathematical analysis of this process derives the
following relationship:

f(v) = —2vd%f<v> ; 1)

UH:U
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Fig. 5. Distributions, g(E), of translational kinetic energies
carried by both a fragment ion and a neutral. Photon energies
are (a) 3.11eV, (b) 4.01€V, and (c) 4.36 eV. The fragmenta-
tion channel was assumed as follows: (a, b) Agi‘ — Ag;' + Ag;
(c) Agj — Agy + Ago. Dashed lines in (a) and (b) show contri-
butions of two components. Arrows indicate an average energy,
(E), for each component.

In order to obtain f(v), the profiles of I(v)) were simu-
lated by a sum of two Gaussian functions centered at
v| = 0, as shown by solid curves in Fig. 3. They reproduce
the obtained data well. Then one obtains f(v) by using
the derivatives of these curves according to (1); these are
shown in Fig. 4. One should note that the velocity distri-
bution consists of two components in Fig. 4(a) and 4(b),
which are illustrated by dashed lines, while that in Fig. 4(c)
appears to consist of a single component. From these dis-
tribution profiles one obtains an average velocity defined
by root-mean-square of the fragment velocity, ((v?))/2,
where () denotes an averaging over the distribution func-
tion, f(v). The average velocities thus obtained for each
component are (a) 0.28 and 0.62, (b) 0.27 and 0.82, and
(c) 0.42km/s for 3.11, 4.01, and 4.36 €V excitation, respec-
tively. The velocity distribution can be further translated
to a distribution, g(E), of total translational kinetic en-
ergy, F, carried both by a neutral photofragment and by
a counter ion when the size of the products are given. Fig-
ure 5 illustrates profiles of g(F) obtained in the following
procedures:
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(a) 3.116V excitation: Since the process Agj — Agd + Ag
dominates the fragmentation, a distribution, g(E), is
obtained as shown in Fig. 5(a). An average total trans-
lational kinetic energy, (E), of Ag3t and Ag, is cal-
culated to be 0.06 and 0.29 €V in the center-of-mass
frame for the slow and the fast components, respec-
tively. Since the corresponding dissociation energy,
D(Agy...Ag), is reported to be 1.27 eV, the excess en-
ergy is 1.84 eV. That is, an average energy as high as
1.78 and 1.55€V is transferred to the fragment ion,
Agd, at the slow and the fast fragment velocities, re-
spectively. The trimer ion, Aggr, is bound so strongly,
i.e., D(Agd...Ag) =2.89¢V, that it does not dissoci-
ate further, but stays in highly excited vibrational lev-
els. If the vibrational frequency of 161 cm ™! measured
on Ags [23] is assumed for three vibrational modes of
Ag;, these internal energies simply correspond to vi-
brational quantum numbers of 30 and 26, respectively,
for the slow and the fast components of the neutral
fragment.

(b) 4.01 eV excitation: The process Agj — Ags + Ag is
predominant, as in the case above, and g(F) is ob-
tained as shown in Fig. 5(b). The translational kinetic
energy of the slow (fast) component is calculated to
be an average of 0.06(0.51)¢eV. This indicates that
2.68(2.23) eV is transferred to the fragment ion, Agy,
which is even higher than that in the 3.11 eV excita-
tion. Under the same assumption for the vibrational
frequency of Agy, the vibrational quantum number is
estimated to be 45(37).

(c) 4.36eV excitation: Only the process Agf — Agy +
Ag, proceeds in this excitation. The distribution func-
tion shown in Fig. 5(c) has a smaller low-energy com-
ponent when it is compared with the other two cases,
(a) and (b). The total translational kinetic energy
carried by Agd and Ag, is 0.40 eV in average. From
consideration of the excess energy of 1.80¢eV, 1.40eV
is transferred to internal energies of both Agj and
Ags. If the internal energy is assumed to be parti-
tioned equally to both dimers, their vibrational quan-
tum numbers are estimated to be 37 and 52 in Agy
and Ag2+ , respectively, by using the ground-state vi-
brational constants reported in [17].

Regarding the origin of the bimodal behavior of the
velocity distribution observed at 3.11 and 4.01 eV excita-
tion, the two components can be interpreted to correspond
to different atomic sites of the released silver atom: The
ground-state geometric structure of Ag;} has been calcu-
lated to be rhombic [17]. This character in the geometry
is considered to be reflected also in the excited states.
When an atom located at the shorter diagonal apex is
released, the corresponding fragment ion, Ag}f, is largely
distorted from an equilateral triangle structure, which is
reported to be the most stable structure of Agj in the
ground state [17]. Therefore, it is reasonable that Ag} thus
produced is highly excited in vibrational modes. In con-
trast, when an atom at longer diagonal apex is released,
the geometric structure of Ag; produced is much closer
to an equilateral triangle and hence there is lower exci-
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tation in internal modes. A further quantitative analysis
on the branching ratio is needed to verify this interpreta-
tion. Experimental determination of the internal state of
the fragment remains for future study, which provides us
with important information to characterize these fragmen-
tation processes.

5 Conclusion

The optical absorption spectrum of Agj was obtained in
the photon-energy range of 2.0-5.2 eV. The spectrum con-
sists of three major peaks at about 3.1, 4.0, and 4.3 €V,
with narrow line widths of less than 0.1 eV. This indicates
a molecular nature of the present cluster ion at a low tem-
perature. The excited states were assigned in reference to
those reported for Na] . The fragmentation pathways ex-
hibited marked dependence on the excited states. They
were assigned by the consideration of energetics. Particu-
larly, the present photofragmentation was found to proceed
in a nonstatistical manner. These processes were further
characterized by the measurement of translational kinetic
energies released. Average translational kinetic energies
were found to range from 0.06 to 0.51 €V, depending on the
excitation-photon energy and the fragmentation channel.
These energies are less than 20% of the excess energy. This
indicates that photofragments are highly excited in inter-
nal modes. The bimodal behavior observed in the kinetic
energies of fragment silver atoms is probably originates
from the nonequivalent atomic sites in the parent cluster
ion. The present results are expected to motivate theor-
etical studies and time-resolved experiments by ultrashort
laser spectroscopy to further clarify details of the dynamics
in the excited states.

The present study was supported by the Genesis Research In-
stitute, Inc.
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Note added in proof

Recently Bonaci¢-Koutecky et al. reported theoretical cal-
culations of optical absorption spectra of small silver clus-
ters and their ions [24]. The result for the most stable
tetramer ion with Do}, symmetry reproduces our present
spectrum very well. Thus its geometric structure was de-
termined to be rhombic and the observed excited electronic
states were assigned.



