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’ INTRODUCTION

One of the most fascinating aspects in small alkali and noble
metal clusters is the evolution of electronic and structural
properties, such as the transition from discrete, molecular toward
collective, metallic characteristics as a function of particle size.1

Silver clusters are of special interest for a number of reasons. Due
to the single s1 valence electron, individual Ag atoms in many cases
can be treated in close analogy to alkali atoms. Therefore, it
is possible to explain a variety of physical properties of silver
clusters by comparatively simple theoretical approaches. Promi-
nent examples include the particle abundance distribution and
the size dependence of ionization potentials and electron affi-
nities, see ref 2 for details.

It is well-known that electronic and optical properties of small
aggregates strongly depend on the structure of the cluster.3 The
particle charge state often modifies not only its physical and
chemical properties but also its geometry. Hence, it is of significant
interest to perform measurements both on the neutral and
charged species. In general, the need for mass-selection due to
the broad neutral size distribution usually delivered by cluster
sources, in combination with the short lifetime of intermediate
states in metallic systems, render such experiments difficult.
However, in Agn, a number of optical transitions with an excited
state lifetime in the nanosecond range have been identified.
Thesemake laser-induced fluorescence (LIF)4 and resonant two-
photon ionization (R2PI) measurements with nanosecond laser
pulses5,6 feasible. In attempting to study not only mass-selected
species but also clusters of a given geometry, preselection of the
energetically lowest lying isomer in a molecular beam is essential.
This goal can be approached for clusters at particularly low
temperatures. An effective way of cooling hot metal clusters is
embedding them into cold and inert rare gas matrices. Accord-
ingly, metal clusters in rare gas matrices and, even better defined,

in rare gas droplets, have developed into an intensely investigated
model system.5,7�9 Employing large rare gas clusters, very low
temperatures of the metal clusters can be achieved; for example,
temperatures as low as 0.37 K can be provided in helium
nanodroplets,10 but also, for other rare gases, temperatures of
only a few Kelvin have been reported.11,13,14

To gain an independent control both on the mean droplet size
as well as the metal cluster formation process, the pick-up technique
can be applied, first demonstrated by the groups of Scoles15 and
Toennies.16 This experimental approach provides a soft matrix
for embedded species, minimizing inhomogeneous line broad-
ening. Recently, clusters with up to 1500 atoms17 and even proteins18

have been successfully loaded into large helium nanodroplets
using this method. Because pulsed laser systems are frequently
used for excitation and ionization, there is a strong need for a high
target density in the interaction region where the laser pulse
crosses the molecular beam. Vilesov and co-workers have shown
that amodified source based on themodel 99 fromGeneral Valve
can be used to generate a pulse of cold nanodroplets of helium
doped with phthalocyanine.19 Simultaneously, the flux has been
increased by a factor of up to 100 compared to continuously
working helium droplet sources.20 In this contribution we focus
on the pick-up of silver atoms to form clusters using a pulsed jet
expansion of argon with a valve opening time of only 20 μs, thus,
minimizing the gas load substantially. We report on the genera-
tion and mass spectrometric detection of cold medium-sized
silver clusters embedded in argon rare gas droplets.

The effect of temperature and solvent interaction on the
cluster is of considerable interest on its own.21 It is, thus,
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ABSTRACT: Argon gas at a high pressure (∼80 bar) has been expanded using a
miniaturized pulsed valve at room temperature, producing a supersonic beam of cold,
large argon droplets. Atoms of silver are subsequently embedded into the droplet
using the pick-up technique. The resulting AgnArdroplet distribution was analyzed
using multiphoton laser ionization time-of-flight mass spectrometry. Besides bare
metal clusters, snowballs of silver monomers and dimers encapsulated in up to 50
argon atoms have been observed. The influence of the solvent on the optical
absorption of the solute was studied for embedded Ag8 using resonant two-photon
ionization in the ultraviolet. A redshift and broadening of the Ag8Ardroplet optical
spectrum compared to that measured in pure [Federmann et al., Eur. Phys. J. D 1999,
9, 11] and Ar-doped helium droplets [Diederich et al., J. Chem. Phys. 2002, 116,
3263] was observed, which is attributed to the interaction with the larger Ar matrix
environment.
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worthwhile to investigate the optical absorption of silver clusters
embedded in different rare gas droplets. In this work we demon-
strate an application of our cold source of argon droplets in a
proof-of-principle experiment by measuring the optical response
of embedded Ag8 in a resonant two-photon ionization scheme.
We compare the results to previous studies on Ag8 in pure and
argon-doped helium droplets as well as pure argon droplets.

’EXPERIMENTAL SECTION

Argon droplets are produced in a high-pressure supersonic jet
expansion of high purity Ar gas (99.9999%) through a miniatur-
ized pulsed valve (Even-Lavie setup)11 at room temperature and
typical stagnation pressures of P0 = 80 bar. This high-pressure
expansion facilitates very low temperatures in the expanding
jet,22,23 while the short opening time of 20μs reduces the gas load
considerably compared to other systems (e.g., General Valve,
model 99). It permits operation of the cluster source with a single
pumping stage of ∼900 ls�1, with 1012�1014 atoms per pulse
depending on the backing pressure.24 Argon droplets of a mean
size of 2 � 104 are produced. The mean cluster size has been
estimated using well-known scaling laws where the average
cluster size is supposed to only depend on expansion conditions,
that is, source pressure, source temperature, and nozzle shape
and dimensions.12 The expanding jet is collimated by a skimmer
and traverses a 5 cm long region of increased silver vapor pressure
(10�5�10�4 mbar), resulting from a resistively heated oven
operated at approximately 1100 K where the pick-up process
takes place. Subsequently, a few centimeters downstream of the
oven, the neutral clusters are ionized by nanosecond pulses from
aNd:YAGpumpeddye laser system(QuantaRay, LAS) operated at
20 Hz repetition rate. The resulting ions are accelerated perpen-
dicular to the molecular beam axis; their size distribution is

recorded using a linear time-of-flight mass spectrometer (TOF-
MS), as shown in Figure 1. The extraction unit consists of a two-
stage Wiley�McLaren type acceleration with a constant voltage
of 3000 V applied to the back plate. Employing multiphoton
ionization of the silver cluster-doped argon droplets, mass
spectra could be recorded with this setup. Using a confined laser
focus, the start volume in the TOF-MS is well-defined, permit-
ting a mass resolution of about 150.

’RESULTS AND DISCUSSION

Silver�Argon Complex Formation. To characterize the
neutral mass distribution, electron impact ionization (EII) or
laser ionization can be applied. In EII the droplet is first charged
and the embedded complex is subsequently ionized via charge
transfer, releasing a high amount of excess energy (see, e.g., ref
25). With ultraviolet laser excitation, the photon energy is
directly deposited into the dopant and the experimental mass
spectra should give a more realistic image of the beam composi-
tion compared to EII. Thus, for a first characterization of the
mass distribution of the neutral complexes formed in the pick-up
process, multiphoton ionization was applied using laser pulses at
a wavelength of 313.5 nm. Depending on the target density in the
pick-up region, the ion mass spectra show contributions from
different species. For example, at high vapor pressures, clusters
with up to 10 silver atoms are detected, indicating metal cluster
growth. The size distribution (not shown) exhibits the typical
odd�even alternation, see ref 2 for other examples. The bare
metal clusters have been formed with sufficient internal energy to
evaporate all argon atoms. The lack of Ag4

+ and Ag6
+, as well as the

pronounced peak intensities of Ag2
+ and Ag7

+, resemble the laser
ionization spectrum of Federmann et al.,5 obtained using helium
as the droplet environment. In addition, AgnArm (n = 1�3) ion

Figure 1. Schematic diagram of the molecular beam apparatus used to generate silver-doped argon droplets. The droplets are formed in a high-pressure
supersonic jet expansion of room temperature Ar from a pulsed nozzle backed at 80 bar. Silver atoms are loaded into the droplets via a 5 cm long pick-up
stage where they coalesce to form Agn clusters. Upon multiphoton ionization using a pulsed nanosecond ultraviolet laser the cluster ions are accelerated
into a Wiley�McLaren time-of-flight mass spectrometer.
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snowball complexes are present. At lower metal vapor pressures,
the Agn

+ distribution shifts to smaller sizes, as expected; accord-
ingly, the intensity of the clusters containing only one or two
silver atoms, Ag+Arm and Ag2

+Arm, respectively, increases. A
typical mass spectrum of Ag+Arm snowballs is shown in Figure 2.
The AgArm ion distribution extends up to about m = 50. For Ag
dimer and trimer snowballs, the size distribution narrows. In
addition, the mass spectrum also hints at the smallest numbermc

of Ar atoms attached to Ag+ (mc > 10), which also appears to shift
to larger values, for example, <20 for Ag2

+Arm, reflecting the
complex formation when using the pick-up technique. However,
at present, no detailed studies have been performed to further
quantify mc for the various ionic cores.
Due to the interaction with the laser light, the cluster size

distribution is modified; excess energy from the ionization
process is released into the cluster, heating the complex, which
eventually may result in fragmentation. Hence, the observed
abundance spectrum does not provide a one�to�one map of
the original size distribution. In this experiment the neutral
cluster formation originates from a two-step process: With
respect to the stagnation conditions, a beam of argon droplets
having a log-normal size distribution is generated, with transla-
tional temperatures as low as 1 K.11 A collision between an Ar
droplet and a silver atom may lead to the capture of the metal
atom. Species picked up in this way are thermalized through
collisions with the argon environment, which is acting as a heat
sink. Excess energy, resulting from metal cluster formation, is
dissipated into the rare gas droplet, leading to the evaporation of
argon atoms. Approximately 100 atoms are evaporated per eV of
released binding energy. Compared to similar experiments in
helium droplets,10 these complexes will have temperatures above
those of the initial rare gas droplets. As a rough estimate, the Ar2
dimer binding energy of 3meV26 could be taken as a reference for
the temperature of the system. At higher oven temperatures
successive pick-up events become possible, with the metal atoms
coagulating to clusters. Their size distribution strongly depends
on both the stagnation pressure and the vapor pressure in the

oven. Due to the two-step cluster formation process, the pick-up
technique permits fine-tuning of both the complex size and the
composition.
Optical Properties. The formation of metal clusters in the

pick-up process allows to conduct additional experiments to
study the optical properties of the AgnArdroplet system. As a first
case study, Ag3 was chosen, which is known to have an excited
state suitable for selective nanosecond resonant two-photon
ionization.27 Indeed, conducting such an experiment, Ag3 shows
up in the mass spectrum with a high yield when laser photons of
340 nm are fed into the interaction volume to excite the beam
(not shown here). Signals from the silver monomer and the dimer
are also present. However, these are known to mostly result from
trimer fragmentation.5 We note that some larger clusters also
show evidence for long living states, that is, Ag4

28 and Ag9.
29

To enable the comparison with former work,4,5,9,21 we have
also investigated the silver octamer, which can be grown at higher
vapor pressures. Figure 3 proves that Ag8 embedded in Ar
droplets can be resonantly excited around 314 nm. Due to the
limited dye laser range, spectra were only recorded down to
309 nm.Within a spectral range of more than 10 nm an enhanced
yield of selectively ionized Ag8 can be detected. Taking into
account a possible matrix shift, the feature can be identified by
comparing to results from quantum chemical calculations.30,31

These have identified the corresponding multielectron reso-
nances and a structure with Td symmetry was suggested to be
the ground state geometry, see, for example, ref 30. We compare
our measurements (circles) to experiments where the octamer
is embedded in pure5 (black dotted line) and Ar-doped helium
nanodroplets21 (green dashed-dotted line). In the He droplet
studies, the line width of the resonance is only about 56 meV.5

This value was found to be substantially lower than the value
obtained from the measurements on hot sputtered Ag cluster
ions.32 In argon droplets we estimate a value of about 100 meV.
In addition, a spectral redshift of the resonance compared to the
helium result is obtained, which results from the interaction with
the solvent.33 However, by comparing this study to ref 21, there is
evidence that the shift is influenced by the size of the Ar matrix,

Figure 2. Mass spectrum of silver�argon cluster cations where the
source conditions were tuned to generate mostly AgArm

+ . In addition,
argon-coated silver dimers, Ag2Arm

+ (circles) are present, too. For
convenience, the position of some AgArm

+ are indicated to visualize the
shift in the yields from AgArm

+ (squares) to Ag2Arm
+ at around 1.600 amu.

Figure 3. Optical spectra of Ag8 in argon droplets (black circles)
obtained after single pulse resonant two-photon ionization, compared
to previous work (black dotted line: Ag8 in Hedroplets

21; green dashed-
dotted line Ag8 in Ar46Hedroplets

21; blue dashed line: Ag8 in Ar matrix
(excitation spectrum)4; red dashed-dotted-dotted line: Ag8 in Ar matrix
(fluorescence spectrum)4).
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which is substantially larger in the pure argon droplet experiment.
With respect to the excitation spectrum of ref 4 (blue dashed line),
both the position as well as the line width agree well with the
excitation spectra obtained for the argon matrix isolated octamer.
Comparison with the matrix absorption spectrum of Ag8 in
solid Ar34 reveals the likely existence of additional, short-lived
multielectron states, which cannot be identified by LIF and nano-
second R2PI, leaving room for future work utilizing ultrashort
excitation schemes.

’CONCLUSION

A pulsed supersonic beam of cold neutral Ag clusters has been
produced using pick-up of silver atoms by an argon droplet beam
generated in a high pressure jet expansion using the Even-Lavie
valve. The advantage of this particular technique is that the target
composition, that is, the size of the droplets and of the embedded
metal clusters can be adjusted independently by varying the rare
gas backing pressure and the metal partial pressure in the pick-up
cell. The method can be extended to other rare gases and even
molecular species and allows for experiments on nanosolvents
directly in the gas phase.35,36 As other possible applications,
metal cluster soft-landing and cluster-surface scattering experi-
ments are conceivable. Resonant two-photon ionization on the
embedded complexes has proven that optical properties of
embedded metal clusters can be probed. The optical spectra of
Ag8 show a good agreement with other work on the same system
but different matrix composition. In future experiments, the
influence of a finite environment could thus be studied aiming
to access the local influence of the solvent on the electronic
properties of the solute.
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