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Abstract

We present the electron energy loss spectra for Ar clusters as a function of incident electron
energy and of cluster size. In spectra measured with 100 eV incident electron energy the bulk
excitation peak becomes visible for a mean cluster size above 170 atoms per cluster. For 250 eV
incident electron energy the bulk excitation peak is clearly observable even for a mean cluster
size of 120 atoms per cluster. These experimental results are qualitatively reproduced by a
simple calculation that accounts for the mean free path of electrons in Ar clusters; i.e., the
penetration depth of incident electrons into the cluster.



1. Introduction

The physics of clusters has attracted significant interest because they not only bridge the gap
between atoms and solids, but they have specific physical properties. One unique aspect of
clusters is the large surface-to-volume ratio, which allows for sensitive measurements of surface
processes. In addition, clusters traveling through a vacuum have very clean surfaces, which is
not the case for a solid substrate surface; this is especially true for condensed solids such as rare
gas solids. This property is important because it is known that small amounts of impurities may
affect dynamic processes on the surface [1].

Many interesting properties of the electronic excitation processes for rare gas clusters have
been revealed by numerous studies that employed synchrotron radiation. The electronic
structure of rare gas clusters has been compared with that of atoms and solids and shown to vary
with cluster size [2, 3]. These results show that bulk electronic properties emerge above about
100 atoms per cluster. In addition, clusters have a specific electronic state, the so-called “cluster
exciton,” which is observed if the cluster radius is comparable to the mean radius of the
electronically excited state [4]. The connection between the electronic and geometric structures
has been studied using a core-level spectroscopic technique [5, 6].

Although many studies have used synchrotron radiation to investigate electronic excitation
processes in rare gas clusters, few have performed electron-impact experiments [7, 8]. The
advantages of such experiments compared with the photoabsorption technique are as follows:
(1) they allow observations of optically forbidden transitions, and
(2) the electron penetration depth is easily changed by varying the incident electron energy,
making it possible to separately observe surface and bulk excitations.

The slightly lower resolution compared with the optical technique is not a large problem
because clusters usually exhibit rather broad spectral features.

In the present paper, we report the electron energy loss spectra for Ar clusters as a function
of incident electron energy and of cluster size. We show a stronger influence of the bulk
properties with increasing cluster size. Dependence of the electron energy loss spectra on the
incident electron energy is discussed in terms of the incident electron penetration depth.

2. Experimental set-up

Figure 1 shows a schematic diagram of the experimental setup, which consists of a cluster
beam source, a differential pumping system, and an electron energy spectrometer. A pulsed
cluster beam is generated by adiabatic expansion through a conical nozzle (inner diameter, 150
um; cone angle, 20 = 20°; length, 21 mm) attached to a pulse valve (General Valve Co.). The
relative position of the nozzle and skimmer, and their distance can be varied from outside the
vacuum chamber to achieve optimum conditions. Typical duration and frequency of the cluster
beam pulse are 10 ms and 2-4 Hz, respectively. The nozzle temperature can be varied between
-100 °C and room temperature. The average cluster size is controlled by changing the
stagnation pressure (2-5 atm) and nozzle temperature. The size distribution is determined by
measuring the kinetic energy of the ionized cluster beam [9].

A monoenergetic electron beam is generated using a simulated hemispherical energy
selector. [10] The electron beam is deflected by 90° by a set of parallel plates, and then merges
with the cluster beam. The length of the merging region is about 200 mm. After passing through
the merging region, the electrons are energy-analyzed and detected by a channel electron
multiplier. The overall energy resolution of our setup is 150-180 meV.

To obtain the energy loss spectrum for Ar clusters, we measured two spectra at the same
time: one measured during the period when the pulse valve is open, and the other with the valve
closed. The open-valve spectrum contains the true (i.e., cluster) signals and the background
signals. Only the background signals are accumulated in the closed-valve spectrum. The cluster
spectrum is then obtained by subtracting the closed-valve spectrum from the open-valve
spectrum. The intensity of the background signal is approximately 5-20% of the true signal. We
note that background signals due to unclustered monomers in the cluster beam cannot be
excluded using this method. The amount of unclustered monomer in the cluster beam is
experimentally estimated to be at most several percent, which is negligible in the case of the



present measurements.

3. Results and discussion

Figures 2 and 3 show electron energy loss spectra of Ar clusters for average cluster sizes
<N> ranging from 120 to 270 at incident electron energies Eo = 100 eV (Fig. 2) and 250 eV (Fig.
3). The spectrum of an Ar atom is also shown in Fig. 2. The observation angle is 0° with respect
to the direction of the incident electron beam. Vertical lines indicate the energy positions of the
surface and bulk excitons in solid Ar [11, 12]. The surface and bulk excitation peaks are clearly
observed in the spectra. The intensity of the bulk excitation peak at 12.1 eV increases with
cluster size <N> in both spectra. The longitudinal branch [11] of the bulk exciton at 12.5 eV is
also observed for <N> ~ 270 with Eq = 250 eV (Fig. 3).

These results show that bulk excitation can occur in clusters with diameters corresponding
to about 5 atoms, consistent with the results of Wormer et al [13]. The bulk excitation peak
becomes visible for cluster sizes <N> greater than 170 in the spectrum measured with Eq = 100
eV (Fig. 2), and the bulk excitation peak is clearly observable as a shoulder at 12.1 eV, even for
<N> ~ 120 in the spectrum with E, = 250 eV (Fig. 3). This finding can be understood from the
kinetic energy dependence of the mean free path A of the incident electrons in Ar clusters; i.e.,
the penetration depth of the incident electrons into the cluster. A similar idea has been
successfully applied to photoelectron spectroscopy for rare gas clusters [14]. The mean free path
A of incident electrons with energy Eq = 100 eV and E, = 250 eV is about 0.7 nm and 1.2 nm,
[11] respectively. As the nearest neighbor distance of solid Ar is 0.376 nm [11], the bulk
excitation is suppressed because of the smaller penetration depth for E; = 100 eV compared
with that for Ey = 250 eV. The details of this effect are discussed in the next section.

The peak at 13.2 eV is assigned to the 3p°4p-type surface exciton in solid Ar [15, 16], which is
an optically forbidden state but is known to be partially allowed due to the lower spatial symmetry of
the surface of clusters and solids. The intensity of this peak increases relative to that of the
3p°4s-type surface exciton at 11.8 eV with increasing cluster size, suggesting that the 13.2 eV
peak may originate from the bulk excitation. Hirayama and Arakawa [17] found that the
2p°3p-type surface exciton in solid Ne shows a bulk feature similar to the present results for Ar
clusters. They concluded that this type of exciton can be created at the surface and at lattice
defects in the bulk. This reasoning can also be applied to the present case.

Woérmer et al. reported the energy shift of the bulk and surface excitons in Ar clusters as a
function of cluster size [3]. The shift expected for the present results is about 10 meV, which is
not observed because of the insufficient resolution of our spectrometer.

4. Dependence of the surface and bulk excitation intensities on the incident electron energy

We now discuss the dependence of the surface and bulk excitation intensities on the incident
electron energy. The ratio of the number of surface atoms N; to the total number of atoms N in a
cluster is given by [2]
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where r and R are the radius of an atom and a cluster, respectively. This equation shows that
(Ng/N) N*? gives a constant value of 4 independent of cluster size.

Assuming that the intensity of surface excitation Is is proportional to the number of surface
atoms Ns and that the total intensity | = Is + Ig is proportional to the experimentally determined
cluster size <N>, we can write Eq. (2) as
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The peak intensities of the surface excitation Is and those of the bulk excitation Iz are obtained
by fitting the measured spectra to three Gaussian peaks, as shown in Fig. 4.

Figure 5 shows a plot of (I/1) <N>" versus <N>'3, The experimental results for E, = 100
eV (solid circles) and 250 eV (open circles) show a value around 4. The results also show that
these values increase with increasing cluster size <N>, and that the values for E; = 250 eV are
smaller than those for Eq = 100 eV. We attribute this finding to the fact that the mean free path A
of the incident electrons is smaller than the cluster diameter, and that A varies with the incident
electron energy. In other words, the number of bulk atoms Ng’ that can be excited by an incident
electron is smaller than the total number of bulk atoms Ng.

We calculated Ng’ using the following simple model. We use the fact that the nearest
neighbor distance in solid Ar is 0.376 nm, and that the mean free path of incident electrons with
Ep = 100 eV and Eo = 250 eV in solid Ar is about 0.7 nm and 1.2 nm, respectively. We assume
that only atoms in the second layer from the cluster surface can be excited by incident electrons
with Eo = 100 eV, and those in the second and third layers can be excited by incident electrons
with Eq = 250 eV. We calculated for closed-shell icosahedra and the results are shown in Fig. 5.
The number of atoms in each layer (nth shell) L(n) is calculated by [18]

L(n) =1 (forn=1) 4
=10n> -20n+12 (for n=2)

Although the model calculation qualitatively reproduce the trend in the experimental results; i.e.
<N>"® dependence and E, dependence, systematic differences between the calculation and
experimental data are found. This discrepancy suggests that the electron-impact excitation for
the cluster is more surface sensitive than expected from the simple geometrical consideration.
Further discussion along this line, however, is not possible because of luck of the detailed
information on the penetration depth (mean free path) of the electron in a cluster, the difference
of the electron-impact excitation cross sections between the atoms on the surface and bulk, etc.

5. Conclusion

We studied the electron energy loss spectra for rare gas clusters as a function of incident
electron energy and cluster size. These results clearly show the surface and bulk excitation
peaks. The appearance cluster size of the bulk excitation peak is found to be dependent on the
incident electron energy. This finding is explained in terms of the mean free path A of incident
electrons in Ar clusters. The experimental results are compared with a simple calculation taking
into account the mean free path of incident electrons in Ar clusters. The calculated results
qualitatively reproduce the experimental results. The present study demonstrates the usefulness
of electron energy loss spectroscopy in investigating electronic excitation processes in clusters.
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Figure Captions.
Fig. 1. Schematic view of the experimental set-up.

Fig. 2. Electron energy loss spectra for Ar clusters with <N> = 120, 170 and 270. The incident
electron energy is 100 eV and the observation angle is 0°. Vertical lines show the energy
position of surface and bulk excitons in solid Ar [10]. The spectrum of an Ar atom is also
shown.

Fig. 3. Electron energy loss spectra for Ar clusters with <N> = 120, 170 and 270. The incident
electron energy is 250 eV and the observation angle is 0°. Vertical lines show the energy
position of surface and bulk excitons in solid Ar [10].

Fig. 4. Electron energy loss spectrum of Ar clusters from 11 to 13 eV. Is and Ig are the
intensities of surface and bulk excitations, respectively. See text for details.

Fig. 5. Plot of (I/1) <N>"® vs. <N>'. Solid and open circles are experimental results for Eq =
100 eV and E, = 250 eV, respectively. Dotted and solid lines are calculated results for
closed-shell icosahedra taking into account the mean free path of incident electrons. See text for
details.
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