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Energy Dissipation in Small Clusters: Direct Photoemission, Dissociation,
and Thermionic Emission
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The competition between electron emission and unimolecular dissociation following the absorption
of a single photon is studied for small clusters of various elements. Electron emission results
from either direct photoemission, observed as a series of peaks in the spectrum, or thermionic
emission, giving rise to a continuous background. Depending on the energetics involved, thermionic
emission is in competition with evaporation of atoms. These results are compared to the
corresponding events observed for solids, where the dominant decay products are inelastically scattered
photoelectrons. [S0031-9007(96)01663-8]

PACS numbers: 36.40.—c, 33.60.Cv

The absorption of a photon of enerfgy by an atom in  fined internal energy=tphoton energy). The photoelec-
a cluster or a solid, in general, results in the creation ofron spectra (PES) exhibit a smooth emission signal with
an excited electronic state. This state can lead directlan intensity/, which increases exponentially towards low
to the emission of a photoelectron, whereby all thekinetic energyEy;,. This can be fitted by a Boltzmann
excess energy is carried away by the emitted electron [1function
Alternately, the excited electron may transfer part or all of
its energy through scattering processes to other electrons
or phonons [1]. With much smaller probability, the with a temperatur@ corresponding to the photon energy
excited state decays via the emission of a photon, atonk» divided by the number of internal degrees of freedom
or ion. For solids, the dominant process observed is thé3n — 6). This emission signal is assigned to TE, and the
emission of inelastically scattered electrons, together witltorresponding temperature of the photoexcited clusters is
the direct photoemission. The thermalization processhe photon energy divided by the number of vibrational
whereby energy is shared by many electrons or photonslegrees of freedom.
generally does not result in emission of any secondary Here we extend these studies to a broad range of clus-
particles. ters of different elements to systematically study the energy

In small clusters these series of events are quite differentlissipation. The spectra show contributions from three dif-
Just as in solids, the excited electronic state can decdgrent processes: direct emission features, the TE signal,
by the emission of a photoelectron. The other decaynd inelastic scattered electrons. At first glance, the fea-
channels, however, lead to different results. Because dbires in the photoemission spectra of clusters and solids
the finite size of the system, inelastic scattering processeme quite similar. Our analysis, however, shows that the
of the outgoing photoelectron are much less likely than inunderlying processes leading to the emission of these elec-
a solid. Thermalization, on the other hand, results in thdérons are quite different. Essentially, the background of
distribution of energy over a finite number of degrees ofinelastic scattered electrons dominating PES of solids is
freedom. The main difference to the solid, however, isreplaced by the TE signal for the smallest clusters. Addi-
that the total energy remains localized over a very limitedionally, clusters with a threshold energy for unimolecular
number of atoms, resulting in a considerable “temperaturetlissociation € dissociation energ¥,) smaller than the
of the cluster. The hot clusters are metastable with onlyhreshold for electron emissior[ electron affinity (EA)]
a limited possibility for energy release. Since the energyhow no TE signal. The energy dissipation depends cru-
remains localized, processes with a long time scale or smatiially on the balance betwedrty, and EA: For most ma-
probability may take place, such as evaporation of atomterials the spectra of the clusters either exhibit a TE signal
[2-7], thermionic emission (TE) of electrons [6—13], or, (W, Pd, Pt, ...) ordo notshow TE (Na, Ga, ...). For carbon
on a very long time scale, radiative cooling [14]. clusters the appearance of the TE signal is size dependent.

In a recent publication [15], we presented the first redn addition, we will show that chemisorption of a mole-
sults on the kinetic energy distribution of photoelectronscule “quenches” the TE signal, if the energy to remove the
emitted from size-selecte®, ~ clusters following single molecule from the cluster is smaller than EA, thus con-
photon absorption. These clusters have stored a well déirming our simple picture.
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The spectra are obtained using photoelectron spegitions from the electronic ground state of the anion into
troscopy of negatively charged clusters [16]. Thisvarious states of the neutral atom. All features marked in
technique allows mass separation of the clusters b¥lack correspond to direct photoemission. The widths re-
standard methods prior to the experiment. The enerflect the experimental resolution [16]. The spectra of the
gies involved refer to negatively charged clusters. Thelusters show evidence for three different contributions:
negatively charged clusters are produced using a laseirect photoemission (black), TE (hatched), and inelas-
vaporization source and are cooled down to approximatelyic scattered electrons (white). The graphical separation
room temperature in a seed gas (He). The anions atieto these three channels should be taken as a qualitative
accelerated in a pulsed electric field, and, depending osuggestion and is not based on an exact deconvolution.
the time of flight, the clusters separate into a chain oDirect emission gives rise to pronounced peaks at rela-
bunches of defined cluster size. The kinetic energy ofively high kinetic energies, which are assigned to photoe-
electrons detached from a selected bunch is measured imission fromd-derived orbitals. These will develop into
a “magnetic bottle” time-of-flight electron spectrometer.the d-density of states of the bulk valence band close to
The photon flux of the detachment laser is kept as lowthe Fermi energy [17]. The low energy range is domi-
as possible to ensure contributions from single photomated by the TE signal (hatched). Since the photon en-
events only. ergy is constant, the temperaturedecreases with cluster

Figure 1 shows photoelectron spectralgf~ clusters size corresponding to a steeper decrease of the exponen-
with n = 1,4,6, and9. The spectrum oV, exhibits a tial function fitted into each spectrum using the calculated
multitude of narrow features, which are assigned to trantemperature (Fig. 1). The agreement of the experimental
data with both the exponential functioaadthe observed
cluster size dependence strongly supports the assignment
to TE.

The spectrum oW, is composed of the exponential
TE signal (hatched) and the structured direct emission
signal (black). The spectra of the larg8f,  clusters
(Fig. 1c, d) cannot be completely reproduced by the sum
of the direct emission and the TE signal, but an additional
unstructured contribution appears (white). This contribu-
tion increases in intensity with increasing cluster size. We
tentatively assign it to inelastic scattered photoelectrons,
which finally will be the largest contribution to the photo-
electron spectrum of bulk materials [1].

Figure 2 displays examples of photoelectron spectra
of clusters showing a strong TE signéPts~, Pd™,
Cio ., Ciu, Pg7) as well as no TE signalNa;
Gay, G, G, P(CO) ). For most elements the
spectra show either a strong (e.g,, Ptor no (e.g., Gg")

TE signal for all clusters independent of their size. This
can be explained by the difference in threshold energies
necessary for electron emission and unimolecular disso-
ciation (Ep). The threshold for electron emission is the
ionization potential of the anion: the electron affinity EA.
The threshold for unimolecular dissociation is the min-
imum energy necessary for the lowest energy fragmen-
tation process of the type X = X,—,~ + X,. In
most cases the lowest energy fragmentation channel cor-
responds to the evaporation of single atdms= 1). The
time constants for both cooling mechanisms depend ex-
ponentially on the energy difference between the internal
energyE;,(=hv) and the thresholds EA anfi,. At a
given E;,, the process with the lower threshold will be

Intensity (arb.units)

\\

5 1 2 25 3 the faster one. EAY) and Ep(n) are size dependent and
Kinetic Energy (eV) in many cases not known. Howevefp(n) can be esti-
o o
FIG. 1. Photoelectron spectra of W, W,~, We~ and W~ mateo! from the heat of vaporizatiahH,,," of the bulk .
The photon energy i&» = 4.0 eV. For a discussion of the Mmaterials [18]. EA() corresponds roughly to the verti-
marked features, see text. cal detachment energies VDEBg(which can be extracted
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chemisorbed CO molecule from a ;&0)s~ cluster is
about 1 eV [22]. In contrast, th@Hvap0 for Ptis 5.85 eV
[18]. The EA of P$(CO)s~ is 2.4 eV, whereas the EA
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p- O Pt (CO)(.k) of Pt~ is 1.87 eV [23]. The spectrum of REO)s~
N } - e i [Fig. 2(k)] shows no TE signal in contrast to bare; Pt
[Fig. 2(e)]. The narrow peak in Fig. 2(k) corresponds
to the transition from the electronic ground state of
O O Pt(CO)g~ into the neutr_al eIectronjc gr_ound _state. The
Kinetic Energy (eV) smaller features are assigned to vibrational fine structure

[24]. The spectrum shows no unstructured emission
FIG. 2. Examples of photoelectron spectra of clusterssignal. We conclude that, in agreement with the model
with a strong TE signal [(@) Pt, (b) P&™, (6 Pt"],  proposed above, RCO)s~ “cools” by evaporation of a

with no TE signal [(f) Na~, (g) Ga~, (k) P{CO)s], i . i
and a size dependent TE signal [strong TE: (C)p-C g??r:r;ﬁ_oErbS?gnglo molecule explaining the disappearance

(d) C47; noTE: (h) C;,7, (i) Co7]. The photon energies .
are hv =40eV (P, Pdh~, Ga~, C,”), hv = 3.49 eV So far, we observe only for one element a size-dependent

(N&;7), andhv = 3.0 eV (P, P(CO)s]. existence of a TE signal. The small carbon clusters, which
form chain isomers [25], show no TE signal;[C Cy,

Figs. 2(h) and 2(i)]. The larger clusters have ring struc-
directly from the electron spectra [19]. The differencetures [25] and display a strong TE signal{C, Ci4 ",
between VDEs{) and EAf) corresponds to the one be- Figs. 2(c) and 2(d)]. The carbon ring isomers exhibit rela-
tween the vertical and the adiabatic ionization potential otively low VDEs (=2.5 eV), while the VDEs of the chain
a neutral molecule and is small, if the ground state geomésomers are considerably higher3.5 eV). The obser-
tries of the neutral and anion are similar. For comparisorvation of TE for G,~ clusters with lower VDESs supports
with AH,,,° we take the valu€VED), which is the av- our general picture. However, the dissociation energies
erage of the VDEs of the clusters with=3 — 15. In  of the G,” clusters withn = 5 — 10 are estimated to be
Fig. 3 each element studied corresponds to one data poilarger than 4.5 eV [26] and, accordingly, TE is expected
with a certairVDE) andAHy,,°. The straight line serves to appear in all these spectra. Possible explanations for
as a guide to the eye separating the elements showing tiois discrepancy are an overestimation of the cluster bind-
(open circles) and strong TE signals (filled circles). Thising energies [26] or possible additional effects, which have
strong correlation supports the model of competing coolbeen neglected so far. E.g., the appearance of the TE signal
ing channels. requires the existence of a fast thermalization mechanism

In order to support this simple model we comparewith a probability comparable to the one of direct photo-
the bare Rt cluster with its CO saturated counterpart emission. If the fast thermalization is hampered by, e.g.,
P&(CO)s~. The energy necessary to desorb a singlesymmetry restrictions, the TE signal might be very weak.
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