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Photoelectron Imaging Spectroscopy of Small Clusters: Evidence for Non-Boltzmannian
Kinetic-Energy Distribution in Thermionic Emission
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The competition between thermionic emission and direct photoelectron emission has been measured
in small tungsten clusters using photoelectron imaging spectroscopy. The kinetic energy distribution
of electrons corresponding to thermionic emission is found to vary @3 « €'/2exp(—e/kT), in
agreement with theoretical predictions, and does not follow the bulklike fungtiep o e exp(—e/kT)
or the simple exponentially decreasing Boltzmann funcfida) « exp(—e/kT), as usually assumed in
photoelectron spectroscopy of clusters. Moreover, the angular distribution of direct photoelectrons is
observed and the evolution as a function of the size is discussed. [S0031-9007(98)07082-3]

PACS numbers: 36.40.—c, 33.60.Cv

The optical excitation of a molecule, cluster, or solid emission (TE) [13] while in bulk matter this results in
by absorption of one or several photons results in a decapelastic photoelectron scattering [14]. In bulk matter, TE
process that follows different channels (emission of atomg¢orresponds to the ejection of electrons from a surface
molecule, electron, photon...) according to the size okt temperaturel’ with a kinetic energy distribution de-
the particle and its internal energy. When the excess erscribed by
ergy is sufficient to remove an electron or atom from the
system, the emission of a photon is usually negligible. In ple) = e exp(—e/kT). (1)
negative clusters of refractory elements such as tungstemherek is the Boltzmann constant. Indirect decay chan-
[1—6], niobium [7], or fullerenes [8—12], the energy re- nels in clusters are comparable, and electron-vibration
quired to remove an electron is significantly lower thancouplings result in a thermalization process which leads to
the energy required to remove an atom. For example, ia high internal temperature owing to the limited humber
small negative tungsten clusters,Wn < 15) the elec- of vibrational degrees of freedom. However, the bulklike
tron affinity (EA) is less than 2 eV [4] while the bulk heat function [Eq. (1)] is not relevant to finite size systems.
of vaporization is abou8.9 eV/atom. In this paper, we The detailed theoretical aspects of TE of clusters has
focus on the case where the absorption of a single photdpeen extensively studied by Klots and co-workers [15,16].
of energyhv is sufficient to remove an electron from a fi- These studies show that the kinetic energy distribution
nite size negatively charged systelm; > EA. As model p(e) of thermal electrons in the limit of small size par-
systems, we study the photodetachment gf \lusters ticles is dominated by a term proportional to éxe/kT)

(n < 12) by single-photon excitation. Neutral [1—3] and for neutral or positively charged systems while it is domi-
negative tungsten clusters [4—6] have already been exated by a term proportional the!/2 exp(—e/kT)] for
tensively studied and the kinetic-energy distribution ofnegative species. We present here the first experimental
photoelectrons has been measured [4,5]. However, ouesults obtained in the photodetachment of small negative
specific experimental setup allows us to study the photoelusters which exhibit without ambiguity a behavior de-
electron spectrum near threshold which is extremely difparting significantly from Eq. (1).

ferent in a finite size system as compared to the bulk Standard photoelectron spectroscopy techniques such as
matter. These clusters, excited above the detachmetite magnetic bottle spectrometer [17] are not appropriate
threshold and below the dissociation threshold, may defor studying the kinetic energy distribution of low energy
cay only by electronic emission. The excited state carmphotoelectrons below 0.2 eV. In order to observe slow
lead directly to the emission of a photoelectron. Thiselectrons, we use a recent evolution of the photoelectron
corresponds to direct photoemission (DPE): The eximaging spectroscopy [18-20]: velocity map imaging
cess energy is converted to photoelectron kinetic energj21,22]. Our experimental setup, described in detall
e = hv — E; (Ey energy of the final state of the target). elsewhere [23], is briefly as follows. The negatively
The corresponding kinetic energy photoelectron spectruroharged clusters are produced in a laser vaporization
mirrors the target excited state spectrum. Before decayource seeded with helium which cools the clusters below
the excited electron may also transfer part of its energy t800 K. The anions are extracted from the cluster beam in
the nuclei. In a cluster, owing to the combination of a lim-the extraction region of a Wiley-McLaren time-of-flight
ited number of degrees of freedom and of a large densitypnass spectrometer (TOFMS) by a pulsed electric field.
of states, this kind of indirect process leads to thermionicThe photoelectron imaging spectrometer is located at the
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end of the TOFMS drift tube and the excitation of a givencentral isotropic thermal distribution is surrounded by
cluster size is ensured by a proper delay between thanisotropic (more intense along the laser polarization
pulsed extraction and firing of the photodetachment laseaxis) and sharper features which correspond to DPE from
(XeCl excimer laser) = 308 nm). A static electric field d-orbitals. According to Ref. [15], the kinetic energy
is applied in the photoelectron spectrometer to project thdistribution of TE of a cluster ofv atoms of radiusRy
photoelectrons onto a position sensitive detector. ThigRy = r,N'/> with r, the Wigner-Seitz radius) may be
results in an image which is the superposition of circularexpressed as
rings of radius proportional to the initial velocity with a )
filling pattern that reveals the original angular distribution ple) = {1 — exd—BLuy(€)/kT ] exp—e/kT). (2)
with respect to the laser polarization. After inversionwith 7 the internal temperature of the system defined
[20], the image gives the initial energetic and angularmy (the initial temperature of the clustefy < 300K, is
distribution of the photoelectrons. Velocity map imaging neglected)
allows mapping of all electrons with the same initial "
velocity, irrespective of their initial position, and allows T (3)
us to work with a relatively large cluster beam/laser (BN — 6)k
interaction zone (5 mm diameter) without degrading theThe maximum value of the angular momentiigy, of the
image resolution. outgoing electron may be written, for a negatively charged
Figure 1 presents a typical photoelectron image gf W system (only polarization long-range potential), as
at A = 308 nm. Two specific advantages of imaging are ’
clearly visible on this figure. First, as opposed to other 12 (e) = (—'Z)[(zae%)lﬁ + €Ry +...], (4a)
photoelectron spectroscopy techniques, the efficiency of h
the imaging spectrometer is independent of the kineti@nd, for a neutral or positively charged system (Coulomb
energy of the photoelectron. This allows us to detectong-range potential), as
the broad slow thermal electron distribution visible in the 2
center of the image. Second, this method is sensitive L2 (€) = (—’;)[ezRN + €Ry +...]1, (4b)
to the angular distribution. In DPE, the photoelectron h
angular distribution is usually anisotropic and dependdVith © ande, respectively, the mass and charge of the
on the angular couplings in the initial and final stateselectron, anda the static polarizability of the cluster.
of the target. However, in TE, the initial orientation Because of the low mass of the electron, Eq. (2) can be
is lost during the internal energy redistribution processrewritten as
and the thermal electron emission is isotropic. This 2 _
last feature is clearly visible in the image. The broad pl€) = Lina€) eXp(—e/kT), ®)
The most important difference between detachment and
ionization arises from Eq. (4) sincémax [@and, conse-
quently, p(e)] vanishes fore = 0 in photodetachment
while it remains finite in ionization. In the case of
small size particles(Ry — 0) the difference between
Egs. (1), (4a), and (4b) is dramatic. The dominant
contribution to p(e) in the limit (Ry — 0) is propor-
tional to [e!/2exp(—e/kT)] in photodetachment and to
exp(—e/kT) in photoionization. For a given temperature
T, the maximum of p(e) is found at ey = %kT in
photodetachment of a small negative cluster while) is
maximum atey = kT in bulk matter. Photoelectron spec-
tra are displayed in Fig. 2 for YWclusters withn = 4-11
(bold line). Distributions calculated in the bulklike limit
[dashed line—Eq. (1)] and according to Klots’ formula
[thin solid line—Egs. (2) and (4a)] are compared with
experimental results. In the low energy range (typically
below 0.5 eV), the Klots’ formula is in excellent agree-
ment with the experiment, while the bulk formula predicts
i ) a distribution slightly shifted towards higher energy.
FIG. 1. Typical photoelectron image of Wat A = 308 nm._  The agreement is particularly spectacular for larger sizes

Laser polarization is oriented along the vertical axis. The, "~ . . 4
isotropic slow thermal electron distribution is visible in the (n = 8-11). The microcanonical temperatufedefined

center of the image. It is surrounded by anisotropic and sharpdf EQ. (3) has been used as an approximation of the iso-
features corresponding to direct photoemission. kinetic temperature [15]. This does not make any
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FIG. 3. Branching ratigoprg = Itg/liora1 @and asymmetry pa-
Kinetic Energy (V) rameter 8 of the most intense band observed in DPE as a
function of cluster size. In the range ef= 4-11, both de-
cay processes are of comparable magnitddes =~ 0.5). The
DPE of small systems is strongly anisotropic and aligned along

FIG. 2. Photoelectron kinetic energy spectrum obtained afte
image inversion for W clusters withn = 4—11 (thick solid
line). The contribution of TE [Egs. (2)—(4)] is plotted in the o0 . : -
thin solid line. The dashed line corresponds to the bulk limit atth€ |aser polarization axigs ~ 1). It becomes more isotropic
the same temperatufe[Eq. (1)]. Below 0.5 eV, the agreement &S the size of the system increaggs— 0).
between experiment and Klots's formula is remarkable. The
remaining part of the spectrum is the contribution of direct
photoemission. probability for the excited electron to leave the cluster
with or without interaction with the nuclear motion is
comparable at an excess energy close to 2 eV (typical
significant difference in the present case. We use thealue of hv — EA in the case discussed here). Just
simplest expression for the static polarizability= R;.  above threshold, the dominant decay process is TE while
The remaining part of the spectrum is the contributionDPE becomes comparable only well above threshold.
from DPE which corresponds essentially to the buildingOn the other hand, in large systems, even though the
up of the d—valence band of tungsten. In Refs. [4,5], internal temperature corresponding to the absorption of
part of the broad difference between the total spectruna single photon is lower, the ratj@rg remains about the
and the TE was attributed to inelastic electron scatteringsame, indicating that the increasing number of vibrational
This interpretation was based on the wrong argumentlegrees of freedom is accompanied by an increase of the
that p(e) o« exp(—e/kT) was valid for negative clusters. electron-phonon coupling.
The correct expression derived from [15] is in excellent In Fig. 3 we have also plotted the asymmetry parameter
agreement with our experimental results, and theoreticg8 of the most intense band observed in DPE for each
predictions avoid the need to invoke an additional decaygluster size. The general trend in the evolution of this
process. Our experiments have been conducted undparameter is a monotonic decrease with The DPE of
low laser fluence in order to avoid multiphoton processessmall systems is strongly anisotropic and aligned along
More precisely, photoelectron spectra are recorded in théhe laser polarization axi¢g = 1). It becomes more
linear regime, where the shape of the whole spectrunsotropic as the size of the system increaggs— 0).
does not depend on the laser fluence. In every case, th@is probably indicates the loss of coherence induced
temperaturd’ corresponding to the absorption of a singleby electron-electron collisions occurring in large systems

photon reproduces the observed distribution. prior to electron-phonon coupling.
The branching ratios between TE and DPE may be In the present experiment, the residence time of the
extracted from the experimental data. The radigs =  clusters in the interaction zone is in the rarijé-1 us

Ite/liowa1 is plotted in Fig. 3. In the range = 4-11, so that only relatively fast processes are visible. Although
both decay processes are of comparable magnitudemt measurable in velocity map imaging, previous obser-
(pte = 0.5) which is rather surprising since, at both vations in standard imaging allow us to give an upper
limits (atom and bulk), this quantity vanishes: DPE bound for the lifetime of the excited cluster with respect
dominates in atoms and dimers, and the temperafure to TE. In every situation presented here, this lifetime
goes to zero whem increases. This means that theis shorter than 100 ns. This time scale for thermionic
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