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Abstract 

Photoelectron spectra of small mass-separated W n clusters cooled in a seeding gas are recorded with a low laser flux that 
ensures single-photon events. The spectra exhibit (i) sharp features due to direct photoemission and (ii) a broad emission 
signal whose intensity decreases with increasing kinetic energy. The latter is caused by delayed electron emission, a process 
similar to bulk 'thermionic emission'. The kinetic energy distribution of these electrons can be approximated by a 
Boltzmann function with a temperature corresponding to the photon energy divided by the number of vibrational degrees of 
freedom of the cluster. 

I. Introduction 

Thermionic emission of electrons from hot metal 
surfaces is a well-studied phenomenon in solid state 
physics [1], and the distribution of the kinetic ener- 
gies Eki . of the electrons emitted from a surface can 
be described approximately by a Boltzmann distribu- 
tion exp(--Ekin/kBT) [2], with T denoting the tem- 
perature of the solid. Delayed ionization following 
multiphoton absorption in strong laser beams has 
been observed in atoms [3], molecules [4-6] and 
small metal clusters [5,7-9], and can be attributed to 
electronic or vibronic autoionization (autodetach- 
ment in the case of negative ions) or to thermionic 
emission. In an autoionization process discrete elec- 
tronic and vibronic levels are populated to store the 
energy of the absorbed photon(s) and, following 
some decay mechanism, an electron with a defined 

kinetic energy is emitted. In contrast, electrons re- 
suiting from thermionic emission exhibit a quasi- 
continuous energy distribution. For neutral refractory 
metal clusters (e.g., W, Nb and Ta) this process has 
been studied in detail by measuring the time con- 
stants of the delayed ionization following multipho- 
ton excitation [7-9]. Delayed electron emission has 
also been found for W~- cluster anions excited by 
multiphoton absorption [10]. Similar experiments 
have focused on the mechanism of delayed emission 
of C60 and C6o [11-16]. We examine here the 
transition from a non-thermal energy spectrum, char- 
acteristic of molecules, to a spectrum characteristic 
of thermionic emission. 

Most of the above experiments [7-16] exhibit 
broad but discrete distributions of the internal ener- 
gies of the 'superheated' clusters, since the number 
of absorbed photons in multiphoton processes is not 
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exactly defined (Poisson distribution). Accordingly, 
the time dependence of the electron emission is a 
superposition of several exponential functions. Fur- 
thermore, most experiments study only the time de- 
pendence, which alone does not suffice to distinguish 
between electronic autoionization and thermionic 
emission, for example, since both processes lead to 
an exponential decay. More information is available 
from a measurement of the kinetic energy distribu- 
tions, but we are aware of only one experiment in 
which the kinetic energy of the emitted electrons has 
been determined [16]. However, in this experiment 
multiphoton excitation was used to generate the 'su- 
perheated' clusters. 

We study here the kinetic energy distributions of 
the electrons emitted from clusters with a well-de- 
fined size and internal energy [17]. Negatively 
charged clusters are prepared near room temperature 
and are mass-separated. The absorption of a single 
photon with an energy h v larger than the electron 
affinity results either in direct photoemission accord- 
ing to 

M~ + h u ~ M ~ + e  , 

~ M *  + e - ,  

--) . . . .  (1) 

or in a fast thermalization of the energy and a 
subsequent delayed emission according to 

M ~  + h u ~ ( M , * ) E ,  

(M,~)E2 + e . (2) 

In both processes the initial state is the electronic 
ground state of the cluster anion M~. In process (1) 
the final states are the electronic ground and excited 
states of the neutral cluster M, ,  M~. The spectrum 
of the kinetic energies of the emitted electrons ex- 
hibits distinct features corresponding to allowed tran- 
sitions. In process (2) the absorption of the photon 
results in a 'hot '  (internal energy E 1) cluster anion, 
which subsequently cools by electron emission re- 
sulting in a neutral cluster with lower internal energy 
E 2. The spectrum of the kinetic energies of the 
electrons is a smooth exponential distribution corre- 
sponding to a 'temperature' T = E l / k B ( 3 n  - 6) (k B 
= Boltzmann constant, n = number of atoms). All 
the 'superheated' clusters M~* so prepared have 
approximately the same internal energy, which is 

similar to the energy of the absorbed photon. As long 
as the photon energy is much larger, the initial 
thermal energy can be neglected. 

The recorded photoelectron spectra exhibit rela- 
tively sharp peaks assigned to direct photoemission 
and a smooth emission signal that increases mono- 
tonically with decreasing kinetic energy. The kinetic 
energy distributions of these 'thermionic' electrons 
are fitted by a Boltzmann distribution. In addition, 
the vertical detachment energy ( =  electron affinity) 
is extracted from the spectra and compared to the 
estimated energy necessary to evaporate a neutral 
atom from the 'superheated' cluster anion, because 
vaporization may be a competing cooling mecha- 
nism. 

2. Experimental apparatus 

The experimental apparatus is described in detail 
elsewhere [17]. The cluster anions are produced di- 
rectly by a laser vaporization source, where the 
internal vibrational temperature of the anions de- 
pends on various parameters of the source (seeding 
gas pressure, vaporization laser power, length and 
diameter of the extender, shape of the nozzle). The 
vibrational temperature of certain dimer anions can 
be determined from vibrationally resolved photoelec- 
tron spectra [5] and a vibrational temperature of 
about 200 K has been achieved under optimum 
cooling conditions. 

After passing the skimmer, the negatively charged 
clusters are accelerated in a pulsed electric field. 
Depending on their times-of-flight the clusters sepa- 
rate into a chain of bunches with defined cluster 
sizes. The anion beam is directed into the source 
region of a 'magnetic bottle' time-of-flight electron 
spectrometer, and a selected bunch is irradiated by a 
laser pulse of a chosen photon energy. The detached 
electrons are guided by magnetic fields through a 
drift region towards an electron detector. The kinetic 
energy of the emitted electrons is related to their 
time-of-flight and the binding energy is the differ- 
ence between the photon energy and the kinetic 
energy. 

At kinetic energies higher than 0.2 eV the trans- 
mission function is almost constant within + 15%. 
This has been verified by comparing certain refer- 
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ence spectra (e.g. of Cu{) with the results obtained 
by other groups and by recording vibrationally re- 
solved photoelectron spectra with a known intensity 
distribution of the single vibrational transitions 
(Franck-Condon distribution), especially for kinetic 
energies below 0.5 eV [18]. In constrast to other 
types of electron spectrometers, the 'magnetic bottle' 
spectrometer suppresses any background signal from 
secondary electrons resulting from inelastic scatter- 
ing of photoelectrons from surfaces close to the 
source region. The strong axial magnetic field acts as 
a shield of the source region. 

In principle, a delayed emitted electron with a 
higher kinetic energy arrives at the electron detector 
at about the same time as one emitted immediately 
with a lower kinetic energy, so that the electron 
spectrum corresponds to a convolution of a time and 
an energy spectrum. However, the cluster anions 
remain only about 0.1 Its in the source region of the 
spectrometer, and electrons emitted after this time 
are not detected. This time is about an order of 
magnitude shorter than the average time-of-flight of 
an electron with E k i  n < 1 eV. We conclude that the 
measured photoelectron spectra mirror the kinetic 
energy distributions of those electrons emitted imme- 
diately and those with delays less than 0.1 txs. 

Features corresponding to multiphoton processes 
can be identified by recording electron spectra at 
different laser fluxes. When a certain laser flux is 
exceeded, the relative intensity of the broad emission 
signal attributed to 'thermionic' emission increases 
with respect to the features assigned to direct photoe- 
mission, and the latter features show a significant 
broadening. Both observations can be explained if 
some of the cluster anions have absorbed and ther- 
malized a photon before being struck by a second 
photon. At low laser fluxes both contributions to the 
photoelectron spectra vary linearly with the flux and 
the shape of the whole photoelectron spectrum does 
not change. Usually the flux is kept below this limit, 
assuring that each detected electron is emitted from a 
cluster which has interacted with a single photon. 

3. Results and discussion 

Fig. 1 displays photoelectron spectra of selected 
W~- clusters with n = 1-10 atoms recorded with a 

photon energy of h v =  4.025 eV (XeC1 excimer 
laser). The spectrum of the atom exhibits a multitude 
of sharp peaks, which can be assigned to transitions 
from the electronic ground state of W 1 to ground 
and excited electronic states of neutral W 1. The peak 
widths correspond to the energy resolution of the 
spectrometer. The relatively broad features observed 
in the spectrum of W 2- at lower binding energy (BE, 
between 1.5 and 2.5 eV) arise from additional vibra- 
tional and rotational degrees of freedom. A smooth 
signal is observed, increasing as BE increases ( >  3 
eV). An overlap region composed of discrete and 
smooth features exists for BEs of 2.5-3.0 eV. 

These two components are also observed in the 
spectra of larger clusters, with discrete features pre- 
dominantly at lower BE (1.5-2.5 eV). We assign 
these features to direct photoemission from occupied 
5d- and 6s-derived valence orbitals of the clusters. 
The density of states in bulk W has a maximum 
close to the Fermi energy (due to the 5d bands) and 
decreases towards higher BE (dominated by the 6s 
band) [19]. In a first approximation the photoelectron 
spectra resulting from direct photoemission reflect 
the distribution of the density of states in the cluster. 
The fine structure of these features depends strongly 
on the cluster size and develops gradually into the 
spectrum of the bulk as the size increases. 

In all spectra at higher BE ( >  3 eV) only a few 
direct emission features can be identified. This re- 
gion is dominated by a structureless, smooth emis- 
sion signal, which increases monotonically towards 
higher BE. If the smooth emission signal can be 
attributed to 'thermionic' electron emission (TE), it 
should vary with the temperature of the cluster. Fig. 
2 displays a comparison of two spectra of W 8 
recorded at different laser fluxes. At high flux the TE 
signal is significantly larger due to a contribution 
from multiphoton processes. 

Based on this assignment, we calculate Boltz- 
mann distributions of the intensities 1.rE of the TE 
electrons according to the function 

/TE  = A exp( - E k i n / k B T ) ,  

and show the results in Fig. 1. The temperature T 
corresponds to the photon energy hv=4 . 025  eV 
divided by the number of vibrational degrees of 
freedom of the cluster, and the initial temperature is 
neglected. This is reasonable for the small clusters 



428 

en 

i .  
¢1 

eml 

¢I 

¢I 
N 

0 1 2 
2 i i 

1" 

! 

k-1 
T-46000 K 

Kinetic Energy [eV] 
3 4 0  1 2 3 4 

i 

/ ! ! i  , - , , o o ~  % -  

"' ' --°. .° . . .  

" '  I li ' " '  W," T-11OOO K, W 3 "  T-Z600 K 

ol r - - - i  ........... . . 
T-Z700 K W 4 T-2200 K W 9 "  

1" 

0~ , . ;  ' . . . . .  ' . [ k.,, 
/~ . , -~oo ~ w i ,-,,oo ~ w 

I 10 

• w ¥ 

4 3 2 1 0 4  3 2 1 0 
Binding Energy [eV] 

Fig. 1. Photoelectron spectra of W~- clusters with n = 1-10 atoms for a photon energy hv = 4.025 eV. The spectra are plotted versus the 
kinetic energy Eki n (upper scale) and the binding energy BE (lower scale). The minimum kinetic energy is 0.2 eV. The laser flux is kept 
below 1 m J / c m  -2 to avoid multiphoton processes. For each cluster the number of vibrational degrees of freedom k and the temperature 
T =  4.025 eV/kk  B resulting from the absorption of a single photon are given. The dotted lines correspond to Boltzmann intensity 

distributions ITE of the electrons emitted via TE calculated from the formula /'rE = A exp( Ekin/kBT) (k B = Boltzmann constant). A is 
adjusted to the experimental intensity. 
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Fig. 2. Comparison of photoelectron spectra of W 8- recorded at 
low (1 mJ/cm -2) (a) and at moderate laser flux (100 mJ/cm -2 ) 
(b). The photon energy is h u = 4.025 eV. At kinetic energies 
below 0.2 eV the transmission of the electron spectrometer de- 
creases resulting in a corresponding decrease in the electron 
intensity. 

discussed here, since the temperatures resulting from 
the absorption of a 4 eV photon are much higher 
(e.g. 3800 K for W6-) than the estimated initial 
vibrational temperature ( =  200 K). The factor A is 
adjusted to fit the slope of the emission signal as- 
signed to thermionic emission. 

The simple exponential distributions agree sur- 
prisingly well with most of the data. The temperature 
of the clusters induced by photoabsorption decreases 
with increasing cluster size, since the photon energy 
is distributed over an increasing number of vibra- 
tional degrees of freedom and the average kinetic 
energy of the TE electrons is smaller. For W~,  the 
TE signal shows up as a steep increase in the inten- 
sity between 3.7 and 3.8 eV (0.2-0.3 eV Eki,). 

The signal assigned to TE is observed in the 
dimer. Although the simple fit disagrees completely 
in this case, it reproduces the spectra of the trimer 
and tetramer relatively well. With increasing cluster 
size the TE signal exhibits some fine structure (e.g. 
for W 4 ), but it is not clear whether this is caused by 
a superposition of direct photoemission peaks or by a 
non-thermal distribution of the TE electrons. For 
W 6- the TE signal agrees well with the Boltzmann 
distribution. 

With increasing cluster size (n > 9) the TE signal 
is confined to the lowest kinetic energies (Eki n < 0.3 
eV, upper scale in Fig. 1) and with further increasing 
cluster size the kinetic energy of the TE electrons is 
too low to be detected with our spectrometer. In the 
spectra of the larger clusters (e.g., W 8 - W ~ )  a 
smooth, almost constant emission signal is observed 

between the features assigned to direct emission and 
TE. This signal may arise from the electron- 'pho- 
non' scattering process, such as observed in C~0 [15], 
where an outgoing electron loses energy due to the 
vibrations of the molecule. Inelastic electron-pho- 
non scattering is common in the photoelectron spec- 
tra of bulk materials and the cross section depends 
on the density of vibrational states. This is consistent 
with the increasing intensity of this emission signal 
with increasing cluster size. 

The description of the internal energy of the 
clusters by a temperature is only approximate, since 
the individual clusters of an ensemble have absorbed 
exactly the same amount of energy ( =  4.025 eV). 
This results in an upper limit of the kinetic energy of 
the electrons emitted via TE ( =  4.025 eV minus the 
electron affinity), which cannot be described by a 
Boltzmann function [16]. 

The TE signal and the direct emission features 
have similar intensities in the data displayed in Fig. 
1. The probability for a photon interacting with a 
cluster to detach an electron directly or to 'heat '  the 
cluster is approximately equal, even at a photon 
energy significantly higher than the electron affinity. 
Therefore, direct photoemission is not the dominant 
process governing the interaction of a photon (with 
energy above threshold) and a cluster. 

The integral intensity of the thermionic emission 
appears to decrease with increasing cluster size (Fig. 
1), possibly due to the increasing timescale of the 
delayed emission. An increasing number of TE elec- 
trons are emitted with a delay larger than 0.1 p,s and 
will therefore not be detected. As the number of 
degrees of freedom increases, the photon energy is 
distributed over a larger number of vibrational modes, 
and it takes longer to focus the energy back into the 
electron emission process. If the time constant of the 
emission is much longer than the timescale of the 
experiment (0.1 ixs), only direct emission features 
would be observed in the spectra. 

Thermionic emission is only one possible cooling 
mechanism for a 'superheated' cluster. A fast and 
effective cooling process is evaporation according to 

M,, + ( M , ,  * )E,  

-~ (M,;_* l)E_ , + M, 

(M;*2)E,  + M 2 

. . . .  (3) 
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where no electron is emitted. If fragmentation is the 
preferred decay channel, no TE signal will appear in 
the photoelectron spectrum. The branching ratio of 
the two cooling mechanism depends on the rate 
constants, and the faster process dominates. The time 
constant depends exponentially on the energy thresh- 
old, which is the binding energy of the outermost 
electron (ionization potential, electron affinity) in the 
case of TE, and the binding energy of the atom or 
dimer in the case of evaporative cooling. TE is 
mostly observed for neutral clusters of the refractory 
metals (W, Nb, Ta . . . .  ) and carbon. For these 
materials the threshold for evaporation is higher than 
the ionization potential. 

The vertical detachment energies (VDEs) of the 
W~- clusters can be extracted directly from the pho- 
toelectron spectra (Table 1). The VDEs correspond 
roughly to the electron affinities of the clusters [20]. 
Due to the lack of experimental data on the dissocia- 
tion energies we have used a model proposed by 
Miedema [21] for the neutral clusters. The energy 
necessary for the evaporation of a single atom D, 
from a neutral cluster with n atoms is estimated 
based on the heat of evaporation of the solid, A H v a  p 

(8.81 eV [22]), and a correction for the large fraction 
of surface atoms in a cluster. The surface atoms have 
a smaller binding energy due to the smaller number 
of nearest neighbours and therefore D, increases 
with increasing n approaching AHw,  p. T h i s  model 
may be applied to clusters with highly localized 

Table 1 
Vertical detachment energies (+0.05 eV) for tungsten clusters. 
The electron affinity of the atom is 0.815(8) eV [23] 

n EA (eV) n EA (eV) 

2 1.46 12 1.96 
3 1.44 13 1.89 
4 1.64 14 1.99 
5 1.58 15 2.21 
6 1.48 16 2.31 
7 1.72 17 2.40 
8 1.74 18 2.44 
9 1.73 19 2.41 

10 1.94 20 2.44 
11 1.95 21 2.52 
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Fig. 3. Experimental vertical detachment energies for tungsten 
clusters with an uncertainty of _+0.05 eV compared to the dissoci- 
ation energies D. corresponding to the reaction W~- ~ W.- 1 + 
W. The dissociation energies of the cluster anions are estimated 
using a model proposed by Miedema [21] together with the 
electron affinities using a Born-Haber cycle. 

bonds such as van der Waals clusters or to transition 
metal clusters with a main contribution from local- 
ized d electrons to the binding. 

The dissociation energy of a negatively charged 
cluster D .  can be calculated from the electron affini- 
ties using a Born-Haber cycle 

D, = D,, + EA(n)  - E A ( n -  1). 

Fig. 3 displays a comparison of these energies for the 
W, clusters with n = 2-21. The energies for evapo- 
ration of an atom are approximately 3 -4  times larger 
than the VDEs for the W,- clusters. The neglect of 
evaporative cooling is consistent with the intense TE 
signal observed in the photoelectron spectra (Fig. 1). 
For clusters of other materials the ratio between the 
two energies is different. For clusters with a low 
dissociation energy and a high electron affinity, in 
particular, evaporative cooling may be the preferred 
decay channel, and no TE signal would be observed. 
We plan to study various clusters of different materi- 
als and compare the intensities of the TE signal with 
the electron affinities and energies necessary for the 
evaporation of an atom. 

4. Conclusion 

Thermionic emission has been identified as a 
fundamental process competing with the direct pho- 
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toemiss ion from vibrat ional ly  ' co ld '  cluster anions  
fo l lowing the absorption of a single photon above 
threshold. The kinetic energy distr ibut ions of  the 
electrons emitted via thermionic  emiss ion from sin- 
gle-photon events  have been studied systematically.  
They can be described quali tat ively by a Bol tzmann  

funct ion with the temperature calculated from the 
photon energy divided by the number  of vibrat ional  

degrees of freedom. Thermionic  emiss ion fo l lowing 
s ingle-photon absorption can be observed only for 

small  clusters, because the t imescale of  the process 
increases rapidly beyond  the t imescale of the experi- 

ment  with an increasing number  of  degrees of free- 
dom. Thermionic  emiss ion seems to be a major  
cool ing channel  for cluster anions,  as long as the 
electron affinity is smaller  than the dissociat ion en- 
ergy and fast relaxation of the electronic excitat ion 
( thermalizat ion) occurs. 
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