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

PACS numbers: 36.40.–c, 33.60.Cv
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The absorption of a photon of energyhn by an atom in
a cluster or a solid, in general, results in the creation
an excited electronic state. This state can lead direc
to the emission of a photoelectron, whereby all th
excess energy is carried away by the emitted electron [
Alternately, the excited electron may transfer part or all
its energy through scattering processes to other electr
or phonons [1]. With much smaller probability, the
excited state decays via the emission of a photon, ato
or ion. For solids, the dominant process observed is t
emission of inelastically scattered electrons, together w
the direct photoemission. The thermalization proces
whereby energy is shared by many electrons or photo
generally does not result in emission of any seconda
particles.

In small clusters these series of events are quite differe
Just as in solids, the excited electronic state can de
by the emission of a photoelectron. The other dec
channels, however, lead to different results. Because
the finite size of the system, inelastic scattering proces
of the outgoing photoelectron are much less likely than
a solid. Thermalization, on the other hand, results in t
distribution of energy over a finite number of degrees
freedom. The main difference to the solid, however,
that the total energy remains localized over a very limite
number of atoms, resulting in a considerable “temperatu
of the cluster. The hot clusters are metastable with on
a limited possibility for energy release. Since the ener
remains localized, processes with a long time scale or sm
probability may take place, such as evaporation of ato
[2–7], thermionic emission (TE) of electrons [6–13], o
on a very long time scale, radiative cooling [14].

In a recent publication [15], we presented the first r
sults on the kinetic energy distribution of photoelectron
emitted from size-selectedWn

2 clusters following single
photon absorption. These clusters have stored a well
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fined internal energy (øphoton energy). The photoelec
tron spectra (PES) exhibit a smooth emission signal w
an intensityI , which increases exponentially towards lo
kinetic energyEkin. This can be fitted by a Boltzmann
function

I , e2EkinykT ,

with a temperatureT corresponding to the photon energ
hn divided by the number of internal degrees of freedo
s3n 2 6d. This emission signal is assigned to TE, and t
corresponding temperature of the photoexcited cluster
the photon energy divided by the number of vibration
degrees of freedom.

Here we extend these studies to a broad range of c
ters of different elements to systematically study the ene
dissipation. The spectra show contributions from three d
ferent processes: direct emission features, the TE sig
and inelastic scattered electrons. At first glance, the f
tures in the photoemission spectra of clusters and so
are quite similar. Our analysis, however, shows that
underlying processes leading to the emission of these e
trons are quite different. Essentially, the background
inelastic scattered electrons dominating PES of solids
replaced by the TE signal for the smallest clusters. Ad
tionally, clusters with a threshold energy for unimolecul
dissociation ( dissociation energyED) smaller than the
threshold for electron emission [ electron affinity (EA)]
show no TE signal. The energy dissipation depends c
cially on the balance betweenED and EA: For most ma-
terials the spectra of the clusters either exhibit a TE sig
(W, Pd, Pt, ...) or do not show TE (Na, Ga, ...). For carb
clusters the appearance of the TE signal is size depend
In addition, we will show that chemisorption of a mole
cule “quenches” the TE signal, if the energy to remove t
molecule from the cluster is smaller than EA, thus co
firming our simple picture.
© 1996 The American Physical Society
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The spectra are obtained using photoelectron sp
troscopy of negatively charged clusters [16]. Th
technique allows mass separation of the clusters
standard methods prior to the experiment. The en
gies involved refer to negatively charged clusters. T
negatively charged clusters are produced using a la
vaporization source and are cooled down to approximat
room temperature in a seed gas (He). The anions
accelerated in a pulsed electric field, and, depending
the time of flight, the clusters separate into a chain
bunches of defined cluster size. The kinetic energy
electrons detached from a selected bunch is measure
a “magnetic bottle” time-of-flight electron spectromete
The photon flux of the detachment laser is kept as lo
as possible to ensure contributions from single phot
events only.

Figure 1 shows photoelectron spectra ofWn
2 clusters

with n  1, 4, 6, and9. The spectrum ofWn
2 exhibits a

multitude of narrow features, which are assigned to tra

FIG. 1. Photoelectron spectra of W1
2, W4

2, W6
2 and W9

2.
The photon energy ishn  4.0 eV. For a discussion of the
marked features, see text.
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sitions from the electronic ground state of the anion in
various states of the neutral atom. All features marked
black correspond to direct photoemission. The widths
flect the experimental resolution [16]. The spectra of t
clusters show evidence for three different contribution
direct photoemission (black), TE (hatched), and inela
tic scattered electrons (white). The graphical separat
into these three channels should be taken as a qualita
suggestion and is not based on an exact deconvolut
Direct emission gives rise to pronounced peaks at re
tively high kinetic energies, which are assigned to photo
mission fromd-derived orbitals. These will develop into
the d-density of states of the bulk valence band close
the Fermi energy [17]. The low energy range is dom
nated by the TE signal (hatched). Since the photon
ergy is constant, the temperatureT decreases with cluste
size corresponding to a steeper decrease of the expo
tial function fitted into each spectrum using the calculat
temperature (Fig. 1). The agreement of the experimen
data with both the exponential functionsand the observed
cluster size dependence strongly supports the assignm
to TE.

The spectrum ofW4
2 is composed of the exponentia

TE signal (hatched) and the structured direct emiss
signal (black). The spectra of the largerWn

2 clusters
(Fig. 1c, d) cannot be completely reproduced by the s
of the direct emission and the TE signal, but an addition
unstructured contribution appears (white). This contrib
tion increases in intensity with increasing cluster size. W
tentatively assign it to inelastic scattered photoelectro
which finally will be the largest contribution to the photo
electron spectrum of bulk materials [1].

Figure 2 displays examples of photoelectron spec
of clusters showing a strong TE signalsPt52, Pd8

2,
C10

2, C14
2, Pt32d as well as no TE signalsNa7

2,
Ga7

2, C7
2, C9

2, Pt3sCOd6
2d. For most elements the

spectra show either a strong (e.g., Ptn
2) or no (e.g., Gan2)

TE signal for all clusters independent of their size. Th
can be explained by the difference in threshold energ
necessary for electron emission and unimolecular dis
ciation sEDd. The threshold for electron emission is th
ionization potential of the anion: the electron affinity EA
The threshold for unimolecular dissociation is the mi
imum energy necessary for the lowest energy fragm
tation process of the type Xn

2  Xn2m
2 1 X m. In

most cases the lowest energy fragmentation channel
responds to the evaporation of single atomssm  1d. The
time constants for both cooling mechanisms depend
ponentially on the energy difference between the inter
energyEintsøhnd and the thresholds EA andED . At a
given Eint the process with the lower threshold will b
the faster one. EA(n) andEDsnd are size dependent an
in many cases not known. However,EDsnd can be esti-
mated from the heat of vaporizationDHvap

0 of the bulk
materials [18]. EA(n) corresponds roughly to the verti
cal detachment energies VDEs(n), which can be extracted
4525



VOLUME 77, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 25 NOVEMBER 1996

rs

e
o
no
e
ide
s.

f

re
n

el

ce

nt
h

-

-

s

d
for
d-
e
nal
m
-
.,
.

FIG. 2. Examples of photoelectron spectra of cluste
with a strong TE signal [(a) Pt5

2, sbd Pd8
2, sed Pt32],

with no TE signal [(f) Na72, sgd Ga7
2, skd PtsCOd6

2],
and a size dependent TE signal [strong TE: (c) C10

2,
(d) C14

2; no TE : shd C7
2, sid C9

2]. The photon energies
are hn  4.0 eV sPt52, Pd8

2, Ga7
2, Cn

2d, hn  3.49 eV
sNa7

2d, andhn  3.0 eV sPt32, Pt3sCOd6
2].

directly from the electron spectra [19]. The differenc
between VDEs(n) and EA(n) corresponds to the one be
tween the vertical and the adiabatic ionization potential
a neutral molecule and is small, if the ground state geom
tries of the neutral and anion are similar. For comparis
with DHvap

0 we take the valuekVEDl, which is the av-
erage of the VDEs of the clusters withn  3 2 15. In
Fig. 3 each element studied corresponds to one data p
with a certainkVDEl andDHvap

0. The straight line serves
as a guide to the eye separating the elements showing
(open circles) and strong TE signals (filled circles). Th
strong correlation supports the model of competing co
ing channels.

In order to support this simple model we compa
the bare Pt32 cluster with its CO saturated counterpa
Pt3sCOd6

2. The energy necessary to desorb a sing
4526
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FIG. 3. The vertical detachment energies of elemental cluste
Mn

2 averaged on the cluster sizesn  3 2 15 kVDEl [19] and
the bulk heat of vaporization [18] of various elements. Th
position of the elements in the diagram corresponds to the tw
values of the energies. Open circles represent elements with
TE signal, the ones marked by filled circles display an intens
TE signal. The dotted line separates the two areas as a gu
to the eye corresponding to a constant ratio of the two energie

chemisorbed CO molecule from a Pt3sCOd6
2 cluster is

about 1 eV [22]. In contrast, theDHvap
0 for Pt is 5.85 eV

[18]. The EA of Pt3sCOd6
2 is 2.4 eV, whereas the EA

of Pt32 is 1.87 eV [23]. The spectrum of Pt3sCOd6
2

[Fig. 2(k)] shows no TE signal in contrast to bare Pt3
2

[Fig. 2(e)]. The narrow peak in Fig. 2(k) corresponds
to the transition from the electronic ground state o
Pt3sCOd6

2 into the neutral electronic ground state. The
smaller features are assigned to vibrational fine structu
[24]. The spectrum shows no unstructured emissio
signal. We conclude that, in agreement with the mod
proposed above, Pt3sCOd6

2 “cools” by evaporation of a
chemisorbed CO molecule explaining the disappearan
of the TE signal.

So far, we observe only for one element a size-depende
existence of a TE signal. The small carbon clusters, whic
form chain isomers [25], show no TE signal [C7

2, C9
2,

Figs. 2(h) and 2(i)]. The larger clusters have ring struc
tures [25] and display a strong TE signal [C10

2, C14
2,

Figs. 2(c) and 2(d)]. The carbon ring isomers exhibit rela
tively low VDEs (ø2.5 eV), while the VDEs of the chain
isomers are considerably higher (ø3.5 eV). The obser-
vation of TE for Cn

2 clusters with lower VDEs supports
our general picture. However, the dissociation energie
of the Cn

2 clusters withn  5 2 10 are estimated to be
larger than 4.5 eV [26] and, accordingly, TE is expecte
to appear in all these spectra. Possible explanations
this discrepancy are an overestimation of the cluster bin
ing energies [26] or possible additional effects, which hav
been neglected so far. E.g., the appearance of the TE sig
requires the existence of a fast thermalization mechanis
with a probability comparable to the one of direct photo
emission. If the fast thermalization is hampered by, e.g
symmetry restrictions, the TE signal might be very weak



VOLUME 77, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 25 NOVEMBER 1996

c

s

i

s
h

i
h
o

m

e
o
u

a
n

h

z

i

However, such considerations are beyond the scope of
present paper.

In small clusters, thermalization always results i
TE [if EA snd , EDsnd] and, therefore, the intensity
ratio of the photoemission signal (direct and inelasti
and the TE signal corresponds roughly to the rat
between photoemission and thermalization. From o
Wn

2 spectra, we find ratios in the order of 1:1. Thi
observation agrees with the finding of fast electron
relaxation processes in small metal clusters using reson
two-photon ionization spectroscopy [27]. Therefore, eve
in clusters with a few atoms only electronic relaxation
very effective. However, a quantitative determination o
the time scales of relaxation and thermalization proces
is only possible using time-resolved spectroscopy in t
femtosecond time regime.

The ratio between thermalization and direct photoem
sion should be similar in solids. For these, however, t
thermalization energy does not lead to electron emissi
For a tungsten metal surface the probability for electro
emission after the interaction with a photon (quantu
yield) is of the order of 10%–20% (athn ø 20 eV) [28].
However, the quantum yield cannot be directly compar
to the ratio between thermalization and direct emissi
because it also depends on additional bulk properties s
as surface reflectivity and the mean free paths of photo
and electrons.

In comparison with solids and surfaces we find that th
processes leading to the emission of particles (electro
and atoms) and their time scales are completely differe
In contrast to free clusters, only highly vibrationally and
or electronically excited atomic or molecular species c
“escape” from a surface [1]. Very efficient relaxatio
processes dissipate energy quickly for lower excitation
and the atom or molecule is no longer able to leave t
surface. Therefore, for a solid or surface, an ejection
observed only if it leads to the final state (e2, ion or atom
evaporation) within a very short time. For clusters, even
on a long time scale are observed even if a complicat
redistribution of energy is necessary. Thus the finite si
of the particle results in the observation of slow process
such as thermal emission and unimolecular dissociat
following photoexcitation.

[1] G. Ertl, J. Küppers,Low Energy Electrons and Surface
Chemistry(VCH Verlagsgesellschaft, Weinheim, 1985).

[2] C. E. Klots, J. Chem. Phys.83, 5854 (1985).
the

n

)
io
ur

ic
ant
n
s
f
es
e

s-
e
n.
n

d
n
ch
ns

e
ns
nt.
/
n

s,
e
is

ts
ed
e

es
on

[3] W. Begemann, K. H. Meiwes-Broer, and H. O. Lutz, Phys.
Rev. Lett.56, 2248 (1986).

[4] L. A. Bloomfield, R. R. Freeman, and W. L. Brown, Phys.
Rev. Lett.54, 2246 (1985).

[5] M. L. Alexander, M. A. Johnson, N. E. Levinger, and
W. C. Lineberger, Phys. Rev. Lett.57, 976 (1986).

[6] A. Amrein, R. Simpson, and P. Hackett, J. Chem. Phys.
94, 4663 (1991).

[7] T. Leisner, K. Athanassenas, D. Kreisle, E. Recknagel,
and O. Echt, J. Chem. Phys.99, 9670 (1993).

[8] E. E. B. Campbell, G. Ulmer, and I. V. Hertel, Phys. Rev.
Lett. 67, 1986 (1991).

[9] K. R. Lykke and P. Wurz, J. Phys. Chem96, 3191 (1992);
ibid. 96, 10 129 (1992).

[10] D. Ding, J. Huang, R. N. Compton, C. E. Klots, and R. E.
Haufler, Phys. Rev. Lett.73, 1084 (1994).

[11] H. Weidele, St. Becker, H.-J. Kluge, M. Lindinger,
L. Schweikhard, C. Walther, J. Ziegler, and D. Kreisle,
Surf. Rev. Lett.3, 541 (1996).

[12] L.-S. Wang, J. Conceicao, C. Jin, and R. E. Smalley,
Chem. Phys. Lett.182, 5 (1991).

[13] D. Ding, R. N. Compton, R. E. Haufler, and C. E. Klots,
J. Phys. Chem.97, 2500 (1993).

[14] U. Frenzel, U. Kalmbach, D. Kreisle, and E. Recknagel,
Surf. Rev. Lett.3, 505 (1996).

[15] H. Weidele, D. Kreisle, E. Recknagel, G. Schulze Icking-
Konert, H. Handschuh, G. Ganteför, and W. Eberhardt,
Chem. Phys. Lett.237, 425 (1995).

[16] H. Handschuh, G. Ganteför, and W. Eberhardt, Rev. Sci.
Instrum.66, 3838 (1995).

[17] M. Posternak, H. Krakauer, A. J. Freeman, and D. D.
Koelling, Phys. Rev. B21, 5601 (1980).

[18] A. R. Miedema, Faraday Symp. Chem. Soc.14, 136
(1980).

[19] The VDEs of most clusters have been measured in our
laboratory, except Sn [20], In, and Tl [21].

[20] G. Ganteför, M. Gausa, K. H. Meiwes-Broer, and H. O.
Lutz, Faraday Discuss. Chem. Soc.86, 197 (1988).

[21] M. Gausa, G. Ganteför, H. O. Lutz, and K. H. Meiwes-
Broer, Int. J. Mass. Spectrom. Ion Proc.102, 227 (1990).

[22] A. Grushow, K. M. Ervin, J. Am. Chem. Soc.117, 11 612
(1995).

[23] K. M. Ervin, J. Hoe, and W. C. Lineberger, J. Chem. Phys.
89, 4514 (1988).

[24] G. Schulze Icking-Konert, H. Handschuh, G. Ganteför,
and W. Eberhardt, Phys. Rev. Lett.76, 1047 (1996).

[25] H. Handschuh, G. Ganteför, B. Kessler, P. S. Bechthold,
and W. Eberhardt, Phys. Rev. Lett.74, 1095 (1995).

[26] A. N. Pargellis, J. Chem. Phys.93, 2099 (1990).
[27] C. R. C. Wang, S. Pollack, D. Cameron, and M. M.

Kappes, J. Chem. Phys.93, 3787 (1990).
[28] E. B. Saloman, Appl. Opt.17, 1489 (1989).
4527


