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The photoabsorption cross section of the negatively charged, spherical Na91
2 cluster shows a broad

collective resonance at̄hv  2.65 eV, the decay of which can lead to two final channels: atom a
electron emission. The branching ratio between the two channels was measured to increase linea
photon energy over the unexpectedly broad energy range of 1.2 eV, which is attributed to the cl
incipient valence band width. The femtosecond time scales of the processes involved are dis
[S0031-9007(96)01103-9]

PACS numbers: 36.40.Gk, 36.40.Vz, 36.40.Wa, 71.24.+q
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Alkali clusters show a strong collective resonance
the visible which has attracted a large interest in rec
years [1,2]. The resonances have so far been stu
experimentally for neutral and positively charged cluste
Only atom emission but no electron emission can oc
in these cases, as the threshold for electron emissio
higher than the plasmon [3] energy, at least for most of
cluster sizes studied so far. The only exception is a st
of photoprocesses in large potassium clusters [4].

For negatively charged alkali clusters, on the other ha
the plasmon resonance is above the threshold for elec
ejection. This leads to a huge increase of the cross se
for the emission of photoelectrons, as observed ea
for silver aerosols [5]. We have studied photoinduc
processes for the negatively charged sodium cluster Na91

2,
which has 92 valence electrons, giving it a closed s
electronic structure and thus a spherical geometry in
popular shell model for metal clusters [1,2].

Photoemission of electrons from macroscopic surfa
has been studied for a long time [6]. Photoemission fr
mass selected clusters is a much younger domain [1],
to the experimental problem of an extremely low tar
density which is at least 15 orders of magnitude be
the bulk one. Studying photoemission from free clust
in vacuum has one advantage compared to plane su
studies: Energy is conserved. Globally, this is true
course also for a bulk surface. The energy relaxa
into the bulk can be measured in principle [7], but th
is not normally done [6]. Photoemission from jelliu
spheres had already been treated in the seminal Ek
paper [8].

Photoejection of atoms from plane metal surfaces
a very small probability [6], which can be enhanced
many orders of magnitude to a quantum efficiency (num
of atoms emitted per number of photons absorbed
about 1025 for rough surfaces or surfaces covered w
clusters [9], while values of the order of unity are repor
here.

The process studied is shown schematically in Fig
It can be written as
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Here T0 is the initial cluster temperature [3], the asteris
stands for electronic excitation, andb is the branching ra-
tio. The photon excites the collective plasmon resonan
with a large cross section. Two pathways are open for
plasmon decay: electron emission [Eq. (1)] and relaxat
of the energy into the heavy particle degrees of freed
[Eq. (2)]. The latter leads to an increase of the clus
temperature byDT which can, if sufficiently large, cause
the emission of an atom [10].

The branching ratiob is the relative probability for
electron emission: i.e.,b  s1yss1 1 s2d, where s1
ands2 are the cross sections for the two decay process
In this Letter we present the first experimental data
the collective resonance and for the branching ratio
a negatively charged alkali cluster [11]. It is expecte
that this experiment can be used as a model case
s
ce
f
n

dt

s

r
f

.

FIG. 1. Schematic of the excitation and relaxation processe
A photon excites a state of definite energy within the plasmo
resonance. This state can decay with a time constantt1.
Either an electron is emitted (branching ratiob), or via
electronic and vibronic relaxation a vibronically excited cluste
is produced which decays via atom emission. Estimates of t
time constants aret1 * 35 fs, t2 * 250 fs.
© 1996 The American Physical Society
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the recent cluster experiments with femtosecond ti
resolution [12], where also an electronically excited sta
like the one at the left hand side of Eq. (1), couples
the two decay channels given by Eqs. (1) and (2). T
advantage here is that the electronic energy is known
be that of the one absorbed photon, while in femtosec
experiments it can be difficult to determine the number
photons absorbed.

The apparatus is similar to the one described ear
[13,14]. Briefly, cluster ions of a defined temperatu
(200 K here) are produced in a gas aggregation sou
and size selected by a first time-of-flight (TOF) mass sp
trometer. After irradiation by a laser the intensity of th
unfragmented cluster (Na91

2) and of the photofragment
(Nan

2, n # 90) is measured in a second TOF. For phot
energies above 3 eV, no cluster fragments have been
served, despite an intensity decrease of the Na91

2. Thus
in this photon range the absorption of a photon leads
ways to the ejection of an electron.

For photon energies below 3 eV photofragments l
Na90

2, Na89
2, . . . are observed, the intensity of whic

varies quadratically with laser fluence. This shows tha
least two photons are necessary for an atom emission.
can be understood as follows: Absorption of one pho
by an  91 atom cluster leads to an increased tempera
of only T1  T0 1 DT ø 330 K, as the photon energy i
distributed over3n 2 6 degrees of freedom. Absorptio
of a second photon accordingly heats the cluster up toT2 ø
460 K. At this temperature the Na91

2 cluster fragments
within the15 ms time window of our machine.

In order to cast the experimental observations into r
equations, we define the following quantities:N0std is the
number of clusters which havenot absorbed a photon
N1std is the number of clusters which have absorbedone
photon but did not emit an electron (and also not an at
because the cluster temperature is still too low). T
gives

dN0std  2sfN0dt , (3)

dN1std  fs1 2 bdsfN0 2 sfN1gdt , (4)

where b is the branching ratio defined above,f the
laser fluence (number of photons per cm2 s), ands the
photoabsorption cross section. It is assumed in Eq.
that s is independent of the cluster temperature. T
should be a good approximation, as the tempera
dependence of the optical absorption of sodium clus
of this size range is quite small [15].

For b  0, Eqs. (3) and (4) are the standard equatio
of photodepletion if one photon is not sufficient fo
photofragmentation [16]. Forb fi 0, the additional term
in Eq. (4) takes the possibility of electron emission in
account. For the intensityN  N0std 1 N1std of the
remainingNa91

2 clusters after a laser pulse of lengtht

one has

NyNs0d  1 2 h 1 hfN0std 1 N1stdgyNs0d , (5)
e
,
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where h ø 0.85 is the geometrical overlap betwee
photon and cluster ion beam,Ns0d is the cluster intensity
without laser interaction, and the term in the squ
brackets is found from a solution of the rate equatio
as

fN0std 1 N1stdgyNs0d  exps2sftd

1 s1 2 bdsft exps2sftd .

(6)

The right hand side of Eq. (6) becomes very small
large laser fluences, so that the overlaph entering Eq. (5)
can be determined accurately.

For 20 photon energies the ratioNyNs0d was measured
as a function of the laser fluence, and values forb and
s were obtained from a fit by Eq. (5). Note that one c
determine values for bothb and s from the same fit.
This is possible because electron emission is a one-ph
process, while for atom emission at least two phot
have to be absorbed, which leads to a different la
fluence dependence of the two channels. The results fs

are given by the bold dots with error bars in the upper p
of Fig. 2. The many fine points have been obtained us
the fast measuring scheme described earlier [14]. As o
ratios of cluster intensities enter Eq. (5), anabsolutecross
section can be obtained by only measuring the laser
absolutely.
te

,
is

4)
s
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rs

s

FIG. 2. The photoabsorption cross section for Na91
2 as a

function of photon energy is given in the upper part. T
branching ratiob, shown in the lower part, was used to d
compose it into the partial cross sections for vibrational ex
tation (dashed line) and plasmon enhanced electron emis
(dot-dashed line). The staircaselike line has been calcul
from the model discussed in the text.
2441
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An independent check on this data treatment is p
sible. The intensity of the photofragments was measu
as a function of photon flux at 540 nm (2.3 eV). Inde
a quadratic variation is observed at low fluences and a
gives—within experimental error—the same values
b ands [17].

The photoabsorption cross section shown in Fig. 2 f
tures one broad asymmetric maximum. Its position, wid
and oscillator strength are compared in Table I to value
the positively charged cluster Na93

1 which has the same
number of valence electrons [14,17]. The width of t
negatively charged Na cluster is a factor of 1.8 wider. T
is due to the following two effects: (1) The potential
softer in the vicinity of the collective resonance for th
Na91

2, which leads to a broader resonance [18], and (2)
open electron emission channel gives an extra esc
width. A similar broadening has been observed for Agn

2

clusters [19]. The resonance of the negatively char
cluster is red shifted in agreement with theoretical res
[18]. The oscillator strength [1,2] is smaller than that
the positively charged ones. The position and (to a les
degree) the width of the resonance are in good agreem
with two unpublished calculations [20,21].

The experimental branching ratiob is shown in the
lower part of Fig. 2. Within experimental error, it in
creases linearly from threshold (1.81 6 0.05 eV) to 100%
at about 3 eV. Thus electron and atom emission co
pete with each other over an energy range ofd  1.2 6

0.11 eV. Sodium is the best example of a free electr
metal. Its electron-phonon coupling is very weak. Th
one could expect naively that electron emission will
dominant shortly above threshold which is in contrad
tion with the experimental results. A similar linear in
crease of a branching ratio can be deduced from the
given in Fig. 6 of Ref. [4].

We will argue now that the large unexpected value
d is due to the finite widthW of the incipient sodium con-
duction band [3]. Figure 3 shows schematically the j
lium potential for Na91

2. The plasmon can be describe
as a coherent superposition of electron-hole states
whose energies are given schematically by the horizo
lines. If the excited electron comes from the highest
cupied levels (process a in Fig. 3) it can leave the clus
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TABLE I. Comparison of the plasmon parameters of the
valence electron clusters Na91

2 and Na93
1. For the negatively

charged cluster studied here, the maximum of the resonan
red shifted, its widthG is larger, and the oscillator strengthf
smaller. The values off given are only lower limits to the
true ones, as the data have been measured and integrated
a limited energy range only (up to 3.7 and 4 eV for positiv
and negatively charged clusters, respectively).

Cluster Emax (eV) G (eV) f

912 2.65 0.92 47.5
931 2.77 0.51 75
2442
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FIG. 3. The thick line shows schematically the potential
the sodium valence electrons. The horizontal lines indic
the filled electronic orbitals. The decay of the plasmon h
produced electron-hole pairs. The photon energy is suffic
only to raise weakly bound electrons into the continuum
that they can escape from the cluster (process a). Fo
strongly bound electron (b) this channel is closed. The pict
should not be taken too literally; it gives only the first step
the complicated many-electron processes. For Na91

2 the well
depth is about 5 eV, the width of the incipient conduction ba
W ø 2.5 eV, and the cluster radius about10 Å.

if its mean free path is larger than the cluster radius.
if the electron comes from a deep level (b) its energy
not sufficient to leave the cluster. We have modeled
process, taking the energies from an unpublished TDL
calculation [20], neglecting all matrix element and dens
of states effects, and assuming that an electron exc
to an energy above its angular momentum barrier ha
100% probability of leaving the cluster (see Fig. 3). On
the angular momentum barrier of the outgoing elect
and energy conservation go into the calculation [22]. T
result is shown by the staircaselike line in Fig. 2. Ea
step is caused by the opening of a channel for an elec
with angular momentum, going into continuum state
, 1 1 and, 2 1. The threshold energy was obtained
extrapolating the experimental branching ratio tob  0.

Up to b ø 0.6 this highly simplified model gives a
good representation of the data. Although the agreem
is surprisingly good, we do not expect this calculation
be very realistic, but it is sufficient to show that(1) a
single particle picture might be sufficient for a roug
description of the branching ratio, and (2) the relativ
broad transition range (d ø 1.2 eV) from pure atom
emission to pure electron emission can come from
cluster bandwidth W. If this simple picture would be
correct, one would haved ø W , which is about 2.5 eV
for Na91

2 [20]. We conjecture that part of this differenc
is due to intraband Auger processes.

We conclude by giving some estimates of the relev
time scales, which have been of much interest rece
due to the availability of lasers with femtosecond tim
resolution. The relaxation of the excited electron and h
is a complicated many-body problem whose treatment
a long history [23–25]. As we are not aware of a
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attempt to study it for a cluster, we will use the bulk da
without any correction for finite size effects. Accordin
to the accepted picture, the collective plasmon resona
decays by transferring its energy to one electron, or
other words it excites an electron-hole state [2]. Fro
femtosecond laser experiments (1 fs  10215 s) the re-
laxation timet1 for this process (see Fig. 1) is 30 to 40
[24]. The electronic escape time can be estimated
(cluster radius)y(Fermi velocity)ø 1 fs.

If the electron does not leave the cluster it will sta
a collisional relaxation cascade, which has been mode
several times [23]. At each step the number of exci
electrons goes up by a factor of 2, the mean ene
decreases by a factor of 2, and the relaxation time increa
by a factor of 4 [24,25]. After four to five collisions
it is on the order of the electron-phonon coupling tim
t2 ø 0.25 to 1 ps, a value which is in agreement with f
laser experiments of several groups [24,25].

In summary, the collective resonance of the spheri
Na91

2 cluster shows a broad, asymmetric line shape. T
branching ratio for electron emission versus relaxat
of the electronic energy into heavy particle motion ris
linearly with photon energy from threshold over 1.2 e
until it reaches 100%. This slow increase is attribut
to the cluster’s valence band width. The time scales
the processes involved have been discussed. They a
qualitative agreement with the experimental data.

We had expert experimental help from Ch. Ellert, W
Orlik, and M. Schmidt. Fruitful discussions with K. H
Bennemann, W. Ekardt, C. Guet, M. Manninen, B. v.
sendorff, P. G. Reinhard, and M. Schmidt are ackno
edged. The work has been supported by the Deuts
Forschungsgemeinschaft through SFB 276.

[1] W. A. de Heer, Rev. Mod. Phys.65, 611 (1993).
[2] M. Brack, Rev. Mod. Phys.65, 677 (1993).
[3] Concepts which are defined rigorously only in the bu

limit, like temperature, phonon, or plasmon will be use
The generalization for finite sized systems is alwa
implied.

[4] C. Bréchignac, Ph. Cahuzac, F. Carlier, M. de Fruto
J. Leygnier, J. Ph. Roux, and A. Sarfati, J. Phys. (Pa
11, 971 (1992).

[5] A. Schmidt-Ott, P. Schurtenberger, and H. C. Siegma
Phys. Rev. Lett.45, 1284 (1980).

[6] G. Ertl and J. Küppers,Low Energy Electrons and Surfac
e

s

d

y
s

l

r
in

e

,

Chemistry(VCH Publishers, Weinheim, Federal Repub
of Germany, 1985).

[7] T. Inagaki, K. Kagami, and E. T. Arakawa, Appl. Opt.21,
949 (1982).

[8] W. Ekardt, Phys. Rev. B31, 6360 (1985).
[9] W. Hoheisel, K. Jungmann, M. Vollmer, and F. Träg

Phys. Rev. Lett.60, 1649 (1988); F. Balzer, M. Hartman
M. Renger, and H.-G. Rubahn, Z. Phys. D28, 321 (1993).

[10] Electron emission can occur from vibrationally hot cl
ters if IE # D where IE is the ionization energy andD the
dissociation energyD [1]. For Na91

2 one has IEø 2D
and this channel is negligible.

[11] The photoelectron spectra of small negatively char
alkali clusters exhibit mainly molecular features: K.
McHugh et al., J. Chem. Phys.91, 3792 (1989);
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