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Recent measurements of the visible photoabsorption
spectra of small alkali-metal clusters [1-6] have been
done to probe the electronic structure of those particles.
Theoretical investigations [7-12] have followed the same
progression as experimental studies did. One interesting
question is how many atoms are required to make a clus-
ter exhibiting collective effects. Two size domains may
be distinguished: the very small sizes, smaller than the
heptamer, for which ab initio molecular orbital calcula-
tions including electron configuration interaction com-
pletely reproduce the absorption features [11], and the
larger sizes, for which the valence electrons are numerous
enough to induce collective effects such as the well-known
surface plasma resonance. For this last case the random
phase approximation (RPA) in the local density approxi-
mation (LDA) [12] is a common theoretical baseline
which can be used to interpret the experimental data. Up
to now experiments have been performed on free clusters
containing less than 40 atoms [1-3]. This size domain is
too limited to probe the behavior toward the bulk and to
correctly test the hypothesis of RPA-LDA treatments.

In this Letter we present the collective resonance cross
section of large potassium cluster ions K„containing
500 and 900 atoms. For such sizes the single-photon de-

pletion technique used for photoabsorption measurements
for small sizes is hopeless [13]. So we developed a new

procedure based on multistep photon absorption followed

by evaporation. Our results provide evidence of the plas-

ma resonance energy of potassium cluster blueshifted as
cluster size increases and converging very slowly toward
the bulk value. Such an evolution is discussed in light of
the different theoretical models.

The experimental procedure is based on the concept of
photoinduced evaporation [14]. Adiabatic expansion of
potassium generates a cluster distribution centered
around 600-atom clusters. The distribution is photoion-
ized by a pulsed UV laser . The acce1erated cluster ion
bunches first enter a field-free tube where they spatially
resolve into separated ion packets within a mass resolu-
tion larger than 200. After size selection, a given cluster
ion bunch enters a decelerating-accelerating region where
it interacts with a second pulsed laser. The ion products
from photointeraction are mass analyzed by a second
time-of-Aight spectrometer.

It is we11 known that for metal clusters the electronic
excitation resulting from the visible photon absorption re-

laxes very rapidly among the numerous vibrational modes
providing unimolecular evaporative cooling in the ground
state [15]. For small cluster sizes the detection of the
fragmentation produced from unimolecular evaporation
after single-photon absorption allows the measurement of
absorption cross section as has been already done for
n (20 [2]. However, it has been noted that, at constant
excitation energy, the unimolecular dissociation rate de-
creases with increasing cluster size causing, for large
cluster sizes, a nondetectable fragmentation during the
observation time window [15]. For our experimental con-
ditions, and for a photon energy in the energy region sub-
tended by surface plasmon absorption, i.e., 1 to 3 eV,
single-photon-induced evaporation cannot be observed
within the few microsecond time window for K„+ with
n & 100.

In order to overcome this problem we performed a
multistep photon excitation. The laser Aux density is low

enough so that the time interval between two successive
absorptions is larger than the relaxation time. Moreover,
for a given photon energy hv the laser Auence range is
chosen to induce evaporation after the 10-ns laser pulse
duration but before the few microsecond observation time
window. The rate equations for the multistep q photon
absorption during the laser pulse

K„'(Eo )+hv- K„+(E,*)

K„+(Ek ) +hv~ K„+(Ek+ ~ )

K +(Ez* ~)+hv K +(Eq*)

are
dK„+"

(Eo ) = ~yZ.+(Eo)—
dK„+

d" (Ek') =V~EC'(Ek- ) a4K'(E.*—
„" (E,*)=~yZ.+(E,*,)
dt

where K„+(Ek*) is the number of mass selected K„+
parents which have absorbed k photons during the laser
pulse r, p is the photon 11ux density, and o is the photo-
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kh v pD+ Ef* —Eo, (4)

where Eo and Ef are the internal energies of the parent
K„+ and the fragment K„-~+ entering and leaving the
observation region, respectively. D is the mean value of
the dissociating energy for clusters having between n and
n —p atoms [15]. Under these conditions the photofrag-
ment distribution rejects the excitation Poisson distribu-
tion, as sho~n in Fig. 1. Such a distribution peaks for

k max

which corresponds to a number of evaporated atoms

p,„(Eo—Ef )/D+apzitv/D.

Considering the average laser power as variable

(5)

PL=0.32 mW

PL-0.35 rnW

absorption cross section for a photon having an energy
itv. o' is assumed to be little dependent of the cluster
temperature.

The solution of these equations is a Poisson distribu-
tion. The number of clusters K„+ having internal energy
Fk after absorbing k photons with 1 & k & q is

&a (Ek*) =&a+(Eo )(1/k!)(rrpz) exp[ —(oyz)]. (3)

During the few microsecond observation time window,
the excited K„+(Ek ) clusters evaporate p atoms per clus-
ter according to the energy balance

PI fh vpzZ,

where Z is the cross-sectional area of the laser beam and

f is the frequency of the laser repetition rate, the number
of evaporated atoms is

p,„(Eo Ef*—)/D+ rJPt/EfD .

As sho~n in Fig. 2, for a given photon energy, the
number of lost atoms at the maximum of the fragment
distribution varies linearly with the laser power as expect-
ed from Eq. (8). The slope of the straight line gives the
absorption cross section. We note that this straight line
does not pass through zero. The PI axis intercept gives
the number of photons which must be absorbed by the
parent cluster before the first evaporation is observed
[15]. This experimental procedure based on photoeva-
poration within a given time window of few microseconds
only provides information about the photoabsorption of
hot clusters. For alkali clusters with a few hundred
atoms and binding energy of about 1 eV, statistical
theories of evaporation [16,17], based on the number of
evaporated atoms, suggest our cluster temperature during
the photon absorption lies within the limits of 600 and
800 K.

Figure 3 shows the absorption cross sections for K500+
and Kgoo+ versus the photon energy. The error bars of
25% result from the precision to determine the cross-
sectional area X of the laser beam and the slope of the
straight line of Fig. 2. Experimental data for each cluster
are interpreted in terms of Mie theory [18]. For spheri-
cal metallic particles which are much smaller than the
wavelength, the absorption cross section based on the
Drude dielectric function is

cr„(h v) -o„(hvp)
[Itvrl'

[(i'tv)' —(Itv )']'+[hvr]' '

P =045 mW

where vo is the Mie frequency, which is also known as the
plasma frequency of a metallic sphere with n electrons,

P =065 mW
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FIG. 1. Multistep photofragmentation data of K900+ ob-
tained for several laser powers. The spectra recorded from the
diAerence between the laser on and off clearly exhibit the de-
pletion (negative dip) of K9aa parent ion which produces a
Poisson distribution for the fragments. The dashed line marks
the parent distribution. The arrows show the maxima of the
Poisson distribution of fragments.

0
PL (mW)

FIG. 2. Number of neutrals ejected at the maximum of the
fragment distribution, from Fig. 1, is plotted vs the laser power
average. Error bars indicate the precision with which the posi-
tion of the maximum is determined from several runs of rnea-
surements as well as the precision for the laser power PI.
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(io)

Assuming a metal cluster to be a metallic droplet with n

electrons in a volume V its electronic density is n, n/V.
In the simplest approximation V= 3 xr,'n where r, is the
Wigner-Seitz radius [22], the plasma frequency is

]/2
e 2

Vp
mr,

and I the width of the resonance. The experimental data
can be interpreted by using Eq. (9) with three fitting pa-
rameters, cr„(hvo), hvo, and I . Such a fit indicates that
large potassium clusters are roughly spherical in agree-
ment with theoretical predictions [19,20] which indicate
that the deformation of large clusters is less pronounced
than for small ones [21]. However, for large masses the
cluster deformation can contribute to a broadening of the
cross-section profile. The inherent temperature distribu-
tion produced by the experimental procedure also broad-
ens the resonance profile.

The parameters used to fit the resonance are given in

Table I together with those for small masses [2]. From
the table we observe the resonance energy shift toward
the blue as n increases. The shift of the resonance as a
function of cluster size is of fundamental interest as a test
for the validity of different models.

From the Drude model the plasma frequency of a me-
tallic sphere is connected to its electronic density n, [22]
by the relation

hvo h(4rrn, e /3m)'~ .

K9+

&5oo+

K9oo+

1.93
1.98
2.03
2.05

26
88

1750
2500

0.22
0.16
0.28
0.4

is independent of the cluster size, and is equal to the
plasmon frequency of a spherical electron gas of radius
r, . In this model the bulk plasmon energy for potassium
is hv~ 4.3 eV and the Mie resonance energy hvM;,

2.48 eV. In order to interpret the observed blueshift as
the cluster size increases, a more realistic volume of the
delocalized electron gas must be taken into account. The
size of the electron distribution in clusters is larger than
is estimated on the basis of the volume per atom in the
bulk [7,23]. The volume turns out to be significantly
larger than the previous value and is given by

V 3 rr(r, n' +b)

where b is the electron spillout parameter [23].
The corresponding plasma frequency is then

—3/2

vp 1+—n
P —I/3

r,

(i2)

(i3)

TABLE I. Resonance energy hvo, absorption cross section
cr(hvs), and resonance width I, deduced from experimental ab-
sorption profiles, as a function of cluster size.
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FIG. 3. Photoabsorption cross section profiles for large clus-

ter ions K5oo+ and K9oo+ as a function of photon energy. The
parent masses are distributed around the mean mass through
the resolution of the selection (few masses).

which is proportional to n ' for large n.
Figure 4 is an illustration to show that quantitative

agreement cannot be achieved between the classical mod-
el and the experimental data. We extended the calcula-
tion of the collective resonance frequency in singly
charged spherical positive ions by using either the analyt-
ical approach formulated by Kresin [8] or the available
program of Bertsch [12],which we have adapted for large
masses. In all cases the calculated values are larger than
the experimental ones. Figure 4(a) shows also the limit
of the experimental value of the resonance energy when R
is infinity: Itv deduced either from a recent measure-
ment of surface plasmon energy hv, ~ [24], i.e., hv

hv, ~42/3 2.24 eV or from the bulk measurement [25]
hv hv~v 1/3=2. 22 eV. It is well known that the
disagreement between the measured plasma frequency for
the bulk and the value deduced from the Drude model is
related to ionic core polarization and the effective mass of
the electron [25]. In particular, for clusters the RPA cal-
culation which treats positive ionic cores as a uniform
positive background with radius r,n ' is not sufficient.

Figure 4(b) presents the behavior of the resonance en-

ergy divided by the limiting value when R is infinity

versus n ' for the classical and RPA calculations as
well as for the experiment. The experimental data con-
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hvp(ev)

2.5

circles) in Fig. 4(b), which still remain lower than calcu-
lated values.

The authors want to thank S. Bjornholm for stimulat-

ing discussions concerning the temperature shift.
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verge more slowly to the infinite limit than the calculated
values. One reason may be due to the experimental con-
ditions that caused larger clusters to have higher temper-
ature. The temperature (700 K) of large clusters Ksoo+
and Ksoo+ is larger than the temperature (350 K) of
small ones Ks+ and Kzi+ [15]. An increase in tempera-
ture produces a cluster dilatation which induces a redshift
in the plasmon frequency. A simple estimate gives a shift
of 1% per 100 K [26]. From our experimental data the
estimated values for the resonance energy that we could
expect for KMn+ and Ksoo+ at 350 K are plotted (open

FIG. 4. (a) Resonance energy vs n 'ti. The two straight
lines are the classical value of the Mie resonance energy varia-
tions with spillout [23] (dash-dotted line) and without spillout
(solid line). The asterisks and the squares are the calculated
values from Refs. [8] and [12], respectively. The dots are our
experimental data for clusters and the value deduced from a
measurement of the surface plasmon resonance when n is
infinity [241. (b) The plasmon energy divided by the limiting
value when n is infinity, hvs/hv, vs cluster size for calculated
and experimental values (see the text).
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