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Photoabsorption cross sections of small free neutral sodium clusters are measured in the wave-

length range of 452—604 nm. The results indicate that the photoabsorption spectra are dominated
by surface plasma oscillations of the valence electrons. The measured photoabsorption cross sec-
tions are consistent with a sum-rule calculation based on an ellipsoidal shell model and the experi-
mental static electric polarizabilities of Na clusters. The calculated photoabsorption spectra of
closed-shell clusters contain a single surface-plasma-resonance peak, whereas those of open-shell
clusters have double or triple peaks. The experimental magnitudes of the photoabsorption cross

o 2
sections near resonance peaks are between 1 and 2 A per delocalized electron.

I. INTRODUCTION

In this paper we describe the measurement of photoab-
sorption cross sections of free neutral sodium clusters
containing N=2 —40 atoms. First results of this work
were discussed elsewhere here we give additional data
and more details. We also present a model employed to
predict the photoabsorption cross sections.

Optical spectroscopy is an essential tool for investigat-
ing the electronic properties of small metal clusters.
Heretofore, it was carried out mainly for large clusters in
matrices. ' Extensive studies of surface-plasma-
resonance absorption were made, but cluster-matrix in-
teractions could not be eliminated, and the samples con-
tained rather broad cluster-size distributions. Most data
for alkali-metal clusters in beams also concerned large
particles with broad size distributions, ' or dimers and
trimers.

Recently, photoionization thresholds (for a review, see
Ref. 10) and photoelectron spectra" ' of mass selected
metal clusters have been measured. The data correlate
well with the shell model for single-electron levels. ' ' '

The photoabsorption experiments presented here demon-
strate that in addition to single-particle excitations, col-
lective electronic motion is also important, even for clus-
ters containing fewer than eight delocalized electrons.
Our results are consistent with predictions based on the
measured static electric polarizabilities of Na clus-
ters, ' ' together with a shell model in which clusters are
ellipsoidal in shape.

The plan of the paper is as follows. In Sec. II our ap-
paratus configuration and data-taking procedures are
outlined. In Sec. III we describe the mechanism by
which clusters are removed from the beam following pho-
ton absorption. In Sec. IV we present a model for calcu-
lating the photoabsorption cross, sections. In Sec. V we
discuss our experimental data, and its relation to the sim-
ple ellipsoidal model and to some more elaborate theoret-
ical calculations. Section VI contains our conclusions.

II. EXPERIMENTAL ARRANGKMKNT
AND MEASUREMENTS

The cluster-beam apparatus (see Fig. 1) is described in
detail in Ref. 10. Neutral clusters are produced by super-
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FIG. 1. Experimental configuration for the measurement of cluster photoabsorption cross sections. The cluster-beam source is
operated at a Na vapor pressure of about 40 torr, with argon pressure of 300—500 kPa. The nozzle and skimmer have diameters of
0.0076 and 0.04 cm, respectively. A rectangular aperture (0.1X0.1 cm ) is located 77 cm downstream; the detector aperture
(0.2X0.3 cm ) is located 2 m from the nozzle. The ionizing uv lamp is filtered; the filter has a transmission of )5% in the wave-
length range 240 —420 nm.
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sonic expansion of sodium vapor and argon gas through a
small nozzle. After passing through a skimmer, the clus-
ter beam is collimated by a rectangular aperture. Further
downstream, clusters pass through the detector aperture,
and are then photoionized by uv light. The resulting ions
enter a quadrupole mass analyzer (QMA), and the select-
ed masses are steered into the detector.

The entire cluster beam is illuminated by a collinear
and counterpropagating laser beam. A cw laser beam is
chopped with an acousto-optic modulator; we used laser
pulses of 100—350 ps width and a repetition rate of 100
Hz. The chopped beam is expanded to 0.6 cm diameter.
An argon-ion laser is operated at selected wavelengths be-
tween 457.9 and 514.5 nm, with a bandwidth -3X 10
nm. Near 560 and 600 nm, a cw dye laser with a band-
width of 0.3 nm is used. The photon Aux on the clusters
is measured by rotating a mirror to intersect the laser

FIG. 2. Time-resolved scan for Na8, showing the reduction in
the cluster counting rate after illumination with the flashlamp
laser. The laser pulses are 1 ps wide, and occur at time t =90
ps. The time resolution is 10ps.

beam, and the rejected light is directed onto a calibrated
photodiode. The Bight time of clusters from the source
to the detector aperture is about 2 ms, which is much
longer than the laser pulse width and much shorter than
the time between consecutive pulses.

Some data were also taken using a Aashlamp pumped
pulsed dye laser, with a pulse width of 1 ps at a repetition
rate of 10 Hz. This laser was operated near 450, 505, and
600 nm. Typical bandwidths were 0.5 nm.

One can adjust the QMA for a specific cluster mass
and measure the counting rate of that cluster as a func-
tion of time after the laser pulse. The signals for many
consecutive pulses are then summed. We call this a
time-resolved scan (TRS), a typical example of which is
shown in Fig. 2. For those clusters that were between the
source and the detector aperture during a laser pulse, the
counting rate is decreased, showing that interaction be-
tween photons and clusters removes some clusters from
the beam.

During and shortly after the 1 ps wide laser pulses
there is a large noise pulse (see Fig. 2), due to stray light
entering the photomultiplier tube of the detector. This is
followed by a depression more than 1 ms wide, which
represents the cluster-beam depletion under the given ex-
perimental conditions, and defines a time window during
which the counting rate is due only to clusters that were
between the source and the detector aperture during the
laser pulse. Finally, the signal returns to its undepleted
value.

Most of our TRS data have used much longer laser
pulses (100—350 ps width); these TRS's are very similar
in appearance to Fig. 2. For a given wavelength and clus-
ter size, the measured photoabsorption cross section (see
below) is independent of the laser pulse width. At all in-
vestigated wavelengths, even at high light intensity, there
is no depletion of the dimer signal. For all other investi-
gated cluster sizes, laser powers of -0.1 mJ/pulse pro-
duce substantial beam depletion.
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FIG. 3. Undepleted (light off) and depleted (shaded) mass
spectra for Na2». The depletion is caused by illumination of
the cluster beam with laser light at 505 nm.

FIG. 4. Undepleted and depleted mass spectra for Na&»,
with a laser wavelength of 599 nm.
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Our measurements of photoabsorption cross sections
are based on data taken in the form of gated mass scans
(GMS's). For this mode of data collection, the QMA is
adjusted to a specific mass and the counting rate in the
time window described above is measured. Between con-
secutive laser pulses, the counting rate of unilluminated
clusters is obtained. The QMA mass setting is increased
and the counting rates are measured again. This process
is repeated for a sequence of masses until the desired
range of cluster sizes has been covered. More mass
sweeps are added until the counting statistics are
sufticiently good.

Figures 3 and 4 each show a GMS for Naz 2&, which
were taken at wavelengths of 505 and 599 nm, respective-
ly. The shaded signals show clusters which were il-
luminated but remained in the cluster beam, and thus
reached the detector. The unshaded signals correspond
to clusters which were not illuminated; they exhibit the
well-known shell structure with spherical shell closings at
%=8 and 20. ' The ratio of depleted to undepleted
counting rates (the "on/off ratio, " r) in each mass peak,
and the measured light intensity, are used to calculate the
photoabsorption cross section for that cluster size (see
Sec. III).

Within one GMS the light intensity is the saine for all
cluster sizes, but r is strongly size dependent. Compar-
ison of Figs. 3 and 4 demonstrates that relative r values of
different clusters depend on the laser wavelength. The
cross section is therefore both size and wavelength depen-
dent. Beam depletion was also observed for Na clusters
as large as 5 =59, for K2 2„and for mixed K-Na clus-
ters. We note that soft ionization with properly filtered
uv light, as employed in this apparatus, ionizes the jet
cooled clusters without causing fragmentation. ' '

III. MECHANISM FOR BEAM DEPLETION

Absorbed photons excite surface plasma oscillations in
a cluster (see Sec. IV), which then heats up, causing eva-
poration of atoms (or dimers). The transverse recoil of
the daughter cluster removes it from the collimated
beam. In the following, the photoabsorption cross sec-
tions will be expressed in terms of experimentally mea-
sured quantities, and the detection probability of
daughter clusters will be discussed.

If single-photon absorption is sufhcient to cause eva-
poration, then

1nr = crP, — (1)

where r is the on/off ratio (see Sec. II), P is the number of
photons per unit area per laser pulse, and the constant of
proportionality, o., is the photoabsorption cross section.
Figure 5 shows experimental values of —lnr versus P for
three selected clusters, based on data extracted from a
series of GMS's. Least-squares fits to the data show that
Eq. (1) is satisfied. This relationship between r and P has
been verified experimentally for clusters as large as
1V =40.

The evaporation rate of atoms after photon absorption
is estimated in Appendix A; we find that evaporation
occurs within a small fraction of the cluster Aight time.
The recoiling daughter cluster will not be detected unless
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FIG. 5. Logarithm of the "on/off ratio, " —ln(r ), vs light in-
tensity (arbitrary units) for Na8 (squares), Na&6 (circles), and
Na&8 (diamonds) at a wavelength of 514.5 nm. The solid lines
are least-squares fits to the data.

it passes through the detector aperture; the detection
probability, Pd„,depends on the distance, I-, between the
cluster and the aperture at the time when evaporation
occurs. Pd«decreases rapidly as I. increases (see Appen-
dix B), because the daughters have more time to move in
a transverse direction before crossing the plane of the
aperture. For the experimental conditions of Fig. 2, Pd„
becomes negligibly small for L, ~ 10 cm. The rapid de-
crease of Pd„with increasing I corresponds to the initial
steep decrease in counting rate in Fig. 2.

In the region of greatest depletion in the TRS, a laser
power of —1 mJ/pulse is sufficient to reduce the counting
rate to the background noise level for all cluster sizes in-
vestigated (except the dimer). This demonstrates experi-
mentally that the daughter clusters are not detected. The
gradual rise in the counting rate at the end of the signal
depression is due to the spread in the cluster velocity dis-
tribution. Clusters which were formed after the laser
pulse overtake slower illuminated clusters and reach the
detector before them; the signal therefore shows less de-
pletion. Quantitative analysis of the signal shape pro-
vides a simple technique for the measurement of velocity
distributions of cluster beams. '

Some other examples of cluster photodissociation or
desorption are mentioned here. In photodissociation ex-
periments with Na3, fluorescence from dissociated atoms
was observed. Beam depletion of sodium trimers due to
photodissociation has been measured, and the dissociat-
ed dimers were also detected. The wavelength ranges we
have investigated are not sufticient to make a comparison
between these data and our results, but there are some
resemblances which encourage further measurements.
Intense laser illumination of alkali clusters causes suc-
cessive rapid evaporation of neutral monomers. Experi-
ments with sodium clusters of mean diameter 50 nm, ad-
sorbed on a LiF(100) surface, suggest that laser excitation
of surface plasma resonances causes nonthermal desorp-
tion of atoms from the clusters. '
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IV. ELEMENTARY THEORY
OF PHOTOABSORPTION CROSS SECTIONS

Xe
COp]—

rn, a;
(5)

Our data show several indications that absorption of
visible light causes excitation of surface plasma oscilla-
tions in metal clusters. The measured photoabsorption
cross sections show resonances which have significantly
more oscillator strength and lie at higher frequencies
than is expected for the strongest single-electron excita-
tions. This suggests that a collective excitation is in-
volved. The observed resonances are located close to
several different theoretical predictions of the surface-
plasma-resonance positions (see below). For open-shell
clusters, the data are consistent with the predicted multi-
ple surface-plasma-resonance peaks expected from non-
spherical cluster shapes.

A. Spherical clusters

For spherical metal particles that are much smaller
than the photon wavelength, classical Mie theory pro-
vides the following expression for o., the photoabsorption
cross section:

4+Re co I0—
mc ( — )+( I) (2)

icecoo-
Ple CX

(3)

where a is the static electric polarizability of the cluster.
For a classical monovalent metal sphere, a=Nr, , where
r, is the Wigner-Seitz radius of the metal. With r, =4.0
a.u. for Na, the classical surface-plasma-resonance wave-
length is 365 nm.

B. Ellipsoidal clusters

The polarizability of a metal ellipsoid has a different
value, a;, along each of the three principal axes, and the
photoabsorption cross section depends on the orientation
of the ellipsoid with respect to the photon polarization.
For randomly oriented ellipsoidal clusters, the photoab-
sorption spectrum is the sum of three resonances of equal
weight. Equation (2) can be generalized to give

4m' co I;
3m, c, ) (~~ —~0~,. )z+(~I, )~

(4)

where the sum is over the three principal axes. The I;
represent the widths associated with each of the three
resonances at coo, . The resonance frequencies are

where X is the number of valence electrons, coo is the res-
onance frequency, and I represents the width of the reso-
nance. Equation (2) assumes that all of the dipole oscilla-
tor strength is exhausted by the surface plasma resonance
at coo (the "surface-plasmon-pole approximation" ). In
metal clusters this resonance is the collective oscillation
of the valence electrons with respect to the positive ions.

Under the surface-plasmon-pole approximation, sum
rules can easily be used to show (see, e.g., Ref. 25) that

Classical electrodynamics relates the a; to the depolar-
ization factors, D, ,

a, D.
a D,

(6)

The D; can easily be calculated if the axial ratios of the
ellipsoid are known (see Sec. IV C).

In order to find the absolute values of the a,-, we use
the experimental measurement of average static polariza-
bilities in Na clusters. ' ' For randomly oriented ellip-
soids, the average polarizability, cz, is

g —1

3

Combining Eqs. (6) and (7), and inserting the experimen-
tal a, the a; are obtained. Equation (5) then gives the
three resonance frequencies.

cope, ape, and cuoe, are the oscillator frequencies along
the three principal axes of the ellipsoid, which has axial
rates xo, yp, and zo, respectively. The parameter coo sets
the energy scale, and does not affect the equilibrium
shapes. The total energy of the cluster is given by

C C„ C,+ +
yo ~o

X

Et t
—'Scop

Xp
(9)

where C; =g(n;+ —,'), the sums being over all occupied
single-electron states.

For a given cluster size, and for a particular electronic
configuration, E„,is minimized with respect to the prin-
cipal axes, keeping the volume constant. This process is
repeated for all possible configurations; the resulting
minimum total energy determines the axial ratios for the
chosen cluster size.

In some cases, two different electronic configurations
of the same cluster (each corresponding to a different set

C. Axial ratios and resonance wavelengths

The Clemenger model for metal clusters' is based on
the Nilsson model for nuclei. It is assumed that the
valence electrons can be described as moving in an
effective one-electron potential, which is approximated by
an anisotropic harmonic oscillator with a small angular-
momentum-dependent perturbation. The cluster shapes
are restricted to spheres or spheroids, and the equilibrium
shapes are determined by minimizing the sum of the
one-electron energies. We have extended the Clemenger
model to ellipsoids, using a three-dimensional harmonic-
oscillator potential with no perturbation term. The
latter, which would flatten the bottom of the potential
well, is nonessential for small clusters (see below).

For a three-dimensional harmonic potential, the energy
eigenvalues are

E„„„=%co[0(n +—,')Ixo+(n +—,')/yo+(n, + —,')Izo] .
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of axial ratios) give very similar total energies. For a few
clusters in the size range X =2-40, we estimate that this
energy difference is 53kiiT (where T-300 K; see, for
example, Ref. 40}, suggesting that cluster-shape isomer-
ism may occur. In a spheroidal self-consistent calcula-
tion, ' a similar result is obtained: for both Na&3 and
Na2, there are two configurations (corresponding to a
prolate or an oblate spheroid, respectively} which are par-
ticularly close in energy.

Results of our model for Na2 40 are given in Table I.
The closed-shell clusters N =8, 20, and 40 are predicted

to be spherical; the others are either spheroidaI or ellip-
soidal. For the spheroidal clusters, distortion parame-
ters are given; they are compared to Clemenger's calcu-
lations' ' and to a self-consistent spheroidal calcula-
tion. ' There is good agreement between our model
and Clemenger's in the cluster-size range N =2 —40,
demonstrating that omission of the angular-momentum-
dependent perturbation term from the Nilsson Hamil-
tonian does not significantly affect the calculated distor-
tion parameters in small clusters. Our results are also
similar to those of Ekardt. We note that agreement be-

TABLE I. Axial ratios of Naz clusters calculated with the ellipsoidal shell model. Distortion parameters (Ref. 30) are given for
those clusters which are found to be spheroidal in shape. For comparison, distortion parameters calculated with the spheroidal mod-
els of Clemenger (Refs. 14 and 17) and Ekardt (Refs. 28 and 29) are shown.

XO

1

0.843
0.794
0.735
0.711
0.875
1

Axial ratios

3'o

1

0.843
0.794
1.029
1.186
1.069
1

Zo

1

1.406
1.587
1.323
1.186
1.069
1

Present
ellipsoidal model

(see Sec. IVC)

0
0.50
0.67

—0.50
—0.20

0

Distortion parameters

Clemenger

0
0.50
0.67

—0.50
—0.20

0

Ekardt

0
0.61
0.78

—0.63
—0.27

0

9
10
11
12
13
14
15
16
17
18
19
20

0.914
0.860
0.809
0.770
0.736
0.711
0.755
0.794
0.826
0.854
0.930
1

0.914
0.860
0.917
0.963
1.082
1.186
1.115
1.058
1.070
1.082
1.037
1

1.196
1.352
1.348
1.348
1.255
1.186
1.187
1.191
1.132
1.082
1.037
1

0.27
0.44

—0.50

—0.24
—0.11

0

0.25
0.44

—0.49

—0.21
0
0

0.26
0.48

—0.56

—0.17
0
0

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

0.956
0.920
0.886
0.857
0.868
0.877
0.850
0.826
0.833
0.783
0.792
0.800
0.807
0.813
0.841
0.868
0.893
0.917
0.959
1

0.956
0.920
0.928
0.935
0.905
0.877
0.917
0.953
0.954
1.073
1.070
1.066
1.088
1.109
1.102
1.051
1.047
1.045
1.021
1

1.095
1.182
1.216
1.247
1.274
1.299
1.283
1.271
1.257
1.189
1.181
1.173
1 ~ 139
1.109
1.078
1.096
1.069
1.045
1.021
1

0.14
0.25

0.39

—0.31

—0.13
—0.06

0

—0.07
0.21

0.36

—0.23

—0.10
—0.04

0

0.09(—0.07)
0.22

0.37

—0.18

—0.09
—0.05

0
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TABLE II. Experimental per-atom static electric polarizabilities for Na& clusters (Refs. 16 and 17),
normalized to the measured polarizability of the Na atom (Ref. 31). The corresponding surface-
plasma-resonance wavelengths A, , A,~, A,, of ellipsoidal clusters (with axial ratios as given in Table I) are
a,iso shown.

2
3
4
5
6
7

Experimental
polarizability

0.803
0.986
0.857
0.911
0.862
0.727
0.691

515
501
439
448
428
452
478

Resonance wavelengths (nm)

515
501
439
544
580
509
478

515
691
681
638
580
509
478

9
10
11
12
13
14
15
16
17
18
19
20

0.739
0.814
0.743
0.782
0.742
0.748
0.733
0.760
0.674
0.654
0.669
0.652

465
464
428
426
406
399
412
433
419
422
451
464

465
464
460
485
509
540
517
512
488
485
480
464

549
614
585
599
559
540
539
552
506
485
480
464

21
24
25
26
30
34
40

0.625
0.653
0.634
0.658
0.612
0.632
0.630

442
419
415
424
385
401
456

442
440
425
424
463
483
456

479
527
525
542
494
483
456

classical
sphere

0.402 365 365 365

tween our calculated photoabsorption spectra and the ex-
perimental results depends sensitively on the predicted
resonance positions, which are directly related to the cal-
culated distortion parameters (see above).

Saunders' has extended the Clemenger model to ellip-
soids, while retaining the perturbation term in the Hamil-
tonian. This term is shell dependent —its value is chosen
to give the best agreement with experimental abundance
spectra and photoionization thresholds. Results of this
calculation differ only slightly with respect to ours.

The calculated axial ratios, together with the experi-
mental static polarizabilities, are used to obtain the
surface-plasma-resonance frequencies of each cluster.
The corresponding resonance wavelengths are given in
Table II, for those clusters for which the experimental po-
larizabilities' ' are known. The latter are also shown,
normalized to the measured value for the Na atom. '

V. COMPARISON OF EXPERINIENT AND THEORY

Figure 6 shows the measured per-atom photoabsorp-
tion cross sections versus wavelength for several selected

clusters in the wavelength range of 452 —604 nm, along
with predictions of our model from Sec. IV. The damp-
ing constant I is chosen as 0. 15coo. The model predicts
that Na8 and Na2O are spherical. Na9 and Naio are ex-
pected to be prolate spheroids, while Na, 2 is ellipsoidal.

In Fig. 7 the measured and theoretical photoabsorption
cross sections are shown as a function of cluster size for
Na3 2] at two selected wavelengths. Near 600 nm the
cross sections of the open-shell clusters are strongly
enhanced with respect to those of the spherical closed-
shell clusters. However, near 500 nm the closed-shell
cross sections are the larger. The measured photoabsorp-
tion cross sections for Na22 4O are also consistent with
the model. ' The cross section of the dimer is uniquely
very small or zero at all investigated wavelengths. It is
known that Naz absorbs visible light, but most of the en-

ergy is reradiated, and so we do not observe beam de-
pletion. The fluorescence is so strong that optical pump-
ing of Na2 can produce laser emission.

The self-consistent jellium model in the time-dependent
local-density approximation has been used to calculate
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photoabsorption spectra of spherical metal clusters.
The spectrum contains the surface plasma resonance and
several single-particle resonances. Landau damping (the
decay of the surface plasma oscillations via excitation of
single electron-hole pairs) contributes to the surface-
plasma-resonance width. " For Nas, the calculated
surface-plasma-resonance position is red-shifted by
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FIG. 7. Experimental (squares) and theoretical (circles) pho-
toabsorption cross sections vs cluster size, at wavelengths of (a)
496.5 nm and (b) 600.2 nm, for Na3». The theoretical cross
sections are calculated using I =0.15ct7p.
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FICx. 6. Experimental (circles) and theoretical (solid lines)
photoabsorption cross sections vs wavelength for (a) Na8, (b)

Na9, {c)Nalp, (d) Na&z, and {e) Na2p. For the theoretical curves,
the widths are I =0.15&op.

19% with respect to the classical value; our data indicate
a red shift of about 25%. We have not yet identified any
single-particle resonances.

Brack has used random-phase-approximation (RPA)
sum-rule techniques to calculate the eigenmode spectrum
for collective electronic excitations of spherical metal
clusters. For the static polarizabilities and the surface-
plasma-resonance frequencies, good agreement is ob-
tained with the calculations of Ekardt and Beck.
An estimate of the surface-plasma-resonance width is
consistent with experiment.

The Thomas-Fermi statistical method has been used
with the RPA to calculate the surface-plasma-resonance
frequencies of spherical metal clusters; the value for
Nas is in good agreement with our data. These resonance
positions are used to deduce the static electric polariza-
bilities, which agree well with experiment. ' ' It is im-
portant to take into account correctly the spillout of the
valence electrons outside the boundary of the positive
ions in the cluster. This spillout causes an enhanced stat-
ic electric polarizability, and a red shift of the surface
plasma resonance, with respect to the bulk values (see
Table III).

In Sec. IV the experimental static polarizabilities of Na
clusters' ' were used to deduce the surface-plasma-
resonance frequencies [Eq. (3)]. The experimental reso-
nance position for the closed-shell cluster Na8 is in good
agreement with our calculated value [see Fig. 6(a) and
Table III].

Table III shows the experimental resonance wave-
lengths for the spherical clusters Nas and Na20 (for Na20
more data are needed to define accurately the resonance
position). The resonance wavelengths deduced from the
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TABLE III. Experimental surface-plasma-resonance wave-
lengths of Na8 and Na20. The resonance wavelengths deduced
from the experimental polarizabilities (Refs. 16 and 17; see also
Table II) are also shown. For comparison, some theoretical re-
sults are given (Refs. 24, 33, and 36).

Resonance wavelength (nm)
Naa Na2o

Experiment

From experimental
static electric
polarizability

Ekardt

Beck

Kresin

Classical
metal sphere
(r, =4.0 a.u. )

495+5

478+4

452

493

365

505+10

464+13

412

461

462

365

experimental static polarizabilities are given, together
with the values calculated from the time-dependent jelli-
um model, ' and the Thomas-Fermi statistical
method. All these calculations, and also the data, give
surface-plasma-resonance positions which are substantial-
ly red-shifted with respect to the value for a classical met-
al sphere (365 nm). This is due to the spillout of the
valence electrons. Larger free Na clusters of radii R -7
nm (Ref. 5) show a surface-plasma-resonance peak at 384
nrn, demonstrating that the relative effect of the electron
spillout decreases with increasing cluster size, causing the
resonance peak to move towards the classical value.

Although we do not yet have sufBcient data to deter-
mine the resonance widths, I -0.15coo is consistent with
experiment for all investigated clusters. Some other ex-
periments and calculations that suggest possible damping
mechanisms for small Na clusters are discussed below.

Numerous experimental data are available for the plas-
ma resonance widths of bulk surfaces; it is interesting to
compare these results with the measurements of surface
plasmon widths of clusters. However, prior to the
present work, few data existed either for free clusters, or
for clusters with radii R ~1 nm. To date, most of the
relevant observations refer to clusters in thin films or em-
bedded in matrices; the observed widths are mainly in the
range 0.1 —1.0 eV. For embedded metal particles in the
size range 1 —10 nm, the experimental surface plasmon
width varies inversely with the cluster radius. ' Howev-
er, for free Na particles, our experimental width for Na8
difFers by less than 20% from that observed for clusters
with R -7 nm. This result is inconsistent with a 1/R
dependence of the width, suggesting that this relationship
is not applicable to the very small clusters in our experi-
ment.

Calculations of the damping due to coupling of surface
plasma oscillations to quadrupole shape fluctuations of
the cluster have recently been presented. ' This contri-
bution is temperature dependent, but does not vary
dramatically with cluster size. The damping factor at

room temperature is found to be 0.07coo(I (0.14coo for
clusters in the size range X = 8 —20.

The spherical jellium model with the RPA has been
used to calculate the photoabsorption spectra of spherical
metal clusters; Landau damping and exchange and
correlation effects are found to be important. When the
damping due to coupling with surface vibrations is in-
cluded in these spectra, the resulting line shapes conform
to the experimental data. For Naz, the authors find a sin-
gle peak in the collective dipole spectrum at 2.8 eV,
which exhausts 75% of the dipole oscillator strength.
For Na2O, they find the same strength distributed in two
closely spaced peaks at 2.6 and 2.9 eV. The experimental
data for Na2o suggest the possibility of a double peak, but
further measurements are required to verify it.

The observed giant dipole resonances in nuclei, ',
which can be described as the collective motion of the
protons with respect to the neutrons, show many similari-
ties to surface plasma resonances in metal clusters. These
nuclear resonances show single (spherical) or double
(spheroidal) peaks, and are seen in nuclei. as small as ~He.
Single-nucleon excitations give rise to sharp peaks super-
imposed on the giant dipole resonance profile. It is there-
fore reasonable to expect both single-particle and collec-
tive behavior in metal clusters, including small ones such
as the trimer. Studies of the damping of nuclear giant di-
pole resonances find that Landau damping and coupling
to nuclear shape oscillations are important, giving sup-
port to the predictions that these damping mechanisms
exist in clusters. For small nuclei, the escape of particles
into the continuum provides a major contribution to the
width of the giant resonance. This mechanism is less
important for heavy nuclei, where it produces about 15%
of the total width.

The decay of cluster surface plasma oscillations into
thermal motion is one of several steps in the beam de-
pletion process for our experiment. There is evidence
that depletion is completed in times much shorter than
the cluster time of Qight (see Sec. III), but the details of
the process are not known, and there are currently no
other experimental data available giving a time scale for
plasmon decay in small metal clusters. However, for
noble-metal films, there is evidence for surface plasmon
decay and related heating in times as short as 50 fs, and
for electron-phonon energy transfers on a picosecond
timesc ale.

VI. CONCLUSIONS

For clusters with X ~ 3, our data are generally con-
sistent with a sum-rule calculation based on an ellipsodial
shell model and the experimental static polarizabilities of
Na clusters. Nas shows a single peak, as expected for
spheres; Na9 and Na&0 show spectra consistent with the
expected prolate spheroid cluster shape. Triple peaks for
Na», Nai2, and Na» have not been resolved, but the rela-
tively Hat spectra do not show the stronger peaks typical
of spherical or spheroidal clusters. The observed peak
for Na2o is somewhat red-shifted from our prediction,
and it does not exhaust the dipole sum rule. It is possible
that we have observed one of two closely spaced peaks in
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the photoabsorption spectrum.
For all clusters in the size range N=3 —40, the ob-

served cross sections for a given cluster size average to
0

about 1 A per delocalized electron. However, as men-
tioned earlier, our data indicate that the cross sections for
Na2 are substantially smaller.

For many of the investigated cluster sizes, the mea-
sured photoabsorption spectra show multipeak structure
consistent with the ellipsoidal shell model, showing that
this model is a reasonable first approximation. However,
as we have noted, there are significant deviations for
some clusters. In continuing studies, cluster photoab-
sorption cross sections will be measured at many other
wavelengths, and the peak positions, widths, and
strengths of the surface plasma resonances will be deter-
mined. Deviations from the predictions of the ellipsoidal
shell model should indicate the relative importance of el-
lipsoidal distortions, single-particle versus collective elec-
tron dynamics, .and the basic electron-electron interac-
tions in metal clusters.
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APPENDIX A: THE EVAPORATION RATE
OF ATOMS

We will assume that the energy of an absorbed photon
decays into thermal motion, leading to a rise in the clus-
ter temperature. In order to estimate a lower limit on the
evaporation rate of atoms (we will not consider evapora-
tion of dimers) from neutral sodium clusters, we first con-
sider the temperature rise, AT, of an ¹ tom cluster,
after absorption of a photon of energy E. An N-particle
system has 3N —6 vibrational modes; thus we obtain

(3X—6)k~
(Al)

Clusters larger than the tetrarner do not appear in sa-
turated alkali vapors; they evaporate atoms at a rate
faster than they grow. Assuming a sticking coefficient of
1, kinetic gas theory gives an expression for the growth
rate, which we will consider to be a lower limit on the
evaporation rate, R:

Ap(T)R= atoms/s,
(2vrmk~ T)'~ (A2)

where A is the cluster surface area, T is the cluster tem-
perature, p ( T) is the vapor pressure of Na at temperature
T, and m is the mass of the atoms. The average time for
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TABLE IV. Estimated average times, ~, for evaporation of
an atom from Na& clusters, after absorption of a 500 nm pho-
ton. The cluster temperature before photoabsorption is as-
sumed to be 200 K.

10
20
30
40

r {s)

4X10-"
6X10-'
1X10-'
1X10

evaporation of an atom is r= I /R.
The temperature increases calculated from Eq. (Al) are

inserted into Eq. (A2), with A =4nNr, .(and r, =4.0
a.u. ), together with the vapor pressures of bulk Na. In
Table IV, Eq. (A2) is evaluated for selected Na clusters.
The initial cluster temperature is assumed to be 200 K,
which is an estimated lower limit of the cluster tempera-
tures in our apparatus. For N~30 the calculated eva-
poration times, ~, are much shorter than the cluster Aight
time (-10 s). The evaporation time increases rapidly
with cluster size and, for N =40, ~ is of the same order as
the flight time.

However, this result does not imply that our model for
the beam depletion mechanism breaks dowri for N )40,
as our calculation is expected to give values of ~ which
are much larger than they are in reality. Firstly, Eq. (A2)
is actually the growth rate of the cluster in saturated va-
por, which is known to be smaller than the evaporation
rate (see above). Moreover, bulk vapor pressures were
used in Eq. (A2) to obtain the evaporation rates; in fact,
the vapor pressure of small particles increases rapidly
with decreasing size. The true evaporation times for
clusters are therefore expected to be much shorter than
the values given in Table IV.

APPENDIX B: DETECTION PROBABILITY
OF DAUGHTER CLUSTERS

Ud=(1 jM)(3 kmTs)' (B1)

where T is the temperature of the parent cluster at the
time of evaporation. Let the evaporation occur at a time
t =0, when the cluster is a distance I. from the detector
aperture, which we will assume to be circular with radius
r. Let the angle of the velocity of the daughter cluster

We will demonstrate that the detection probability of
daughter clusters is negligible, unless evaporation occurs
when the parent cluster is very close to the detector aper-
ture. Consider an N-atom cluster moving with velocity u
towards the detector; the cluster absorbs a photon and
subsequently evaporates an atom of mass m. We will
neglect the time delay between photon absorption and
evaporation, as it is much shorter than the cluster Aight
time (see Appendix A).

In the center of mass frame the process is isotropic,
and the atom and the daughter cluster [of mass
M =(N —1)m] have equal and opposite momenta. I.et
the kinetic energy of the evaporated atom be —,'kz T; then
the velocity, Ud, of the daughter cluster is
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with respect to the beam axis be O.

In the laboratory frame, the velocity component of the
daughter cluster along the beam axis is given by

TABLE V. Calculated detection probability, P&„,for Na8
clusters which absorb a 514.5-nm photon and evaporate an
atom at a distance L from the detector aperture.

U =Q +UycosO . (B2) L (cm) Pg„(%)

Q
sinO =— +cosO

L Uy
(B3)

The daughter crosses the plane of the detector aperture
at time t =L/U, having traveled a transverse distance

y =U&t sinO. It will be detected if y &r; this condition
corresponds to angles O & O, where O is given by

1.0
2.0
3.0
5.0

10.0
20.0
30.0

100
20

7
3
0.6
0.2
0.07

Pdet 1 —
z (cos8m1 cos8~2) . (B4)

After some algebra, one obtains
2 1/2

P&„=1 —cosO& 1— 0
sinO&

Ud
(B5)

where tan8&=r/L.
For I, & r, P~« is unity: evaporation occurs so close to

the detector aperture that even daughters with 8=rr/2

This equation has two relevant solutions: O
&

and O

(where 8 z corresponds to backscattered fragments).
All values of 8 (in the range 0—m. ) are equally probable,

and the detection probability of the daughter cluster,
P~«, is the total probability that 0 & O & O, or
O z&O&~:

enter it. P&«decreases rapidly as I. increases, because
the daughter clusters travel greater transverse distances
before crossing the plane of the aperture. We now evalu-
ate Eq. (B5) for typical experimental conditions (see Fig.
2). Consider Nas clusters with u =1.1 X 10 m/s, and let
r =0.15 cm, an approximation of our 2X3 mm rec-
tangular detector aperture. We use T =1750 K, which is
calculated from Eq. (Al), assuming a photon wavelength
of 514.5 nm and a cluster temperature before photoab-
sorption of 200 K. The results are shown in Table V.

The short laser pulses (1 ps width) used for Fig. 2
greatly simplify understanding of the signal shape, be-
cause the clusters move a negligible distance during each
pulse. A more sophisticated calculation would incorpo-
rate the initial velocity distribution of the clusters, and
the energy distribution of the evaporated atoms.
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