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Absolute photoabsorption cross sections of free neutral sodium clusters containing from N =3 to
40 atoms are presented. Investigation of a wide continuous range of cluster sizes reveals the size de-
velopment of the photoabsorption behavior. In the smallest clusters the absorption is moleculelike.
A transition to collective electronic excitations (surface plasmons) occurs in the size range of N =3
to 5. For clusters with N=6 to 12 atoms the surface plasma resonances are particularly well
defined, and their positions are consistent with the predictions of an ellipsoidal shell model. The
cluster shapes can be deduced from the observed resonance positions; the data provide a sensitive
measurement of the relative axis lengths of ellipsoidal clusters. For clusters containing N ~ 3 atoms,
the plasma resonances do not always coincide with the positions predicted by the ellipsoidal shell
model. In addition to these resonances, which dominate the spectra, there are three distinct wave-
length regions within which absorption occurs for all investigated clusters.

I. INTRODUCTION

Optical spectroscopy provides an elegant means to in-
vestigate the underlying electronic structure of clusters.
What later became known as "Mie"' or "surface plasma"
resonances were manifested in the colors of stained glass
in medieval times, and investigated as a physical
phenomenon in colloidal gold solutions by Faraday.
Many experiments on metal particles embedded in ma-
trices or deposited on surfaces have been carried out
since. They have commonly been interpreted in terms of
macroscopic theories, employing bulk dielectric functions
and including corrections for particle-matrix interactions.
More recently, attempts have been made to include quan-
tum size effects (for a review, see Ref. 3). The first inves-
tigations of unsupported clusters were made by Mann
and Broida. Later on, optical absorption experiments
contributed to understanding the electronic structure of
sodium trimers. Accurate absolute photoabsorption
cross sections were recently measured ' for several
mass-selected sodium clusters containing between A =8
and 20 atoms. Peaks in the spectra were identified with
surface plasma resonances. This paper discusses photo-
absorption measurements on all sodium clusters within
the size range of TV=3 to 42 atoms. The overall patterns
of behavior are examined and are compared with other
recent relevant experimental and theoretical work. By
investigating a wide continuous cluster size range, trends
in photoabsorption behavior are revealed that are not ap-
parent otherwise. Moreover, we are able to distinguish

between absorption features that are unique to a particu-
lar cluster size and those that occur for all clusters in a
certain size range.

The ellipsoidal shell model (ESM) describes well
several properties of simple metal clusters (e.g. , relative
abundances, ionization potentials, and electron
affinities ). We may now ask whether this model will also
give good results for cluster photoabsorption. The exper-
iments described here address this, and related, questions.
Can the plasma resonances that are well known in solids,
on surfaces, and in colloids, be observed in small clusters
containing only a few atoms; do the cluster resonance fre-
quencies match those of macroscopic particles; are the
multiple plasmon peaks predicted by the ESM observ-
able; will the known static polarizabilities' adequately
predict the positions of the resonance peaks; and is there
evidence for single-particle resonances?

The plan of this paper is given below. In Sec. II the ex-
perimental arrangement is outlined. The results are
presented in Sec. III, which is laid out as follows. First,
we focus on the transition from molecular to collective
behavior that occurs in the smallest clusters. Next, the
observed surface plasma excitations are discussed. Final-
ly, additional absorption that is seen in all clusters is de-
scribed. Section IV contains the conclusions.

II. EXPERIMENTAL ARRANGEMKNT

The experimental arrangement for the measurement of
photoabsorption cross sections is discussed in detail else-
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where; '" a brief description follows. A seeded beam of
neutral Na clusters is illuminated by a collinear and
counterpropagating laser beam. Photon absorption by a
cluster results in the rapid evaporation of one or more
atoms, and the subsequent transverse recoil of the
daughter cluster prevents it from entering the detector.
The evaporation of atoms proceeds suKciently rapidly
compared to the cluster flight time that the probability of
detecting a cluster that has absorbed a photon is negligi-
ble. This has been demonstrated experimentally: for all
investigated clusters (% ~61), single-photon absorption
at elevated laser intensity can deplete the cluster beam to
the level of the background noise. " The photoabsorption
cross sections are deduced from the measured beam de-
pletion. In order to measure photoabsorption cross sec-

tions accurately, it is necessary to count only those clus-
ters that were illuminated when they were far from both
the source and the detector. The long Aight path of our
apparatus, combined with a chopped laser beam, allows
us to gate the detected cluster signal so that this is
achieved. Careful measurements of the photon fluence in
the scattering region provide an absolute accuracy of
5—10%.

III. OBSERVATIONS AND DISCUSSION

The photoabsorption spectra of Na clusters containing
from X= 3 to 40 atoms are shown in Figs. 1—4, giving the
measured per atom photoabsorption cross sections as a
function of wavelength. These data are displayed togeth-
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FICz. 1. Experimental (circles) and calculated (solid lines) photoabsorption cross sections vs wavelength for Na clusters of sizes
N= 3 to 12 atoms. The calculated curves each contain 70% of the dipole oscillator strength, and the resonances have relative widths
(Ref. 19) of y =0.12. These parameters were derived from the best fit of the ESM to the data for Na, . The open circles correspond to
data taken with a Aashlamp laser; the statistical errors in these measurements are about 20%. The data at 498, 500, and 505 nm (open
circles) also contain some systematic errors arising from light intensity measurements, and the cross sections at these wavelengths are
overestimated by 10% to 35%. The solid circles represent data for which cw lasers were used, and here the statistical errors are from
5% to 10%. The error bars on the data points (which only appear when they are longer than the diameter of the circles) are derived
from the experimental scatter between repeated measurements of each point.
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ma in the cross sections at wavelengths that correspond
to large oscillator strengths in the TPI spectrum. ' We
also see relatively strong absorption at 515 nm, where the
TPI data show a weaker peak, which is not discussed in
Ref. 12. These observed correspondences between the
TPI and the photodepletion spectra still require explana-
tion; however, it appears that they both primarily refIect
the absorption probability of the first photon. In both
TPI and photodepletion experiments, spectra are mea-
sured as a function of the wavelength of the first photon,
the absorption of which raises the cluster to an excited
state. In the TPI method a second photon ionizes the ex-
cited cluster, whereas in photodepletion spectroscopy the
excited state is allowed to decay, eventually resulting in
evaporation of atoms from the cluster.

The photoabsorption spectra of Na4 measured by us
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FIG. 4. Experimental (circles) and calculated (solid lines)

photoabsorption cross sections vs wavelength for the closed-
shell Na clusters N=8, 20, and 40. See caption of Fig. 1 for
more details.
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and by others' show some similarity to the predictions of
the ESM, namely two strong resonances occur at 495 and
685 nm. ' The high-wavelength peak lies within 1% of
the predicted surface-plasma-resonance position, and the
position of the low-wavelength resonance diA'ers by 13%
from the calculated value. The strength of the low-
wavelength peak is about —,

' times that of the high-
wavelength peak, ' while the ESM gives a strength ratio
of 2:1. The data also show several smaller peaks. A
configuration-interaction calculation' finds optically al-
lowed transitions at energies that correspond to those of
all of the experimental peaks (see Sec. III B 3).

B. Collective resonances

1. General behauior
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FICx. 3. Experimental (circles) and calculated (solid lines)
photoabsorption cross sections for selected Na clusters between
%=24 and 40. Only those clusters are shown for which the
static polarizabilities have been measured (Ref. 10). See caption
of Fig. 1 for more details.

For clusters with N~6 atoms, the photoabsorption
spectra are dominated by broad peaks, as expected for
surface plasma resonances. In the size range of %=6 to
12, the data are generally in agreement with the ESM (see
Fig. 1). The observed surface-plasma-resonance positions
rellect the predicted cluster shapes (see the Appendix).
Examples of spherical (Nas), spheroidal (e.g. , Na9 and
Na, o), and ellipsoidal clusters (e.g. , Na&z) are seen. The
calculated ratios of axis lengths (axial ratios) of clus-
ters '" strongly aA'ect the position of the predicted reso-
nance peaks, and it is thus not surprising that the predict-
ed resonance positions do not always correspond perfect-
ly with the observed peaks. The experimental resonance
positions provide a sensitive measure of the cluster
shapes (see Sec. III B 2), and they dilfer by & 8% from the
predicted values for all clusters in this size range.

For clusters containing from %=13 to 21 atoms (see
Fig. 2), the photoabsorption behavior partly follows the
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ESM, but this model alone is not adequate to explain the
data. The data for Na» and Na&4 deviate furthest from
its predictions, as the relatively Aat spectra do not show
the expected surface plasmon peaks. The measured spec-
tra for X= 15 through 20 appear more similar to the
model: for Na» and Na, 6 the largest experimental cross
sections occur in the neighborhood of the calculated reso-
nances, and for X= 17 to 20 each experimental spectrum
is dominated by a single resonance at a wavelength
= 5—10% longer than the corresponding ESM position.

The surface plasma resonances in metal clusters are ex-
pected (on average) to move to shorter wavelengths as the
cluster size increases. This is because the spillout of the
valence electrons outside the boundary of the positive ion
cores becomes relatively less important for larger clus-
ters. This effect is seen in both the measured and calcu-
lated spectra in Figs. 1—3: for clusters with N ( 13 atoms,
resonances are both predicted and observed at wave-
lengths as long as 600 nm. However, for the largest in-
vestigated clusters (with X=22 to 42), the surface-
plasma-resonance peaks are all predicted to occur below
550 nm. The experimental photoabsorption spectra for
all clusters in the size range of X=22 to 42 are very simi-
lar (see Fig. 3), in that the cross sections are largest near
500 nm, and all wavelengths above 550 nm are on the
long-wavelength tails of the photoabsorption spectra.

Following a spherical shell closing, the observed photo-
absorption spectrum profile changes in character. Due to
its nonspherical shape, the absorption strength in a
closed-shell-plus-1-atom cluster is divided between the
multiple surface plasmon peaks. This results in spectrum
profiles for which the strength is distributed over a wider
wavelength region than for the neighboring closed-shell
cluster, which is spherical.

2. Cluster shapes, oscillator strengths,
and resonance tvidths

From the observed photoabsorption spectra, the clus-
ter shapes (spheres, spheroids, or ellipsoids) can be de-
duced; the experimental resonance positions provide an
accurate measure of the relative axis lengths of clusters.
In the ESM (see the Appendix) the calculated axial ratios
of ellipsoidal clusters are used to predict the surface-
plasma-resonance wavelengths. Conversely, one may also
work backwards through the model, and use the mea-
sured resonance wavelengths to deduce the axial ratios of
clusters. Results for Na9 and Na&0 are shown in Table I.

Experimental
resonance

wavelengths (nm)
Axial
ratio

9
10

594
593

471
469

1.46
1.47

TABLE I. Experimental resonance wavelengths for the
spheroidal clusters Na9 and Na, o. The corresponding axial ratio
of each cluster (defined as the ratio of the lengths of the polar
axis and equatorial axis) is deduced from these resonance posi-
tions.

TABLE II. Axial ratios calculated with the ESM (see the
Appendix) for Na9 and Na&o, together with the resonance wave-
lengths that are deduced from them. For Na&0, the axial ratio
and resonance wavelengths calculated by Ekardt and Penzar
(Ref. 18) are also shown.

9
10
10

Name of
model

ESM
ESM
Ekardt and Penzar

Axial
ratio

1.31
1.57
1.63

Calculated
resonance

wavelengths (nm)

549 465
614 464
588 428

TABLE III. The relative widths and total oscillator strengths
of Lorentzians fitted to the surface-plasma-resonance peaks of
Na clusters with N=8, 9, and 10 atoms. The data for Na9 and
Na, o were least-squares fitted to a sum of two Lorentzians [both
with the same relative width (Ref. 19), y], the lower wavelength
peak having twice the strength of the higher peak. For Na8, a
single Lorentzian was used. The free parameters in the fits were
the resonance wavelengths, the relative widths, and the total os-
cillator strengths of the fitted curves. The total oscillator
strengths are shown in the table as a percentage of the total di-
pole oscillator strength of the cluster valence electrons.

8

9
10

Relative width y

0.12+0.01
0.12+0.01
0.09+0.01

Strength

(70+5)%
(75+5)%
(60+5)%

The observed spectra for these clusters each contain two
resonance peaks, with an experimentally estimated oscil-
lator strength ratio of 2:1, as expected for prolate
spheroids [see Figs. 1(g) and (h)]. The two observed spec-
tra are very similar, with little difference between their
resonance positions. This is reflected in the similarity of
the axial ratios obtained.

For comparison, axial ratios calculated with the ESM
(as described in the Appendix) for Na9 and Na, o are
shown in Table II, together with the resonance wave-
lengths deduced from them. These axial ratios differ by
10% and 7%, respectively, from the values obtained from
the experimental resonance positions (see Table I).
Ekardt and Penzar' have used a self-consistent
spheroidal jellium model to calculate the photoabsorption
spectrum of Na&o, and their results are also shown in
Table II. Their calculated resonance positions and axial
ratio differ by (10% from the corresponding measured
values, with both calculated resonance positions appear-
ing at shorter wavelengths than experiment.

For N=8, 9, and 10, a curve-fitting procedure was
used to estimate the relative widths' of the observed sur-
face plasma resonances and the total oscillator strengths
accounted for by the measured spectra, as shown in Table
III.

The observed surface plasma resonances have relative
widths' of about y =0.12 for most investigated clusters;
it has been proposed that these widths are mainly due to
the coupling of the electrons with thermal fluctuations of
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the cluster shapes. This mechanism implies a tem-
perature dependence of the width, which is found to be
I —&T . For clusters at a temperature T=290 K, which
is a best estimate for our apparatus (see footnote 16 in
Ref. 21), the calculated widths ' are consistent with the
measurements. Interaction of the collective modes with
single-electron excitations may also contribute to the ob-
served widths.

The ESM assumes that surface plasmons account for
all of the oscillator strength represented by the dipole
sum rule (see the Appendix). However, the data account
for between 85% (for the peak at 590 nm in Na6) and an
estimated 40% (in Na40) of the dipole strength, with a
general decrease in the per atom strength with increasing
cluster size. This implies that additional absorption
occurs outside of the investigated wavelength range (see
Sec. III B3). Nevertheless, the observed resonance peak
positions for clusters with %=6 to 12 atoms are in
reasonable agreement with the calculation.

3. Sum rules: Accounting for missing
oscillator strength

The data for the closed-shell clusters Na8 Na2p and

Na4O (see Fig. 4) are particularly useful for comparison
with theory; their predicted spherical geometry simplifies
the calculations. The ESM predicts only one surface
plasmon peak for spherical clusters; the Na8 data are
closest to this expectation. A resonance is observed at
492+3 nm, within 3%%uo of the calculated value " of
478+4 nm. A second, much smaller peak is situated at
590 nm. Another Nas photoabsorption spectrum' (see
below) is very similar to ours, showing a strong resonance
at 490 nm and a much weaker peak around 590 nm. The
measured oscillator strengths are stated to be accurate to
50%.' The relative width of the main peak is @=0.09,
which is smaller than our observed value. This difference
remains to be explained.

We find for Naacp that there is a peak at 505+5 nm. A
trend of increasing cross sections at the lowest investigat-
ed wavelengths suggests the possibility of a second peak
below 450 nm for this cluster. '

A study by Yannouleas et a/. may explain the dom-
inant experimental features for Na8 and Na2p. Single-
particle states lying close to the surface plasmon are ex-
pected to couple strongly to it, causing a splitting ("frag-
mentation") of the plasma resonance (see also Ref. 25).
In both of these clusters, the total resulting collective ab-
sorption is calculated to account for about 75%%uo of the
dipole oscillator strength, and the remainder is taken up
by single-electron excitations. For Na8, a single collec-
tive resonance is predicted at 441 nm, which is somewhat
shorter than experiment. The predicted oscillator
strength for this cluster is in agreement with the mea-
sured value of (70+5)%. For Nacho, the calculation gives
two closely spaced collective excitations, at 426 and 475
nm. The strength of the higher wavelength peak is con-
sistent with that of the observed peak at 505 nm.

This calculation indicates that a major factor in
determining whether observed photoabsorption spectra
will conform to the ESM (which does not predict

surface plasmon fragmentation) is the proximity of the
surface plasmon to single-electron levels. In charged po-
tassium clusters, the experimental spectra show no evi-
dence for fragmentation. Yannouleas et al. calculate
that the relevant single-electron states in charged clusters
are much higher in energy than the surface plasmon,
with consequently reduced coupling and fragmentation.

Kresin predicts that the photoabsorption strength in
neutral spherical Na clusters is shared between a surface-
and a volume-plasma resonance. For Na8 the surface-28

plasma resonance occurs at 493 nm, and accounts for
78% of the dipole oscillator strength. This resonance
position is in excellent agreement with the data, and the
calculated strength is also in agreement with the mea-
sured value. Throughout the experimentally investigated
cluster size range of N ~42 atoms, the volume plasma
resonance is expected to occur at about 280 nm. Neither
volume plasmons nor single-particle excitations (predict-
ed by Yannouleas et al.; see above) have yet been
identified experimentally.

These calculations by Yannouleas et al. and Kresin are
essentially based on the jellium model. Using the
different approach of ab initio solution of the many-body
Hamiltonian, Bonacic-Koutecky et al. ' ' have calculat-
ed the optically allowed transitions of Na4 and Na8. For
both Na4 and Na&, several transitions are predicted' ' to
occur within the experimentally investigated wavelength
range. Their positions are within 5% of the observed
peaks, ' and the calculated relative oscillator strengths
are consistent with experiment. For Na~, one of the pos-
sible atomic configurations gives transitions near 490 nm
(i.e. , corresponding to the strongest observed peak) which
account for 66% of the dipole oscillator strength. This
value is compatible with our measured value of
(70+5)%%uo. The agreement with experiment of the ab ini-
tio method' ' does not imply that surface plasmons do
not exist in clusters. We believe that some of the calcu-
lated eigenstates may be characterized as surface
plasmons.

C. Spectral features common to all cluster sizes

In three different wavelength regions, enhanced ab-
sorption occurs in most of the experimental spectra in the
size range from %= 3 to 21 atoms. At (i) 450—475 nm, (ii)
500—520 nm, and (iii) 585—605 nm, the spectra contain ei-
ther a peak, or a "bump" (i.e. , the data points lie higher
than the simplest curve through the spectrum; for exam-
ple, at 590 nm in the data for Na8). These three wave-
length regions each lie close to an observed transition in,
respectively, Na dimers, ' trimers, ' and atoms (the Na
D lines), and it is worth questioning whether this
correspondence may be more than mere coincidence. For
some clusters, one or more of these regions may overlap
with an observed surface plasma resonance. In these
cases it is not possible to distinguish between surface
plasma absorption and other possible excitations that
may be enhancing the strength of the observed peak.

Similar correspondences are also seen in the data for
clusters with %=22 to 42 atoms. For all clusters in this
size range, the cross sections are largest near 500 nm.



43 PHOTOABSORPTION SPECTRA OF SODIUM CLUSTERS 4571

For most of the clusters with 22 N (30, there is a broad
"bump" centered around 560—590 nm (this feature is not
seen for N ) 30).

Among all investigated clusters, the strongest observed
resonance occurs around 590 nm for Na6, accounting for
(85+15)% of the dipole oscillator strength. The peak lies
within 2%%uo of the wavelength of 580 nm predicted by the
ESM. Na6 is expected to be an oblate spheroid, and this
resonance should account for a maximum of —,

' (i.e., 67%)
of the total oscillator strength; its unusual strength may
result from the absorption enhancement that is seen in
most clusters near 590 nm.

The measured photoabsorption spectrum of Cs8 clus-
ters has a line shape similar to that observed for Na8,
showing one strong peak and a weaker peak at a longer
wavelength. For both Cs& and Nas, the weaker peak (at
832 nm in Css and at 590 nm in Nas) lies close to the cor-
responding atomic resonance (852 nm for Cs). As men-
tioned above, enhanced absorption near the Na atomic
resonance is seen in the spectra of most Na clusters.
These observations suggest that absorption by individual
atoms within the clusters may influence the observed
spectra.

narrower peaks occur mainly in the smallest clusters,
with N 6 atoms. The measured widths for all sizes are
consistent with a broadening mechanism due to thermal
fluctuations of the cluster shapes; other effects (for exam-
ple, the coupling of electrons to ionic vibrations and the
escape of photodissociated cluster fragments into the
continuum) may also contribute. The experimental
widths for these small clusters are comparable to ob-
served surface plasmon widths in bulk metals. For the
latter, direct measurements of surface plasmon energy
loss show the importance of the interaction between
electronic and surface vibrations.

The resonance positions and widths of the observed
peaks clearly show that the surface plasma resonances
seen in macroscopic particles are also present in clusters
containing as few as N=3 to 6 atoms, representing col-
lective oscillations of the free electrons. It is known that
the static polarizabilities of small alkali-metal clusters
reAect the electronic screening characteristic of metals.
The photoabsorption experiments show that the dynami-
cal response is also metal-like for very small clusters.

ACKNOWLEDGMENTS

IV. SUMMARY AND CONCLUSIONS

Photoabsorption spectra are presented for neutral sodi-
um clusters containing from N=3 to 40 atoms. The
measurements provide accurate cross sections for a wide
continuous range of cluster sizes, enabling us to analyze
the size evolution of the spectra.

Although the results for the smallest clusters (N=3, 4)
can be well described within a molecular framework,
some of the observed peaks correspond to predictions of
the ellipsoidal shell model (ESM). In the size range of
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display broad surface plasma resonances that account for
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shifted from those for macroscopic particles, rejecting
the spillout of the valence electrons, which effectively
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quately described by the ESM, and the positions of the
collective resonances provide a sensitive measurement of
cluster distortions. For N=13 to 42, the experimental
peak positions do not always coincide with the predic-
tions of this model, and the resonances account for less
oscillator strength per atom than in the smaller clusters.
These observations may be due to a coupling of the sur-
face plasmon with single electron excitations, resulting in
fragmentation of the collective peaks. The ESM, which
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APPENDIX A: ELLIPSOIDAL-SHELL-MODEL
CALCULATION OF CLUSTER

PHOTOABSORPTION SPECTRA

f o'(co)dco=27r
co —0 f71 Ce

(A 1)

This appendix gives an outline of the ellipsoidal shell
model (ESM), which is described in detail in Refs. 7 and
11. Clusters are approximated by ellipsoids, and the
valence electrons are assumed to move in an ellipsoidal
harmonic-oscillator potential. By minimizing the total
electronic energy with respect to the cluster shape, the
relative axis lengths of the ellipsoid are obtained. These
calculated shapes are used to obtain the surface-plasma-
resonance wavelengths, as described below.

The photoabsorption spectrum of an ellipsoidal cluster
contains three surface-plasma-resonance peaks, each cor-
responding to a different axis of the ellipsoid. For
spheroidal clusters (where two axes are of equal length),
the spectra contain two peaks, one having twice the
strength of the other. For spherical clusters, the three
resonances are degenerate, and the spectra contain only
one peak. It is assumed that these resonances exhaust the
dipole sum rule given by
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~oi
Xe

m, o'. ;
(A2)

Here, cr(co) is the frequency-dependent photoabsorption
cross section, and Ã is the number of valence electrons in
the cluster. Under this assumption, each of the three res-
onance frequencies, coo;, is related (see, e.g. , Refs. 23 and
37) to the corresponding component of the static polari-
zability of the cluster, u,'

The average static polarizabilities of randomly oriented
Na clusters have been measured, ' and the three separate
polarizability components'can be deduced using the cal-
culated relative axis lengths of the ellipsoid (see above).
Thus, using Eq. (A2), the resonance wavelengths in ellip-
soidal clusters can be calculated. Each resonance is as-
sumed to have a Lorentzian line shape; the widths are the
only free parameters in this model, and may be estimated
from the data.
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