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Plasma excitations in charged sodium clusters
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Photoabsorption cross sections for free, singly charged sodium clusters (14—48 atoms) have been mea-
sured by recording the light-induced evaporation. The measurements cover the region from 366 nm (3.4
eV) to 605 nm (2.0 eV) in 15 steps with a spectral resolution of =10 nm. The evaporation residues are
separated in an electrostatic field and detected by a position-sensitive microchannel plate. The spectra
are dominated by surface-plasma oscillations of the valence electrons with a cross section that exhausts
=70-100% of the dipole sum rule. Over the mass range considered, the mean energies of the reso-
nances are constant (=2.64 eV), and redshifted compared to the corresponding experimental bulk-
plasmon energy but slightly blueshifted compared to the resonance energy of neutral clusters. A double
structure of the resonance peak is observed for nonmagic clusters. It is discussed and interpreted in
terms of spheroidal deformations.

I. INTRODUCTION

A fascinating aspect of a metal cluster, considered as a
bound quantum state, is the interplay of single-particle
and collective motion in the system. On one hand, the
electronic shell structure leading to magic numbers of ex-
tra stability in the mass abundances can be understood in
terms of the bunching of the quantum states of indepen-
dent electrons in an effective potential, which includes
contributions from both the ionic core and the electron-
electron interactions. ' This is analogous to the shell
model for atomic nuclei, where the individual nucleons
move in an effective mean field from all the remaining nu-
cleons. On the other hand, photoabsorption studies have
revealed collective excitations of metal clusters in the
form of plasmon resonances. This is interpreted as a di-
pole oscillation of the valence electron cloud with respect
to the positive core, in analogy with the giant dipole reso-
nance in nuclei, where the neutrons and protons oscillate
collectively out of phase. In metallic clusters, the restor-
ing force is the long-range Coulomb attraction between
the constituents of opposite charge, whereas in atomic
nuclei, it is the short-range attractive nuclear force be-
tween neutrons and protons.

A systematic investigation of the plasmon resonance as
a function of cluster size will probe the static and dynam-
ic properties of clusters as they evolve towards the bulk.
The surface plasmon in a small spherical system is closely
related to the bulk-plasma excitation of metals. As in the
bulk, its frequency depends mainly on the density of the
valence electrons and is therefore size independent to first
order, with a frequency that is 1/V3 of the bulk-plasma
frequency. The measured resonance frequencies for small
metallic clusters are, however, shifted to even lower
values {see Refs. 3, 4, and references therein). This is
likely to be due to the electron spill-out beyond the core
of positive ions, thus decreasing the effective electron
density and, in turn, the frequency of the surface
plasmon.

The spectral profile of the resonance contains informa-
tion on the shape of the clusters. Clusters with a closed
shell of valence electrons are expected to be spherical,
while clusters in between the magic numbers are likely to
attain a deformed shape. This is analogous to the Jahn-
Teller effect in crystals or to deformations of open-shell
atomic nuclei. While a spherical cluster has a single reso-
nance frequency, a deformed cluster with axes of different
lengths exhibits different resonance frequencies for elec-
tronic motion along these axes. This multiple structure
of the resonance peak has been observed in a number of
cases and attributed to axially deformed cluster
shapes. '

The width of the individual resonance peaks provides
insight into the interplay of the single-particle and the
collective degrees of freedom in the cluster. Part of the
width will be due to thermal broadening, but theoretical
calculations involving random-phase and time-dependent
local-density approximations {see Ref. 9 and references
therein) also predict a temperature-independent broaden-
ing due to Landau damping, a fragmentation of collective
strength onto near-lying excitations of a one-electron
one-hole nature.

The present work —part of which was published
previously' —systematically maps the photoabsorption
spectrum of singly charged sodium clusters with 14 to 48
atoms, where the full energy region of the plasmon reso-
nance is spanned in relatively fine steps. From the mea-
surements the mean energies of the plasmon resonances
are extracted, as well as the cross sections, both absolute
and as a fraction of the dipole sum rule We find a con-
stant resonance energy over the size range considered and
with cross sections that exhaust the dipole sum rule for
valence electrons by =70—100%. The spectral shapes
are furthermore interpreted in terms of spheroidal distor-
tions of the clusters. Because of the systematic variation
of deformations over nearly two main shells this interpre-
tation finds additional support in the present investiga-
tion.
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The experimental arrangement is described in Sec. II,
and the measurements and data analysis in Sec. III. The
results are presented and discussed in Secs. IV and V.

II. EXPERIMENT

The photoabsorption cross section of a cluster at a
given photon energy is determined by detection of the
daughter clusters formed by evaporation of one or more
atoms from the parent cluster. The essential components
of the experimental arrangement developed for this pur-
pose are sketched in Fig. 1 of Ref. 10.

Neutral clusters are formed by supersonic expansion of
sodium vapor and argon gas through a nozzle of 70-pm
diam and 100-pm length. The sodium vapor (at a partial
pressure of about 100—200 mbar) is produced by heating
sodium metal to temperatures of 700—750 C, with the ar-
gon pressure adjusted at 4—5 bar.

After passing through two skimmers, with pumping in
between, the sodium clusters enter a high-vacuum region
(=2X10 mbar). They travel at a speed of =1000 m/s
for approximately 1 m before entering a drift tube of 10-
cm length, held at a positive potential of 2 kV. The clus-
ters are ionized by light which crosses the drift tube per-
pendicularly through holes of 1-cm diam. The light is
obtained from a 1000-W high-pressure xenon arc lamp
and is filtered (filter type UG 11) to a broadband spec-
trum of 3.6+0.5 eV; the ionization threshold for the
relevant cluster sizes lie between 3.4 and 3.7 eV.

On leaving the drift tube, the clusters are accelerated
to an energy of 2 keV by an array of 36 electrodes whose
respective potentials decrease from +2 kV to zero. The
individual electrode potentials can be varied in order to
optimize the focusing of the cluster beam.

Cluster ions of difFerent masses are subsequently
separated by a velocity Alter of 20-cm length, consisting
of crossed magnetic and electric fields. The magnetic
field is created by permanent magnets. A field strength of
0.25 T is used to select clusters with less than 30 atoms,
while a 0.83-T field is used for the larger ones. The elec-
tric field is adjusted in order to select a specific velocity
and, in turn, guide a specific mass through a vertical col-
limator of 2 mm placed 1 m further downstream. The
resolution of the 0.25-T velocity filter is illustrated in Fig.
1.

The mass-selected cluster beam is then crossed by
monochromatic light, obtained by filtering the continu-
ous spectrum from a second xenon arc lamp (1000 W)
with interference filters. A wavelength range from 366 to
605 nm is covered with 15 filters each having a transmis-
sion with full width at half maximum of about 10 nm.
The filters are mounted on two wheels, rotated by step-
ping motors in such a way that the filters intercept the
light beam for 5 s each. In addition, a nontransmitting
metal plate is mounted on one of the wheels in order to
measure the ion signal in the absence of light. The light,
propagating at a right angle to the cluster beam, is fo-
cused onto the beam axis by two lenses with focal lengths
of 50 and 5 cm, respectively. For each wheel position
(wavelength) the resulting energy-analyzed mass spec-
trum (see below) is routed into its proper part of comput-
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FIG. 1. Part of a mass spectrum obtained with the 0.25-T
magnetic field by varying the electric field. The 2-mm defining
slit is placed 1 m downstream from the velocity filter. The area
between the arrows indicates the portion of the selected cluster
beam that is used.

er memory. Typically, the total counts accumulated is
the sum of about 100 full rotations of both wheels, each
cycle lasting —100 s. In this way it is assured that the
measurements at different wavelengths are obtained un-
der essentially identical conditions with respect to
cluster-beam intensity and overlap of light and cluster
beams.

Photon absorption by a cluster leads to rapid evapora-
tion" of one or more atoms. As a result, the kinetic ener-
gy of the daughter clusters is reduced to values of
2(1 —x/%) keV, where x is the number of evaporated
atoms and X is the number of atoms in the parent cluster.
The average velocity of the daughter clusters is not
changed in the evaporation process, and recoil contribu-
tions, leading to a broadening of the velocity distribution,
can be neglected. Thus, the daughter clusters can be
identified by measuring their respective kinetic energies,
which are proportional to their masses. This is done by
letting the clusters enter a 90' cylindrical electrostatic
Aeld 15 cm downstream from the irradiation zone. The
clusters traverse the field region with difFerent bending
radii depending on their respective energies.

A fraction of the mass-selected clusters (about 5 —20%)
has preserved sufficient internal energy since their forma-
tion, or may acquire it from the ionization process or
from collisions with rest-gas molecules, to evaporate
atoms in Aight between acceleration and irradiation. In
order to reduce this background of lower-mass clusters a
potential barrier, consisting of 16 electrodes, is placed
after the 2-mm slit. It is adjusted to reject clusters that
have lost about 20 eV (i.e. , 1%) or more kinetic energy.
Clusters that are able to overcome the potential barrier
are again accelerated to 2 keV and focused by an Einzel
lens built into the accelerating part of the barrier. On
their way from the barrier to the ion detector (see below)
clusters may, of course, still collide with rest-gas mole-
cules. One finds that the relative amount of two or more
atom evaporations is decreased by a factor of 3 by the
barrier, corresponding to the reduction in fIight path.
For the one-atom evaporation the reduction is even
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measurement of this depletion is bound to be poor. This
is why we determine the cross section by detection of the
evaporation products (daughter clusters).

For each wavelength, the number of daughter clusters
is determined by integrating and summing the peaks cor-
responding to different evaporation products, after sub-
tracting a background spectrum obtained without irradi-
ation of the cluster beam (see Sec. II). Figure 2 illustrates
this.

Absolute cross sections o. are obtained by taking into
account the absolute intensities of both the cluster beam
and the incident photon beam as well as their overlap. In
our case of a wide photon beam and a narrow cluster
beam,
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FIG. 2. (a) The mass spectrum measured with the MCP ion
detector following irradiation of a Na» cluster beam with
light through a BG38 filter (380—620 nm). The scale is shifted
by 10 . (b) The same as (a) without light irradiation. The
daughter products are due to delayed evaporation and collisions
with rest-gas moleculars. (c) The difference spectrum (a) —(b).
By integrating the counts in the parent cluster, a depletion of
1.33+0.23% is measured. A summing of the intensity of the
daughter clusters, on the other hand, yields 1.25+0.02%, a
vastly improved statistical accuracy. The loss of up to five
atoms is due to the competition between monomer and dimer
evaporation in the decay chain. evap0—

Io
(2)

I„,~ is the number of daughter clusters (s '), Io is the
incident cluster-beam intensity (s ), w is the overlap
time between the cluster and the light beam (s), and @ is
the photon flux (cm s ').

The number of daughter clusters I„,„ is obtained from
integrating the evaporation peaks in the difference spec-
trum, described above. Io is the number of parent clus-
ters in the mass spectrum measured in the absence of
light [Fig. 2(b)j. The overlap time can be written as
7 —l/v, where l is the overlap length and U is the cluster
velocity; thus

larger and amounts to about a factor of 10 with a charac-
teristic odd-even staggering. We therefore ascribe this
process to collisionless evaporation due to residual inter-
nal energy.

After leaving the field region, the cluster ions are
detected by a position-sensitive micr ochannel plate
(MCP) detector. It has an active diameter of 40 mm, but
is collimated by a 40 X 10 mm mask in front. The anode
of the MCP consists of a printed circuit board with 80
strips (0.25 X 10 mm ) at 0.5-mm intervals. Each anode
strip is connected to its two neighbors via 2-ns delay
lines. The two outer anode strips are fed into two fast
amplifiers, followed by two constant fraction discrimina-
tors. By recording the time difference between the signals
at both ends of the delay line, information about the
detection position and, consequently, the kinetic energy
of the incident cluster ion is obtained. The spatial resolu-
tion of the device is 0.5 mm. An example of an evapora-
tion spectrum for Na2O+ is shown in Fig. 2(a).

III. MEASUREMENTS AND DATA ANALYSIS

Following photon absorption, there is a depletion of
the parent cluster beam due to evaporation of one or
more atoms. Under the present experimental conditions,
typical beam depletions for individual light filters are
fractions of a percent. The statistical accuracy in a direct

The quantity 4l in the square brackets is determined
by the Aux of light transmitted through the interference
filters and the fraction of transmitted photons overlap-
ping with the cluster beam. The total number of photons
transmitted through each of the filters are measured with
a watt meter and are estimated to be in error by at most
+5%.

The differential overlap @(y)l(y) between the cluster
beam and the light beam is determined in the following
way. A beam of Na2o clusters is irradiated with light in
the broad wavelength interval, 380—620 nm (BG38 and
IR-reflection filter), an interval covering the energy re-
gion where the plasmon is strongly excited. The 2-mm
slit (see Sec. II) is moved vertically in steps of 1 mm. The
transmission of the Na2o+ cluster beam through the slit is
maximized at each position of the slit by small adjust-
ments of the voltage in the velocity filter. The measured
relative photon absorption as a function of the slit posi-
tion yields the overlap between the cluster beam and the
light (see Fig. 3). The curve is assumed representative for
all interference filters, neglecting the small change in fo-
cal length with X. The total area represents the photon
Aux as measured by the watt meter for each filter. There-
after the measured curve is corrected for the finite slit
width of 2 mm by an unfolding procedure. In this way
the absolution cross section in the broad wavelength in-
terval is determined. Subsequently it is measured for
each of the 15 narrow wavelength intervals.

For clusters other than Nacho+ absolute cross sections
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there is sufficient energy available to evaporate at least
two atoms. The time available for evaporation
( =1.4&N ps) need not cover the complete decay chain;
as long as just one atom is evaporated a daughter product
will appear in the spectrum and be included in the cross
section. In the majority of the cases we observe two- and
three-atom evaporations; only for the heaviest clusters
does single-atom evaporation begin to be of some impor-
tance ( = 15%%uo for N =48).

The photoabsorption spectra for all clusters studied
(N = 14 to 48) are shown in Fig. 5. Cross sections are de-
picted as a function of photon energy. The error bars on
the data points include the statistical uncertainties only.
In addition to this there is the possible systematic error of
less than +5% in the determination of the photon Aux
and an estimated +5%%uo uncertainty in the normalization
procedure.

IV. RESULTS

C)scillator strengths

The collectivity of the resonance peaks in Fig. 5 can be
gauged through their contribution to the dipole sum rule.
The total cross section per valence electron for dipole
transitions (the sum rule) is given by'

15

o„,= g o(E;)bE; . . (4)

o (E; ) is the cross section of the ith data point at energy
E;, bE; is the energy interval from (E;+E;,)/2 to
( E; +E; + &

) /2 centered approximately at the mean ener-

gy E;. The resulting values of o.„,are shown in Fig. 6,
expressed relative to the total strength of 1.0975 eVA
per electron. On a 1o confidence level, the error bars
refiect the statistical uncertainties plus +5% uncertainty
in the normalization. The error bars do not include any
systematic error that may be present in the determination

J o(E)dE= =1.0975 eVA /electron . (3)
mc

For a given cluster, the total cross section is deter-
mined by integrating the resonance curve over the 15
measured data points:

of the absolute photon Aux.
On the assumption that evaporation of atoms is the

only decay channel, the experimentally determined cross
sections are seen to exhaust between 70% and 100% of
the dipole sum rule (with Na» as the exception). We
conclude that the measured resonance curves indeed
represent a collective electronic excitation, the surface
plasmon.

15

g E;cr(E, )bE;

(E)= ', ',

g o(E;)AE.;
(5)

with the quantities b,E;, E;, and o(E, ) defined above.
The centroid energies as a function of the cluster size are
shown in Fig. 7. They turn out to be rather constant,
with a mean value of 2.64 eV, over the size range con-
sidered.

This can be compared with the classical Mie-resonance
energy

' 1/2
e

EM;. =& =3.34 eV .
mp'

0
where the Wigner-Seitz radius is taken to be r, =2. 16 A
at 500 K.' Measurements of the bulk volume plasmon
yields by division by +3 a somewhat lower value, 3.13
eV, ' while the value obtained by multiplying the mea-
sured bulk planar surface plasmon energy of 3.99 eV by
V2/V3 is 3.08 eV when corrected for temperature. ' In
other words the experimental bulk resonance energy is
about 7% lower than the theoretical value, referred to
the same temperature.

Our measured value of 2.64 eV is significantly redshift-
ed compared to these values and this is currently under-
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stood as an effect of the spill-out of the valence electrons.
On the other hand, if the electron distribution has a con-
stant spill-out contribution d independent of cluster size,
our measured value of (E) should increase with cluster
size. The expected variation for two different values of d
is indicated in Fig. 7. The curves converge towards the
experimental bulk value for N~ ~. As one sees, the ex-
perimental results indicate a tendency for the spill-out to
increase from 0.6 to 0.8 A as the size increases from
X =14 to 48. Perhaps it is not unreasonable to imagine

that the positive charge on the cluster ions could have
that effect on the spill-out. If so, the resonance energies
measured for neutral sodium clusters should be slightly
redshifted compared to ours. Photoabsorption on Na2p
shows a mean resonance energy of 0.15 eV lower than the
present value for Nazi+. Also a qualitative comparison
with more extended data set of Ref. 2 indeed shows the
anticipated redshift. For further discussion of the red-
shifts, see Ref. 3. The present results differ markedly
from measurements on neutral sodium clusters (size 10 to

TABLE I. Values derived from the Lorentz functions. Fitting parameters from Eq. (8) (Cols. 2 —6).
The area ratio is heightl/height2 (col. 7). The axis ratio R&/R, is derived through Eqs. (9) and (10)
(col. 8).

Cluster
size, N

14
15
16

Energyl
(eV)

2.21(4)
2.20(8)
2.62(1)

Energy2
(eV)

2.77(2)
2.77(2)

Width
{eV)

0.65(7)
0.42(6)
0.54(3)

Heightl

0.32(5)
0.21(5)
1.44(5)

Height2

0.83(4)
0.87(5)

Area
ratio

0.39(6)
0.24(6)

Axis
ratio

0.73(2)
0.73(3)
1

17
18
19

2.58(1)
2.55(1)
2.58(1)

2.99(10)
2.87(1)
2.88(3)

0.45(4)
0.33(2)
0.38(3)

1.48(8)
1.46(4)
1.13(5)

0.33(13)
0.80(8)
0.46(9)

4.48(178)
1 ~ 83(19)
2.46(49)

1.35(12)
1.26(2)
1.23(3)

20
21
24

2.60(1)
2.68(1)
2.41(2)

2.81(1)

2.74(2)

0.25(1)
0.46(2)
0.42(2)

1.43(7)
1.52(4)
0.75(6)

1.03(9)

1.25(9)

1.39(14)

0.60(6)

1.15(1)
1

0.83(1)

25
26
27

2.40(2)
2.39(1)
2.42(1)

2.78(2)
2.81(1)
2.83(1)

0.39(4)
0.42(1)
0.36(1)

0.77(8)
0.76(4)
0.82(3)

1.26(8)
1.16(5)
1.18(5)

0.61(7)
0.66(4)
0.69(4)

0.81(1)
0.79(1)
0.80(1)

28
29
30

2.43(1)
2.50(2)
2.48(1)

2.77(2)
2.81(3)
2.82(2)

0.44(3)
0.39(2)
0.35(3)

0.95(9)
1.07(11)
0.89(7)

1.05(5)
0.99(9)
0.90(8)

0.90(10)
1.08(14)
0.99(12)

0.82(1)/1.29(3)
0.84(2)/1.25(4)
0.83(1)/1.29(2)

31
32
33

2.65(1)
2.60(2)
2.51(2) 2.89(4)

0.56(3)
0.43(7)
0.39(5)

1.68{8)
1.78(20)
1.38(13) 0.76(19) 1.82(49)

1

1

1.33(5)

34
35
36

2.56(1)
2.56(1)
2.60(1)

2.85(3)
2.87(2)
2.86(2)

0.32(3)
0.27(2)
0.31(1)

1.31(8)
1.91(11)
1.63(4)

0.69(11)
0.96(13)
0.58(5)

1.90(32)
1.99(29)
2.81(25)

1.23(3)
1.25(2)
1.20(2)

37
38
39

2.60(2)
2.63(1)
2.61(1)

2.85(7)
3.00(4)
3.21(10)

0.32(3)
0.32(2)
0.38(2)

1.89(14)
1.79(7)
1.75(6)

0.54(22)
0.47(10)
0.32(13)

3.50(145)
3.81(81)
5.40(220)

1.19(6)
1.30(4)
1.60(17)

40
41
42

2.61(1)
2.62(1)
2.63(1)

3.02(2) 0.34(1)
0.34(2)
0.28(2)

1.75(5)
2.09(8)
2.23(12)

0.64(6) 2.73(30) 1.34(3)
1

1

43
44
45

2.57{1)
2.57(1)
2.55(1)

2.90(4)
2.90(3)
2.90(2)

0.31(3)
0.35{2)
0.37(2)

1.46(11)
1.47(6)
1.08(4)

0.66(15)
0.53(9)
0.55(6)

2.21{53)
2.77(48)
1.96{23)

1.26(4)
1.26(3)
1.29(2)

46
47
48

2.56(1)
2.58(2)
2.57(1)

2.86(2)
2.92(6)
3.05(8)

0.36(2)
0.40(8)
0.44(3)

1.11(6)
0.99(6)
1.06(5)

0.60(4)
0.40(8)
0.61(7)

1.85(16)
2.48(52)
1.74(22)

1.24(2)
1.27(7)
1.44(11)
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300) adsorbed on a surface because they show an increase
of no less than =0.4 eV in the plasmon energy in the in-
terval from 14 to 48 atoms. '

Double-peak structures

As discussed in the Introduction, clusters with non-
spherical shapes should absorb light at two or three
different frequencies refIecting plasmon excitation along
the different principal axes of the cluster. Measurements
of the absorption profiles are therefore of special interest
as a means of determining the cluster shapes. ' Figure 5
shows that for a majority of the clusters the resonance is
asymmetrically broadened, rejecting the existence of at
least two components; furthermore, closer scrutiny of the
data reveals a systematic alternation in the asymmetry.
On the other hand, for the Na2&+ and Na4&+ clusters,
which correspond to 20 and 40 valence electrons, respec-
tively, the strength seems to be concentrated in a single
peak. Thus, the data suggest an analysis in terms of the
deformation picture.

The polarizability of a metal ellipsoid has different
values along the three principal axes. For meal droplets
much smaller that the wavelength of the incident photons
and randomly oriented with respect to the photon polar-
ization, the photon absorption spectrum can be ex-
pressed' as a sum of three resonances,

(EI, )o(E)= 'V o.o; (E E )+(EI—).
where o.o;, I;, and Eo; are the maximum amplitude,
width, and energy, respectively, of each individual reso-
nance.

We have performed an analysis of the photoabsorption
spectra by fitting Lorentz functions to the shapes of the
resonance. However, neither the number of data points
nor their statistical accuracy justifies a fit based upon
three independent Lorentz components. One or two
Lorentz curves are sufficient to exhaust the information
content of the data. In addition, a common width is
chosen in cases of two Lorentz curves, in order to limit
the number of free parameters. (Allowing for two in-
dependent widths does not increase the information
gained from the fits, nor is there an improvement of the
fit convergence in terms of reduced y . It should be em-
phasized, however, that there is no obvious physical
reason for choosing equal widths. )

The fitting function has the form

0WE'
(E2 E2)2+ Pr2E2

(E)= ~

where H;, 8';, and E,- are the height, width, and reso-
nance energy of each component, respectively. For single
peaks j = 1 and for double peaks j =2 with 8', = 8'2.

The results of the fits are shown in Fig. 5 and the pa-
rameter values are listed in Table I. The peak resonance
energies are determined to within +2% (and are not
affected beyond the uncertainties when six free parame-
ters are used). The uncertainties in the widths are seen to
be considerably larger ( 10—20 % ).

It should be emphasized that the number of Lorentz
components —one or two —is decided before making the
computer fit; in most cases there is little or no ambiguity
in this, but in some the choice is open to discussion.
Also, the scatter of the two points at the highest photon
energies does in some cases lead the fitting routine astray,
resulting in parameters seemingly beyond the general sys-
tematics, e.g., Na39+.

V. DISCUSSION
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FIG. 8. Fitted peak resonance energies as a function of clus-
ter size. The intense (doubly degenerate) peaks are shown as
circles, the weaker ones as triangles. Only error bars larger
than the symbols are shown.

The fitted resonance energies (Table I) are shown as a
function of the cluster size in Fig. 8. A prolate shape is
inferred when the intensity of the high-energy peak is ap-
proximately twice the intensity of the low-energy peak,
and vice versa for oblate shapes. As a major result one
finds that prolate and oblate shapes occur systematically
in groups. For cluster sizes below Na, 7+ and between
Na24+ and Na27+, ihe data indicate prolate shapes, while
oblate shapes are indicated for Na, 7+ to Na2O+, Na33 to
Na4O, and above Na42

+ +

As a more quantitative test of this interpretation the
ratios of the areas under the two Lorentz curves, A, /A 2,
are shown in Fig. 9. In the simplest picture of a
spheroidally deformed metal drop, the ratio should be —,

'

and 2 for prolate and oblate shapes, respectively. Consid-
ering the experimental uncertainties the data are con-
sistent with the assumed axially symmetric distortions.

Single-peaked resonances occur around the magic elec-
tron numbers 20 and 40, and possibly at the transition be-
tween prolate and oblate shapes at Na, 6+ and at Na3]+
and Na32+.

The Na2&+ resonance has been studied in two other ex-
periments, one of which shows a very narrow double-
peak structure, whereas the other does not. ' While the
present data agree very well with those of Ref. 19, our
resolution is not sufficient to reveal the double structure
reported in Ref. 6.

The Na4&+ resonance was also studied in Ref. 19 and
fitted by the authors with two (unresolved) Lorentz
curves and a high-energy shoulder. Their peak cross sec-
tion is lower than the present by -25%%uo but has a mean
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FIG. 9. The ratio of the areas under the two Lorentzian com-
ponents A&/A2, as a function of cluster size, where A& and A2
are the areas under the lower- and higher-energy components,
respectively. The values for 28 & % ~ 30 are shown by crosses
(see text).

O
I—

1.0 ——-- —-~
CO

X

Q
II

0.4
10 20 30

CLUSTER SIZE N

40 50

FIG. 10. Ratios of axes, R&/R„perpendicular and parallel
with the cluster symmetry axis. For %=28, 29, and 30 the
points have less meaning as the weaker peak in the resonances is
hidden.

energy of the same value (2.6 eV). There is considerable
strength on the high-energy side of the peak in Ref. 19,
not observed in our case; the authors trace the differences
to a temperature effect. Yannouleas points out that in
his model calculations for a Na4&+ cluster the resonance
splits into two peaks at 2.9 and 3.3 eV with intensities
54'%%uo and 31%%uo, respectively; this is not observed.

The single-peaked resonances at cluster sizes N=16
and 31 to 32 may also be due to sphericity, although they
are not connected to the magic electron numbers 20 and
40 (Fig. 10). Another explanation may be triaxility,
which is to be anticipated in the transition between re-
gions of oblate and prolate shapes. Since the widths of
these resonances are larger than average (Fig. 11) one
may interpret them as three equally intense but closely ly-
ing peaks, a response one would expect from a triaxial
cluster. Experiments with higher resolution and better
statistics are needed to resolve this question.

The three clusters Na28+, Na29+, and Na3p show two
peaks with essentially equal areas (heights), Fig. 5. These
c1usters also lie in the transition region from prolate to
oblate shapes. One may therefore hypothesize that these

FIG. 11. The widths of the fitted functions as a function of
cluster size.

clusters are indeed deformed, but the prolate equilibrium
shape lies close in energy (within k~ "1) to the oblate ener-

gy minimum, T being the temperature of the cluster.
With equal population of two such isomers a spectrum
with two equally high peaks will actually result, as ob-
served. It is interesting that theoretical calculations of
the equilibrium deformations give qualitative support to
this interpretation.

Assuming a spheroidal jellium model, Lipparini and
Stringari ' have derived an approximate expression for
the relation between the ratios of the two resonance ener-
gies E~ and E, and the two axis lengths R~ and R„re-
spectively, where z indicates the symmetry axis

=1——35
5

with the deformation defined as

3 R —R5=——
R 2+2R ~

(10)

The last column in Table I lists the axis ratios calculat-
ed from the two resonance energies using the above for-
mulas, and in Fig. 10 the values are plotted. For cluster
sizes 28 to 30 two values are shown, reflecting our inter-
pretation in terms of coexistence of oblate and prolate
shapes.

Values of the experimental distortion parameter,
2( 1 —R ~ /R, ) /( 1 +R ~ /R, ), are displayed in Table II and
compared to various model calculations: a modified
Nilsson Hamiltonian, an ellipsoidal shell model, a self-
consistent spheroidal jellium model, self-consistent
Kohn-Sham calculations including exchange and correla-
tion energies in the local-density approximation for
diffuse jellium and Nilsson models, and finally the
Strutinsky method used with a Woods-Saxon potential
with quadrupole, octupole, and hexadecapole deforma-
tions included.

From Table II it is obvious that all models predict the
region N =17 to 27 fairly well, especially if it is not the
precise size of, more the trend in deformations, that is
considered. The same accounts for the region X =34 to
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41 albeit to a somewhat lesser extent. The disagreement
between experiment and the models is most strongly ex-
hibited in the prolate to oblate transitions, X= 14 to 16
and X =31 to 33, and for the oblate deformations,
iY +43.

The width of a plasmon resonance is in principle a sen-
sitive measure of the mechanisms responsible for its
damping. The widths of the Lorentz functions extracted
from the fits are shown in Fig. 11. Two main mecha-
nisms may contribute to the damping width. In a micro-
scopic description the collective excitation consists ideal-
ly of a single coherent superposition of a number of
single-electron transitions. In realistic calculations the
collective strength is (Landau) fragmented among a num-
ber of more or less close-lying states, centered around the
ideal resonance energy. According to such calculations

N Expt. Ref. 5 Ref. 22 Ref. 23 Ref. 24 Ref. 25 Ref. 20

14 0.31 0.42 ( —0.45)
15 0.31 —0.49 —0.50 —0.56 —0.55
16 0 —0.41 ( —0.42)

—0.40
0.35

—0.25

0.50
0.52
0.41

17 —0.30 —0.33 ( —0.34) —0.36 —0.35 —0.38
18 —0.23 —0.27 ( —0.29) —0.30 —0.33
19 —0.21 —0.21 —0.24 —0.17 —0.24 —0.20 —0.27

TABLE II. The experimental distortion parameter (for
Na~+) compared with theoretical models (for Na»). The
values in parentheses (col. 4) are actually triaxial deformations
(Ref. 22) where we have taken a mean of the two axes closest in
size.

this Landau fragmentation may be of the orders of
0.5 —1.0 eV (Ref. 9) and therefore not negligible with the
present experimental resolution. Landau fragmentation
may be responsible for the additional strength on the
high-energy side of the main resonance peak, especially
for cluster sizes 43 through 48 (see Fig. 5). Landau frag-
mentation is essentially independent of temperature.

The other part contributing to the width is the cou-
pling to the thermal fluctuations of the ionic core and the
associated shape fluctuations. This effect is proportional
to T' . Therefore, experiments performed at several
different cluster temperatures should be able to distin-
guish between the two types of peak broadening. Recent
measurements on Na2&+ and Na4, + at two different tern-
peratures' are not incompatible with a T' dependence
of the widths. Also, the plasmon resonance of hot K2&+
clusters has been measured and compared to results from
cold potassium clusters; the authors conclude that the
width can be largely explained by thermal fluctuations.
Therefore the present observed widths of the peaks are on
the whole believed to be caused by thermal fluctuations of
the cluster shape.

As argued in Sec. IV (Fig. 6) the surface plasmon ac-
counts for the major oscillator strength of dipole transi-
tions involving the valence electrons. Kresin ' has dis-
cussed the importance of the volume plasma excitations
relative to the surface mode. For neutral clusters in the
present mass range the volume plasmon mode is estimat-
ed to contribute -20% of the total dipole excitation. Its
energy is estimated to be -4.3 eV and thus outside our
experimental range.

20 —0.14
21 0
24 0.19

0
0
0.26

—0.11
0
(0.29)

0
0
0.25

0
0
0.21 VI. SUMMARY AND CONCLUSION

25
26
27

0.21
0.23
0.22

0.30
0.33
0.36

(0.33)
(0.36)
0.39 0.37

0.32

0.40

0.30
0.35
0.35

0.23
0.29
0.33

31
32
33

0 0.30 ( —0.36)
0 0.29 ( —0.35)
0.28 —0.29 ( —0.33)

0.30
0.30

—0.30 —0.30

0.31
0.31
0.30

34 —0.21 —0.26 (
—0.32) —0.30 —0.28

35 —0.22 —0.23 —0.31 —0.18 —0.26 —0.30 —0.28
36 —0.18 0.08 ( —0.26) —0.20 —0.22

37 —0.17 0.11 ( —0.21) 0.10 0.12
38 —0.26 —0.10 ( —0.17) —0.10 —0.13
39 —0.46 —0.10 —0.13 —0.09 —0.10 —0.10 —0.12

The measured photon absorption spectra of charged
Na clusters, size 14 to 48, have been identified as the
surface-plasmon resonance. The shape of the resonances
and their systematic variation are interpreted in terms of
deformations and as such the first observation, to our
knowledge, of cluster shapes over nearly two major
shells. They are on the whole found to be in quite good
agreement with predictions based on theoretical mean-
field models. The widths of the resonances are believed
to be caused by thermal Auctuations, rather than Landau
fragmentation. Additional measurements with very cold
clusters could help distinguish between the two broaden-
ing mechanisms.

40 —0.29 —0.04 —0.06 —0.05
41 0 0 0 0
42 0 —0.04

43 —0.23 —0.26
44 —0.23 —0.11
45 —0.25 —0.14

46 —0.21 —0.15
47 —0.24 0.21
48 —0.36 0.22

—0.05
0

—0.05

—0.25
—0.20
—0.15

0.20
0.25
0.25

0
0.04

0.11
0.13
0.16

0.19
0.21
0.23
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