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The dipole strength function of K9+, K2l+, and K22
+ charged microclusters is calculated

within the framework of the random-phase approximation. Contrary to the case of neutral clus-

ters, essentially no Landau damping is found in the systems under study here, the spectrum being
dominated by a single peak carrying most of the oscillator strength. The coupling of the plasmon

to thermal fluctuations of the surface can account for about 60% of the observed spreading width.

A microcluster is an aggregate of a small number of
atoms. A variety of properties of this system exhibit a dis-
tinct shell structure, first observed in potassium and sodi-
um clusters. ' 4 They can be described in terms of delo-
calized valence electrons subject to an effective smooth
potential generated by replacing the structure of the lat-
tice by a uniform positively charged background.

When one shines metal microclusters with a source of
photons of variable frequency, one observes that, for a
given range of frequencies within the visible part of the
spectrum, the amount of quanta intercepted by the system
increases markedly. The integrated photoabsorption cross
section is found to be proportional to the total number of
electrons, implying the collective response of the system as
a whole. The ratio of the centroid energy to the width of
these giant resonances is of the order of 10 (cf., for exam-
ple, Ref. 5), consistent with the fact that the electrons os-
cillate against the positive background a few times before
losing their coherence.

In this context, it is useful to view the surface plasmon
as a correlated state of a particle above the Fermi surface
and of a hole inside the Fermi sea. The dipole vibration is
built mainly out of excitations that change the principal
quantum number (i.e., N 2(n —1)+lj by one, this being
the most economic way of changing parity as required by
the quantum number of the giant vibration (L 1 ).

Excitations where the principal quantum number changes
by three also play a role, mainly in the details of the frag-
mentation of the main peak. They are, in any case, essen-
tial to account for the Thomas-Reiche-Kuhn sum rule, to-
gether with excitations of hN 5 and ~ 7 character.

The correlation between the particle and the hole can
be lost through a variety of mechanisms, among which one
can list the following: (i) scattering of the particle or the
hole with the phonons of the lattice (resistivity), (ii) decay
of the vibration into incoherent single-particle states
(Landau damping), (iii) breaking of the dipole strength
due to the static deformation of the cluster, (iv) coupling
of the plasmon to thermal fluctuations of the surface.

Although these phenomena reflect very different phys-
ics, they all contribute to the broadening of the resonance,
and it is not simple to isolate their separate contributions.
Recently, detailed experimental information on the dipole
oscillation of the electrons in the charged clusters K9+
and K2t+ has been provided. In both cases, unlike the
corresponding neutral sodium clusters, a single, narrow
peak exhausting most of the oscillator strength has been
observed. The associated damping mechanisms are ex-
pected to be particularly simple in this case, since both
clusters are closed-shell systems, having 8 and 20 elec-
trons, respectively, and thus are expected to be sphericaL
Furthermore, the potentials of the charged clusters in this
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mass region are much deeper than the potentials for the

corresponding neutral clusters. As a result, the influence

of the /sN 3 unperturbed particle-hole excitations is

different depending on whether the cluster is neutral or
charged. Specifically, for neutral clusters these excita-
tions lie within the immediate neighborhood of the dipole

plasmon and couple strongly to it producing considerable
fragmentation (cf., Refs. 7-9, and references therein).
On the other hand, the ddV 3 excitations of charged clus-

ters in the mass region 8-20 are much higher in energy
and thus almost decoupled from the dipole plasmon.
Therefore, unlike the case of neutral clusters, Landau

damping is almost absent in the case of charged clusters in

this mass region. Landau damping is expected to be even

more marginal as a decay mode of the giant resonance in

the case of doubly charged clusters.
In keeping with the above discussion, we expect both

mechanisms (ii) and (iii) to be, in the cases under con-
sideration here, essentially nonoperative, allowing for a
detailed study of the quantal size effect listed as (iv).

In the present paper, following Ref. 9, the surface
plasmons of both Ks+ and K2~+ are calculated within the
framework of the random-phase approximation (RPA).
Quantal size effects are then included making use of
potential-energy surfaces provided by the spheroidal shell
model'p and treating the coupling between the dipole vi-

bration to the thermal fluctuations in the adiabatic ap-
proximation. It will be concluded that this mechanism

plays an essential role in the relaxation process, account-

ing for about 60% of the plasmon broadening experimen-

tally observed.
We also present a calculation of the plasmon resonance

for the case of the doubly charged Ks2
+ cluster. This

doubly charged potassium cluster has been observed ex-

perimentally, " although its photoabsorption response has

not as yet been measured. The theoretical calculation ex-
hibits a trend towards a stronger single-peak plasmon with

increasing positive charge, making this doubly charged
spherical cluster an even more promising candidate for the
investigation of relaxation mechanisms in the absence of
Landau damping.

A discrete particle-hole basis of dimension JV' is con-
structed and the Hamiltonian

H Hp+V,
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RPA preserves the energy-weighted sum rule, of which

the TRK sum rule is a specific example for the case of di-

pole. For details on this RPA method cf. Ref. 9.
The most striking feature of the RPA results is that

essentially all the dipole strength is concentrated in a sin-

gle line which carries most of the oscillator strength;
specifically, 96% for K9+ and 89% for K2~+ (cf. Fig. 1).
In the case of the doubly charged K222+, a single line at
2.38 eV carries 95% of the oscillator strength. Landau
damping is thus negligible for these systems. The wave

functions associated with these states show typical collec-
tive properties, as testified by the fact that the correlated
state is distributed over several configurations. Moreover,
for K2~+, the ground-state correlations, as measured by
the sum, g~s[Y(ph)]2, of the square of the backwards-

going amplitudes are of the order of 0.20 and quench the
dipole by 33%. These results are in contrast with those as-
sociated with the weak states, that is, states which carry a
small fraction of the oscillator strength, which are dom-

inated by a couple of configurations and for which
ground-state correlations play no role.

The energies of the main peaks are 2.34 and 2.30 eV for
Ks+ and K2~+ clusters, as compared to the observed
values of 1.93 and 1.98 eV, respectively. This discrepancy
between theory and experiment is likely to be correlated
with the poor treatment of the outer part of the potential
and reflects the limitations of the local-density approxima-
tion.

Quantal size effects are taken into account through a
macroscopic model' which has been used extensively in

studies of giant resonances in nuclei. 's '7 The coupling
of the plasma resonance to the quadrupole shape fluctua-

sum of the Hartree-Fock Hamiltonian, Hp, and the resid-
ual interaction V, is diagonalized in the RPA. The
single-particle potentials (cf. Fig. 1) were calculated self-
consistently in the jellium background model using the
density-variational formalism in a semiclassical approxi-
mation. ' '

The associated unperturbed particle-hole excitations ex-
haust the Thomas-Reiche-Kuhn (TRK) sum rule S(E1)

Nh e /2m, that is
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where a„, ~, are the single-particle energies and the dipole
operator is given by At(E I;p) err//3erP~„(r). This re-
sult is also valid for the RPA correlated eigenstates and
associated eigenvalues E„,since for all multipolarities the

FIG. l. Dipole oscillator strength for the charged potassium

clusters Ky+, K2I+, and K22 +. Solid bars indicate values multi-

plied by ten. For the same number of delocalized electrons, the
reduction of fragmentation with increasing positive charge is ap-

parent. In the lower-left corner, the average potentials corre-

sponding to K2p, K2I+, and Kp2
+ clusters are plotted. The

depth of the potentials increases by =2 eV per extra charge.
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tions of the cluster is expected to be the dominant quantal
size effect. This is because this coupling is the only one
that fulfills, in lowest order in the coupling, both angular
momentum and parity selection rules. Such a coupling
breaks the dipole strength in three components, corre-
sponding to vibrations along the principal axes of the ellip-
soid. The associated radii can be parametrized in terms of
the intrinsic quadrupole deformation variables p and 7,
which measure, in the body-fixed frame of reference, the
size of the quadrupole moment of the cluster, and its
departure from axial symmetry. The values of the three
frequencies can then be expressed in terms of the direc-
tional polarizabilities a, of the ellipsoid,

m, Ne z/ma, (x 1,2, 3),
where the quantities a, are related to the average polari-
zability ao via the depolarization factors of the ellipsoid
through

a./ao-ID. '/y, D. '.
r

For a given ellipsoidal deformation (p, y), the photoab-
sorption cross section for a strong peak carrying a fraction

fof the oscillator strength can be written as

(4zfNe /m, c)e I

[aI —aI (p 7)) +aI r

Comparison to the detailed numerical calculations leads
to restoring force coefficients C 11 and 29 eV for Kv+
and KzI, respectively. The dispersion in the frequencies
of the plasmon induced by thermal fluctuations can now
be calculated analytically, 's'9 leading to

r, -0.S3(2T/C) '"Sm, ,

where h roa is the centroid energy of the plasmon.
From the results displayed in Fig. 2, it is seen that the

coupling of the plasmon to the fluctuations of the surface
accounts for about 60% of the observed widths (dashed
line). Making the ansatz that the intrinsic width I can be
associated with the plasmon damping in bulk, 2 2'

r-yT,
where 7 is a constant of the order of 1-3,one obtains from
Eqs. (1)-(4) the results also displayed in Fig. 2 (solid
line).

The validity of using bulk estimates for a cluster as
small as Kz~+ is not obvious. In any case, by studying the
temperature dependence of the FWHM of the plasmon
strength function in singly or eventually doubly charged
clusters, the two contributions discussed in this paper can
eventually be disentangled.

where N here is the number of delocalized electrons in the
cluster and I the intrinsic width of the giant resonance
arising from relaxation processes different from that asso-
ciated with the thermal fluctuations of the surface of the
cluster. In the present case, I can be identified with the
collision damping width mentioned above under point (i).

At finite temperatures, the system will explore the
potential-energy surface 4(p, 7) with a probability

P(P, 7) Z 'exp[ —4(P, 7)/Tl, (2)

the quantity Z being the partition function,
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and dv the volume element.
The average cross section can then be written as

(3)

&tr(aI)) -g, dzo. (ea;P, y)P(P, 7) .
r

(4)

In this way, one takes into account, in the adiabatic ap-
proximation, the coupling of the plasmon resonance to the
quadrupole thermal fluctuations of the cluster surface.
The single lines predicted within the framework of the
RPA become broadened and the associated full width at
half maximum (FWHM) can be parametrized according
to

r'y -adT.v,
where a 1.02 and 0.65 eV for K9+ and K2I+, respective-
ly. A simple estimate of this result can be obtained as-
suming a harmonic behavior for the potential-energy sur-
face of the systems under study, that is

e(P, 7) = —,
' CP'.
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FIG. 2. Quantal size effects for K2I+. Lower part: Results
for the FWHM obtained using Eqs. (1)-(4),and taking for I in

Eq. (1) the parametrization of Eq. (5) with y 1 (lower curve),
y 2 (middle curve), and y 3 (upper curve). The horizontal
dashed line corresponds to the experimentally determined
FTHM for the range of possible temperatures of the cluster
(Ref. 22). Upper part: Photoabsorption cross section. The ex-
perimental data (Ref. 6) are plotted with open circles; the
dashed line displays the resulting broadening due solely to
thermal fluctuations (zero intrinsic width). The full drawn
curve includes the relaxation process (i) (cf. text), using the pa-
rametrization in Eq. (5) with y 2. The temperature selected
corresponds to the crossing point between the middle solid and
the horizontal dashed curves in the lower part of this 6gure.
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In conclusion, the plasmon strength function of posi-
tively charged, spherical potassium microclusters in the
mass region 8-20 seems to be controlled by a single line
carrying most of the oscillator strength. The coupling to
the quadrupole fluctuations of the cluster accounts for
about 60% of the observed widths. This damping mecha-
nism displays a weak (square-root) dependence with tem-
perature. An overall account of the observations may be
obtained including the resistivity contribution to the relax-
ation process. Although the actual size of this contribu-

tion is rather uncertain, this mechanism should behave
linearly with temperature. Measurements of a variety of
temperatures may disentangle this contribution from the
quantal size effect discussed above.
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