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V( I rl —r2 I ) = + " s( I r( —r2 I ) .
d V„[p]

ds
(2)

2 (ph, p'h') —( e„,, (, —e„„,(„)6(, , (,8(„,(„S„,,„,,S„„,„„,

ual interaction V, is diagonalized using the RPA. In
what follows, we shall specify the single-particle poten-
tials self-consistently in the spherical jellium-background
model using the density variational formalism in a semi-
classical approximation. ' These potentials are dis-

played in Fig. 1.
The residual two-body interaction V is given by

Here V„[pl =d8„,[p]/dp is the exchange-correlation
potential in the ground state. As in Refs. 9 and 10, we
use the exchange-correlation energy density 8, [p] of
Gunnarsson and Lundqvist. "

The RPA equations (see, e.g. , Ref. 12),

8 +n &n
n=E

III

are written in terms of the angular-momentum coupled
matrix elements of the interaction (2), i.e.,

where

r

( +(, [(21~+1)(2l(,+ l)(2'

+�1�)(2l(,
+1)]' ~ ( &' ('

-2R(ph'. hp')( —1)" " ' '
.0 0 0. .0 0 0,

= ( —1)'B(ph, p'h'),

(3)

R(ph', hp') = r( dr(rq dry%„( (ri)%„„,(„,(rq)V(r(, rq, k)

and where %„, (, (r) is the radial part of single-particle
wave functions. The radial contribution of the two-body
interaction (2) in multipole order X is given by

r & dV„[p] 8(r( —rp) 2g+1
V r(, rq, X =e „,+

pi2 4n

where r & min(r(, r2) and r & =max(r(, r2).
The indices n; appearing in Eqs. (3) and (4) denote

the number of nodes for the corresponding single-particle
states. The orbital angular momenta of the particles and
holes participating in the excitations are denoted by l;,
the total angular momentum of the excitation being X,
which in the present calculation is set equal to 1 (dipole
vibration). The 3j symbols appearing in (3) take proper
care of the angular-momentum coupling, as well as of

m„„(„(r,)X„,(,(r2),

the parity conservation conditions. The factor 2 ac-
counts for the spin degeneracy.

The RPA eigenvectors are written as a linear com-
bination of particle-hole excitations in terms of the for-
ward-going and backward-going amplitudes, X„(ph) and
Y„(ph), respectively, according to

I n) = Z [A'„(ph) I (ph
ph

—( —1)'+"Y„(ph)
I (hp ') —„)], (5)

where a singlet spin configuration is implied.
The dipole transition probabilities associated with the

state (5) can be written as

B(E1,0 n) = —', I(n I I At(E1) I I0) I

where

(n I I
A(tE1)

I I0) =/[X„*(ph;1)+(—1) Y„*(ph;1)](p I I
At(E1) I I h),

ph

are reduced matrix elements' of the dipole operator At(E1;p) =(4(r/3) '( erg, „(r).
The radial wave functions R,, (, are calculated by diagonalizing the single-particle Hamiltonian Ho in a basis includ-

ing %=25 harmonic-oscillator major shells. (For the oscillator parameter of this basis, we have used A(o=1. l eV.
The results do not, however, depend on this choice. )

The associated unperturbed particle-hole excitations, examples of which are displayed in Fig. 1, exhaust the
Thomas-Reiche-Kuhn sum rule S(E1)=Nb e /2m, that is

X(e., (, e.. (, ) I (3 )'"(p
I I

At—(E1) I Ih) I'=&(El),
ph

where e„, (, are the single-particle energies. This result is also valid for the correlated eigenstates (5) and associated ei-
genvalues E„, since the RPA preserves the energy-weighted sum rule (EWSR).

In Fig. 2 we display the oscillator strength functions versus excitation energy for the RPA dipole in the case of neu-
tral Na8 and Na20 clusters, as well as in the case of charged Na9+ and Na2i+ clusters. The unperturbed oscillator
strength for the neutral clusters is also displayed.

A conspicuous feature of the RPA results for the neutral clusters in the sizable amount of Landau damping. In fact,
the variances of these response functions are cr =0.57 eV in both cases implying a ratio of a/E = 0.25, E here being the
energy centroids of the resonances. Nonetheless, the identification of the collective states is quite unique. Indeed, in the
case of Na8, there is a single state at = 2.8 eV exhausting = 75% of the EWSR, while about the same strength is dis-
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classical method proposed in Ref. 10 to predict the aver-
age properties of the mean-field response function.

In order to compare the present calculations with the
experimental data, one has to take into account the cou-
pling of the electronic dipole oscillations to thermal sur-
face Auctuations of the whole cluster. This is done
only for the case of neutral clusters for which the most
systematic body of information is available at present. '

In keeping with the findings of Ref. 5, this can be ap-
proximately simulated by folding the peaks of the RPA
spectrum with Lorentzian functions displaying a damp-
ing factor 1/Aron= 0. 1 and 0.06 for Nas and Na2o, re-
spectively. The results are shown in Fig. 3 in comparison
with the experimental data. ' Aside from a shift of
= 10%, the overall structure observed in these two cross
sections is well reproduced. In particular for Na20, the
dip seen in the experimental cross section near 460 nm,
as well as the weak bump in Na8 near 590 nm, seem to
come out of the present RPA description.

The shift of the calculated dipole peaks with respect to
the observed values for the neutral clusters is consistent
with the fact that the predicted static dipole polarizabili-
ties within the LDA model ' ' are lower than the ex-
perimental ones by =20%. This is because the model,
when applied to the exchange part of the Coulomb in-
teraction between the electrons, provides too much
screening, and thus fails to produce for neutral clusters
the expected asymptotic 1/r Coulomb behavior of the
mean field. As a consequence, the tail of the electron
densities (the so-called "spill-out") is underestimated;
since the latter is known to be correlated to both the di-
pole polarizabilities' and the surface plasmons, ' these
quantities are also underestimated. Indeed, a "self-
interaction correction" aimed at a better treatment of
the Coulomb exchange within the Kohn-Sham ap-
proach' can improve the values for the dipole polariza-
bilities. It remains an open question to which extent an
improved treatment of the Coulomb exchange will affect
the positions of the unperturbed particle-hole excitations,
and thus the detailed structures of the photoabsorption
cross sections obtained in the present investigation.

It can be concluded that direct decay of the giant di-
pole resonance in small neutral sodium clusters plays an
important role in the fragmentation of the associated
strength function, a process that seems to be essentially
absent in the case of the positively charged clusters. The
actual location and potential fragmentation of the dipole
peak in Nag and Na20 is the result of a delicate balance
between shell structure and residual interaction, which
might be further unravelled by carrying photoabsorption
measurements at low temperatures. A detailed mapping
of the strongly red-shifted dipole peaks and of their

structure could provide some crucial tests of the ex-
change (plus correlation) part of the effective interaction
between the electrons in metal clusters.
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