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The line shape of the plasma resonance in both neutral and charged small sodium clusters is calculat-
ed. The overall properties of the multipeak structure observed in the photoabsorption cross section of
spherical Nag and Naj neutral clusters can be understood in terms of Landau damping. Quantal
configurations are shown to play an important role. In the case of charged Nas™ and Nay * clusters a
single peak is predicted that carries most of the oscillator strength.

PACS numbers: 36.40.+d, 31.50.+w, 33.20.Kf

Recent photoabsorption experiments' have revealed
surface plasmons in small neutral sodium clusters. A
qualitative overall account of the dependence of the reso-
nance frequencies on the cluster size can be achieved in
terms of the extended ellipsoidal shell model?3 and of
the experimental static polarizabilities. The reported
line broadening seems to obtain, as suggested in Ref. 1,
an important contribution from the coupling of the di-
pole resonance to quadrupole shape fluctuations of the
cluster.*>

Because of the fact that no complete photoabsorption
curve has yet been experimentally determined, the de-
tailed shapes and widths of the resonances are still rather
uncertain. In particular, the contribution of direct plas-
mon decay mechanisms to the linewidths must be investi-
gated, especially in the case of small clusters, in view of
the detailed microscopic calculations carried out by
Ekardt® and Beck’ within the framework of the time-
dependent local-density approximation (TDLDA).

In the present paper, we study the structure of the
plasmon resonance within the mean-field framework
making use of the random-phase approximation (RPA).
Because these studies can most clearly be done in the
case of spherical clusters, we presently restrict our
analysis to neutral Nag and Najo and to charged Naogt
and Nay,; T. It will be concluded that, in the case of the
neutral Nag and Na,y, Landau damping is important and
that the observed line shapes are the results of a detailed
interplay between quantum size effects and residual in-
teractions among particle-hole excitations, as well as of
the thermal fluctuations of the cluster shapes. In the
case of charged Nag™ and Na; ¥, Landau damping is
practically absent and the dipole strength essentially con-
sists of a single peak exhausting most of the plasmon os-
cillator strength.

The calculations to be discussed below parallel those
carried out in studies of giant resonances in nuclei (cf.,
i.e., Ref. 8). A discrete particle-hole basis of dimension
N is constructed and the Hamiltonian

H=H,+V, 1)

sum of the Hartree-Fock Hamiltonian H( and the resid-
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FIG. 1. Self-consistent potentials (Ref. 10) associated with
Naao and Naz ¥ and used in the solution of the single-particle
Hamiltonian Ho appearing in Eq. (1). For Nayo, the resulting
single-particle levels relevant to the discussion of the dipole res-
onance, as well as some of the associated unperturbed parti-
cle-hole transitions, are also shown.
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ual interaction V, is diagonalized using the RPA. In Here V. [pl=dé&,.[pl/dp is the exchange-correlation

what follows, we shall specify the single-particle poten- potential in the ground state. As in Refs. 9 and 10, we
tials self-consistently in the spherical jellium-background use the exchange-correlation energy density &,.[p] of
model® using the density variational formalism in a semi- Gunnarsson and Lundgvist. '!
classical approximation.'® These potentials are dis- The RPA equations (see, e.g., Ref. 12),
played in Fig. 1.
The residual two-body interaction V is given by A B ||Xn =F Xn
B* A * Yn n| — Y” 0

2 V.
€ +d xelp] sUrn—nl]). @ . .
r—r| dp | are written in terms of the angular-momentum coupled

matrix elements of the interaction (2), i.e.,

V(r—-r|)= I

A(ph,p'h') = Cen, 1, = €n,.1,)81,.1,,61, 1,8n,.n,0n, 1y

o L+ [QLADQL+1DQL+ 1) QU+ 1172 (I A bp | e & Ly
2R (ph',hp") (= 1) o 00o0llooo (3)
=(—1)*B(ph,p'h"),
where
R(ph',hp') =fr|2dr| r22 dr; ﬁnp,,p(rl)7{,,,,,,1,,.(r2)V(r|,r2;k)7f,,h,1h(r|)7?,,p.,1p.(r2) y @)
and where R, ;(r) is the radial part of single-particle |
wave functions. The radial contribution of the two-body the parity conservation conditions. The factor 2 ac-

interaction (2) in multipole order A is given by counts for the spin degeneracy.

The RPA eigenvectors are written as a linear com-
bination of particle-hole excitations in terms of the for-
dp ri 4z ward-going and backward-going amplitudes, X, (ph) and
Y, (ph), respectively, according to

, rk + dVilpl 6(ri—r2) 2a+1

V(r,rsn) =e’—
rs>

where r < =min(r,,r,;) and r > =max(r,r,).

The indices n; appearing in Egs. (3) and (4) denote [n) =3 [X,(ph) | (ph =1, )
the number of nodes for the corresponding single-particle ph
states. The orbital angular momenta of the particles and = (= Dy, (pr) | (hp =15, =01, ()
holes participating in the excitations are denoted by /;, where a singlet spin configuration is implied.
the total angular momentum of the excitation being A, The dipole transition probabilities associated with the
which in the present calculation is set equal to 1 (dipole state (5) can be written as
vibration). The 3j symbols appearing in (3) take proper B(E1,0—n)=2 |<n| |MED | |0)|2
care of the angular-momentum coupling, as well as of | ’ ’
where
(n| |MED)| |0)=Eh[X,T(ph;1)+(—1)"Y,§"(ph;1)]<p| |MED)| | h), (6)
p

are reduced matrix elements'? of the dipole operator M(E 1;u) = (47/3) erdy (2.

The radial wave functions R, ; are calculated by diagonalizing the single-particle Hamiltonian Hy in a basis includ-
ing N/ =25 harmonic-oscillator major shells. (For the oscillator parameter of this basis, we have used Aw=1.1 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) =N#2e?/2m, that is

Zh(e,,p‘lp—e,,h,/h)l(%)'/2(p| |MED| |n]|*=SE),
p

where €, ;, 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 Nag and Nay clusters, as well as in the case of charged Nas* and Na,, * 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 o= 0.57 eV in both cases implying a ratio of 6/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 Nag, 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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FIG. 2. Oscillator strength function for the photoabsorption
of Nag, Naz, Nag*, and Nay, * clusters. In the upper figures,
the unperturbed oscillator strengths for the neutral clusters is
displayed. Also, in the upper figures, the strength values above
3 eV have been multiplied by 100.

tributed among two lines located at 2.6 and 2.9 eV in the
case of Najyy. As befit collective states, the associated
wave functions exhibit several (about ten) forward-going
amplitudes (X components) that are larger than 0.1.
Also, most of the backward-going amplitudes (Y com-
ponents) contribute constructively to the transition am-
plitude (6). The wave functions associated with the
rather weak states which are strongly red shifted with
respect to the collective states are, on the other hand,
dominated by a couple of components. We note that the
results shown in the middle of Fig. 2 for Na,, display an
extent of fragmentation similar to the TDLDA calcula-
tion by Ekardt (cf. Fig. 6 of Ref. 6).

The plasmon strength function is drastically modified
in the case of charged Nag ™ and Nay; * clusters, where a
single peak lying at = 3.1 eV (Nag*) and at =3.0 eV
(Nay; *) exhausts =93% and = 83% of the EWSR, re-
spectively. This result seems to be consistent with recent
experimental findings reported'* for the potassium clus-
ters Ko™ and K5, *.

The difference between positively charged and neutral
clusters is due to the difference in the associated average
potentials (cf. Fig. 1). Indeed, the potentials for the
charged clusters are deeper than the potentials for the
corresponding neutral clusters (observe that the potential
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FIG. 3. Photoabsorption cross sections per atom (for Nag
and Nay) resulting from the folding of the RPA oscillator
strengths with Lorentzian shapes normalized to unity are
shown (solid line). The widths of the Lorentzians are specified
by I'/hwo==0.1 and 0.06 for Nag and Nayo, respectively (Ref.
5), hwo being the peak energy of a given Lorentzian. The ex-
perimental data (Ref. 16) are also shown. The dashed line is
the solid line shifted so that there is a maximum overlap with
the data.

for neutral clusters exhibit an almost constant central
depth at ~ —5.4 eV). For Nayg™ the increase of the po-
tential depth at the center amounts to = 56%, while for
Naj, * the corresponding increase is = 42%.

It is interesting to compare the moments of the dipole
strength function obtained in the present microscopic
RPA calculation for the case of neutral clusters with
those obtained semiclassically in Ref. 10. The cubic
energy-weighted sum rules and the centroids E agree
within 2%-4%; the static dipole polarizabilities a (given
by the negative energy-weighted sum rules) agree within
4%-10%. This offers support for the ability of the semi-
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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 fluctuations 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 I'/hwy==0.1 and 0.06 for Nag and Nay, 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 Naj, the
dip seen in the experimental cross section near 460 nm,
as well as the weak bump in Nag 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®'%'7 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 Naj 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
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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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