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Photoabsorytion cross section of negatively charged alkali-metal clusters
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The optical response of anionic clusters of sodium and potassium with up to 40 valence electrons is
calculated making use of a self-interaction-corrected linear-response formalism recently developed by
the authors. It is found that, for these systems, the surface plasmon is excited systematically above the
ionization threshold and is strongly Landau damped, with its strength distribution spread over an energy
interval of typically =1 eV, rejecting the shorter lifetime of these systems with respect to the neutral
and cationic clusters. Furthermore, it is found that temperature-dependent broadening mechanisms are
able to wash out the fine structure in the line shapes of the cross sections.

The time-dependent local-density approximation
(TDLDA) developed in 1980 by Zangwill and Soven, '

constitutes framework used in computing the optical
properties of metal clusters. TDLDA is a linear-
response theory which incorporates, in a self-consistent
way, the electronic screening of an external, eventually
time-dependent, perturbation which couples to the elec-
tronic density. Because of the LDA inherent to this for-
malism, the electrons moving in the mean-field potential
interact spuriously with themselves. This well-known
feature of the LDA leads to sizable errors in the case of
systems such as atoms, molecules, and clusters. Among
other shortcomings, LDA is clearly unable to provide
stable solutions for the ground state (GS) of commonly
observed negative ions. ' To the self-interaction errors
present at the LDA GS level, TDLDA introduces an ad-
ditional one. Indeed, in the presence of an external per-
turbation the TDLDA potential felt by one electron,
which is the sum of the external perturbing potential and
the screening potential, receives a screening contribution
due to all the electrons, including itself, which leads to a
wrong overestimation of screening.

To the best of our knowledge, and among the different
approaches used to compute the optical properties of
clusters, only the different formulations of Ref. 6 and the
Hartree-Fock random-phase-approximation (HF-RPA)
calculations of Ref. 7 are completely free of the self-
interaction problem described above. Unfortunately, the
computational load of the methods of Ref. 6 is such that
they can be applied, at present, to clusters with few atom-
ic constituents. On the other hand, the exchange-only
HF GS description of metallic clusters means that HF-
RPA leads to little improvement as compared to the
simpler TDLDA results.

Besides the methods of Refs. 6 and 7, other approaches
have been considered ' ' which are based on the empiri-
cal evidence that the self-interaction corrections (SIC)
(Ref. 10) improve' "the LDA description of the GS of
many-electron systems. Indeed, since the SIC lacks a

first-principles justification, it remains an open problem
to what extent the SIC-LDA eigenvalues are good repre-
sentations of the quasiparticle energies. An attempt to
clarify this point was carried out in Ref. 12, where the
quasiparticle energies were computed in the spirit of
Hedin's GW approximation. ' Even though there is no
fundamental justification as to whether the GW approxi-
mation is able to provide good quasiparticle energies, ' '
the good agreement obtained between the SIC-LDA re-
sults and the GW-like eigenvalues is noteworthy. '

The extension of these SIC methods to the calculation
of the dynamical properties of many-electron systems
benefits (suffers) from the same first-principles results'
(questions), concerning its validity, as the TDLDA itself.
In the SIC approaches, the self-interaction problem is not
completely cured, due to the nonlinear character of the
exchange-correlation (XC) functionals used in the LDA.
Furthermore, of Refs. 8, 9, and 3, only in Ref. 3 have the
self-interaction corrections been consistently included, to
linear order, in the screening term, the method being
known as FULL-SIC-TDLDA. In the other attempts,
the problem of self-polarization of the electron was either
neglected, or dealt with in ad hoc way, with sizable
consequences for the calculated dynamical properties (cf.
the discussion in Ref. 3).

FULL-SIC-TDLDA has been applied to the study of
the optical response of neutral and cationic metal clus-
ters. These calculations, in which use has been made of
the jellium model, are parameter free in the sense that the
Wigner-Seitz radius r, of the metal has been always fixed
to its bulk value (this is not only a common practice in
calculations of this type, but also the only reasonable
thing to do in the absence of any more physical input).
As a result, the best overall agreement between theory
and available experimental data has been obtained so far.
Since the above-mentioned framework allows us to com-
pute, in a natural way, the GS and excitation states of
negatively charged (anionic) many-electron systems, we
present, in this paper, nontrivial predictions for the static
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polarizabilities and photoabsorption cross sections of
anionic alkali-metal clusters. ' Because of its
relevance, ' we shall consider clusters of sodium and po-
tassium and will present results for clusters spanning a
size range up to 40 valence electrons. For computational
convenierice we concentrate on the so-called "magic"
clusters, corresponding to completely filled shells of
valence electrons, thereby using the spherical jellium
background model to replace the discrete ionic structure.
We shall start with a short review of the FULL-SIC-
TDLDA formalism, proceeding with the discussion of
the results obtained and ending this paper with a sum-
mary and conclusions. '

The description of the GS of a cluster with JV ions and
X valence electrons, in the SIC-LDA (Ref. 10) to XC,
amounts to solving, self-consistently, the set of Kohn-
Sham-like equations with a SIC orbital-dependent poten-
tial,

2' g+ V(l) (r) q(i)(r) —e(~)q(0(r)src

where Vs'y'c reads

[n (r&) —n "(r,)]dr,
Vis't'c(r) = VI(r)+e' f /r —r, /

(3)

V,„,(r) = r'P, ( co—s8) cos(wt), (4)

the valence electrons will react by screening the external
field. In FULL-SIC-TDLDA, the screening potential
reads

+ V„,[n (r)]—V„,[n "(r)] . (&)

VI(r) is the jellium potential of JV ions, f"(r) represents
the eigenfunction of orbital potential Vs'&'c with quantum
numbers j, and e" is the corresponding eigenvalue. Fur-
thermore, the densities are defined as

N N
n(r)= g n "(r)= g ~P',"(r)~

i=1 i=1

V„, is the XC potential of Gunnarsson and Lundqvist.
Because of the orbital dependence of the SIC potentials,
we overcome the nonorthogonality problem of the
single-particle wave functions by orthonormalizing them
(using the Gram-Schmidt method) at each step of the
self-consistent iteration scheme.

Under the action of an external, time-dependent per-
turbation of the form

[5n(r„co)—5n "(r„co)]dr, 5V„,[n(r)]
V,",„,„(r,co) =e f ~, + [5n(r, co) 5n "(r,co)—],r —I)~ 6n

where 5n "(r) are the orbital contributions to the total SIC screened induced density

5n(r, co)= g 5n "(r,co) .

This form of the screening potential is the one which is consistent with the SIC performed in the GS calculation, and
which involves only linear changes in the density, as required by the formalism we are using.

The effect of the screening potential is then included by requiring self-consistency between the induced density and
the total perturbing potential. This leads to the FULL-SIC-TDLDA system of coupled equations (for details, cf. Ref.
3),

5n "(r,co)= fdr, A"(r, r„co)[V,„,(r„co)+V'„'„,„(r„co)].

In Eq. (7), A represents the contribution of occupied orbital (i) to the independent-particle susceptibility, which can
be written in terms of the SIC orbital-dependent Green's functions ' as

A"(r, r„co)=[/' *(r)g' (r, )G "(r,r„e' +fico)+c.c. (co—+ —co)] .

4m +~
a, (co)= —e dr r'+ 5ni(r, co) .2l+1 0

(9)

The photoabsorption cross section is simply given in
terms of the imaginary part of a by o(co)
= (4mco/c) Im[ai, (co)].

In Table I, numerical values for the static polarizabili-
ties [/ = l, co=0 in Eq. (9)] are given, in units of the classi-
cal polarizability of a conducting metallic sphere of ra-
dius Ro =r,X', where r, is the bulk Wigner-Seitz radius

Due to the spherical geometry of our clusters, with
closed-shell structure, the response is diagonal in angular
momentum, and the polarizability of multipolarity I is re-
lated to the l component 5ni(r, co) by

20

K
Na
Na
Na+

2.14
2.35
1.70
1.46

1.84
1.92
1.61
1.45

1.58
1.67
1.51
1.41

TABLE I. Static polarizabilities of anionic clusters of sodium
(Na ) and potassium (K ), as well as of neutral (Na) and cat-
ionic (Na+) clusters of sodium, with 8, 20, and 40 valence elec-
trons, in units of Ro =Dr, (where N is the number of valence
electrons) and calculated with FULL-SIC-TDLDA. The nu-
merical values for the anionic clusters correspond to the results
of the present calculation, whereas the other values were taken
from Ref. 3.
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of the alkali metal. For the sake of comparison, we also
tabulate the results for neutral and cationic sodium clus-
ters containing the same number of valence electrons (8,
20, and 40).

Several features emerge from Table I. In particular,
one can observe that, for a given N, the static polarizabil-
ities are largest for the anions. This can be understood
classically by recalling that the polarizability scales with
the volume of the sphere. Since the net confining electro-
static force that the ions exert on the electrons is smallest
for the anions, this implies that the valence electrons in
the anions span a larger volume than the ones in their
neutral and cationic partners. Furthermore, the devia-
tions from the classical results have been rationalized ' in
terms of the so-called "spill-out" of the electronic charge
density with respect to the sharp jellium edge. Since the
bulk density of sodium (r, =4) is higher than the one of
potassium (r, =4.86), for a fixed N and ionization state
one expects the "spill-out" to be larger in sodium than in
potassium, which in turn explains why the values in
Table I are systematically larger for sodium than for po-
tassium. The larger spill-out for sodium was in fact
confirmed by calculating the quantity 5 =(4' )/
N jz n(r)r /dr, which provides information on the

amount of electronic charge located outside of the sharp
jellium edge. This feature was found to be independent of
the size and ionization state. Finally, the largest devia-
tions from the classical value observed for the anionic
species lead one to expect (from, e.g., the simple
plasmon-pole relation between the static polarizability
and the energy position of the surface plasmon) that the
surface plasmon is further redshifted in these species as
compared to, e.g. , the neutral partners. This feature is
not clearly observed (compare, e.g., Fig. I of present pa-
per and Figs. I —3 of Ref. 3) due to the sizable amount of
Landau damping taking place in the anionic species,
which leads to a large overall linewidth spanning an ener-
gy interval larger than the one corresponding to the
above-mentioned redshift.

The dynamic response of the sodium and potassium
clusters is shown in Fig. 1. Vertical arrows indicate the
ionization threshold. In sharp contrast to their neutral
and cationic partners, the anions have most of their
strength located in an energy region above this thresh-
old. Therefore, a coupling between the surface plasmon
and this continuum of single electronic excitations takes
place, leading to the detachment of an electron from the
cluster after the excitation of the plasmon via absorption
of one photon. This mechanism is entirely analogous to
the coupling known, in the theory of the electron gas at
finite temperature, as Landau damping. It is also ob-
served in the giant resonances in atomic nuclei, in which
case it is strongly size dependent, a feature which seems
to emerge as well from the results of the present calcula-
tion, where we observe strong Landau damping for the
eight valence electron systems (leading to fiat and smooth
line shapes), and which becomes progressively reduced as
the number of valence electrons increases. It is a true
damping mechanism and is distinct from the Landau
fragmentation commonly observed in the neutral and cat-
ionic clusters, which is a pure quantum size effect (QSE)
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FIG. 1. Line shapes of the photoabsorption cross section per
valence electron for Na7, K7, Na», K», Na39, and K39
The arrows indicate the ionization threshold for each cluster.

with no implications for the lifetime of the clusters.
Indeed, we would like to point out that the width of the
peaks displayed in Fig. 1 has two different origins. As
can be seen from the peaks located at energies below the
ionization threshold, the width is very small, and corre-
sponds exactly to the 10 meV of intrinsic width that was
input for the numerical solution of the Green's function
(for details of the numerical procedure, cf. e.g., Ref. 3).
This is included for numerical convenience and, there-
fore, has no physical significance. On the other hand, at
energies higher than the threshold mentioned above, the
peaks display widths which can be much larger than the
input intrinsic width of 10 meV. This width is due to the
true coupling between the (in this case) surface plasmon
and the continuum of electronic unbound excitations.
The (outgoing-wave) boundary conditions imposed on the
solution of the Green's functions ensure that the unbound
electrons do leave the system. Therefore, the resulting
width of the peaks is directly related to the probability of
an electron to leave the cluster.

The damping nature associated with this coupling can
be best illustrated in a time-dependent picture as done,
e.g. , in Ref. 23, in the context of the damping of the giant
monopole resonance (GMR) in the atomic nucleus ' 0
due to (in this case) nucleon detachment, and in the
framework of the time-dependent Hartree-Fock (TDHF)
approximation. Indeed, also in this case (for a system -6
orders of magnitude smaller than a microcluster and with
energies —6 orders of magnitude larger), the collective
nuclear breathing mode (GMR) of ' 0 is embedded in a
continuum of single nucleon excitations, and Landau
damping leads now to the attenuation in time of the am-
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plitude of the monopole oscillations (cf. e.g. , Fig. 3 in
Ref. 23). This attenuation is directly related (via Fourier
transform) to the linewidth of the strength function (cf.,
e.g., Fig. 1 in Ref. 23).

Finally, we would like to point out that, from Fig. 1, it
is clear that the overall linewidths (b, ) and centroid ener-
gies (E) associated with the dynamical response of the
potassium clusters are systematically lower than the ones
associated with their sodium partners (this is also true for
the case of neutral and positively charged clusters).
These overall features can be obtained making use of the
sum-rule approach, ' which provides estimates for
these quantities. However, while these can be written in
closed form using the spill-out charge 6 and the static po-
larizabilities as inputs, they are unable to provide any in-
formation on the detailed features of the dynamical
response.

We would like to discuss now the effect of the internal
temperature of the clusters in the results obtained so far.
The formulation utilized in this paper does not incorpo-
rate the following mechanisms, which can effectively con-
tribute to modify the line shape (and linewidth):

(1) Perturbations originating from the discrete struc-
ture of the ionic background and which are disregarded
in the jellium approach.

(2) The presence of other broadening mechanisms, such
as the ones discussed at length in Refs. 26, 27, and 28 and
which have the net effect of smoothing the line shapes
presented in Fig. 1.

Little is known about the effect of the first type of pro-
cess. Still, one can expect that these effects are somewhat
minimized in the anionic species due to the imbalance of
positive and negative charge, which favors the electronic
dominance in determining the geometrical arrangement
of the ions. On the other hand, the second class of pro-
cesses can act to wash out the structures obtained at the
level of linear response, a feature which depends on the
vibrational temperature of the cluster. To illustrate this
point further, we show, in Fig. 2, the result of including
the broadening mechanisms discussed in Refs. 26 and 28
at different temperatures, in the response of K&9 . To
this end, we used the numerical results of Ref. 28 and
folded the line shape of Fig. 1 with normalized Lorentzi-
an functions with widths in accord with these results.
Since the results of Ref. 28 were obtained for the cation,
we expect them to somewhat underestimate the broaden-
ing effects in the anion. One can then observe that, al-
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FIG. 2. Line shapes of the photoabsorption cross section per
valence electron for K» . The FULL-SIC-TDLDA line shape
is drawn, for reference, with a thin full curve. The broadening
mechanisms discussed in Ref. 28 were included for three
difterent temperatures: 100 K (chain-dashed line), 300 K (thick
full line), and 500 K (dotted line). Already at =300 K, these
mechanisms act to wash out most of the structure present in the
FULL-SIC- TDLDA line shape.

ready for temperatures of =300 K, these mechanisms act
to produce smooth line shapes.

To summarize, the surface plasmon excited on an
anionic alkali-metal cluster occurs at energies above the
ionization threshold. This is markedly different from
the plasmon excitations in neutral and positively charged
clusters, and leads to novel features which strongly affect
the response of these systems to hght. At the level calcu-
lated here, the cross sections for photoabsorption span
broad ( =1-eV) energy intervals, with line shapes which
are less pronounced and less structured than the corre-
sponding ones associated with photoabsorption in neutral
and cationic species. This in turn rejects the shorter life-
time of these systems, due to the competing process of
electron detachment. The amount of Landau damping is
found to decrease with the cluster size, at least within the
size range covered in the present paper ( a feature which
is, however, expected to be preserved for larger clusters).
As expected, the centroid of the strength distribution is
progressively blueshifted as the cluster size increases.
Other relaxation mechanisms, which depend on the vi-
brational temperature of the clusters, may be able to
wash out the detailed structures present in microscopic
approaches such as the one carried out in the present pa-
per.
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