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The photoabsorption cross section of small sodium and lithium clusters is computed in the
time-dependent local density approximation to density functional theory, making use of two
different types ofab initio nonlocal pseudopotentials. The equilibrium geometries of the clusters
have been obtained via Langevin quantum molecular dynamics. It is found that the average bond
length of the clusters and their static polarizabilities depend on the input pseudopotential.
Nonetheless, it is found that the different pseudopotentials lead to thesameequilibrium shape for
the clusters, and to multipeaked line shapes for the photoabsorption cross sections which are nearly
identical, apart from small overall energy shifts. For sodium, it is found that the local reduction of
the pseudopotential obtained by keeping only itss-part provides, in all cases, an excellent
approximation to the full pseudopotential, whereas for lithium the same procedure proves
inaccurate. ©1997 American Institute of Physics.@S0021-9606~97!01913-2#
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I. INTRODUCTION

The last decade has witnessed a great improvemen
the experimental methods and techniques for studying
alkali metal clusters, providing theorists with a wealth
new experimental data on which to test well establish
methods and approximations~for a review, see Ref. 1!. In
this respect,ab initio density functional theory~DFT! calcu-
lations, making use of norm-conserving, nonlocal pseudo
tentials, constitute a state-of-the-art technique which allo
an unbiased search for global and local minima in the po
tial energy hypersurface of clusters. Indeed, DFT, in the lo
spin density approximation~LSDA!, has been recently
employed2 in the study of size-dependent structural and el
tronic properties of lithium clusters over a range whi
grows from the dimer to clusters with up to 150 atom
These calculations come in line with previous but more li
ited studies carried out for sodium clusters by oth
authors,3,4 and reflect the increase of usage, as well as
development of such methods in the study of structural
electronic properties of clusters.

The theoretical study of optical properties of cluste
making use ofab initio pseudopotentials and including e
plicitly the discrete ionic skeleton, has not paralleled the s
tus reached in structural minimization, and has been app
only to few, specific clusters,5–7 making use of a linear re
sponse theory in LDA-DFT, known as time-dependent LD
~TDLDA !. Therefore, a good deal of our understanding
fine-structure features of the optical response of metal c
ters, which display pronounced quantum size effects, re
on original theoretical predictions8 making use of a structure
less model—the spherical jellium model~SJM!.
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b!Electronic address: jose.l.martins@inesc.pt
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The static polarizability of a metal cluster~and, via the
usual Kramers–Kronig relations, the centroid of the surfa
plasmon! is very sensitive to the cluster volume, scaling li
early with it. The effective volume of a cluster, in turn,
directly related to the issue of lattice contraction in fin
metal particles, which is still a matter of debate.9 In the SJM,
the cluster volume is usually fixed from the outset~via the
Wigner Seitz radiusr s!. In anab initio framework the size of
the cluster should be determined from a minimization of
total energy of the system with respect to the coordinate
all the constituent atoms.

A qualitative measure of the cluster volume is provide
for a given geometry~and for the smaller clusters!, by the
value of the average nearest-neighbor bond length obta
as a result of the total-energy minimization.4 In Fig. 1, in-
spired by Fig. 15 of Ref. 4, we compiled the average bo
length of neutral sodium clusters, for selected sizes from2
to Na20, obtained via structural minimization within DFT
and making use of different pseudopotentials. The exp
mental knowledge is restricted to the two limiting clust
sizes, the dimer10 and the bulk,11 which are also represented
From Fig. 1 it is clear that different pseudopotentials m
lead to different average bond lengths, and thus differ
delocalization volumes for the valence electrons of cluste
Ab initio pseudopotentials are typically nonlocal. Th
nonlocality—which naturally arises when it is required th
the pseudopotential correctly mimics the scattering prop
ties of the all-electron atom—determines, among other
fects, the nature of the chemical bonding between atom
any many-atom system, being directly responsible for, e
the directional character of the bond in many semiconduc
and insulating materials. Therefore, it is of interest to inv
tigate the role played byab initio nonlocal pseudopotential
in the prediction of the optical response of clusters. This
603939/6/$10.00 © 1997 American Institute of Physics
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6040 J. M. Pacheco and J. L. Martins: Photoresponse of metal clusters
the purpose of the present paper, in which we study the
tical properties of alkali clusters and their relation to t
choice of input pseudopotential. To this end, we selec
four magic clusters—Na8, Na20, Li8, and Li20—and com-
puted their photoabsorption cross section making use of
different ab initio pseudopotentials: The pseudopotenti
tabulated by Bachelet, Hamman, and Schlu¨ter12 ~BHS!, and
generated following the recipe of Troullier and Martins13

~TM!. The optimal geometries associated with each pseu
potential were determined within the LDA-DFT using
Langevin quantum molecular dynamics14 ~LQMD! simulated
annealing. Since both pseudopotentials were constructed
ing the Perdew and Zunger parametrization15 of the
Ceperley–Alder results16 for the exchange and correlatio
~XC!, we adopted the same XC functional both for the str
tural minimization as well as for the computation of th
TDLDA optical response.

The outline of this paper is the following: In Sec. II th
theoretical framework and computational method are
viewed. Section III is devoted to the discussion of the res
obtained and comparison with available experimental d
whereas in Sec. IV the main conclusions and future prosp
are summarized.

FIG. 1. The average nearest-neighbor bond length of neutral sodium clu
is shown as a function of the number of atoms. This value is calculated
Ref. 4, namely, it corresponds to the arithmetic average of nearest-neig
bondlengths, within cutoff distance of 7.7 a.u. The experimental va
~known for the dimer and bulk! are represented by crosses. The diamon
correspond to the results obtained in Ref. 4 making use of the Car-Parri
method, using a BHS-type pseudopotential~see main text for details and
definitions!. The bulk-bcc value~Ref. 37! has been obtained with the sam
pseudopotential. The squares correspond to the structural minimization
ried out in Ref. 3, making use of the BHS pseudopotential also used in
work. The circles correspond to the results of the present work obtained
LQMD and using the TM pseudopotentials. Finally, the triangles corresp
to the bulk calculation of Ref. 38.
J. Chem. Phys., Vol. 106
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II. THEORY

A. Structural minimization

In order to find the equilibrium positions$Ri% for the
constituent atoms of the cluster, we use the Langevin qu
tum molecular dynamics~LQMD! method developed in Ref
14, which allows the study of structural properties of co
plex systems. LQMD can be used to perform finit
temperature simulations and evaluate properties as a func
of temperature. This constitutes a key ingredient in the st
of metallic clusters~cf. e.g., Refs. 4, 17, and the recent e
perimental data in Ref. 18!.

Starting from a set of positions specified by theN vec-
tors $Ri%, the ionic positions evolve in time according to th
Langevin equation

Mi

d2Ri

dt2
52¹Ri

E~$Ri%!2gMi

dRi

dt
1Gi , ~1!

whereE~$Ri%! is the total energy of the system calculat
from LDA-DFT andMi is the ionic mass. The last two term
on the right hand side are the Langevin dissipation and fl
tuation forces defined, respectively, by the friction coe
cientg and the distribution of the random Gaussian variab
$Gi%, determined from the fluctuation-dissipation theore
The total energyE~$Ri%! and the forces2¹Ri

E($Ri%) are
determined via efficient self-consistent pseudopoten
plane-wave calculations, in which the pseudopotentials
cast into the Kleinman–Bylander separable form,19 so that a
fast iterative diagonalization procedure can be used to
the LDA-DFT self-consistent solution at each time step.

B. Optical response

Once the set of equilibrium ionic positions$Ri% has been
determined for each pseudopotential, we are now in a co
tion to compute the optical response of the metal clus
with the TDLDA. In general, the ionic field can be highl
anisotropic, and the computation of the optical response
TDLDA is considerably more time consuming than th
LDA-DFT computation of the ground-state solution. In th
paper, we consider only ‘‘magic’’ metallic clusters, fo
which this anisotropy is minimal, and we make the appro
mation of rotationally averaging the ionic field, with gre
savings in computing time. For the purpose of the pres
study, it is not necessary to include in full detail the anis
tropic terms, which can be reintroduced perturbatively20

Therefore, starting from the equilibrium positions$Ri%, we
solve the LDA Kohn–Sham equations, expanding the so
tions in a spherical basis set, obtained by solving the co
sponding SJM problem.21 This technique has proved suc
cessful in the computation of the optical response of s
diverse systems as jellium metal clusters,22,23fullerenes,6 and
metal-coated fullerenes.7 Once the LDA one-electron ener
gies and wave functions are obtained, we proceed to
computation of the optical response in TDLDA.

The central quantity to be computed in the TDLDA r
sponse to an external photon field is the~complex! polariz-
ability
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6041J. M. Pacheco and J. L. Martins: Photoresponse of metal clusters
a~E!52(
n

u^nuD̂u0&u2F 1

E2En1 ih
2

1

E1En1 ih G ,
~2!

whereh is a positive infinitesimal andD̂5eẑ is the dipole
photon field.un& are the TDLDA excited states~with excita-
tion energiesEn!, solutions of the following eigenvalue
problem~for details, see Ref. 22!:

S A B

2B* 2A* D SXph
~n!

Yph
~n!D 5E~n!SXph

~n!

Yph
~n!D . ~3!

The matricesA andB are defined as

Aph,p8h85~ep2eh!dp,p8dh,h81^ph8uVphup8h&, ~4!

Bph,p8h85^pp8uVphuh8h&, ~5!

whereep(eh) are LDA electron~hole! orbital energies, and
Vph is the residual electron-hole interaction, which is resp
sible for the screening of the photon field and is given by

Vph~r ,r1!5
e2

ur2r1u
1

dVxcun~r !u
dn

d~r2r1!. ~6!

The transition matrix elements in Eq.~2! are then obtained
from the unscreened electron-hole transitions by

^nuD̂u0&5(
ph

~Xph
~n!2Yph

~n!!^puD̂uh&. ~7!

Finally, the photoabsorption cross section can be straight
wardly obtained from the polarizability defined in Eq. 2 v
the relation

s~E!5
4pE

\c
Im@a~E!#. ~8!

III. RESULTS AND DISCUSSION

A. Ground-state properties

We used LQMD in order to carry out the structural min
mization of the four clusters, in LDA-DFT, using both th
BHS and the TM pseudopotentials. We adopted the orig
parametrization of Ref. 12 for the BHS pseudopotentials.
the TM soft pseudopotential, the key ingredient is the cut
radiusr c , which may bel dependent. Indeed, for lithium w
usedr c51.9 a.u. andr c52.1 a.u. forl50 andl51, respec-
tively, whereas for sodium we use the same value,r c52.6
a.u., for both scattering channels.

In the LQMD simulations, we start with an initial ther
mal bath temperature of 400 K, the cluster being gradu
cooled down to a final bath temperature of 10 K, in const
steps of 39 K. At each temperature stage we perform
molecular dynamics steps. The simulation conditions u
were similar for all runs, namely, we used an fcc superc
with lattice constant ofa540 a.u., an energy cutoff of 9 Ry
a Langevin friction parameterg5531024 a.u., and a time
step of 500 a.u. As appropriate for cluster simulations, o
theG point has been considered in the sampling of recipro
space of the supercell, and a Gaussian level broadenin
J. Chem. Phys., Vol. 106
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0.02 Ry has been used. In line with Ref. 14, at the end of
LQMD simulation, we finished the optimization of the ge
ometry by a conjugate gradient method.

Figure 2 shows the equilibrium structures calculated
the four clusters. Their shape is essentially independen
the choice of pseudopotential, but there is some depend
of the cluster size on the pseudopotential. The symmetrie
the calculated equilibrium geometries are the same as th
obtained previously for sodium3 and lithium2 within the
LDA, namely, the bicapped octahedron for Na8, the centered
trigonal prism for Li8; the two structures obtained for th
20-atom clusters are more difficult to classify. Even thou
the geometrical shape is the same, the bond lengths ca
lated using the BHS pseudopotential are smaller than
bond lengths calculated with the TM pseudopotential.
specting the calculated average bond lengthdav shown in
Table I, we can see that the difference is sizeable for
sodium clusters, but minor in the lithium case.

To investigate the dependence of cluster size on pseu
potential, we tested the sensitivity of the equilibrium sha
of Na8 on the parameters controlling the construction of t
two pseudopotentials. For the TM pseudopotential we c
structed a few pseudopotentials using different values of
input cutoff radiusr c and found that the results are qui
insensitive to that parameter. For the case of the B
pseudopotential we found that if we use in the generation
the pseudopotential the ground-state atomic configuration
stead of the highly ionizedp-orbital configuration used to
generate the BHS tables, we get an average bond leng
6.39 for Na8, in much better agreement with the value
6.38 obtained with the TM pseudopotential. These res
seem to indicate that the TM pseudopotentials are more s

FIG. 2. Geometrical shapes of the calculated equilibrium configuration
shown for the four clusters considered in this work. The two pseudopo
tials lead to the same geometrical shapes but somewhat different
lengths.
, No. 14, 8 April 1997
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6042 J. M. Pacheco and J. L. Martins: Photoresponse of metal clusters
able to provide bias-free results in electronic structure ca
lations.

The difference in the average bond length implies t
the effective volume of the BHS clusters is smaller than t
of the TM clusters, leading to a corresponding difference
the static polarizability of those systems. We computed
quantity along the lines of Sec. II, taking into account th
the static polarizability can be obtained immediately fro
Eq. ~2! making E50. In Table I we listed the calculate
average polarizability divided by the polarizability of a cla
sical spherical metal particle,acl5r s

3N, wherer s is the bulk
Wigner–Seitz radius, andN is the number of atoms in th
cluster,24 for the four clusters being studied and for the tw
pseudopotentials.

Before comparing our results with experimental data
sodium,25 we should discuss the three approximations u
in this work that can affect the calculated average bo
length and, correspondingly, the static polarizability.~i!
Thermal effects: These have not been included in our th
retical treatment,26 whereas the experimental data of Ref.
has been obtained in hot, liquidlike clusters, with a vib
tional temperature of the order of 300 K.17 At this tempera-
ture, the thermal expansion of clusters27 provides a measur
able contribution to the average polarizability of clusters.~ii !
Linearization of the XC term: The XC term is a highly no
linear function of the density, which is typically linearized
the unscreening of the pseudopotential.13,28This linearization
has been shown to lead to a reduction of the average b
length of dimers of alkali clusters,29 as well as for larger
metal clusters.4 ~iii ! Self-interaction errors; These error
which are inherent in LDA, have been shown to affect bo
structural minimization of clusters30 as well as the static an
dynamical polarizability of clusters.31 In particular, there is
an increase of the static polarizability of metal clusters.

All effects described above will increase the avera
static polarizability of a metal cluster. Therefore, it is r
warding that the results obtained in this paper do undere
mate the experimental values of the average static pola
abilities.

TABLE I. The table shows the average nearest-neighbor bond lengthdav
and the static polarizabilityā/acl of the magic clusters Li8, Li20, Na8, and
Na20 calculated for two different pseudopotentials. Two values are given
the static polarizability. The one obtained with the full nonlocal pseudo
tential and, in parenthesis, the one obtained by the local reduction o
same pseudopotential. Whenever available, the experimental value fo
rotationally averaged static polarizability is also given.

Static properties
Cluster PSP dav~a0! ā/acl āexp/acl

Na8 BHS 6.04 1.44~1.43! 1.7260.03
Na8 TM 6.38 1.55~1.55! 1.7260.03
Na20 BHS 6.15 1.27~1.27! 1.5860.04
Na20 TM 6.59 1.47~1.46! 1.5860.04
Li8 BHS 5.00 1.93~1.93!
Li8 TM 5.02 1.93~1.93!
Li20 BHS 5.50 1.58~1.57!
Li20 TM 5.52 1.58~1.57!
J. Chem. Phys., Vol. 106
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B. Optical response

Starting from the geometries obtained in the previo
section, we computed the photoabsorption cross section
all clusters. The results are shown in Figs. 3 and 4 for
dium and lithium, respectively. With dashed lines, the li
shape of the photoabsorption cross section per particle c
puted with the BHS pseudopotentials is drawn, whereas
corresponding quantity computed with the TM pseudopot
tial is drawn with full lines.32 For the two sodium clusters, a
well as for the lithium octamer, vertical dashed lines a
placed at the energies corresponding to the most impor
peaks determined experimentally. For both lithium and
dium clusters, the line shapes obtained with the two pseu
potentials are remarkably similar, in spite of the rather d
ferent effective volumes which result from the geome
optimization. Indeed, in the plasmon pole approximation o
would expect an energy shift of the absorption peak~the
plasmon peak! toward the red as the volume of the clust
increases. In our calculation, these energy shifts are o
reminiscent of the different effective volumes, being neg
gible in the case of Na8, for which one might expect a
plasmon-pole type of argument to be relevant. This featur
directly related to the nonlocal nature of the pseudopot
tials, and not only reveals a nontrivial correspondence
tween the cluster effective volume and the photoabsorp

FIG. 3. The photoabsorption cross section per valence electron~in Å2! for
Na clusters computed with the BHS pseudopotential~dashed lines! and with
the TM pseudopotential~full lines! are plotted as a function of photon en
ergy ~in eV!. The calculations take into account the underlying ionic stru
ture. The vertical lines indicate the energy position of the main peaks do
nating the lineshape of the cross section measured experimentally~Ref. 39!.
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6043J. M. Pacheco and J. L. Martins: Photoresponse of metal clusters
line shape, but also invalidates any plasmon-pole type
argument to interpret the optical properties of small cluste

We also investigated the role of the nonlocal characte
the pseudopotentials in determining the features of the o
cal response. To this end, we reduce the nonlocal pseud
tentials to a local form, obtained by keeping only thes-part
of each pseudopotential. We then compute the pho
absorption cross section for the equilibrium geometries
ready determined in Sec. II. The results are displayed in
5 for sodium clusters and in Fig. 6 for lithium clusters. In
cases, the static polarizabilities obtained are essentially id
tical to the ones already displayed in Table I. It becom
clear that, whereas for the sodium clusters the local reduc
of the pseudopotential leads to very similar photoabsorp
line shapes, for lithium clusters the effect is sizeable for b
clusters. Furthermore, as shown in Ref. 2, the nonlocal c
acter of the lithium pseudopotential is responsible for
centered trigonal prism equilibrium geometry for Li8. In fact,
if we neglect the nonlocal term of the lithium pseudopote
tial, the equilibrium geometry becomes the bicapped octa
dron, the same equilibrium geometry of Na8. Therefore, the
local reduction of the pseudopotentials constitutes a g
approximation for sodium clusters, but is rather inaccur
for lithium clusters.

FIG. 4. The photoabsorption cross section per valence electron~in Å2! for
lithium clusters computed with the BHS pseudopotential~dashed lines! and
with the TM pseudopotential~full lines! are plotted as a function of photo
energy~in eV!. The vertical lines indicate the energy position of the ma
peaks dominating the line shape of the cross section measured exper
tally ~Ref. 39!.
J. Chem. Phys., Vol. 106
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FIG. 5. The photoabsorption cross section per valence electron~in Å2! for
the sodium clusters as a function of photon energy~in eV!, computed with
the TM pseudopotential~full lines! is compared with its local reduction
obtained by keeping only thes-component of the original TM pseudopoten
tial ~dashed lines!. Same notation as Fig. 3.

FIG. 6. The photoabsorption cross section per valence electron~in Å2! for
the lithium clusters as a function of photon energy~in eV!, computed with
the TM pseudopotential~full lines! is compared with its local reduction
obtained by keeping only thes-component of the original TM pseudopoten
tial ~dashed lines!. Same notation as Fig. 3.
, No. 14, 8 April 1997
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6044 J. M. Pacheco and J. L. Martins: Photoresponse of metal clusters
IV. CONCLUSIONS

The equilibrium geometrical shape of alkali metal
clusters obtained via structural minimization in LDA-DFT
found to be independent of theab initio pseudopotentials
which are utilized to mimic the role of the constituent atom
Yet, the effective volume spanned by these equilibriu
structures is different, an effect that we traced back to the
of an ionic reference configuration in the construction of
BHS pseudopotential. The static polarizability, which
found to be very sensitive to the effective volume of t
cluster, constitutes an excellent candidate to experimen
resolve this issue. Consequently, more experimental m
surements of the static polarizability of free metallic clust
are encouraged. The present results suggest that, sta
from known geometries, thes-part of the nonlocal pseudo
potentials are adequate to provide a good estimate of
static polarizability. However, the nonlocal character of t
pseudopotentials cannot be ignored in determining the e
librium geometry of the cluster, as well as in the determin
tion of the line shape of the photoabsorption cross sectio
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