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This paper presents the results obtained using a genetic algorithm �GA� to search for stable structures of
medium-size silicon clusters. This is the third report in which a GA coupled with the MSINDO semiempirical
molecular orbital program is used to find stable atomic cluster structures. The structures selected by the
GA-MSINDO method were further optimized using the density functional theory �DFT�. This combination of
GA-MSINDO global optimization followed by DFT local optimization proves to be very effective for search-
ing the structures of medium-size Si clusters. For most of the clusters studied here we report different struc-
tures with significant lower energy than those previously found using limited search approaches on common
structural motifs. This demonstrates the need for global optimization schemes when searching for stable
structures of medium-size silicon clusters.
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I. INTRODUCTION

The study of the structure and physical properties of
atomic and molecular clusters is an extremely active area of
research due to their importance, both in fundamental sci-
ence and in applied technology, �2� such as the luminescence
in nanostructured silicon clusters �3� and the appearance of
silicon photonic crystals with applications in nanotechnology
�4�.

Existing experimental methods for structural determina-
tion seldom can obtain the structure of atomic clusters di-
rectly. Therefore, the calculation, using theoretical structures,
and comparison with experimental values of their physical
and optical properties is the most common way to obtain
structural information of atomic clusters. The prediction of
the structures of clusters with a small number of atoms is
well understood. But in spite of their critical importance in
understanding the transition from microscopic to macro-
scopic behavior of nanomaterials and their possible techno-
logical applications, the prediction of the structures and
properties of medium-size �10–100 atoms� clusters is much
less developed.

The investigations on Sin clusters �5� have been directed
by the formidable developments observed in the field of car-
bon clusters during the last two decades. Differences and
similarities between both series of atomic clusters have been
pointed out in numerous publications �6�. For instance, no
fullerenelike structures have been identified for Sin units, this
is attributable to the sp2 characteristic hybridization in
fullerenes, which is more favorable for Cn than for Sin units
�7�, i.e., silicon clusters of five atoms form three-dimensional
compact structures while pure carbon clusters with ten or
less atoms show linear and ring structures.

Clusters with up to �10 atoms can be modeled using
standard geometry optimization techniques in conjunction
with quantum chemistry methods, such as the density func-
tional theory �DFT�, second order Møller Plesset, coupled
clusters, etc. Systematic, global geometry optimizations of
larger clusters is complex and time consuming due to the
large number of possible structures �8� the time required for
the calculation of their total energies, and the lack of effec-
tive methods to perform global searches. Nowadays, the glo-
bal optimization of clusters with �20 atoms is almost an
intractable problem and inconsistent results on the structures
of Sin, 10�n�30 clusters have been reported in the litera-
ture �5,6,9–15�. For these medium- to large-size clusters the
option of using ab initio or DFT methods to calculate the
cluster energies is limited due to the extremely large com-
puter resources needed. For this reason the literature presents
a great number of methods for searching structures of Si
clusters using either very approximate energy approxima-
tions and/or minimization schemes based on local optimiza-
tions of plausible structural mottifs �16–19�. Jackson et al.
�16� employed the big bang search algorithm, an unbiased
and highly parallel method for searching cluster energy sur-
faces using the density-functional tight-binding �DFTB�
method, and presented structures for silicon clusters with
20–27 atoms significantly more stable than any of those pre-
viously found. These structures neither resemble bulk silicon
packing nor obey the rule of tricapped trigonal prisms stack-
ing �8,17,18�. Yoo et al. �5� used a combined molecular
mechanics-quantum mechanics procedure to search for Si21
and Si25 clusters finding some isomers with appreciably
lower energy than those reported previously. They are also
more spherical-like than the ones found by an unbiased
search for the lowest-energy geometric structures of medium
size-silicon clusters Sin �27�n�39� using a genetic algo-
rithm combined with the tight-binding method �19�. These
results appear to be in agreement with recent measurements*Corresponding author. E-mail address: marta@df.uba.ar
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of mobility of Sin
+ silicon clusters showing that prolate and

compact isomers can coexist for n between 25 and 33
�20,21�. Very recently Yoo and Zeng �22� used a computa-
tional approach that combines the unbiased basin-hopping
�BH� global optimization method, employing two types of
GGA �general gradient approximation� exchange correlation
functionals BLYP and PBE �23� followed by an all-electron
reoptimization using B3LYP/6-311G�2d� and PBE1PBE/6-
311G�2d� to find new more stable structures for Si16, Si17,
Si18, and Si22. In this work the authors kept a Si6 /Si6 motif as
the seed in their DFT-BH search. Similar techniques were
used in the study of one of the largest studied silicon clusters,
Si36,�6� introducing small modifications into several common
structural motifs observed in nanostructures: cages, wires
and fullerenes. But in subsequent work on Si36 we have
shown �24� that a global search based in a GA-MSINDO
approach followed by local optimization using DFT method-
ologies is able to find at least three structures of Si36 that
have significant lower energy than those previously known in
the literature �6�. This finding clearly highlights the impor-
tance of exploring the complete configuration space when
searching for atomic clusters. Here, we report the use of the
same approach to predict the structure of silicon clusters with
18–60 atoms.

In addition to the global structural searches discussed
above, in this work we investigate the static dipole polariz-
abilities of the Si clusters generated here and explore the
relationship between polarizability, bonding energy, and high
occupied molecular orbital–low-unoccupied molecular or-
bital �HOMO-LUMO� gap with the cluster’s size. The im-
portance of using polarizability data to rationalize experi-
mental observations has been highlighted �25�, and therefore
there is a considerable effort to obtain confidence on the
reliability of the theoretical models used for its calculation.
The dipole polarizability of silicon clusters with 9–120 at-
oms has been measured �1� and they can be used as guide
posts in the search for stable structures of Sin clusters. Jack-
son et al. �26� computed polarizabilities for compact and
prolate structures of Sin clusters �n=20–28, and n=50� and
found that the charge density show a metallic-like response
of the clusters to an external field. The calculated polarizabil-
ities of these clusters are reproduced by jellium models of
spheres and cylinders of similar dimensions. The experimen-
tal polarizabilities reported by Schäfer et al. �1� vary irregu-
larly around the bulk limit ��bulk=3.71 Å3/atom� for n�9;
i.e. 2.9, 5.5, 2.8, and 1.8 Å3/atom for n=9, 10, 11, and 12,
respectively. On the other hand, theoretical results reported
in the literature are greater than 4.0 Å3/atom �15,27,28�.
Becker et al. �29� have also reported experimental evidence
that Sin clusters with 60�n�120 are characterized by mean
polarizabilities below the bulk limit. There are also theoreti-
cal results for silicon clusters up to 13 atoms
�15,27,28,30–32�, most of them employing the DFT method-
ology.

It is also known that the HOMO-LUMO gap correlates
well with the polarizability of an atomic cluster, being easier
to polarize those systems with a smaller HOMO-LUMO gap
�33�. Pouchan et al. �30� found a correlation between polar-
izability of Sin �n=3–10� and the size of the energy gap
between symmetry-compatible bonding and antibonding mo-

lecular orbitals, that is the “allowed gap,” instead the
HOMO-LUMO gap. However, this correlation has not been
verified for medium-size clusters.

Here we present stable structures and polarizabilities for
Si18, Si20, Si21, Si22, Si24, Si26, Si30, Si32, and Si34, to demon-
strate the validity of the method in silicon clusters with struc-
tures that are well characterized using DFT methods
�10,34–36� and present different structures for larger clusters
that have not been previously studied in detail, Si40, Si46, and
Si60. We have included Si60 in our studies due to its possible
similarity with the analog C60.

II. METHODOLOGY

In any GA implementation it is necessary to define a ge-
nome with enough information to calculate the associated
fitness function. For the case of atomic clusters, the genome
is quite simple because there are no symmetry or periodicity
relationships that constrain the parameters in the genome.
The genome is given as an array containing the coordinates
of the atoms. This array has dimension 3N, were N is the
number of atoms in the cluster. Moreover, any genetic opera-
tor, mating, crossover, mutation, etc., applied to this genome
produces a valid individual, i.e., a possible structure for the
desired cluster size.

The first population, of size Npop, is constructed by gen-
erating a set of atomic coordinates using random numbers.
These random numbers, used to define the atomic positions
in the cluster, belong to specific intervals selected according
to the expected dimensions of the cluster; these restrictions
have been included to avoid sampling in nonphysical con-
figurations. The distances between any pair of atoms are cal-
culated and compared with a set of rules that guarantees that
they are within the normal values for silicon interatomic dis-
tances, otherwise the structure is rejected. This set of rules is
designated to eliminate from the initial population all those
structures that are evidently unphysical. There are basically
two rules, the first states that if any pair of atoms is closer
than a minimal distance �r1� the structure will be rejected,
the second rule states that if any atom is at a distance larger
than r2 to any other atom in the cluster the structure also will
be rejected.

The GA operations of mating, mutation, and selection are
used to evolve one generation into the next. In addition, for
the larger clusters we have augmented these operations on
the genome by using our implementation �37� of the real
space “cut and split” operator introduced by Johnson and
Roberts �38�. The population replacement is done through
the steady-state genetic algorithm, which typically replaces
only a portion of the individuals in each generation �39–41�.
This technique is also known as elitism, because the best
individuals among the population, 50% in our case, are cop-
ied directly into the next generation. The criteria for fitness
probability, selection of the individuals, and mutation are dis-
cussed in detail in Ref. �42�. Like any stochastic minimiza-
tion procedure the GA should be run several times to guar-
antee that the resulting structures are independent of the
initial population and statistically significant.

The MGAC package has been implemented in C++ lan-
guage using parallel techniques �MPI�, making it very por-
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table as well as easy to maintain and upgrade. Our parallel
MGAC implementation of the parallel GA �PGA� is particu-
larly efficient �43�.

Using the information contained in the genomes the en-
ergy of each individual was evaluated and its structure re-
laxed to its local minimum. The methodology used here does
not take into account any symmetry constraint. All the en-
ergy calculations for the GA optimizations were done using
the MSINDO code. The optimizations used approximately
20–30 individuals for clusters with less than 40 silicon at-
oms, while the number of individuals was increased for
larger clusters reaching 40 individuals for Si60. The number
of individuals was taken approximately as 50% of the num-
ber of free parameters in the optimization in Ref. �24�, but
we have verified that the smaller populations chosen here are
large enough to have the required diversity to assure a good
description of the configuration space. For the smaller clus-
ters the GA converged in �30 generations, while for Si46 and
Si60 the GA optimization required more than 200 generations
to converge.

The GA procedure was repeated several times employing
different initial populations to confirm that the final selection
of isomers was independent from the initial population.
Populations were considered converged when the standard
deviation of the energies in the population reaches 0.1 eV,
for Si18 to Si24, and from 0.2 eV, for Si25, to 0.4 eV for Si60.
The structures in the final population were manually classi-
fied selecting a set of structures with a significant diversity
for further refinement. All the structures in the population
with significantly different features were considered for fur-
ther analysis. The geometry of these isomers was locally
optimized using density functional methods with the
B3PW91 exchange correlation functional using the
LanL2DZ basis set and Los Alamos pseudopotential �44� to
reduce the computational cost associated with the larger clus-
ter. Additional calculations using the Stuttgart pseudopoten-
tial with its corresponding basis set, SDDALL �45�, and the
B3PW91 exchange correlation functional were performed to
verify the sensitivity of the results with the selection of the
pseudopotential. Vibrational frequencies were calculated for
the optimized structures to check that no imaginary frequen-
cies are present, confirming that the isomers presented here
correspond to true minima of the potential energy.

In this paper we also have evaluated the static dipole po-
larizabilities for each final B3PW91-LanL2DZ and
B3PW91-SDDALL stable structures of Sin. All the DFT cal-
culations have been done using the Gaussian package of pro-
grams �46�.

III. RESULTS AND DISCUSSION

Figure 1 displays the stable structures obtained for the
clusters Si18-Si40, Si46, and Si60 employing the B3PW91-
SDDALL scheme for their final local minimization and their
corresponding binding energy per atom. The corresponding
structures employing the B3PW91-LanL2DZ basis set are
very similar to those of Fig. 1, most of them exhibit little
differences in bond lengths and bond angles. Those struc-
tures for which the relaxed B3PW91-LanL2DZ isomers are

not quite similar to the B3PW91- SDDALL ones are avail-
able free of charge �47�. The isomers enclosed into frames
are very similar to those that have been previously reported
in the literature �6,19,26,48,49�. In the Fig. 1, for the most
stable isomer of each cluster, we have drawn the quantities
Lx, Ly, and Lz, �measured in Å� representing the maximum
extension of each isomer along the directions of its principal
axis of inertia. The axes are labeled such that the modules of
Li are in rank order, i.e. Lx�Ly�Lz. The values of the Li �
Lx, Ly, and Lz� for all the isomers studied here are also in-
cluded in the Supplementary Material session �47�. It is ap-
parent from these data and from Fig. 1 that most of the
isomers are prolate, but some of them are compact: Si24-d,
Si34-b and Si46-a.

In Table I we present the binding energies per atom, di-
pole polarizabilities per atom, energy gap, and dipole mo-
ment of all the clusters studied here. The binding energies are
based on calculated silicon atomic energies of −101.536, and
−101.429 eV, for the B3PW91-SDDALL and B3PW91-
LanL2DZ methods respectively. In addition we have in-
cluded the calculated binding energies per atom and the di-
pole moments of other structures reported in the literature by
other authors �5,16,22,49�, that kindly provided us the geom-
etries of their ground states. The calculations of the proper-
ties of these structures were performed using the B3PW91-
SDDALL and B3PW91-LanL2DZ approaches without
further local optimizations. For most clusters, our approach
is able to find numerous stable structures with higher binding
energies, i.e., more stable, than the lowest one obtained by
previous approaches based on lattice replacements and the
local optimization of known structural motifs �5,16,22,49�.
This becomes even more apparent as the size of the clusters
grow. The locally refined structures are slightly more stable
than the MGAC-MSINDO structures, but even the MGAC-
MSINDO structures are more stable than the previously de-
termined structures of Si18, Si20, Si21, Si22, Si24, Si26, Si40,
and Si60. This finding highlights the importance of exploring
the complete configuration space when searching for atomic
cluster structures. Some of the structures provided by other
authors exhibit imaginary frequencies indicating that for the
methods used here they do not correspond to an actual local
minima of the energy, this fact is indicated in the table with
an a. Some compact isomers of Si30, Si32, and Si34 taken
from the same sources �18�, are more stable than ours. An
inspection of these structures and the one given in Ref. �50�
for Si40, shows that these are endohedral of structures, i.e.,
they correspond to Si2@Si28, Si4@Si28, Si4@Si30, and
Si6@Si34, which exhibit several hypervalent silicon atoms.
While it is well known that hypervalent states are possible
for silicon �18,50�, the MSINDO energies of these structures
are 4.35, 5.71, 5.44, and 9.25 eV, respectively, higher than
those for the corresponding best MGAC/MSINDO isomers.
This is an indication that the MSINDO is not able to repro-
duce the correct energy ranking of structures with silicon
hypervalent atoms, leading to the rapid elimination of these
structures in the population of the GA.

Figure 2 depicts the calculated binding energies per atom
�BE/atom� with both the B3PW91-LanL2DZ and B3PW91-
SDDALL approaches for the most stable clusters found in
this work, as a function of the cluster size. The values in-
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FIG. 1. �Color online� Optimized structures for stable Sinn =18,20,21,22,24,26,30,32,34,40,46,and60� clusters, at the B3LYP-
SDDALL level of theory. The structures similar to those reported in the literature are enclosed into frames.
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FIG. 1. �Continued�.
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crease slightly when the number of atoms increases, but this
increase is not monotonic. The behavior is similar for both
methodologies and reproduces the features observed by other
authors in the smallest clusters of the series, to our knowl-
edge. Our calculated binding energies for the most stable
clusters, ranging from 4.140 to 4.313 eV �SDDALL� and
from 4.356 to 4.592 eV �LANL2DZ� are slightly higher than
the average experimental value of �3.6 to 4.0 eV, reported
by Bachels and Schäfer �50� for clusters of these sizes.

Using a simulated annealing combined with a tight-
binding molecular dymamics methodology, proptotypes of
stuffed fullerenelike cages were studied for Si40 �51�. None
of the six most stable isomers found in this work resemble a
cage structure. However, calculations using both, B3PW91-
SDDALL and B3PW91-LanL2DZ, for the structure in-
formed in Ref. �51�, show that this structure is also a good
candidate for the most stable isomer, and according to our
calculations it presents one imaginary frequency, and a bind-
ing energy of 4.286 eV/atom. As discussed above, most
likely this structure is rapidly eliminated from the GA popu-
lation due to the overestimation by the MSINDO of the en-
ergies of structures with hypervalent silicon atoms. The bind-
ing energy per atom of our optimized structures is
4.29 eV/atom which is slightly larger than the experimental
estimations of about 3.95 eV/atom �50,52�.

We report also the results corresponding to the four best
isomers of Si60 produced by our approach. We include in
Table I the binding energies, polarizabilities, HOMO-LUMO
gap, and dipole moments corresponding to the geometries of
the stuffed structures SF1 and SF2 reported in Ref. �49�. Our
Si60-a is very similar to the SF1 structure. Isomer
Si60-d relaxes to Si60-b for the LanL2DZ basis set. All our
isomers, at the level of calculation presented here, are more
stable than the ground state of Sun et al. �49�, which accord-
ing to our calculations presents five imaginary frequencies.

Figure 3 displays the behavior of the HOMO-LUMO gap
for the most stable isomers for both basis sets. The gap is
between 0.77 and 2.25 eV, approximately. The gap rapidly
decreases with the number of atoms in the cluster until n
=30, then it is almost constant approaching the bulk gap of
around 0.65 eV obtained at a similar level of calculation

�53�. In general, the gap shows little sensitivity to the method
used in the calculation.

The polarizabilities evaluated using the B3PW91-
SDDALL are in the range �4.87–5.78 Å3/atom, while
those calculated with the B3PW91-LanL2DZ, are in the
range �4.61–5.42 Å3/atom, and there is no difference on
their tendence with respect to the cluster size, as it is de-
picted in Fig. 4. The calculated values are in the same range
of those calculated by other authors. For instance, Jackson et
al. �54� reported local density approximation polarizabilities
for Si20 and Si21 of 4.83 and 4.58 Å3/atom. In Fig. 4 the
vertical bars on the SDDALL and LanL2DZ result represents
the polarizability’s dispersion of values among all the clus-
ters studied here for each number of atoms. For the experi-
mental data plotted in this figure the experimental error bars
�1� are also included. It is apparent that the experimental
values are always smaller than the calculated ones. Unfortu-
nately, the comparison between experimental and calculated
polarizabilities is difficult because the experimental proce-
dure �1� does not determine their absolute values; it is always
measured relative to the polarizability of 13Al which has
been extracted from a theoretical prediction �55�. In order to
investigate the possibility that the discrepancy observed be-
tween the experimental and calculated data arises from an
incorrect value of the polarizability used as a reference, we
have performed a least-squared regression between the theo-
retical and experimental predictions.

The �2 confidence estimator for the correlation is defined
as

�2 = �
i=1

12 �ayi − ti

�i
	2

, �1�

where the sum runs over the 12 cluster sizes for which there
are experimental data among our theoretical predictions. yi,
�i, and ti, are the experimental values, their errors, and the
theoretical calculations, respectively. The value of the �2 at
the minimum, obtained for a=1.53, yields �2=9.2 for 11
degrees of freedom, which corresponds to a �2 probability of
61%. This indicates a good level of agreement between the
theoretical predictions and the rescaled experimental data.

FIG. 1. �Continued�.
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TABLE I. B3PW91–SDDALL and B3PW91–LanL2DZ binding energies per atom �in eV/atom�, dipole polarizability per atom
�Å3/atom�, HOMO-LUMO gap �in eV�, and dipole moment �in debye� for the Sin.

Isomers

SDDALL LANL2DZ

BE �eV/atom� �� / atom� gap �eV� � �debye� BE �eV/atom� �� / atom� gap �eV� � �debye�

Si18-a 4.140 5.04 1.721 0.745 4.369 4.69 1.549 0.685

Si18-b 4.123 5.06 1.360 0.945 4.319 4.76 1.173 1.318

Si18
b 4.110a 1.068 4.336a 1.181

Si20-b 4.170 5.17 1.744 1.568 4.370 4.98 1.450 1.194

Si20-b 4.164 4.87 1.752 1.437 4.404 4.63 1.481 1.898

Si20-c 4.150 5.29 1.469 1.968 4.337 4.92 2.289 1.955

Si20-d 4.131 4.93 1.513 3.148 4.336 4.75 1.428 3.312

Si20-e 4.126 5.07 2.056 1.547 4.289 4.79 1.869 2.464

Si20-f 4.119 5.37 1.409 4.266 4.311 5.22 1.235 0.700

Si20
c 3.995 1.390 4.270 1.330

Si20
d 4.012 1.781 4.243a 1.796

Si21-a 4.208 5.00 2.207 1.451 4.391 4.71 1.867 2.783

Si21-b 4.200 5.06 1.979 0.810 4.385 4.75 1.724 1.36

Si21-c 4.195 5.12 1.848 0.968 4.385 4.79 1.698 1.426

Si21-d 4.192 5.03 2.291 0.444 4.381 4.69 1.958 1.604

Si21-e 4.143 5.26 1.443 1.668 4.377 4.84 1.553 1.965

Si21
c 3.950 0.010 4.186a 0.123

Si21
d 4.047 1.593 4.305a 1.719

Si22-a 4.191 5.20 1.727 2.251 4.356 4.87 1.845 2.886

Si22-b 4.162 5.09 1.873 2.264 4.376 4.78 1.916 3.403

Si22-c 4.141 5.18 1.760 0.180 4.339 4.80 1.964 1.642

Si22-d 4.123 5.26 1.750 2.336 4.298 4.98 1.479 3.558

Si22
b 4.170a 2.099 4.390a 2.291

Si22
c 4.085 0.126 4.015 0.103

Si22
d 4.012 3.547 4.044 3.533

Si24-a 4.213 5.18 1.760 0.960 4.412 4.90 1.777 1.856

Si24-b 4.187 5.24 1.761 1.977 4.430 4.85 1.571 1.354

Si24-c 4.186 5.16 2.088 2.174 4.381 4.84 1.404 3.108

Si24-d 4.116 5.20 1.720 2.040 4.412 4.92 1.309 4.119

Si24
c 4.015 2.043 4.271 2.250

Si24
d 4.044a 2.324 4.269a 2.568

Si26-a 4.202 5.15 1.391 1.524 4.440 4.86 1.195 1.052

Si26-b 4.188 5.28 1.231 1.898 4.435 5.03 1.349 2.664

Si26-c 4.183 5.15 1.408 0.574 4.403 4.81 1.530 0.958

Si26-d 4.177 5.15 1.656 4.553 4.390 4.79 1.306 4.189

Si26-e 4.175 5.25 1.461 2.947 4.410 4.88 1.130 2.424

Si26-f 4.174 5.31 1.610 1.989 4.400 5.07 1.299 2.346

Si26-g 4.172 5.36 1.290 1.988 4.417 5.00 1.253 2.853

Si26-h 4.156 5.57 1.178 1.962 4.383 5.22 1.123 4.578

Si26
c 4.090a 2.382 4.378a 2.965

Si26
d 4.037a 3.763 4.255 4.258

Si30-a 4.247 5.22 1.037 3.396 4.483 4.97 1.021 3.414

Si30-b 4.226 5.26 1.418 3.679 4.483 5.05 1.289 1.800

Si30-c 4.224 5.29 1.421 3.684 4.472 5.06 1.144 2.317

Si30-d 4.210 5.43 1.044 2.464 4.456 5.14 0.829 2.953

Si30-e 4.149 5.32 0.874 5.894 4.422 5.14 1.360 4.770

Si30
b 4.258a 0.566 4.551 0.59
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The same type of regression has been found for the polariz-
abilities taken from theoretical predictions of other authors
�26�. It is worth noting that recently exhaustive theoretical
calculations of the dipole polarizability of an aluminum atom
�56� present a deviation of approximately 26% with respect
to the value used in the atomic cluster measurement �1�. The
use of the new theoretical value should increase the experi-
mental dipole polarizabilities of silicon clusters giving a �2

=24.5, corresponding to a marginal concordance of 1% to be
compared to the complete disagreement probability of 10−8%
obtained when using the experimental published results.

The SDDALL calculated polarizabilities �Å3/atom� to-
gether with the inverse of the gap �eV−1� are plotted out in
Fig. 5 as a function of the number of Si atoms in the cluster.

The selection of the inverse of the gap to make the regression
is inspired in the fact that according to the simple perturba-
tion theory, using the one electron wave function, the gap
between the occupied and unoccupied molecular orbitals
controls the magnitude of �. The linear fit for the � values
versus the inverse of the gap between the highest occupied
and the lowest unoccupied molecular orbitals: Eg

−1 gives the
relation

� = 0.58Eg
−1 + 4.96.

For Sin �n=3–10� Pouchan et al. �30� found the correlation

TABLE I. �Continued.�

Isomers

SDDALL LANL2DZ

BE �eV/atom� �� / atom� gap �eV� � �debye� BE �eV/atom� �� / atom� gap �eV� � �debye�

Si32-a 4.279 5.04 0.966 3.044 4.532 4.70 0.898 3.500

Si32-b 4.269 5.16 1.267 5.337 4.515 4.83 1.180 4.986

Si32-c 4.256 5.20 1.241 2.400 4.499 4.90 1.029 2.098

Si32-d 4.255 5.09 1.277 2.818 4.498 4.83 1.001 5.087

Si32-f 4.250 5.09 1.125 4.520 4.491 4.79 1.106 4.047

Si32
b 4.279 0.938 4.456 0.969

Si32-ab 4.266 0.687 4.555 0.584

Si34-a 4.255 5.08 1.112 5.302 4.471 4.73 0.964 5.302

Si34-b 4.243 5.07 1.208 1.477 4.515 4.74 0.970 1.478

Si34-c 4.236 5.18 1.048 6.358 4.483 4.95 0.777 6.359

Si34-d 4.228 5.15 1.176 5.030 4.502 4.63 1.329 5.031

Si34-e 4.216 5.37 1.124 4.501 4.443 5.00 1.119 4.502

Si34
b 4.283 2.506 4.571 2.768

Si40-a 4.290 5.08 1.088 3.180 4.563 4.68 1.087 2.793

Si40-b 4.280 5.29 1.106 1.819 4.533 5.12 0.917 1.109

Si40-c 4.260 5.29 0.977 2.468 4.545 4.83 0.974 4.357

Si40-d 4.248 5.30 0.995 2.032 4.515 5.07 0.919 2.866

Si40-e 4.240 5.28 1.036 3.272 4.494 4.87 1.102 4.293

Si40-f 4.227 5.28 0.985 2.021 4.494 4.87 1.082 4.424

Si40
e 4.286a 1.157 4.572a 1.241

Si46-a 4.243 5.43 1.040 4.272 4.517 5.16 0.896 3.267

Si46-b 4.242 5.58 1.022 3.448 4.486 5.29 1.151 4.712

Si46-c 4.223 5.75 0.854 8.402 4.475 5.39 0.956 4.726

Si46-d 4.219 5.78 0.915 5.964 4.461 5.42 0.862 6.986

Si60-a 4.313 5.26 0.851 2.508 4.592 4.95 0.846 2.567

Si60-b 4.310 5.55 1.091 4.407 4.571 5.19 0.784 4.554

Si60-c 4.297 5.32 1.203 3.444 4.557 5.12 0.885 3.893

Si60-d 4.275 5.45 1.194 7.179 4.571 5.19 0.783 4.574

Si60-SF1f 4.239a 3.196 4.520a 3.196

Si60-SF2f 4.232a 1.869 4.504a 1.989

aImaginary frequencies.
bReference �19�.
cCompact isomers from Refs. �5,26�.
dProlated isomers from Ref. �26�.
eFrom Ref. �51�.
fFrom. Ref. �49�.
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� = 0.51Ega
−1 + 4.48.

between the polarizability and the size of the energy gap
between symmetry-compatible bonding and antibonding mo-
lecular orbitals, which they call “gap allowed” �Ega�. The use
of a different definition of the gap explains the difference in
the slope.

IV. CONCLUSIONS

A new strategy to find stable isomers of silicon clusters
has been presented. The principal advantage of the hybrid

technique proposed here is that it does not need to make any
assumptions on the symmetry or type of the cluster struc-
tures, allowing for a full exploration of the complete con-
figuration space available for the cluster geometry. Moreover
the use of GA for the exploration of the space allows for an
efficient search into those regions of the configuration space
that represent the desirable low-energy configurations. This
global search was possible due to the use of a semiempirical
energy function because computational limitations still make
these searches difficult when using ab initio methods for
medium-size clusters.

FIG. 2. �Color online� Binding energies in eV/atom as a function of the cluster size calculated within B3PW91-SDDALL and B3PW91-
LanL2DZ methods.

FIG. 3. �Color online� HOMO-LUMO gap in eV as a function of the cluster size calculated within B3PW91-SDDALL and B3PW91-
LanL2DZ methods.
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With the exception of Si30, Si32, and Si34, where the
MSINDO fails to reproduce the correct ranking of endohe-
dral structures, it is clearly demonstrated that previous ap-
proaches, using local optimization of plausible structural mo-
tifs, may produce structures that are significantly higher in
energy than those presented here. This justifies the need for
global optimization schemes when searching for stable struc-
tures of medium-size silicon clusters.
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