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Atomic and electronic structure of neutral and charged Si 2O, clusters

S. K. Nayak, B. K. Rao, S. N. Khanna, and P. Jena
Physics Department, Virginia Commonwealth University, Richmond, Virginia 23284-2000

(Received 24 November 1997; accepted 16 April 1998

Using molecular orbital approach and the generalized gradient approximation in the density
functional theory, we have calculated the equilibrium geometries, binding energies, ionization
potentials, and vertical and adiabatic electron affinities fOSi clusters <6m=<12). The
calculations were carried out using both Gaussian and numerical form for the atomic basis
functions. Both procedures yield very similar results. The bonding,j®,$clusters is characterized

by a significant charge transfer between the Si and O atoms and is stronger than in conventional
semiconductor clusters. The bond distances are much less sensitive to cluster size than seen for
metallic clusters. Similarly, calculated energy gaps between the highest occupied and lowest
unoccupied molecular orbitdHOMO-LUMO) of (SiO,), clusters increase with size while the
reverse is the norm in most clusters. The HOMO-LUMO gap decreases as the oxygen content of a
SiOp cluster is lowered eventually approaching the visible range. The photoluminescence and
strong size dependence of optical properties of small silica clusters could thus be attributed to
oxygen defects. ©1998 American Institute of Physids$S0021-960628)01528-1

I. INTRODUCTION tronic structure information. The only experimental work
that has been targeted toward achieving an atomic level un-

Silica is one of the most abundant material on eaits.  derstanding of the oxidation process of silicon through stud-
importance in science and technology results from its diversees of Sj,0, clusters is due to Wangt al>° These authors
use ranging from glass to catalysis to Si-based microelediave carried out photoelectron spectroscopy experiments on
tronic device$ and optical fiber communicatiorisit is,  size selected §D,, (m=1-6) clusters to obtain information
therefore, not surprising that considerable efforts have beeon electronic structure. They also carried out parallel theo-
made in the past to understand the structural, optical anrktical calculations of the geometries, adiabatic, and vertical
electronic properties of bulk silica in crystalline and amor-ionization potentials for these clusters using the molecular
phous phas&However, interest in studying the properties of orbital (MO) technique, Gaussian basis sets for the atomic
nanoparticles and clusters of silica is relatively reGefin  functions, and Hartree-Fock second order Moller-Plesset per-
view of the fact that materials at the nanoscale possess novelrbation theory(MP2) for exchange and correlation contri-
properties and silica is a technologically important material bution to the energy. Core electrons were frozen in all MP2
a fundamental understanding of the structure, bonding, stazalculations.
bility, and properties of silica clusters and nanoparticles is  In this paper we present a systematic study of the equi-
important® librium geometries, binding energies, HOMO-LUMO gap,

In a recent experiment on laser induced vaporization ofind vertical and adiabatic electron affinities o&GHi(m
polycrystalline silicon in rare gas and oxygen environment,=1,4,6) using density functional theory. Contrary to the re-
El-Shall et al® have observed a weblike form of nanostruc- sults of Fanet al.® we find that the results of the density
tured silica exhibiting bright blue photoluminescence. Whilefunctional theory agree very well with those obtained using
the origin of this photoluminescence is not yet completelyMP2 formalism and with experiment. In addition, we also
clarified, the authors proposed that this could be due to largeresent results on (Si, clusters for kn<6. In Sec. I,
concentration of Sil) type defects. Whether the photolumi- we provide a brief description of our theoretical procedure.
nescence of nanoparticles of silica could equally arise fronur results are discussed in Sec. lll followed by a summary
the effect of size on the energy gap between the highesif our conclusions in Sec. IV.
occupied molecular orbitfHOMO) and lowest unoccupied
molecular orbital(LUMO) has not been explored to our
knowledge.

Recently Harkles®t al.” have calculated the structures Our calculations are based on the self-consistent field
and energies of (Sig, clusters(l1=sn<8 andn=18) using linear combination of atomic orbitals—molecular orbital
the molecular dynamics simulation and an empirical pairwis6 SCF-LCAO-MO theory. The total energies, equilibrium
interatomic potential originally developed for simulation geometries, and electronic structure are computed using den-
studies of crystalline and amorphous condensed phases sity functional theory. The exchange-correlation contribution
silica. In addition to the obvious concern that such potentialgo the total energy was treated at the generalized gradient
may not be applicable for studies of small clusters, classicapproximation(GGA) level of theory using Perdew-Wang
molecular dynamics simulation does not provide any elecexpression for exchanie and the Becke form for

. COMPUTATIONAL METHODS
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correlation'! The atomic basis functions were also treated in (0.32)[0.33]
two different ways—the Gaussian-type functions and nu-
merical functions. For the former, we have usedSSIAN 94
softwaré? (with 6-311G™* basis functions while for the
later we have used themoL softwaré® with double numeri-

cal basis functions with polarization functiaiNP). The
Gaussian calculations were carried out at the all-electron
level, while inDmoL the inner core of the atoms were frozen.
We have verified that the frozen core potential yields results
in excellent agreement with all electron results in daess-

IAN 94 code. We used two independent numerical methods
since Faret al® had noted that the density functional theory
was inadequate to explain the results ofGii cluster. We
wanted to examine if the difficulty lies with the numerical
procedure or with the density functional theory.

To examine the numerical accuracy of our procedure, we
have first calculated the equilibrium geometries, binding en-
ergies, ionization potentials, and electron affinities of SiO
and SiO,,(m=1,4,6) clusters and compare these with ex-
periment and previous MP2 calculatioh$The equilibrium
geometries of these clusters and Mulliken charges on Si and
O atoms calculated usingaUSSIAN 94 software(DFT-GGA)
and bMoL are given in Fig. a). The corresponding bond
lengths are given in Table | and compared with earlier cal-
culations based on MP2 theaty.Identical geometries were (0.08)
obtained using themoL software. These geometries also
agree very well with those computed earlier by Wang (-0.64
et al>° using the MP2 level of theory. We note that oxygen
prefers to have two nearest neighbor Si atoms while Si pre-
fers to be four-fold coordinated with oxygen if permitted by
the stoichiometry of the cluster. In addition, the SiO bond Cay
length when O is two-fold coordinated with Si remains es-
sentially unchanged with increasing cluster size. There is
transfer of charge from Si to O atoms and the Mulliken (0.64)
charges on various atoms are also insensitive to cluster size.
These results indicate that the bonding characteristics of
these clusters have evolved to almost bulklike behavior even
for the smallest clusters.

In Fig. 1(b) we give the geometries of the ;6j,(m
=1,4,6) clusters. While the geometries of the anions remain
similar to thgse of nelitral clusters, the bond lengths €SP&G. 1. (a) Equilibrium geometries of neutral SiO, 8}, (m=1,4,6) clus-
cially in Si;0, and S§Og do differ from the neutral clusters. ters usingsaussian 94andomoL codes. Small dark balls represent O atom
More importantly, the Mulliken charge distribution in an- and large gray balls represent Si atom. Corresponding bond lengths indi-

ionic clusters differs substantially from those in the neutralcated in the figures are given in Table I. Mulliken charges on various atoms
are shown in the figure; values given(in ) are obtained frongAUSSIAN 94

clusters. F.OI’ example, in 3‘97_ almost as much negative caicylation and ]values are fronbmoL code.(b) Equilibrium geometries
charge resides on one of the Si atoms as on the oxygen atom®t.si,0; (m=1,4,6) clusters. Bond length&) and Mulliken charge dis-

On the other hand, in §DZ and S&Og clusters, no Si atom tribution shown in the figure are obtained frasaussian 94 code.
carries a negative charge.

In Table 1l we compare the binding energies, ionization
potentials, and electron affinities calculated usargssIAN
94 and bMoL codes with available experimental and MP2, . - : .

5.9 . : : N .. batic electron affinity calculations of &), using the Vosko-

results?” For SiO poth thec_mes yield blnqlng energies In-X\/iIIs-Nusair form#* for the local density approximation
good agreement with experiment. The vertical and adiabati X
electron affinities agree very well with both MP2 and experi-(LDA) in the GAUSSIAN 94 code. These results are 1.12 eV
mental results. There are no measured vertical ionization pdnd 0.67, respectively, which also agree well with the experi-
tentials of SiO,,(m=1,4,6), but our value for SiO again mental values in Table Il. While this comparison might in-
agrees very well with experimefit.Thus we conclude that dicate that LDA may be just as good as GGA level of theory,
the density functional theory at the GGA level can providewe have carried out the remaining calculations using the
reliable results. We have also repeated the vertical and adi&GA.

(-0.52)

Cs
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TABLE |. Comparison of bond lengths in SiO and,Sj, (m=1,4,6) clus- (-0.59)
ters obtained using various theoretical approaches.
Bond lengthgA) (-0.53) (1.05)
Cluster Method a b c 1.53
Sio Cay
GAUSSIAN 94 1.54
DMOL
MP2 (Ref. 5 FIG. 2. Equilibrium structures of SiCand (SiQ),.
Si;O GAUSSIAN 94 231 1.74
DMOL 231 1.75
MP2 (Ref. 5 2.30 175 energy of 8.06 eV. We define the binding energy as the en-
Si,0, GAUSSIAN 94 1.74 1.69 ergy necessary to dissociate the cluster into separated atoms.
DMOL 1.75 1.68 While our calculated bond length is reasonably close to the
MP2 (Ref. 5 172 167 1.46 A value obtained by Harkless al.” our binding energy
S0 GAUSSIAN 94 1.53 1.70 1.70 differs substantially from their value of 44.73 eV. The Mul-
DMOL 1.54 1.71 1.69 liken charge on the Si and O atoms are indicated in paren-
MP2 (Ref. § 153 1.69 1.68 theses in Fig. 2. A net charge 6f1.05 on Si and-0.53 on

O is indicative of partial ionic bonding in SO

This trend continues as Sj@lusters grow. The ground
state geometry of (Si§), in Fig. 2 has a planat,, structure
with 1A; electronic state. The O atoms form a symmetric
structure. The bond length between Si and O atoms forming

Harklesset al.” have employed extensive configurational @ double bridge between Si atoms is elongated compared to
searches to locate the global equilibrium geometries as wethe bond between the external O atom with Si. As we will
as of isomers of (Si9, (n=8) clusters using an additive see in the following this trend continues as trimers and
pair interaction potentials developed by Tsuneyekiall®  higher clusters of Si9form. The charge on the O atoms and
The authors found that the stable clusters of Si® not  Siatoms remain fairly close to their value in the Si@ono-
resemble any of the known crystalline SiQolymorphs. mer. This indicates that partial ionic bonding continues with
Since these potentials were developed for bulk systems ariticreasing silica cluster size. This is in contrast to clusters of
lack directional dependence, we have calculated the equiliblcO,. For example, the binding in (G is of weak van der
rium geometries of the ground state and higher energy isoWaals character. The binding energy of the (SiCdimer
mers using thesAUsSIAN 94 and the GGA level of theory. against the separated Si@onomer is 3.67 eV which again
We have optimized several structural forms in order to ob-differs significantly from the empirical potential calculation
tain the lowest energy structures. of Harklesset al. (5.35 e\}.’

We begin with the geometry of Siluster(see Fig. 2
Analogous to the C@®molecule, the geometry of Sids
linear with an Si—O bond length of 1.53 A and a binding (-0.58)

Ill. RESULTS AND DISCUSSIONS ON (SIO,)y
CLUSTERS

TABLE Il. Comparison of calculated binding energi@reasured against
dissociated atomsvertical ionization potentials, and adiabatic electron af-
finities of S|0,, clusters with experiments and previous calculations.

Clusters
Computed Method of

quantity calculation SiO SO Siz04 SizO0g

Binding GAUSSIAN 94 8.06 13.79 34.85 45.30

energy DMOL 8.49 14.61 36.84 48.12

(eV) Expt. (Ref. 9 8.26

Vertical GAUSSIAN 94 11.27 8.13 9.47 13.71

ionization DMOL 11.44 8.15 9.62 11.02

potential Expt(Ref. 9  11.43

(eV)

Vertical GAUSSIAN 94 1.78 1.20 3.65

electron DMOL 1.86 1.30 3.80

affinity MP2 (Ref. 8 1.84 1.10 3.68

(eV) Expt. (Ref. 9 1.96 1.05 >3.50

Adiabatic GAUSSIAN 94 1.69 0.70 2.25 3

electron DMOL 1.78  0.83 2.46 (b)
affinity MP2 (Ref. 5 1.74 0.57 2.09

(eV) Expt. (Ref. 9 1.76 046 <3.10 FIG. 3. Geometries of (Si§); cluster corresponding to the ground state and

two higher energy configurations.
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(-0.59)

(1.08)

(1.19)
1.69 (1.07) (:0.49)

D2n (a) Dag ( a)

(-0.48)

(b)

FIG. 5. Lowest energy structure and the higher energy geometry fop)SiO
cluster.

The ground state of the silica tetramer (SiQgiven in
Fig. 4(a) is simply an extension of the trimer structure. This
arises as the SiQunit attaches to the end O atom of the
(-0.48) (Si0)); and two O atoms take part in forming double
(c bridges. We have identified two other isomers of ($iO
which haveC,, andD,, (see Fig. 4 symmetry. These struc-
FI(_E. 4. Ground state geometry and_ the next higher energy isomers o{ures labeledb) and(c) are 0.53 eV and 2.24 eV above the
(Si0,),4 clusters. See the text for details. . . .
ground state structuff€-ig. 4(a)], respectively. As mentioned
in the previous paragraph, the relative stability of these iso-
mers can be predicted from counting the coordination num-
The geometries of the (SHp; isomers are shown in Fig. bers of each of the Si and O atoms in Fig. 4. In Fi@g) 4wo
3. Harklesset al.” have identified two structures of (SIR: Si and six O atoms have the preferred four-fold and two-fold
a planar ring structure wittD3, symmetry and a three- coordination, respectively, while in Fig(l®) only one Si and
dimensional structure witlb,4 symmetry where four O at- five O atoms have this desired coordination. In Figh)4
oms belong to double bridges and two end O atoms bondedone of the Si atoms and four of the O atoms have the de-
to Si atoms. The authors found tBey, structure to be lower sired coordination. This bonding analysis is consistent with
in energy from theD,4 structure by 0.43 eV. Our results are the relative energies of the structures in Fig. 4. It is important
just the opposite. We find th@,, structure to be the ground to realize that the nature of bonding remains similar to that of
state which lies 0.69 eV lower in energy from tBg, struc-  the smaller clusters as can be seen from the similarity of the
ture. This can be explained by examining the coordination obond lengths and Mulliken charge distribution.
the individual Si and O atoms. We note that Si is tetravalent  The ground state of (SKs is shown in Fig. %a). The
and O is divalent. Thus ideally in a given cluster structure, Sstructure is again an extension of the preceding tetramer
and O would, respectively, prefer to be four-fold and two- cluster. Although we have carried out structural optimization
fold coordinated. This is what we noted in the structures inwithout any symmetry constraint, the optimized structure
Fig. 1. In Fig. 3a) one Si atom is four-fold coordinated and was found to have ®,4 symmetry. It should pointed out
four O atoms are two-fold coordinated while in FighBno  that Harkless etal’ had obtained a different three-
Si and only three O atoms satisfy the above bonding preferdimensional structurgFig. 5b)] as the ground state geom-
ence. Consequently the structure of Figp)ds more stable etry. We have calculated the total energy for this structure by
than that in Fig. &). Our calculations confirm this. It is optimizing all the bond lengths and bond angles and have
worth noting that the bond lengths between double bridgindound that it is 1.03 eV higher in energy compared to the
O and Si as well as the external Si—O bond lengths comparstructure in Fig. &a). Similarly, the lowest energy structure
well with the data obtained from the empirical potenfial. of (SiO,)s is the result of addition of a SiQunit to the
This suggests that while the empirical potential does nopentamer structure and is shown in Figa)6 The other three
yield the relative stabilities of silica cluster isomers correctly,dimensional structurgsee Fig. @)] which was identified by
it reproduces the bond lengths accurately. Harklesset al.” as the ground state indeed lies 0.98 eV

D4n
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Dsn FIG. 7. Plot of first order energy differenakE(n) [see Eq.(3.2)] as a
function of cluster sizer).

FIG. 6. Lowest energy structure and the higher energy isomer for,J§iO
cluster.
the first energy differenc\E(n) shows no conspicuous
_ _ o peaks. This is in sharp contrast to silicon clustemshere
higher in energy compared to the structure in Fig)6We  pinding energy evolves nonmonotonically and some clusters
once again note that the structure in Figa)ehas more Si  are found to be more stable than others. Thus the nature of
and O atoms that have their ideal coordination numbers thaﬁonding between Si and Sj@lusters is different. Mulliken
those in Fig. ). It is also to be noted here that the SiO popylation analysis on the atomic site for each cluster shown
bond lengths for double bridging O atoms remain the samg, Fig. 6 indicates significant charge transfer from Si to O.
as in smaller clusters. The Mulliken charge on interior Sithe charge transfer is relatively insensitive to the cluster
atoms also remain invariant. o _ size. In particular, the charge on the atomic site is seen to
_In Table Ill, we present the binding energies of the saturate when the coordination of Si and O, namely 4 and 2,
(Si0,), clusters calculated using bothAusSsIAN 94 and respectively, is satisfied in the cluster.
DMOL software. The binding energy is defined as, Table IV shows the variation of the vertical ionization
Ep=E(Si,0,,) — NE(Si)—mE(0O), (3.1  Ppotential apd the HOMO—LUMO gam} of (Si_Oz)n clustgrs
as a function of size. Note that the ionization potentials of

whereE is the total energy of the cluster or atom as indi- gi0,) clusters are rather high and increase steadilyntill
cated. Note that the calculated binding energies agree Very s jnjike the binding energy, the ionization potential drops

well with each other. For larger clusters ($)n=5), We  {or n=6. Our results are consistent with the experimental
have only carried out Gaussian orbital based studies. observation that it becomes more and more difficult to ionize
The relative stabilities of these clusters can be bettefhg ¢jysters as the size incread®%his observation suggests
understood by calculating the energy gained by adding SuGpa¢ the usual spectroscopy measurement may not be suitable
cessive monomers (SjQinits) to silica clusters. We define 4 hrone electronic structure of large SiGlusters and one
AE(n), the energy gain in adding a (SJomonomer 10,y have to make use of high energy sources such as syn-
(SiOy), cluster, as chrotron facility which are currently available for cluster
AE(n)=—E(n+1)+E(n), n=1. (3.2  study. The HOMO-LUMO gap, on the other hand, increases
steadily with cluster size. This characteristic is very different
from the metal clusters where the HOMO-LUMO gap varies

energy galfn n fdld'tng a—zspbot ?hsmca cll,!ster abrui)_tlﬁ nonmonotonically with cluster size, but in general, decreases
increases from=1 to n=2, but then remains essentially \ ., increasing size of the clusters.

constant as the clusters grow. Except for this sharp increase, It is interesting to compare the ionization potentials and
HOMO-LUMO gaps of SiO,, clusters for a fixedn and

In Fig. 7 we plotAE(n) as a function ofn. Note that the

TABLE lll. Binding energy(measured against dissociated atpfios vari-
ous clusters usingAussIAN 94andbmoL software.

TABLE IV. Vertical ionization potential and HOMO-LUMO gap for vari-

Total binding energyeV)  Binding energy/SiQ unit (eV) ous clusters usingaUsSIAN 94 code.
Clusters ~ GAUSSIAN 94 DMOL GAUSSIAN 94 DMOL Clusters lonization potentidkV) HOMO-LUMO gap(A) (eV)
Sio, 12.54 13.43 12.54 13.43 Sio, 12.13 3.82
Si,0, 28.69 30.56 14.35 15.28 Sib,O, 11.19 3.87
Si;06 45.30 48.12 15.10 16.04 Si;06 13.71 421
Si,Og 61.86 65.65 15.47 16.41 Si,Og 14.91 4.30
SisO1 78.43 15.69 SisO1p 16.08 4.39

SicOr, 94.99 15.83 SicO1, 14.53 4.43
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well with available experimental data and theoretical calcu-
S S lations based on MP2 methodology. This establishes the va-

L moeenneeans - lidity of density functional approach in studying clusters that

are bonded by strong covalent and/or partly ionic interaction.

g 02 _— Our results, however, differ significantly from those obtained
8 - from molecular dynamics simulation based on an empirical
3 - E— pair potential. Although the bond lengths calculated using
g R this potential agree reasonably with our results, the pair po-
03 tential is unable to reproduce either the ground state or the

] relative stability of higher energy isomers correctly. We fur-

ther note that the evolution of the atomic and electronic

04 structure of silica clusters is very different from what is

Sis0 Sia04 SisOs known in elemental semi-conductor and metallic clusters.
FIG. 8. Energy levels for §0,, (m=1,4,6) clusters. Solid line indicates \While the bond distances and the nature of bonding vary
occupied orbitals while the dashed line indicates unoccupied orbitals. Onljittle with cluster size, the ionization potentials and electron
those energy levels close to the highest occupied molecular oiBMO)  affinities not only depend on cluster size but also on their
and the lowest unoccupied molecular orbitdiyMO) are given. stoichiometric composition. For example, the ionization po-
tentials and the HOMO-LUMO gap decrease with increasing
m/n<2 in order to examine the role of oxygen defects onOXYgen deficiency. This could explain the novel optical prop-
these properties. The data in Tables Il and IV permit us igrties of nanoscale silica particles. Further experimental and
examine this for the §0,, clusters. Recall that the ionization theoretical work on silica clusters with varying oxygen con-
potential of SiOg is 11.02 eV, while that for §0, and Si0  centration would be very useful.
re, r tivel .62 eV and 8.15 eV. Thus the ionizati
are, respectively, 96_ eV a d8_ 5e us the ioniza Or}ACKNOWLEDGMENT
potential decreases with increasing oxygen defect concentra-
tion in silica clusters. These characteristics are also borne out This work was supported in part by a grant from the
in the HOMO-LUMO gap. In Fig. 8 we plot the molecular Department of EnergyDEFG05-87E61316
orbital energy levels of §D, SkO,, and SiOg. The corre-
sponding HOMO-LUMO gaps are 1.19 eV, 3.87 eV, and 1D. L. Helms,Elements of Physical GeologRonald, New York, 1969
’ " 1 2

4.21 eV. The fact that the HOMO-LUMO gap decreases in> E’;Ve'stﬂﬁfg’mifr?gﬁgiszog g:fgsti”ho'd' New York, 1954

oxygen deficient silica clusters has important consequencerhe physics and Chemistry of Sj@nd SiSiO, Interface edited by C.
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silica nanoparticles were observed to exhibit bright blue pho-°L. S. Wang, J. B. Nicholas, M. Dupuis, H. Wu, and S. D. Colson, Phys.

\ . : : Rev. Lett.78, 4450(1997.
toluminescence. Since the HOMO-LUMO gaps of (S0 s5 | 5 3 Sivers. and M. S. E-Shall, J. Phys. ChenL08, 1794(1997.

particles =<6) (see Table IYincrease with size and are in - 75 A Harkless, D. K. Stillinger, and F. H. Stillinger, J. Phys. Chas0,
the ultraviolet range, the blue emission could not arise sim- 1098(1996.
ply because of the particle size. The origin for this emission .- Brus, J. Phys. Cheng8, 3575(1994.

. . J. Fan, J. B. Nicholas, J. M. Price, S. D. Colson, and L. S. Wang, J. Am.
must, therefore, be associated with defects. From the result hem. Soc117, 5417 (1995,

in Fig. 8 and Table I, one can conclude that lack of oxygemno; p. perdew and Y. Wang, Phys. Rev4§ 13 244(1992.
in the silica nanoparticle could give rise to this interesting*A. D. Becke, Phys. Rev. 88, 3098(1988.
. . 12 o :
optical effect. We should remind the reader that the HOMO-"GAUSSIAN 94 Revision B.1, M. J. Frisch, G. W. Trucks, H. B. Schegel, P.

. . . . M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A.
LUMO gap in oxygen deficient Wm clusters will Certalnly Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G.

depend on the Si content, i.e., the gap will change with par- zakrzewski, J. V. Ortiz, J. B. Foresman, J. Closlowski, B. B. Stefanov, A.
ticle size,n, even if m/n is fixed. It will be interesting to Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W.

investigate this effect in larger oxygen deficient silica clus- Wong. J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox,
J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Heads-Gordon, C.

ters. Gonzalez, and J. A. Popl&aussian, Inc., Pittsburgh, PA, 1995
pmoL code(Biosym Technologies Inc., San Diego, 1995
IV. CONCLUSION 1G. Herzberg Spectra of Diatomic Molecule®/an Nostrand, New York,
1955,

In summary, we have calculated the equilibrium geom-°S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys8, 1200(1980).
etries, energetics, and electronic structure qSi clusters gégT (51“;;5’”"" M. Tsukada, H. Aoki, and Y. Matsui, Phys. Rev. L.
using the generalized gradient approximati@GA) in the 17\ £ jarr0ld, Science52, 1085(1991).

density functional theory. We note that our results agree veryfL. S. Wang(private communication
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