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We have identified low-energy structures of silicon clusters with 9 to 14 atoms using a nonorthogonal
tight-binding methodTB) based on density-functional thedF). We have further investigated the resulting
structures with an accurate all-electron first-principles technique. The results for cohesive energies, cluster
geometries, and highest occupied to lowest unoccupied molecular ofditMO-LUMO) gaps show an
overall good agreement between DF-TB and self-consistent{f&d DF theory. For S and Si,,, we have
found equilibrium structures, whereas for, Si Si;», and Si;, we present clusters with energies close to that
of the corresponding ground-state structure recently proposed in the literature. The bonding scheme of clusters
in this size range is different from the bulk tetrahedral symmetry. The most stable structures, characterized by
low energies and large HOMO-LUMO gaps, have similar common subunits. To aid in their experimental
identification, we have computed the full vibrational spectra of the structures, along with the Raman activities,
IR intensities, and static polarizabilities, using SCF-DF theory within the local-density approxiniafiér).

This method has already been successfully applied to the determination of Raman and IR spectra of silicon
clusters with 3-8, 10, 13, 20, and 21 atorf$1050-294{®7)05512-]

PACS numbegps): 36.40.Mr, 36.40.Cg, 31.15.Ew, 31.15.Qg

I. INTRODUCTION ties[26,27]. Ultraviolet photoelectron spectra have been cal-
culated and compared to experiment by Chelikowskwyl.
There is, at present, a great deal of interest in the structuf@8]. The reactivity of selected silicon clusters have been
and physical properties of silicon clusters, due to their potentheoreticaly investigated by Krack and J[2P]. For small
tial importance in nanostructure technology., Silusters  silicon clusters the calculation of IR and Raman spectra and
have been studied by various theoretical and experimentaheir experimental verification have led to the unique identi-
approaches. For smat, ground-state structures have beenfication of the equilibrium structures of silicon clusters with
theoretically identified usingb initio methods based either three to seven atoni0,21]. DF-theory-based calculations
on Hartree-FockHF) theory[1,2] or density-functiona(DF) of IR and Raman spectra have already been presented for
theory[3—6]. Special larger clusters have also been investiSis to Sig, Siig, Siiz [3], Sis, and Shy [7]. To complete
gated with first-principles techniquég—9]. However, due to these calculations we have searched for low-energy silicon
the increasing complexity of the energy surface on moving telusters with 9 to 14 atoms using oab initio based nonor-
larger clusters, empirical tight-binding mode[40-14, thogonal tight-bindindTB) method[30]. We have improved
which fit the neccessary matrix elements to experimental othe accuracy of the method as applied to silicon and have
theoretical data, andb initio based tight-binding TB models confirmed the energetic order for the lowest energy struc-
[15,16], which calculate the matrix elements by quantum-tures with the accurate all-electron, Gaussian-orbital,
mechanical methods, have been used to determine groundensity-functional(DF) code developed by Pedersenal.
state geometries and to perform molecular-dynamics fof31]. We have determined ground-state structures fgraBil
structures of various scale. Theoretical approaches which tri,, and configurations for $i, Sii,, and Sis which are
to derive the forces neccessary for molecular dynaiihis) energetically close to the lowest-energy structures recently
from classical potentialgl7—19 have also been applied. presented in the literatuf@2—-34. For the proposed equilib-
Experimentally, the investigation of clusters contrasts torium structures of §j, Siy41, Siy,, and Si, and for the sec-
that of crystals or surfaces. For the latter, direct atomic scalend stable structure of &j, we have calculated the IR and
structural information is available via x-ray diffraction or Raman spectra within the local-density approximation
scanning tunneling microscopy. In the case of clusters this iSLDA). We hope that experimentally determined IR or Ra-
not so: a combination of theoretical calculations and indirectman spectra for these cluster sizes will become available in
experimental measurements must be used to determine thige near future to allow for a comparison with our theoretical
cluster geometries. Experimental data are available for IResults.
and Raman specti@0,21], photoelectron specti®2], po- The paper is organized as follows. In Sec. Il we briefly
larizabilities [23], mobilities [24,25, and chemical reactivi- describe the adjustment of our nonorthogonal DF-TB method
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to silicon systems. In Sec. Ill we compare the geometries and TABLE I. Binding energies with respect to spin polarized atoms
cohesive energies of the low-energy clusters between DF-TB eV/atom and HOMO/LUMO gap in eV for silicon clusters as
and SCF-LDA. Section IV contains the self-consistent calcucalculated within DF-TB and SCF-LDA.

lated IR and Raman spectra and the static polarizabilities fof

the proposed ground-state structures af Sii;;, Si;p, and ~ Cluster — (sym) Ers Esce  Gaprs  Gapscr
S_i14 and for a onv—energy configuration of 8i We summa- g, (0..) -1936 -1780  0.000 0.000
rize our results in Sec. V. Si3 (C,) —2.983 -2965 1.874  1.008
Si4 (D,)  —3.488 —3541  1.453 1.075

Il. ab initio BASED NONORTHOGONAL Si5 (Dz,)  —3.766 -3.825  1.702 1.976
TIGHT-BINDING METHOD Si6 Csy) —-3.925 —-4.041 1.337 2.106

_ _ _ Si7 (Ds,)  —4.063 —4.187 1511 2.097

We have_!nvestlgated thg Born-Oppenheimer potentiak;g, Con) —4071 —4.122 1.155 1.419
surface of silicon clusters with our nonorthogonal DF-TB sisb Ca) _4087 —4.072 0.843 1.086

method, which is described [30,35. This method has been
successful_ly applle_d to carb¢B0] ar)d s_lllcon[15] systems, <o Cn) —4126 —4183 1846 1551
guaranteeing a high transferability in the prediction ofSigc D) _4031 -4097 0173 0397
ground-state geometries and physical properties of varioug, sh ' ' ' '

scale structures ranging from clusters, to surfaces and bul JlOa Ca,) —4242 —4357 1.706 2125
However, the frequencies of the high-energy vibrationalsf1Ob (Ta) —4129  —4.286 3405 2.136
modes of Si clusters described in the paper cited abbSE Silla Gy —4.203  —4.274  1.214 1.041

Si9a C,,) —4.176 —4.234 1.904 1.988

were found to be too large. We have removed this difficiency> 110 €  —4210 -4262 1009  0.922
by determining the repulsive two-body potential by usingSi11c C) —4205 -4259 1330  1.073
only one structure for all distances, instead of using a comSil2a Co —-4.228 —-4.274  0.925 0.593
bination of the Si-dimer and the diamond bulk structure. TheSi12b (O] —4.250 —-4.267  0.862 0.940
cluster of choice consists of one central atom surrounded b§il3a Cs)  —4204 -4305 1451 1.606
four atoms in the corners of a tetrahedron. Although thisSi13b Cz) 4277 -4291 1332  0.787
structure is not the ground-state of;Sit represents a local Sil4a Cs) —-4.328 —-4372 1531 1.774
stable energy minimum. For comparison, we have also useSil4b Cs) —-4.300 —4.332 1.029 1.323
a Si, cluster, four atoms in the corners of a tetrahedron, tcsil4c DOan) —4.283 —4.253 1.095 0.896
determine the repulsive potential and find a similar shortsi14d Csy) —-4.179 0.000

range behavior. Both repulsive potentials have the same cut=
off radiusr.=5.2ag and yield nearly identical geometries
and energies for small silicon clusters. This fact confirms thgared cohesive energies, calculated with the Car-Parrinello
transferability of the repulsive potential. The new repulsiveDF method, for small silicon clusters to cohesive energies,
potential results in more accurate vibrational frequencies ircalculated by Raghavacheet al. with the HF-MP4SDQ)
comparison to our previous wofi5]. For example, we ob- algorithm. They report a maximum deviation of approxi-
tain for the three vibrational modes of the isosceles trianglanately 0.1 eV/atom between the two first-principles ap-
Si; with C,, symmetry within our TB approach the frequen- proaches. The DF-LDA based energies were shifted to com-
cies 128@,), 503(,), and 5554;) cm ™! compared to pensate for the error of the approximated exchange-
173(@a,), 536(,), and 546&,) cm ! in SCF-LDA. For all  correlation energy and the HF based energies were scaled to
clusters up to Sj, the vibrational frequencies now range fit the experimental results. Of course the shift and scaling
from 27 to 560 cm ! in agreement with other self-consistent parameters were the same for all cluster sizes.

calculations, whereas the highest frequency modes have been

strongly overestimated in the previous approach. The cohe- || GEOMETRIES AND ENERGIES. A COMPARISON

sive energies as a function of cluster size are also in an geT\WEEN DE-TB AND SELE-CONSISTENT DE-LDA
overall good agreement with scf calculations, as will be

shown in the next section. For small silicon clusters up to §iwe determine within
We have used the self-consistent-fi¢BICH-LDA code the DF-TB method the same equilibrium structures as
of Pedersoret al [31] to confirm the energetic order of Fournieret al.[4] and Pederson et dI3]. These are for Si
different isomers and to calculate accurate IR and Ramathe isosceles triangle witE,, symmetry, for Sj the rhom-
spectra. The DF-LDA approach is proven to yield very ac-bus [D,y,), for Sis the compressed trigonal bipyramib §;,),
curate geometries and vibrational frequencies. Despite thior Sig the edge capped trigonal bipyrami@4,), for Si; the
well known effect of overbinding, the relative total energiescompressed pentagonal bipyramibs), and for Sg the
between different structures agree with other sophisticatedistorted bicapped octahedro@4,). Overall, there is good
ab initio methods. For example, Grossman and Mitas havegreement between the SCF-LDA and DF-TB methodolo-
used the computationally demanding diffusion quantungies for geometrical parameters and binding energies for
Monte Carlo calculations to determine that the icosahedrahese small clusters. The deviations in bond lengths and
Siyz cluster is 0.29 eV/atom less stable than the capped trigaangles are smaller than 10%. The deviations in cohesive en-
nal antiprism withC5, symmetry. Within the SCF-LDA ergies are smaller than 4% for all clusters larger than Ste
framework they calculated nearly the same energy differTable I.
ence, 0.30 eV/atorfB86]. Ramakrishnaet al.[32] have com- Considering larger clusters with 9 to 14 atoms, we have
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FIG. 1. Cohesive energies in eV/atom as a function of cluster FIG. 2. HOMO/LUMO gap in eV as a function of cluster size as
size as calculated within DF-TB and SCF-LDA. calculated within DF-TB and SCF-LDA.

started our search for the equilibrium structures with differ-  Sig. We found two stacked distorted rhombi with an ad-
ent seed clusters obtained by edge or face capping of smallditional atom capped on tofSiy,) to be the lowest-energy
stable clusters or with clusters taken from the literature. Wesluster[see Fig. 8a)]. This structure ha€,, symmetry and
have optimized these structures with our DF-TB method byis 0.05 eV/atom more stable than the distorted tricapped
applying either a stochastic molecular-dynamic quenching oirigonal prism Sgy,, first proposed by Ordejoet al. [13] as
conjugate gradient relaxation until the maximum force onthe most stable structure of SiRaghavachari and Rohlfing
every atom dropped below 16 Hartree/Bohr. At least the [1] calculated by using a HF-MRP8DQ)/6-31G* algorithm
two most stable DF-TB structurémost stable in the sense nearly identical energies for a tricapped trigonal prism
of lowest energy and not lowest reactivityere then relaxed Sigc(D3p), a tricapped octahedroitg,), and a distorted tri-
with the SCF-LDA code using assp3d basis sef(i.e., 6 capped octahedrorC). They found the latter cluster to be
s-like, 5 p-like, and 3d-like contracted GaussiansThe only 0.014 eV/atom more stable than the first one and only
minimum allowed force during these conjugate gradient pro0.011 eV/atom more stable than the second. Ordejoal.
cedure has been 16 Hartree/Bohr. found by using a non-SCF multicenter TB appro@8f] an
Within SCF-LDA we calculate the cohesive energies withenergy difference of 0.10 eV/atom between the distorted tri-
respect to spin polarized isolated atoms. Since the DF-TBapped octahedrorCf) and the distorted tricapped trigonal
method does not take spin into account, we have shifted therism Sig,(C,,). We calculated an energy difference of 0.09
DF-TB energies by the spin-polarization energy of 0.656 eV eV/atom between the triplet state of the tricapped trigonal
The cohesive energies and highest occupied to lowest unoprism (Dap) [which is nearly isoenergetic to the distorted
cupied molecular orbita HOMO-LUMO) gaps for the low- tricapped octahedronC)] and Sk, . This confirms the en-
est energy clusters are summarized in Table I. The variatiorrgy difference between the three structures considered by
of both quantities with cluster size is depicted in Figs. 1 andRaghavachari and Rohlfing and the structure proposed by
2. Siy, Siyg, and Si, are more stable than their neighbors. Ordejon. However, none of these authors considered our can-
The order of the DF-TB determined cohesive energies of thelidate Sp, (C,,). It is possible that a similar structure has
lowest-energy structures for one cluster size agrees with thieeen described in earlier works of Balloreal. [7] and of
SCF-LDA results for all smaller clusters andySBi,o, and  Wales[18], but due to the lack of information about geo-
Siy4 but is reversed for Qi Siy;, Siip, and Si;. Please metrical parameters we cannot verify this. Note thaf, $ias
note that for the three latter clusters the differences in the sd large gap of 2.0 eV within the SCF-LDA formalism.
cohesive energies are smaller than 0.02 eV/atom, which cer- Siy;. We confirm a structure $j, proposed by Leet al.
tainly is below the accuracy of the DF-TB approach. The[33] using a TB method to be the most stablg Stluster.
variation of the HOMO-LUMO gap as calculated within They describe the geometry as a distorted tricapped tetrago-
DF-TB with increasing cluster size is in good agreement nal antiprism, but it may also be seen as a distorted penta-
with the SCF-LDA calculations fon>7. The quantitative capped trigonal prismisee Fig. 80)]. The three rectangular
differences for Sj to Si;, are at maximum of 20%, whereas faces of the prism, one edge and one triangular face are
the deviations increase with decreasing cluster size. Note thaapped, which results i6s symmetry. The relaxation out of
an accurate description of unoccupied orbitals often fails dudifferent starting structures for §iwith the TB method has
to the use of a minimum basis set. also spawned another cluster; @i having no symmetry at
We now discuss the results for each cluster size considegll. This cluster is only 0.01 eV/atom less stable thap,Si
ing only the self-consistent calculated cohesive energies andlis a distorted 4-5 prism, with two atoms capping the five-
HOMO-LUMO gaps. Tables for the bondlengths and angledold ring [see Fig. &)]. Structure Sj;, is more stable by
of the low-energy clusters as calculated within DF-TB and0.02 eV/atom within the DF-TB method than the penta-
SCF-LDA are available upon request. capped trigonal prism withC,, found by Rohlfing and
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FIG. 3. Shown above are the geometries for
(@ Si9,, (b) Siya, () Siyp, (d) Sizz, (€) Si
120, (F) Siyg, (@) Sigsa, () Sige.

Raghavachalfi38]. Grossman and Mitd®] considered three tional rhombus capped on one edge of the prisee Fig.

stacked triangles with capped topd+,) for Siy;. We cal-
culated this cluster to be metastable with a binding-energy
0.03 eV/atom higher than the one of,Gi. After small dis-

3(f)]. The energy difference between these two structures is

TABLE II. Vibrational frequencies of lowest-energy silicon

placements in the direction of the occuring imaginary eigen<lusters as calculated within DF-LDA.

modes this structure converges within the DF-TB approach

t0 Siyyp . Cluster  (Sym) Frequenciegcm 1)
Si;». Recently Ramakrishnet al. have presented results Siga (Cy)  56(by),109(b;),120(@a,),164(@,),219@,),
of their extensive search for the ground state of,$82]. 225(,),256(0,),262(0,),284(@@1),285@,),
They report on six isomers, which differ by only 0.02 eV/ 290(b,),292(a,),322(a,),332(@,),3350,),
atom in cohesive energies, as calculated within the DF-LDA. 373(a,),397(b,),405(@a,),437(b,), 468(0,),
These isomers can all be described either as hexacapped 486(a,)
trigonal prisms or antiprisms with different faces capped.g; (C) 62,111, 115, 129, 149, 197, 208, 223, 232,
They additionally report on seven other structures with the 251, 253, 261, 268, 278, 281, 298, 304, 306,
highest energy cluster being only 0.11 eV/atom less stable 350, 354, 358, 366, 397, 411, 413, 439, 493
than the lowest energy one. Considering their isomer ?Siua (C) 46,110, 139, 163, 166, 178, 196, 197, 213,
(Si1z), a hexacapped distorted trigonal prism wit@g} 228, 234, 238, 243, 255, 264, 266, 288, 291,
symmetry[see Fig. &l)], we obtain a cohesive energy of 313, 322, 336, 342, 345, 390, 407, 425, 471,
—4.274 eV/atom. We also find another, nonsymmetric, 488, 506
structure Sj,, [see Fig. )] to be only 0.01 eV/atom less Siyg (Ca,) 45(b,),58(b,),100@,), 136(,), 145@,),
stable than their isomer 2. This structure, a stacking sequence 158(a,),168(0,),176(b,),189@;),199(0,),
of a distorted rhombus, a fourfold ring, a triangle and a 204(a;),229@,), 230(@,),230(,),233@,),
single atom, does not match any of their isomers. 255(a,),257(0,), 259(,),279@,),289(@,),
Si;3. The most stable structure of giconsists of four 302(,),311(,),330(@,),349(b,),351@,),
stacked triangles with a cap on top. Recent QMG] and 353(a,),356(b,),360@,), 373(@,),394(a,),
DF-LDA [3,34] calculations found this structure 3j to be 405(b,),408(,),446(b,),454(@,)
favored against the icosahedral form of,$i From the Sijs (C) 54, 99, 103, 115, 142, 154, 180, 188, 193,

present search we predict the cohesive energy of another
structure to be very close to that of the lowest energy cluster.
This structure, Siy,, hasC,, symmetry and can be de-

scribed as a distorted tricapped trigonal prism with an addi

196, 213, 222, 223, 230, 240, 259, 269, 273,
283, 286, 290, 298, 306, 315, 339, 356, 356,
365, 367, 370, 401, 410, 428, 447, 463, 480
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only 0.014 eV/atom, whereas Grossman and Mitas found ascheme is quite different from the bulk tetrahedral symmetry,
energy difference of 0.3 eV/atom between the icosahedrdiut each structure has numerous bond angles close to 109°.
cluster and Sjs, within the DF-LDA [36]. The HOMO-

LUMO gap of our structure Sk, is only half the gap of the IV. VIBRATIONAL SIGNATURES

most stable cluster g, . , AND POLARIZABILITIES
Siys. Only a few structures for $j have been presented

in the literature so far. We suggest a stacking sequence of Due to the small differences in cohesive energies for the
two distorted rhombi, one fivefold ring, and an atom on toplow—energy clusters, theoretical data for the identification of
(Siyz) as a candidate for the equilibrium structure. In thisthe ground-state geometry of a cluster are highly useful. Cal-
cluster the longer axes of the two stacked rhombi are perpergulation of the vibrational spectra not only confirms the

dicular, as can be seen in Figigd There exist also a local Stable stationary points on the Born-Oppenheimer surface,
stable cluster Si, with similar geometry but parallel longer but along with the Raman activities and IR absorption inten-

axes, which is only 0.04 eV/atom higher in energy Anothersmes also provides unique spectral information on chemical

local stable isomer is the octacapped trigonal prism With bond|ng,.wh|ch can be used for comparisons with exper-

symmetry (Si,,)). The rectangular faces of the prism are ment. This approach has already been successfully applied to
14c) -

4 . ) identify smaller cluster$20,21].
capped by a sixfold ring and both triangular faces by one Tof):jetermine the vibrational modes of the clusters we

atom [see Fig. &)]. This geometry is 0.12 eV/atom less apply the method discused in Ref8,7,40,41. For the nu-

stable than the lowest energy candidate. One interesting fedierical computation of the vibrational frequencies, we used
ture of this structure are the six f|vefolq rings, WhICh' alsodisplacements of 0.8 and for the computation of the dy-
occur in the tetrahedral bulk structure.;@ihas 30 bonding  namical response to an external electric field, we used small
angles very close to 109°. For the three structures,Si  electric field components af G =0.005 a.u. As described in
Siya, and Sk, the HOMO-LUMO gaps are 1.77, 1.32, and [7], the SCF-DF method yields reliable results for vibrational
0.90 eV, respectively. Within the DF-TB method the lowest-frequencies, IR intensities, and Raman activities of small
energy cluster is more stable by 0.15 eV/atom than the fousilicon clusters with a (65p3d) basis set and within the
stacked triangles with capped tofSi,4), investigated by LDA. Since the IR and Raman activities depend on second
Grossmaret al. [9]. and third order total energy derivatives with respect to the
Very recently Ho and co-workers have presented candinormal mode coordinates and external electric field compo-
dates for the ground-state isomer of silicon clusters from Si nents, extremely well converged energies and electronic den-
to Siyg using a genetic algorithm and a tight-binding poten-sities are required. Hence for the calculation of the vibra-
tial [39]. Similarly to our approach they further relaxed their tional frequencies, we have converged the total energy to
new candidates within the LDA. Their most stable structureslO™® Hartrees and for the calculation of the intensities and
for Siy, and Sk, are identical to the clusters we have found, activities to 108 Hartrees with respect to the electronic de-
but for Si;3 Ho et al. calculated our cluster $i, to be more  grees of freedom.
stable than cluster $i, by 0.02 eV/atom. The small devia- We now discuss the IR and Raman spectra of our candi-
tions in binding energies and HOMO-LUMO gaps betweendates for the ground-state structures of, Si,;, Sii», and
both LDA approaches are probably due to the usage of difSi,;, and for the second stable structure of;sSiTable Il
ferent basis sets and different functionals for the exchangeontains the vibrational frequencies of these clusters labeled
and correlation potential. by the symbol of the irreducible representations for clusters
All considered structures, with the exception ofgSi with more than two symmetry elements.
have a tricapped trigonal prism as a common subunit. This Sig,. This cluster ha€,, symmetry and therefore has no
building block can also be described as a stacking sequend®generate eigenmodes. All modes are Raman active, but
of a rhombus, a rectangle and a single atom capped on topnly the modes which transform as the irreducible represen-
In the most stable nine atom clusterydj the rectangle is tationsa;, b;, andb, are IR active. Therefore one expects a
replaced by a rhombus. The tetracapped trigonal prisyg, Si maximum number of 21 Raman active modes and a maxi-
(Cs,) can be obtained by capping one top of the tricappednum number of 18 IR active modes. On the left-hand side of
trigonal prism. Further capping of one edge of the prismFig. 4, we present the predicted IR and Raman spectra for
leads to the Siy, cluster. Capping of the second triangle Sig,. The lower panel shows the Gaussian-broadened vibra-
followed by a displacement of the edge capping atom otional density of stategVDOS), obtained by centering a
Siyq, to one side of the trigonal prism results in structureGaussian function with a full width at half maximum
Siys. In Siyg a rhombus is attached to four atoms of the (FWHM) of 6 cm™! on each of the normal mode frequen-
tricapped trigonal prism. $i, can be obtained by adding a cies. In the other panels the VDOS is weighted by the IR
further triangle to the three stacked triangles and capping thimtensity and Raman activity of the various modes. For the
top. Siy4, is very similar to Sig,, the rectangle in the build- Raman spectra we plot the activities for parallel and perpen-
ing block is expanded to a fivefold ring in Sji. Siy, can  dicular polarizations.
be built by replacing the capping atoms of the tricapped The IR spectrum has its strongest peak at 486 trand
trigonal prism with three dimers and capping each of the twesix other strong peaks are located in the range from 109 to
triangular faces with one atom. The dimers lie in the mirror468 cm 1. The maximum IR intensity of 0.16D/A)2/amu
plane perpendicular to the principal axis. All considered low-is small compared to some spectra of other structures such as
energy structures with 11 to 14 atoms have various fivefoldi, [1.34 (D/A)?/amd or Si;o(TCO) [1.5 (D/A)?/amd] in
and even sixfold coordinated atoms. The overall bondingRef. [3]. In the experimental spectra of R¢R1] only the
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modes corresponding to IR intensities greater than approxin the direction perpendicular to the polarization plane have
mately 0.15(D/A)2/amu (within DF-LDA) could be identi-  very low intensities. Since the only difference betweeg,Si
fied. and Si,o, (TTP) is the additional atom capped on one edge of
Siga has a fully polarized strongest Raman peak at 408he trigonal prism, it is interesting to see the influence of the
cm~! and one strong peak at 56 ¢rh which is nearly additional atom on the IR and Raman spe¢tne spectra for
nonpolarized(note the different scaling in the Raman per- Si;q, were presented in Ref3]). Both structures have one
pendicular and Raman parallel DDS highly active and strongly polarized Raman mode at about
Siy1a- This structure has only one reflection plane, hencegd50 cm 1. The Raman-perpendicular spectra is very weak
all 27 modes are nondegenerate and both Raman and Hi&r both clusters. The IR spectra of both structures are weak,
active. As can be seen on the right hand side of Fig. 4,,Si too, but the highest energy IR active modes occur at higher
has two nearly equally strong IR active modes at high enerenergies for Siy, .
gies (411 and 493 cm?l) and only one partly polarized Siion . As with Siyq, this cluster has only nondegenerate
strong Raman peak at 354 c¢rh All Raman peaks observed vibrational modes, which are all Raman and IR active. The
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IR and Raman spectra of Sj are depicted on the left-hand other strong, polarized, peak at 373 cin(see the right-hand
side of Fig. 5. The former is rather weak and may be hard tside of Fig. 5.
detect experimentally. The strongest, polarized, Raman peak Comparison of the spectra for g} with the spectra of the
for Siy,, is at 336 cmi'?, whilst two other strong Raman proposed ground-state sructurg Siin Ref.[3] is helpful in
peaks appear at 196 and 342 chy the latter obscured by the identification of the ground state. The IR spectra of both
the 336 cm ! peak in the diagram. Siq3 isomers are very weak and therefore of little use in an
Si,;4,. The second most stable configuration of Sive  experimental identification. In contrast to the IR spectrum,
found hasC,, symmetry and therefore has a maximum num-the Raman spectra are well suited for an experimental deter-
ber of 33 Raman and 27 IR active modes. The IR absorptiomination of the ground-state structure of,§i because they
intensities are rather weak and may be difficult to observe irare strikingly different. Sj, has strong Raman modes at
experiment. The most striking feature in the Raman spectra00, 220, and 337 cm', the strongest mode at 337 crh
is a strong peak with low energyt5 cm™1). Si,g, has an-  being fully polarized. Considering that the,§j structure is
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only 0.01 eV/atom more stable than the;$i structure V. SUMMARY

within DF-LDA, it would be very useful to determine the

: ) We have compared the results for geometrical parameters,
experimental Raman-spectra of;$clusters.

S Since our ground-state candidate for,ShasC binding energies, vibrational frequencies, and HOMO-
L4 - I ground-ste 1 s LUMO gaps between DF-TB and SCF-LDA and find that the
symmetry, all of its 36 vibrational modes are both IR and

.TB approach is a reasonably accurate method for searching

Eiamgnaz)cr?vev.\/igl;h?hs?g]aén escaﬁfrtr:ays\rl]v:\;\?hor?(;ehidehplgz:?i(\j/ e'ﬂ)r the lowest-energy structures of silicon clusters. We have
9. g b ’ 9 presented ground-state candidates foy &id Sk to

mode at 339 cm?, which is strongly polarized, and five less Sj ite the | b f iol fi .
active peaks located in the range from 196 to 365 énThe l14. Despite the large number of possible configurations,
e most stable structures with 9 to 14 atoms have all a

;:nrr?i E%Fckggitrlc?n rgg:jﬁzsgiviemgﬁgltjeg%e&(Igr/gAE;E/gES 20 ommon similar subunit. The differences in energy between
' 9 yoL. ! éhe two most stable structures for clusters in this size range

only and therefore, it is near the experimentally detectabl

limit. Although structure Sy, is similar to Siy, (the rect- TABLE IlI. Dipole moments and polarizabilities as calculated
?n9|e n Siy, is replaced by a Tl_Vef0|d r|r’)g bOt_h the IR within DF-LDA. Experimental results for clusters are taken from
intensities and the Raman activities are quite different. Ref.[23] and results for Si, Siyg, Sitz, Siy, and Sb, are taken

In Table Il we present the static electric dipole momentsfrom Ref.[3].
for the investigated clusters and compare the calculated statit
polarizabilities with the experimental measurements of SchaCluster luipal(D)  aipa (Aatom ey (A%/atom
fer et al.[23]. We define the polarizabilitw as the averaged
sum over the eigenvalues; of the polarizability tensor

Si; 0.00 5.88 5.4

a=(a1+ as+ a3)/3. Our calculations of the polarizabilities Sf3 0.32 521

show smaller variations with cluster size than has been ob"f’f4 5.07

served in experiment. The measured polarizabilities range's 4.82

from 1.8 to 5.5 A/atom, whereas the calculated polarizabil- S'e 0.21 4.51

ities are all greater than 4.34 A/atom and less than 5.21 Api7 4.41

atom. This deviation between theory and experiment has préiisa 4.54

viously been mentioned in Rdf3] for Siyg, Siiz, Siyg, and  Sisa 0.28 4.43 2.9

Si,;. Due to the small differences in calculated polarizabil-Siica 0.72 4.34 55

ities for Si;g, (4.40 A3/atom) and Sig, (4.51 A3/atom) and  Siua 0.76 4.38 2.8

for both Si;y isomers(TTP and TCQ, we expect that con- Siiz 0.94 4.50 2.3

sideration of other isomers will not resolve the discrepancyBiiz, 0.12 4.40 1.8

between theory and experiment. Siya 0.30 451 1.8
Recently, Vasiliewet al. have presentedb initio calcula-  Sij,, 1.12 4.47 2.7

tions for the polarizabilities and dipole moments of 8 Sis 0.02 4.83 3.6

Siyp [42]. Our calculations are in excellent agreement withs;,, 0.79 4.58 3.1

their results for all considered silicon clusters.
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