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Structure and vibrational spectra of low-energy silicon clusters
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We have identified low-energy structures of silicon clusters with 9 to 14 atoms using a nonorthogonal
tight-binding method~TB! based on density-functional theory~DF!. 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 orbital~HOMO-LUMO! gaps show an
overall good agreement between DF-TB and self-consistent-field~SCF! DF theory. For Si9 and Si14, we have
found equilibrium structures, whereas for Si11, Si12, and Si13, 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 approximation~LDA !.
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 atoms.@S1050-2947~97!05512-1#

PACS number~s!: 36.40.Mr, 36.40.Cg, 31.15.Ew, 31.15.Qg
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I. INTRODUCTION

There is, at present, a great deal of interest in the struc
and physical properties of silicon clusters, due to their pot
tial importance in nanostructure technology. Sin clusters
have been studied by various theoretical and experime
approaches. For smalln, ground-state structures have be
theoretically identified usingab initio methods based eithe
on Hartree-Fock~HF! theory@1,2# or density-functional~DF!
theory @3–6#. Special larger clusters have also been inve
gated with first-principles techniques@7–9#. However, due to
the increasing complexity of the energy surface on moving
larger clusters, empirical tight-binding models@10–14#,
which fit the neccessary matrix elements to experimenta
theoretical data, andab initio based tight-binding TB model
@15,16#, which calculate the matrix elements by quantu
mechanical methods, have been used to determine gro
state geometries and to perform molecular-dynamics
structures of various scale. Theoretical approaches which
to derive the forces neccessary for molecular dynamics~MD!
from classical potentials@17–19# have also been applied.

Experimentally, the investigation of clusters contrasts
that of crystals or surfaces. For the latter, direct atomic sc
structural information is available via x-ray diffraction o
scanning tunneling microscopy. In the case of clusters th
not so: a combination of theoretical calculations and indir
experimental measurements must be used to determine
cluster geometries. Experimental data are available for
and Raman spectra@20,21#, photoelectron spectra@22#, po-
larizabilities @23#, mobilities @24,25#, and chemical reactivi-
561050-2947/97/56~6!/4890~9!/$10.00
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ties @26,27#. Ultraviolet photoelectron spectra have been c
culated and compared to experiment by Chelikowskyet al.
@28#. The reactivity of selected silicon clusters have be
theoreticaly investigated by Krack and Jug@29#. For small
silicon clusters the calculation of IR and Raman spectra
their experimental verification have led to the unique iden
fication of the equilibrium structures of silicon clusters wi
three to seven atoms@20,21#. DF-theory-based calculation
of IR and Raman spectra have already been presented
Si3 to Si8, Si10, Si13 @3#, Si20, and Si21 @7#. To complete
these calculations we have searched for low-energy sili
clusters with 9 to 14 atoms using ourab initio based nonor-
thogonal tight-binding~TB! method@30#. We have improved
the accuracy of the method as applied to silicon and h
confirmed the energetic order for the lowest energy str
tures with the accurate all-electron, Gaussian-orbi
density-functional~DF! code developed by Pedersonet al.
@31#. We have determined ground-state structures for Si9 and
Si14 and configurations for Si11, Si12, and Si13 which are
energetically close to the lowest-energy structures rece
presented in the literature@32–34#. For the proposed equilib
rium structures of Si9, Si11, Si12, and Si14 and for the sec-
ond stable structure of Si13, we have calculated the IR an
Raman spectra within the local-density approximati
~LDA !. We hope that experimentally determined IR or R
man spectra for these cluster sizes will become availabl
the near future to allow for a comparison with our theoreti
results.

The paper is organized as follows. In Sec. II we brie
describe the adjustment of our nonorthogonal DF-TB meth
4890 © 1997 The American Physical Society
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56 4891STRUCTURE AND VIBRATIONAL SPECTRA OF LOW- . . .
to silicon systems. In Sec. III we compare the geometries
cohesive energies of the low-energy clusters between DF
and SCF-LDA. Section IV contains the self-consistent cal
lated IR and Raman spectra and the static polarizabilities
the proposed ground-state structures of Si9, Si11, Si12, and
Si14 and for a low-energy configuration of Si13. We summa-
rize our results in Sec. V.

II. ab initio BASED NONORTHOGONAL
TIGHT-BINDING METHOD

We have investigated the Born-Oppenheimer poten
surface of silicon clusters with our nonorthogonal DF-T
method, which is described in@30,35#. This method has bee
successfully applied to carbon@30# and silicon@15# systems,
guaranteeing a high transferability in the prediction
ground-state geometries and physical properties of var
scale structures ranging from clusters, to surfaces and b
However, the frequencies of the high-energy vibratio
modes of Si clusters described in the paper cited above@15#
were found to be too large. We have removed this difficien
by determining the repulsive two-body potential by usi
only one structure for all distances, instead of using a co
bination of the Si-dimer and the diamond bulk structure. T
cluster of choice consists of one central atom surrounded
four atoms in the corners of a tetrahedron. Although t
structure is not the ground-state of Si5, it represents a loca
stable energy minimum. For comparison, we have also u
a Si4 cluster, four atoms in the corners of a tetrahedron
determine the repulsive potential and find a similar sho
range behavior. Both repulsive potentials have the same
off radius r c55.2aB and yield nearly identical geometrie
and energies for small silicon clusters. This fact confirms
transferability of the repulsive potential. The new repuls
potential results in more accurate vibrational frequencies
comparison to our previous work@15#. For example, we ob-
tain for the three vibrational modes of the isosceles trian
Si3 with C2v symmetry within our TB approach the freque
cies 128(a1), 503(b2), and 555(a1) cm21 compared to
173(a1), 536(b2), and 546(a1) cm21 in SCF-LDA. For all
clusters up to Si14 the vibrational frequencies now rang
from 27 to 560 cm21 in agreement with other self-consiste
calculations, whereas the highest frequency modes have
strongly overestimated in the previous approach. The co
sive energies as a function of cluster size are also in
overall good agreement with scf calculations, as will
shown in the next section.

We have used the self-consistent-field~SCF!-LDA code
of Pedersonet al. @31# to confirm the energetic order o
different isomers and to calculate accurate IR and Ram
spectra. The DF-LDA approach is proven to yield very a
curate geometries and vibrational frequencies. Despite
well known effect of overbinding, the relative total energi
between different structures agree with other sophistica
ab initio methods. For example, Grossman and Mitas h
used the computationally demanding diffusion quant
Monte Carlo calculations to determine that the icosahe
Si13 cluster is 0.29 eV/atom less stable than the capped tr
nal antiprism with C3v symmetry. Within the SCF-LDA
framework they calculated nearly the same energy dif
ence, 0.30 eV/atom@36#. Ramakrishnaet al. @32# have com-
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pared cohesive energies, calculated with the Car-Parrin
DF method, for small silicon clusters to cohesive energ
calculated by Raghavachariet al. with the HF-MP4~SDQ!
algorithm. They report a maximum deviation of approx
mately 0.1 eV/atom between the two first-principles a
proaches. The DF-LDA based energies were shifted to c
pensate for the error of the approximated exchan
correlation energy and the HF based energies were scale
fit the experimental results. Of course the shift and scal
parameters were the same for all cluster sizes.

III. GEOMETRIES AND ENERGIES, A COMPARISON
BETWEEN DF-TB AND SELF-CONSISTENT DF-LDA

For small silicon clusters up to Si8, we determine within
the DF-TB method the same equilibrium structures
Fournieret al. @4# and Pederson et al.@3#. These are for Si3
the isosceles triangle withC2v symmetry, for Si4 the rhom-
bus (D2h), for Si5 the compressed trigonal bipyramid (D3h),
for Si6 the edge capped trigonal bipyramid (C2v), for Si7 the
compressed pentagonal bipyramid (D5h), and for Si8 the
distorted bicapped octahedron (C2h). Overall, there is good
agreement between the SCF-LDA and DF-TB methodo
gies for geometrical parameters and binding energies
these small clusters. The deviations in bond lengths
angles are smaller than 10%. The deviations in cohesive
ergies are smaller than 4% for all clusters larger than Si2, see
Table I.

Considering larger clusters with 9 to 14 atoms, we ha

TABLE I. Binding energies with respect to spin polarized atom
in eV/atom and HOMO/LUMO gap in eV for silicon clusters a
calculated within DF-TB and SCF-LDA.

Cluster ~sym! ETB ESCF GapTB GapSCF

Si2 (D`h) 21.936 21.780 0.000 0.000
Si3 (C2v) 22.983 22.965 1.874 1.008
Si4 (D2h) 23.488 23.541 1.453 1.075
Si5 (D3h) 23.766 23.825 1.702 1.976
Si6 (C2v) 23.925 24.041 1.337 2.106
Si7 (D5h) 24.063 24.187 1.511 2.097
Si8a (C2h) 24.071 24.122 1.155 1.419
Si8b (C2v) 24.087 24.072 0.843 1.086
Si9a (C2v) 24.176 24.234 1.904 1.988
Si9b (C2v) 24.126 24.183 1.846 1.551
Si9c (D3h) 24.031 24.097 0.173 0.397
Si10a (C3v) 24.242 24.357 1.706 2.125
Si10b (Td) 24.129 24.286 3.405 2.136
Si11a (Cs) 24.203 24.274 1.214 1.041
Si11b (E) 24.210 24.262 1.009 0.922
Si11c (Cs) 24.205 24.259 1.330 1.073
Si12a (Cs) 24.228 24.274 0.925 0.593
Si12b (E) 24.250 24.267 0.862 0.940
Si13a (C3v) 24.204 24.305 1.451 1.606
Si13b (C2v) 24.277 24.291 1.332 0.787
Si14a (Cs) 24.328 24.372 1.531 1.774
Si14b (Cs) 24.300 24.332 1.029 1.323
Si14c (D3h) 24.283 24.253 1.095 0.896
Si14d (C3v) 24.179 0.000
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4892 56A. SIECK et al.
started our search for the equilibrium structures with diff
ent seed clusters obtained by edge or face capping of sm
stable clusters or with clusters taken from the literature.
have optimized these structures with our DF-TB method
applying either a stochastic molecular-dynamic quenching
conjugate gradient relaxation until the maximum force
every atom dropped below 1024 Hartree/Bohr. At least the
two most stable DF-TB structures~most stable in the sens
of lowest energy and not lowest reactivity! were then relaxed
with the SCF-LDA code using a 6s5p3d basis set~i.e., 6
s-like, 5 p-like, and 3 d-like contracted Gaussians!. The
minimum allowed force during these conjugate gradient p
cedure has been 1023 Hartree/Bohr.

Within SCF-LDA we calculate the cohesive energies w
respect to spin polarized isolated atoms. Since the DF
method does not take spin into account, we have shifted
DF-TB energies by the spin-polarization energy of 0.656 e
The cohesive energies and highest occupied to lowest u
cupied molecular orbital~HOMO-LUMO! gaps for the low-
est energy clusters are summarized in Table I. The varia
of both quantities with cluster size is depicted in Figs. 1 a
2. Si7, Si10, and Si14 are more stable than their neighbor
The order of the DF-TB determined cohesive energies of
lowest-energy structures for one cluster size agrees with
SCF-LDA results for all smaller clusters and Si9, Si10, and
Si14 but is reversed for Si8, Si11, Si12, and Si13. Please
note that for the three latter clusters the differences in the
cohesive energies are smaller than 0.02 eV/atom, which
tainly is below the accuracy of the DF-TB approach. T
variation of the HOMO-LUMO gap as calculated with
DF-TB with increasing cluster sizen is in good agreemen
with the SCF-LDA calculations forn.7. The quantitative
differences for Si8 to Si14 are at maximum of 20%, wherea
the deviations increase with decreasing cluster size. Note
an accurate description of unoccupied orbitals often fails
to the use of a minimum basis set.

We now discuss the results for each cluster size consi
ing only the self-consistent calculated cohesive energies
HOMO-LUMO gaps. Tables for the bondlengths and ang
of the low-energy clusters as calculated within DF-TB a
SCF-LDA are available upon request.

FIG. 1. Cohesive energies in eV/atom as a function of clus
size as calculated within DF-TB and SCF-LDA.
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Si9. We found two stacked distorted rhombi with an a
ditional atom capped on top~Si9a) to be the lowest-energy
cluster@see Fig. 3~a!#. This structure hasC2v symmetry and
is 0.05 eV/atom more stable than the distorted tricapp
trigonal prism Si9b , first proposed by Ordejonet al. @13# as
the most stable structure of Si9. Raghavachari and Rohlfing
@1# calculated by using a HF-MP4~SDQ!/6-31G* algorithm
nearly identical energies for a tricapped trigonal pris
Si9c(D3h), a tricapped octahedron (C3v), and a distorted tri-
capped octahedron (Cs). They found the latter cluster to b
only 0.014 eV/atom more stable than the first one and o
0.011 eV/atom more stable than the second. Ordejonet al.
found by using a non-SCF multicenter TB approach@37# an
energy difference of 0.10 eV/atom between the distorted
capped octahedron (Cs) and the distorted tricapped trigona
prism Si9b(C2v). We calculated an energy difference of 0.0
eV/atom between the triplet state of the tricapped trigo
prism (D3h) @which is nearly isoenergetic to the distorte
tricapped octahedron (Cs)# and Si9b . This confirms the en-
ergy difference between the three structures considered
Raghavachari and Rohlfing and the structure proposed
Ordejon. However, none of these authors considered our
didate Si9a (C2v). It is possible that a similar structure ha
been described in earlier works of Balloneet al. @7# and of
Wales @18#, but due to the lack of information about geo
metrical parameters we cannot verify this. Note that Si9a has
a large gap of 2.0 eV within the SCF-LDA formalism.

Si11. We confirm a structure Si11a proposed by Leeet al.
@33# using a TB method to be the most stable Si11 cluster.
They describe the geometry as a distorted tricapped tetr
nal antiprism, but it may also be seen as a distorted pe
capped trigonal prism@see Fig. 3~b!#. The three rectangula
faces of the prism, one edge and one triangular face
capped, which results inCs symmetry. The relaxation out o
different starting structures for Si11 with the TB method has
also spawned another cluster Si11b having no symmetry at
all. This cluster is only 0.01 eV/atom less stable than Si11a .
It is a distorted 4-5 prism, with two atoms capping the fiv
fold ring @see Fig. 3~c!#. Structure Si11a is more stable by
0.02 eV/atom within the DF-TB method than the pen
capped trigonal prism withC2v found by Rohlfing and

r FIG. 2. HOMO/LUMO gap in eV as a function of cluster size
calculated within DF-TB and SCF-LDA.
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FIG. 3. Shown above are the geometries f
~a! Si9a , ~b! Si11a , ~c! Si11b , ~d! Si12a , ~e! Si

12b , ~f! Si13b , ~g! Si14a , ~h! Si14c .
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Raghavachari@38#. Grossman and Mitas@9# considered three
stacked triangles with capped tops (D3h) for Si11. We cal-
culated this cluster to be metastable with a binding-ene
0.03 eV/atom higher than the one of Si11a . After small dis-
placements in the direction of the occuring imaginary eig
modes this structure converges within the DF-TB appro
to Si11b .

Si12. Recently Ramakrishnaet al. have presented result
of their extensive search for the ground state of Si12 @32#.
They report on six isomers, which differ by only 0.02 e
atom in cohesive energies, as calculated within the DF-LD
These isomers can all be described either as hexaca
trigonal prisms or antiprisms with different faces cappe
They additionally report on seven other structures with
highest energy cluster being only 0.11 eV/atom less sta
than the lowest energy one. Considering their isome
~Si12a), a hexacapped distorted trigonal prism with (Cs)
symmetry @see Fig. 3~d!#, we obtain a cohesive energy o
24.274 eV/atom. We also find another, nonsymmet
structure Si12b @see Fig. 3~e!# to be only 0.01 eV/atom les
stable than their isomer 2. This structure, a stacking sequ
of a distorted rhombus, a fourfold ring, a triangle and
single atom, does not match any of their isomers.

Si13. The most stable structure of Si13 consists of four
stacked triangles with a cap on top. Recent QMC@36# and
DF-LDA @3,34# calculations found this structure Si13a to be
favored against the icosahedral form of Si13. From the
present search we predict the cohesive energy of ano
structure to be very close to that of the lowest energy clus
This structure, Si13b , has C2v symmetry and can be de
scribed as a distorted tricapped trigonal prism with an ad
y
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tional rhombus capped on one edge of the prism@see Fig.
3~f!#. The energy difference between these two structure

TABLE II. Vibrational frequencies of lowest-energy silico
clusters as calculated within DF-LDA.

Cluster ~Sym! Frequencies~cm21)

Si9a (C2v) 56(b2),109(b1),120(a2),164(a1),219(a1),
225(b2),256(b1),262(b2),284(a1),285(a2),
290(b1),292(a1),322(a1),332(a1),335(b1),
373(a2),397(b1),405(a1),437(b2),468(b2),

486(a1)
Si11a (Cs) 62, 111, 115, 129, 149, 197, 208, 223, 232

251, 253, 261, 268, 278, 281, 298, 304, 306
350, 354, 358, 366, 397, 411, 413, 439, 49

Si12a (Cs) 46, 110, 139, 163, 166, 178, 196, 197, 213
228, 234, 238, 243, 255, 264, 266, 288, 291
313, 322, 336, 342, 345, 390, 407, 425, 471

488, 506
Si13b (C2v) 45(b2),58(b1),100(a2),136(b1),145(a1),

158(a2),168(b2),176(b1),189(a1),199(b2),
204(a1),229(a2),230(a2),230(b1),233(a1),
255(a1),257(b2),259(b2),279(a2),289(a1),
302(b2),311(b1),330(a1),349(b1),351(a1),
353(a2),356(b2),360(a2),373(a1),394(a1),

405(b2),408(b1),446(b1),454(a1)
Si14a (Cs) 54, 99, 103, 115, 142, 154, 180, 188, 193,

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, 48
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4894 56A. SIECK et al.
only 0.014 eV/atom, whereas Grossman and Mitas found
energy difference of 0.3 eV/atom between the icosahe
cluster and Si13a within the DF-LDA @36#. The HOMO-
LUMO gap of our structure Si13b is only half the gap of the
most stable cluster Si13a .

Si14. Only a few structures for Si14 have been presente
in the literature so far. We suggest a stacking sequenc
two distorted rhombi, one fivefold ring, and an atom on t
~Si14a) as a candidate for the equilibrium structure. In th
cluster the longer axes of the two stacked rhombi are perp
dicular, as can be seen in Fig. 3~g!. There exist also a loca
stable cluster Si14b with similar geometry but parallel longe
axes, which is only 0.04 eV/atom higher in energy. Anoth
local stable isomer is the octacapped trigonal prism withD3h

symmetry ~Si14c). The rectangular faces of the prism a
capped by a sixfold ring and both triangular faces by o
atom @see Fig. 3~h!#. This geometry is 0.12 eV/atom les
stable than the lowest energy candidate. One interesting
ture of this structure are the six fivefold rings, which al
occur in the tetrahedral bulk structure. Si14c has 30 bonding
angles very close to 109°. For the three structures Si14a ,
Si14b , and Si14c the HOMO-LUMO gaps are 1.77, 1.32, an
0.90 eV, respectively. Within the DF-TB method the lowe
energy cluster is more stable by 0.15 eV/atom than the f
stacked triangles with capped tops~Si14d), investigated by
Grossmanet al. @9#.

Very recently Ho and co-workers have presented can
dates for the ground-state isomer of silicon clusters from S11
to Si20 using a genetic algorithm and a tight-binding pote
tial @39#. Similarly to our approach they further relaxed the
new candidates within the LDA. Their most stable structu
for Si12 and Si14 are identical to the clusters we have foun
but for Si13 Ho et al. calculated our cluster Si13b to be more
stable than cluster Si13a by 0.02 eV/atom. The small devia
tions in binding energies and HOMO-LUMO gaps betwe
both LDA approaches are probably due to the usage of
ferent basis sets and different functionals for the excha
and correlation potential.

All considered structures, with the exception of Si9a ,
have a tricapped trigonal prism as a common subunit. T
building block can also be described as a stacking sequ
of a rhombus, a rectangle and a single atom capped on
In the most stable nine atom cluster Si9a , the rectangle is
replaced by a rhombus. The tetracapped trigonal prism S10a
(C3v) can be obtained by capping one top of the tricapp
trigonal prism. Further capping of one edge of the pri
leads to the Si11a cluster. Capping of the second triang
followed by a displacement of the edge capping atom
Si11a to one side of the trigonal prism results in structu
Si12a . In Si13b a rhombus is attached to four atoms of t
tricapped trigonal prism. Si13a can be obtained by adding
further triangle to the three stacked triangles and capping
top. Si14a is very similar to Si13b , the rectangle in the build
ing block is expanded to a fivefold ring in Si14a . Si14c can
be built by replacing the capping atoms of the tricapp
trigonal prism with three dimers and capping each of the t
triangular faces with one atom. The dimers lie in the mir
plane perpendicular to the principal axis. All considered lo
energy structures with 11 to 14 atoms have various fivef
and even sixfold coordinated atoms. The overall bond
n
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scheme is quite different from the bulk tetrahedral symme
but each structure has numerous bond angles close to 1

IV. VIBRATIONAL SIGNATURES
AND POLARIZABILITIES

Due to the small differences in cohesive energies for
low-energy clusters, theoretical data for the identification
the ground-state geometry of a cluster are highly useful. C
culation of the vibrational spectra not only confirms t
stable stationary points on the Born-Oppenheimer surfa
but along with the Raman activities and IR absorption inte
sities also provides unique spectral information on chem
bonding, which can be used for comparisons with expe
ment. This approach has already been successfully applie
identify smaller clusters@20,21#.

To determine the vibrational modes of the clusters
apply the method discused in Refs.@3,7,40,41#. For the nu-
merical computation of the vibrational frequencies, we us
displacements of 0.05aB and for the computation of the dy
namical response to an external electric field, we used sm
electric field components ofDG50.005 a.u. As described in
@7#, the SCF-DF method yields reliable results for vibration
frequencies, IR intensities, and Raman activities of sm
silicon clusters with a (6s5p3d) basis set and within the
LDA. Since the IR and Raman activities depend on seco
and third order total energy derivatives with respect to
normal mode coordinates and external electric field com
nents, extremely well converged energies and electronic d
sities are required. Hence for the calculation of the vib
tional frequencies, we have converged the total energy
1026 Hartrees and for the calculation of the intensities a
activities to 1028 Hartrees with respect to the electronic d
grees of freedom.

We now discuss the IR and Raman spectra of our ca
dates for the ground-state structures of Si9, Si11, Si12, and
Si14 and for the second stable structure of Si13. Table II
contains the vibrational frequencies of these clusters lab
by the symbol of the irreducible representations for clust
with more than two symmetry elements.

Si9a . This cluster hasC2v symmetry and therefore has n
degenerate eigenmodes. All modes are Raman active,
only the modes which transform as the irreducible repres
tationsa1 , b1, andb2 are IR active. Therefore one expects
maximum number of 21 Raman active modes and a m
mum number of 18 IR active modes. On the left-hand side
Fig. 4, we present the predicted IR and Raman spectra
Si9a . The lower panel shows the Gaussian-broadened vi
tional density of states~VDOS!, obtained by centering a
Gaussian function with a full width at half maximum
~FWHM! of 6 cm21 on each of the normal mode freque
cies. In the other panels the VDOS is weighted by the
intensity and Raman activity of the various modes. For
Raman spectra we plot the activities for parallel and perp
dicular polarizations.

The IR spectrum has its strongest peak at 486 cm21 and
six other strong peaks are located in the range from 109
468 cm21. The maximum IR intensity of 0.16~D/Å! 2/amu
is small compared to some spectra of other structures suc
Si4 @1.34 ~D/Å! 2/amu# or Si10~TCO! @1.5 ~D/Å! 2/amu# in
Ref. @3#. In the experimental spectra of Ref.@21# only the
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FIG. 4. VDOS and simulated
IR and Raman spectra for the Si9a

structure ~left! and for the Si11a

structure~right!. IR intensities are
in ~D/Å!2/amu and Raman activi-
ties are in Å4/amu.
ox

0

r-

c
d
i
e

d

ve

of
the

e
out
ak
ak,
her

te
he
modes corresponding to IR intensities greater than appr
mately 0.15~D/Å! 2/amu ~within DF-LDA! could be identi-
fied.

Si9a has a fully polarized strongest Raman peak at 4
cm21 and one strong peak at 56 cm21, which is nearly
nonpolarized~note the different scaling in the Raman pe
pendicular and Raman parallel DOS!.

Si11a . This structure has only one reflection plane, hen
all 27 modes are nondegenerate and both Raman an
active. As can be seen on the right hand side of Fig. 4, S11a
has two nearly equally strong IR active modes at high en
gies ~411 and 493 cm21) and only one partly polarized
strong Raman peak at 354 cm21. All Raman peaks observe
i-

5

e
IR

r-

in the direction perpendicular to the polarization plane ha
very low intensities. Since the only difference between Si11a
and Si10a ~TTP! is the additional atom capped on one edge
the trigonal prism, it is interesting to see the influence of
additional atom on the IR and Raman spectra~the spectra for
Si10a were presented in Ref.@3#!. Both structures have on
highly active and strongly polarized Raman mode at ab
350 cm21. The Raman-perpendicular spectra is very we
for both clusters. The IR spectra of both structures are we
too, but the highest energy IR active modes occur at hig
energies for Si11a .

Si12a . As with Si11a this cluster has only nondegenera
vibrational modes, which are all Raman and IR active. T
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FIG. 5. VDOS and simulated
IR and Raman spectra for the S

12a structure~left! and for the Si

13b structure~right!. IR intensities
are in~D/Å!2/amu and Raman ac
tivities are in Å4/amu.
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IR and Raman spectra of Si12a are depicted on the left-han
side of Fig. 5. The former is rather weak and may be hard
detect experimentally. The strongest, polarized, Raman p
for Si12a is at 336 cm21, whilst two other strong Raman
peaks appear at 196 and 342 cm21, the latter obscured by
the 336 cm21 peak in the diagram.

Si13b . The second most stable configuration of Si13 we
found hasC2v symmetry and therefore has a maximum nu
ber of 33 Raman and 27 IR active modes. The IR absorp
intensities are rather weak and may be difficult to observ
experiment. The most striking feature in the Raman spe
is a strong peak with low energy~45 cm21). Si13b has an-
o
ak

-
n

in
ra

other strong, polarized, peak at 373 cm21 ~see the right-hand
side of Fig. 5!.

Comparison of the spectra for Si13b with the spectra of the
proposed ground-state sructure Si13a in Ref. @3# is helpful in
the identification of the ground state. The IR spectra of b
Si13 isomers are very weak and therefore of little use in
experimental identification. In contrast to the IR spectru
the Raman spectra are well suited for an experimental de
mination of the ground-state structure of Si13, because they
are strikingly different. Si13a has strong Raman modes
100, 220, and 337 cm21, the strongest mode at 337 cm21

being fully polarized. Considering that the Si13a structure is
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FIG. 6. VDOS and simulated
IR and Raman spectra for th
Si14a structure. IR intensities are
in ~D/Å!2/amu and Raman activi-
ties are in Å4/amu.
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only 0.01 eV/atom more stable than the Si13b structure
within DF-LDA, it would be very useful to determine th
experimental Raman-spectra of Si13 clusters.

Si14a . Since our ground-state candidate for Si14 hasCs
symmetry, all of its 36 vibrational modes are both IR a
Raman active. The Raman spectra, which are depicte
Fig. 6 along with the IR spectrum, show one high act
mode at 339 cm21, which is strongly polarized, and five les
active peaks located in the range from 196 to 365 cm21. The
most active IR modes have frequencies larger than
cm21. The strongest has an intensity of'0.14 ~D/Å! 2/amu,
only and therefore, it is near the experimentally detecta
limit. Although structure Si14a is similar to Si13b ~the rect-
angle in Si13b is replaced by a fivefold ring!, both the IR
intensities and the Raman activities are quite different.

In Table III we present the static electric dipole mome
for the investigated clusters and compare the calculated s
polarizabilities with the experimental measurements of Sc¨-
fer et al. @23#. We define the polarizabilitya as the averaged
sum over the eigenvaluesa i of the polarizability tensor
a5(a11a21a3)/3. Our calculations of the polarizabilitie
show smaller variations with cluster size than has been
served in experiment. The measured polarizabilities ra
from 1.8 to 5.5 Å3/atom, whereas the calculated polarizab
ities are all greater than 4.34 Å/atom and less than 5.21
atom. This deviation between theory and experiment has
viously been mentioned in Ref.@3# for Si10, Si13, Si20, and
Si21. Due to the small differences in calculated polarizab
ities for Si13a ~4.40 Å3/atom! and Si13b ~4.51 Å3/atom! and
for both Si10 isomers~TTP and TCO!, we expect that con-
sideration of other isomers will not resolve the discrepan
between theory and experiment.

Recently, Vasilievet al. have presentedab initio calcula-
tions for the polarizabilities and dipole moments of Si1 to
Si10 @42#. Our calculations are in excellent agreement w
their results for all considered silicon clusters.
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V. SUMMARY

We have compared the results for geometrical parame
binding energies, vibrational frequencies, and HOM
LUMO gaps between DF-TB and SCF-LDA and find that t
TB approach is a reasonably accurate method for searc
for the lowest-energy structures of silicon clusters. We ha
presented ground-state candidates for Si9 and Si11 to
Si14. Despite the large number of possible configuratio
the most stable structures with 9 to 14 atoms have a
common similar subunit. The differences in energy betwe
the two most stable structures for clusters in this size ra

TABLE III. Dipole moments and polarizabilities as calculate
within DF-LDA. Experimental results for clusters are taken fro
Ref. @23# and results for Si1, Si10a , Si13a , Si20, and Si21 are taken
from Ref. @3#.

Cluster umLDAu(D) aLDA ~Å 3/atom! aexpt ~Å 3/atom!

Si1 0.00 5.88 5.4
Si3 0.32 5.21
Si4 5.07
Si5 4.82
Si6 0.21 4.51
Si7 4.41
Si8a 4.54
Si9a 0.28 4.43 2.9
Si10a 0.72 4.34 5.5
Si11a 0.76 4.38 2.8
Si12a 0.94 4.50 2.3
Si13a 0.12 4.40 1.8
Si13b 0.30 4.51 1.8
Si14a 1.12 4.47 2.7
Si20 0.02 4.83 3.6
Si21 0.79 4.58 3.1
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are '0.01 eV/atom, only. To allow for a unique spectr
identification we have calculated the IR and Raman spe
for the lowest-energy configurations. Since the calculated
absorption intensities for Si9a , Si12a , Si13b , and Si14a are
rather weak, one can conclude that Raman experim
should be better suited for the identification of the grou
states in these cases. In contrast to experiment, our comp
static polarizabilities show smaller variations with increas
cluster size. The determination of the structure of the
served clusters and an improvement of the experimenta
curacy is required to fully understand these differences.
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