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Ab initio calculations of electronic structures, polarizabilities, Raman and infrared spectra, optical
gaps, and absorption spectra oM @ Sk (M =Ti and Zr) clusters
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Ab initio calculations have been performed using density-functional theory with the B3PW91 hybrid
exchange-correlation functional and the Gaussian method to obtain the electronic and vibrational properties of
the fullerene(f) and Frank-KaspefFK) isomers of the metal-encapsulated silicon clusMi® Sig, M =Ti
and Zr. The electron affinities of the two isomers are found to differ significantly and our result for FK-H@ Si
is in good agreement with recent experiments. The Raman and infrared vibrational spectrd ahthEK
isomers show marked differences, due to their distinct bonding natures and structural features, that can be used
unambiguously to identify the structures of these clusters experimentally. The polarizabilities, however, have
similar values and lie above the bulk limit of silicon. The optical gaps and absorption spectra have been
calculated using time-dependent density-functional theory. The lowest electronic excitation for the FK isomer
lies in the deep blue region, while the one for fhisomer lies in the red region, making them attractive for
optoelectronic applications.
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I. INTRODUCTION The metal atom can be used to manipulate their structure and
properties. It is therefore of much current interest to establish
Silicon is the most important material for electronic de-their structures from experiments and to understand their
vices and its nanoforms are currently of great interest for thelectronic, optical, and vibrational properties. Here we report
development of future miniature devices. In this direction,calculations of the polarizabilities, Raman and infrared vi-
clusters, nanoparticles, and nanowires of silicon are exterbrational spectra, optical gaps, and absorption spectra, which
sively studied. An important finding is the photolumines- can facilitate experimental verification of the structures as in
cence in the visible range from silicon nanoparticles whereathe case of the elemental silicon clustets.
the bulk is a bad emitter of light due to its indirect band gap. The optical properties of silicon nanoparticles are strik-
This has raised hope for the integration of optics with elecingly different from bulk due to quantum confinement and
tronics in future silicon-based devices. Understanding thean be varied by changing the size of the particles, e.g., by
electrical, optical, and mechanical properties of such smalbxidation. The bright luminescence from porous silicon in
systems is a major task for their applications. Much experithe visible rang¥ is believed to be due to silicon nanopar-
mental work on silicon nanoparticles has shown them to beticles. Therefore, understanding of the optical properties of
generally produced with a size distribution. It would be de-silicon nanoparticles has attracted great attention in recent
sirable to produce nanostructures of silicon with a control ofyearst?>**There are exciting prospects for developing silicon
size and atomic structure. Recent predictions of silicomanocluster lasers, and silicon nanoparticles could be good
nanoclusters* and nanotub@sby metal encapsulation have substitutes for fluorescent dyes used as tagging materials in
opened up new avenues for developing silicon-based nandiological applications. As we shall show from our calcula-
structures and have aroused much interest in understanditigns, metal-encapsulated silicon clusters are also predicted
their growth and properti€sSuch nanostructures have po- to exhibit luminescence in the visible range due to their large
tential to be produced size selectively in large quantities. highest occupied-lowest unoccupied molecular-orbital
The most striking and stable structures of metal dopedHOMO-LUMO) gaps. It makes them interesting for opto-
silicon clusters are the fullerer(® and Frank-KaspefFK)  electronic applications. The added advantage is the size se-
polyhedron isomers ofM@Skg with M=Zr and Ti, lectivity in contrast to elemental silicon clusters as well as
respectively each of which has a cage of 16 silicon atomstheir higher stability and symmetry. The HOMO-LUMO gap
that is stabilized by thé atom at the center. These predic- and related properties of such clusters can be manipulated by
tions have recently received support from experimenitsTi a suitable choice of the metal atom and this can be used to
doped silicon clusters that show high abundances gfTSi  design clusters with desired optical properties. As the metal
and SigTi with magic behavior for the latter, and signifi- atom is surrounded by silicon atoms, these clusters are also
cantly lower abundances of other Ti doped silicon clusterslikely to be harmless for biological applications. With about
Similar high abundances of @M and Si¢M were earlier 0.6 nm diameter, these are the smallest silicon clusters that
obtained for M=Cr, Mo, and W. This has raised hope that could exhibit photoluminescence in the visible range.
metal doping of silicon clusters can be used for size selectivelydrogen-terminated silicon clusters that are believed to
production of such clusters in large quantities similar tgg.C  have visible luminescence have diameters of about 2°nm.
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FIG. 1. (Color online Atomic structures of af isomer of | ‘ ‘ |
M@ Sig, M=Ti and Zr, (b) FK isomer of M@ Sig, M=Ti and
Zr, (c) anion of FK-Ti@ Sjg, (d) anion of f-Ti@ Si;g, () cation of
f-Ti@ Siyg, (f) cation of FK-Ti@ Sjg, and(g) anion of f-Zr@ Sig.
The metal atom is inside the cage and is shown by the dark ball.
The bonds connecting the metal atom with the silicon atoms are not
shown for clarity.
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1. COMPUTATIONAL METHOD

FIG. 2. Gaussian broadenédidth 0.05 eV} electronic spectra

The calculations of the atomic and electronic structureséabove of the FK-Ti@Si (full line) and f-Ti@ S (broken ling

polarizabilities, and vibrational spectra have been done usin : .

the GAUSSIANSS prograrﬁ“ with the B3PW91 hybrid omers. The electronic statc_es of the two isomers are also shown
. . . below. In these the unoccupied states are shown by light gray full

exchange-correlation functional and 6-31G (d,p_) basis  |iies The HOMO lies at around 6.0 eV.

set. For Zr, we used the Stuttgart/Dresden effective core po-

tential basis set. This hybrid exchange-correlation functionasitomic oscillations® To lowest order, these are proportional

leads to slightly different bond lengths and significantlyto the derivatives of the dipole moment and polarizability

larger HOMO-LUMO gaps than obtained earfiersing the ~ with respect to the vibrational normal modes of the cluster,

generalized gradient approximation. The latter generally unevaluated at the equilibrium geometry. The optical gaps and

derestimates the band gaps. The B3PW91 values are likely ®Psorption spectra require calculation of the allowed excita-

be closer to the true gaps due to the improved treatment dfons and oscillator strengths. These calculations have been

the exchange hole. The infrared intensity and Raman activitflone using time-dependent density-functional theory with
of the vibration modes are determined from the changes i€ Same basis sets and exchange-correlation functional. This

the electric dipole moment and polarizability tensor with the@PProach has recently been used to understand the optical
properties of silicon cluster.

As a test of the accuracy of our results, we performed
calculations on the vibrational modes of; S¥hich hasDgy,
pentagonal bipyramid structure and for which Raman and
infrared measurements as well as calculations are
Cluster EA P Pol. LG oc  available?™ These calculations were done using similar

3 quantum chemistry method as in the present study but with a
@) v Haom @) @V smaller basis set of 6-31G* type and Hartree-Fock method or

TABLE I. Vertical EAs and IP’s, average polarizabiliti€Bol.),
HOMO-LUMO gaps (HLG'’s), and optical gapgOG's) of the
M @ Si¢ clusters.

FK-Ti@ Siyg 1.91 8.02 3.91 3.44 2.85 by inclusion of electron correlation effects with the second-
f-Ti@ Sig 242  7.28 4.26 2.37 1.77 order Moller-Plesset perturbation thedfyThe calculated

FK-Zr@ Sk 1.97  7.90 4.03 3.49 2.79 frequencies were scaled down by 5% uniformly and then the
f-Zr@ Sig 249 740 4.31 2.44 1.96 agreement with experiment was generally very good. We ex-

pect our calculations to be better due to improved basis set
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I 4 the states are given by numbers. In the case of thec8ge of the
f-Zr@Si- : FK isomer, the doubly degenerate HOMO-1 of the neutral cluster
30¢ 16 splits as it is occupied by one electron. This leads to small varia-
tions in all electronic states, but these are generally small in almost
20} : all cases except the highest occupied levels. Therefore, the degen-
eracies of the states have been maintained except for the HOMO
I . and the LUMO state of the spin-down spectrum.
A /\A/\]\ K b periments gives us confidence about the accuracy of our pre-
oL—2t ; dictions.
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FIG. 3. (Color onlineé Gaussian broadene@vidth 0.05 eV A. Structural properties
electronic  spectra of anion FK-Ti@gi f-Ti@She, and The structures of the neutréland FK isomers withM

f-Zr@ Siyg clusters. The full line, dash-dot lin@early overlapping —=Ti and Zr have been discussed earfiéd.For Ti the FK

with the full line), and the dashed line, respectively, correspond tolsomer withT4 symmetry is 0.18 eV lower in energy than the

t_he spin-up, spin-down, and the total density of states. The HOMQ isomer, while for Zr thef isomer is 1.01 eV lower than the

lies at around-1.0 eV. FK isomer. There is another isomer related to the FK struc-
] ) ) _ture similar to the one obtained for germaniﬁ‘ﬁwhich is a

and exchange—correlatlon epergles.'lndeed we obtain two iNiexagonal antiprism with cappings of one atom on one face

frared modes at 421 cnt which are in excellent agreement anq three atoms on the other. This is nearly degenerate with

. . 71 - .
with the experimental .Vaﬁ@f 422.4 cm ~inArmatrixand  the FK isomer. We also tried a decahedron with cappings of
420.4 cmt in Kr matrix without using any scaling factor in

our calculated values. The calculated intensity is 15 km/mol.
Our results are also improvement over an earlier study- a)
ing the local-density approximatiof.DA) in which the IR
mode of S} was calculated to be at 430 crhwith the in-
tensity of 22.8 km/mol. The experimental Raman-active fre-
quencies are 289, 340, 340, 358, and 435 tywhile the
calculated values are 291, 342, 34l three doubly degen-
eratg, 363, and 440 cm'. The corresponding intensities are
8,8, 12, 56, and 110 #amu. The Raman-active frequencies g 5. (Color online Distorted atomic structures ofa)

of Si; in LDA were obtained’ as 301, 347, 347, 362, and Si@Sis, (b) Ge@Sjs, and(c) Sn@ Sjs obtained from the opti-

448 cn ' with relative intensities of 1, 1.8, 1.4, 4.5, and 9.2, mization of the FK isomer. Ge and Sn atoms are shown by the dark
respectively. These values represent slight overestimatiopall. Si-Si bonds with bond lengths shorter than 2.7 A are con-
over the experimental as well as our calculated values ofiected. The bonds between the atom inside and on the cage are not
frequencies. The excellent agreement of our results with exshown for clarity.
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FIG. 7. (Color online Gaussian broadeneavidth 3.5 cn't)
infrared (IR) spectra of the FK anélisomers of theVl @ Si;g clus-
ters. The inset shows the atomic structures offtaed FK isomers.
The metal atom is shown by the dark sphere and is at the center of

four square faces and the two pentagonal faces as well asﬂ?ae silicon cage.

capped cubic structure with two opposite faces capped with

two atoms each. The former transforms to the FK structur@lso longer(2.40—2.81 A than those in thé isomer(2.26,
while the latter lies significantly higher in energy. Thiso-  2.29, and 2.35 A This also affects the vibrational spectra of
mer has eight pentagons and two squares of silicon atontbese clusters, besides the symmetry.

with D,4 symmetry such that each silicon is tricoordinated The anion FK isomer of Ti@ $i has Ti-Si bond lengths
with its neighboring silicon atomigig. 1(a)]. TheM atomis  in the range of 2.63—-2.95 A, while the Si-Si bond lengths lie
strongly bonded to all the silicon atomsl4.s=2.90 A). in the range of 2.37—-2.88 A due to the reduced symmetry of
The bonds connecting a square and a ring atom are the shothis cluster[reflection symmetry as shown in Fig(cl]. In-

est and strongest. F& =Zr these bonds have the value of terestingly, thef-Ti@ Si; anion is 0.62 eV lower in energy
2.28 A. The bonds between the square atoms are 2.31 than the FK anion. This is slightly distort¢#ig. 1(d)] from
while those between the ring atoms are 2.38 A. This, as wéhe symmetrid structure of Fig. {a). The Ti-Si bond lengths
shall show, makes a difference in the vibrational spectra oin the anionf isomer are 2.70, 2.76, 2.80, 2.90, 2.98, and
the two isomers. The FK isomer witfy symmetry has four 3.00 A, while the Si-Si bond lengths lie in the range of
interconnected hexagons of silicon, each capped with a $1.27-2.40 A. The increase in the bond lengths leads to the
atom[Fig. 1(b)]. The capping atoms are connected with theshrinkage of the cage very similar to the caeé Cr@ Si
centralM atom in a tetrahedral arrangement and bind verysuch that one atom is like a cap on gs3iage. Similarly for
strongly, as evidenced from the short bondsy.§  the cation Ti@ Sig cluster, thef isomer is 0.35 eV lower in
=2.60 A) compared with theM-Si bond lengths dr.s;  energy than the cation FK isomer. The distortion in the struc-
=2.82 A) with the remaining Si atoms. As the coordinationture[Fig. 1(e)] is less significant than that of the anion clus-
of Si atoms is higher in this structure, the Si-Si bonds arder. The Ti-Si and Si-Si bond lengths in this case lie in the

FIG. 6. Gaussian broadengdidth 3.5 cm'') Raman activity
of the FK andf isomers of theM @ Si clusters.
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TABLE 1. Dominant infrared(IR) and Raman frequencies, IR intensitiesl, and Raman activity for
the FK isomers of Ti@ $§ and Zr@ Sjg .

o(Ti) IR 1 RamanA w(Zr) IR I RamanA
(cm™1) (km/mol) (A%*amu) (cm'Y (km/mol) (A*amu)
246.9 0 19 236.2 0 11
247.0 0 19 236.3 0 11
259.3 8 15 238.0 9 4
260.3 8 16 238.4 9 4
261.8 9 16 238.3 9 4
290.4 4 5 278.3 0 11
291.1 5 5 278.3 0 11
292.8 6 5 278.4 0 11
318.1 0 198 309.6 0 13
324.1 1 8 309.7 0 13
324.8 0 8 312.0 0 208
400.7 22 0 335.0 1 6
401.4 18 0 335.4 1 6
401.7 15 0 335.5 1 6
408.2 16 0 381.0 25 0
408.9 11 0 381.1 25 0
409.7 11 0 381.1 25 0

range of 2.70-3.17 and 2.26—2.37 A, respectively. Also forexperiments may depend upon the conditions under which
the cation FK isomer of Ti@ $i, the distortion is less as it the charged clusters are produced. In the case of Zr, the
can be seen in Fig.(f). There is a tendency of the hexagons charged clusters have tfiessomer to be of lowest energy. As
developing chair-type structure as in bulk diamond structureshown in Fig. 1g), the distortion in the structure of the anion
These results show that in the equilibrium condition, charged-Zr@ Sk is quite small in contrast to the anidrATi@ Si;g.

Ti clusters are expected to lidype, though the structure in  The bond lengths increase slightly. The shortest Si-Si bonds

TABLE Ill. Same as in Table Il but for théisomers of Ti@ Sig and Zr@ Sjg.

w(Ti) IR I RamanA w(Zr) IR RamanA
(cm™1) (km/mol) (A%amu) (cm'?) (km/mol) (A*amu)
385 6 0 122.1 12 0
185.0 0 35 202.2 0 28
198.6 0 33 223.4 0 27
200.5 0 31 223.6 0 29
206.0 0 31 223.6 0 27
213.2 0 28 223.6 0 29
280.0 38 0 237.6 41 0
282.4 45 0 237.7 41 0
305.1 46 9 263.1 39 0
316.9 3 139 313.4 0 138
374.6 1 34 362.1 0 8
376.0 1 4 362.2 0 8
380.7 0 53 373.4 0 121
381.7 1 17 387.1 0 5
382.6 1 6 387.2 0 5
395.7 0 8 467.9 0 5
412.3 1 6 468.1 0 5
483.5 1 5 495.6 6 0
486.7 0 5 495.7 6 0
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0.50 . ——————T—— ferences in the EA and IP values of the two isomers should
I;}iﬁ"erene make it possible to identify the structures of these clusters. It
M@Silé is to be noted that recently using a similar approach, good
] agreement of the IP and fragmentation behavior of positively
charged Sn clusters has been obtathexdith experiments
and the agreement of the present calculation of EA with ex-
periment gives us further confidence on the accuracy of our
I calculations.
0.20 [ i A ] The electronic spectrum of the neutral FK isomer Kbr
[ e e =Ti is shown in Fig. 2. It exhibits sharp peaks due to the
i i high symmetry of the cluster. There is also a large HOMO-
iy . LUMO gap of 3.44 eV that agrees well with the large gap
[ A1 seen in the photoemission spectra of the negatively charged
[ J ' ,r" '\\ Ti@ Sig clusters’ A close comparison is, however, not pos-
0-000 ] 5 3 4 sible as the experimental value of the gap has not been given,
although the experimental value appears to be smaller than
Energy [eV] the calculated one. In experiments with negatively charged
clusters, the difference in the energies of the peaks corre-
sponding to HOMO and HOMO-1 can be approximated to
the HOMO-LUMO gap of the neutral. Our calculated spectra
of the anion Ti and Zr doped clusters are shown in Fig. 3. As

between the square and ring atoms are 2.29 and 2.31 '&ompared to the neutral clusters, the peaks are.slightly
while the bonds between the ring atoms are 2.38 A Thé)’roadened due to distortions in the structure as discussed
bonds in one square face are 2.30 A, while iri the 'Othelabove, but the main features remain. The spectra are shifted

. - lower binding energies and there is a state appearing in
square face these become 2.37 A. The Zr-Si bonds lie in th
range of 2.88—3.00 A. %)etween the HOMO-LUMO gaps of the neutral clusters as

well as there is a decrease in the HOMO-LUMO gaps be-
cause the states get more widely distributed because of dis-
tortions. For the FK-Ti@ Sk anion the difference in the
The electron affinitf EA) and photoelectron spectra of Ti HOMO (—1.29 eV) and HOMO-1 £2.94 eV) levels is
doped silicon clusters have been measlredently. The EA  1.65 eV and it is in very good agreement with peak to peak
has the lowest value (1.810.10 eV) for the Ti@ Si; clus-  difference in energy in experiment. The HOMO-LUMO gap
ters, which reflects their strong stability. The EA and ioniza-has the value of 2.56 eV if we consider a neutral cluster with
tion potentials(IP’s) of the clusters can be calculated by the fixed structure of the anion FK cluster.
taking the differences in energies of thd<{ 1) andN elec- The electronic spectrum of theTi@ Si;g isomer is also
tron systems and thé\(— 1) andN electron systems, respec- shown in Fig. 2 for comparison. The overall features are
tively. HereN represents the number of electrons in a neutrakimilar to those of the FK isomer, though the degeneracies
cluster. The vertical EA and IP values are given in Table l.are reduced due to its lower symmetry. This could make the
The adiabatic value of the EA of the FK-Ti@gcluster is  identification of the two isomers from the photoemission
calculated to be 2.03 eV in good agreement with the earliedata difficult. The HOMO-LUMO gap for this isomer is 2.37
result*® The vertical EA is 1.91 eV, showing that the gain in eV, while the energy difference between the HOMO
energy due to structural relaxation is small. The calculated—2.37 eV) and HOMO-1 { 2.56 eV) levels of the anion is
values agree well with experiment. On the other hand, th@nly 0.19 eV. The HOMO-LUMO gap of the anidrisomer
calculated adiabatic and vertical EA's of theTi@ Sijg iso-  is 1.42 eV(Fig. 3) while the same for the FK isomer is 1.17
mer are, respectively, 2.85 and 2.42 eV, which are signifieV that also indicates higher stability of the anibisomer.
cantly higher than the values for the FK isomer and the meaThese results also support the presence of the FK isomer in
surements. Therefore, our EA values suggest the existence ekperiments. The electronic spectra of the corresponding iso-
the predicted FK structure in experiment. As mentioned earmers of M =Zr are simila’? The spectrum of the anioh
lier, the method of preparation of the charged clusters caisomer of Zr@ Sjg has sharper features as compared to the
affect the structure of the clusters and also the EA measuresase of Ti doping as the distortions in this case are smaller
ment. Clusters produced first as neutral and then chargefdom the perfect symmetric structure of the neutral cluster.
with an electron are likely to retain the FK structure. TheThe HOMO (—1.58 eV) and HOMO-1 £2.82 eV) levels
adiabatic values of the IP of tifeand FK-Ti@ Sjq isomers  of the anionf isomer are separated by 1.24 eV, while the
are 6.99 and 7.52 eV, respectively. The IP of the FK isomer iiHOMO-LUMO levels have a gap of 1.01 eV suggesting that
comparable with the values of elemental silicon clusters. Fothe anion of thid isomer is also stable.
Siy it is 7.52 eV?° The adiabatic EAs of thef- and The energy levels of thiand FK isomers of Zr@ $j and
FK-Zr@ Sig isomers are 2.64 and 2.28 eV, respectively,the corresponding & cages are shown in Fig. 4. The
while the vertical EAs are 2.49 and 1.97 eV and the verticaHOMO-LUMO gaps for the neutral and FK isomers are
IP values are 7.40 and 7.90 eV, respectively. The large dif2.44 and 3.49 eV, respectively. As discussed eatliee high

0.40F

0.30F . SiyH,, : 1

e
-

o
1

i
;t
H

Oscillator strength (arbitrary units)

FIG. 8. Gaussian broadenédidth 0.05 e\ absorption spectra
of the FK-Ti@ Sig and f-Zr@ Si¢ clusters. The inset shows the
same for the SiH,, cluster.

B. Electronic structure
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density of states near the HOMO is due to the strong covahave nearly spherical shapes, the polarizability tensor has
lent bonding resulting from the hybridization of tderbitals  nearly isotropic values. Also the values for both Matoms
of the M atom with thesp derived states of the silicon cage are very close for the same isomer. This is because the po-
leading to a large HOMO-LUMO gap. Most of the states oflarization of the charge occurs predominantly on the surface
the Sig cage except near the HOMO remain nearly un-(here on the silicon cagewhich is very similar for Ti or Zr
changed upon metal encapsulation. This also suggests thabping. The averaged values of the static electronic polariz-
the charge-transfer effects in these clusters are small. A simability tensor[ a= (ayx+ ayy+ a,,)/3] for the f isomers are
lar behavior was obtainédfor metal-encapsulated germa- 4.26 and 4.31 Alatom, respectively, foM=Ti and Zr.
nium clusters. These values are higher than the bulk v&fueof

The states near the HOMO of the,Scage are deficient 3.71 A¥atom for silicon estimated from the Clausius-
of four electrons and following these there is a large gapMossotti relation
Covalent bonding with a tetravalent transition-metal atom
pushes these states lower and makes them fully occupied 3

Eb_l
6b+2

resulting in a large gap. The bonding is similar to the case of = A
encapsulatiof? of C,g fullerene cage with a tetravalent atom

U, Ti, Zr, and Hf. This also has the tetrahedral symmetry,yherey ., is the volume per atom in bulk silicon arg is the
similar to the FK isomer of Ti and the states near the HOMOy |k dielectric constantAb initio calculation&® of the polar-
lack four electrons followed by a large gap. There is a larggzapility of elemental silicon clusters with up to ten atoms
gan in enef@_ﬁ/‘ of about 12 eV similar to the values g5 give higher values than the bulk limit. As the cluster size
obtained for Ti and Zr in Si cage. The gain in energy was, increases, the polarizability decreases towards the bulk
however, significantly lower for Sn, a tetravalent atom. Weyg|ye, Experiments, however, show large oscillations around
also obtaine® similar low encapsulation energies of 5.68, the bulk value as the cluster size is vari@dhe calculated
4.33, and 2.68 eV, respectively, for Si, Ge, and Sn in the FK,a1ye for Sj, is 4.31 A/atom?® The effect of ionic relax-
structure which gets slightly distorted as shown in Fig. 5 duéytion on the polarizability was found to be within
to the small size of the guest atom. The structure for the Case (2-3)%. Therefore, the polarizability of the metal-
of Si-and Ge as guest atoms are similar and can be consigyncapsulated silicofi isomer is close to the value of the
ered as capped hexagonal antiprisms with one and three &ffemental silicon clusters with about ten atoms. Both are
oms cappings. The one atom lies almost in the plane of th?nagic with closed electronic shells.

hexagon because of the ne_arly same size of all th_e atqms. For the FK isomer, all the diagonal components of the
However, as we_go.from Si and Ge to Sn, the_ d'Stort'O”poIarizability tensor are equal and have values of
reduces as the size increases and the structure is almost &1 A3/atom forM = Ti and 4.03 R/atom for Zr. These val-
regular FK polyhedron. The embedding energy is, however,es gre closer to that for bulk silicon. This is surprising as the
small. The special stability of the,gfullerene with certain bonding nature of the FK isomer is different from the
M atoms was under_sto%‘iilsmg a simple model based on its grongly covalent character of bulk silicon. The higher value
approximate spherical shape so that the valence electrqgy the f isomer can be understood in an approximate way
wave functions could be approximately represented in termgom 5 dielectric sphere mod&lin which the polarizability

of the angular momentum eigenstates WhICh can be labeled proportional to the volume of the sphere. THeSi bond

by an orbital quantum numbérand a radial quantum num- |angths of the FK isomer are shorter than the value forfthe
ber similar to the case of the spherical jellium motfeDn  isomer. The mean radius of the FK isomer of Ti@® 2.77
symmetry ground, onl_y orbitals tran'_sformmg in the same ir-g , while for the f-Ti@ Siys isomer it is 2.86 A, suggesting a
reducible representation of the point group of the metalyigher value of the polarizability for thiisomer. This is also
encapsulated clustefy can be mixed in a given bonding consistent with the slightly larger value of the polarizability
state implying that the wave functions of the guest atom ando, 7y goped clusters because the Zr atom is slightly larger,
the Gg cage having differenitwill not mix strongly to form  \yhich leads to slightly longer Zr-Si bonds in both the iso-
eigenstates of the complex. Thisselection rule was sug- mers and hence the larger sphere sizes.

gested to be the key for the strong embedding energy of Ancther way to understand the difference in the polariz-
certain metal atoms in4g cage. In our case the jellium-type gpjjity is from the transition probability. The HOMO-LUMO
picture (see Fig. 4 is closer as the bonding also has MOregap of the FK isomer M =Ti) is significantly larger(3.44
metallic character as compared to the strongly covalent cha[w) than the valug2.37 eV} for thef isomer. This can result
acter in Gg except that the ordering of the states is changeg 4 |ower value of the polarizability if we consider the di-
as compared to those in the spherical jellium model. @he hoje transition between the occupied and the unoccupied
orbitals of the guest atom interact with five nearly degeneratgiateg using simple perturbation theory and assume the major

states { type) of the silicon cage leading to their significant contribution to arise from the transition between the HOMO
downward shift and large embedding energies for Ti and Zng the LUMO using the expression

but small embedding energies for Si, Ge, and Sn.

Uats

L= / 11Y12 —
C. Static polarizabilities i 22k,||<k|r“|||>| I(E\—EyW.

The electronic polarizabilities of the two isomers fdr  Herek andl represent the states between which the transition
=Ti and Zr are given in Table I. As thkand FK isomers occurs andg, and E; are the corresponding energies. The
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prime indicates thak=1 is excluded. If this matrix element 170, 238, 263, 376, and 496 cth The high-frequency
vanishes for the HOMO-LUMO transition, then the argu- mode of thef isomer at 496 cm® correspond to the stretch-
ment relating the gap to the polarizability may not be appli-ing of the shortest bonds between the square and the ring
cable as higher-energy transitions become more important.atoms. On the other hand, the Ti-Si rocking mode of the FK
Our results show that the polarizabilities of thand FK  structure has frequency of 260 Ch as compared to the
isomers have a small difference. While we expect this to bgalue of about 280 cm' for the f-Ti@ Si;s isomer. These
measurable, there are often large error bars in experfihentgifferences in the spectra support the different bonding char-
and a clear identification of the structure may be difficultacteristics in the two isomers and can help to identify the
particularly in cases such &8 =Hf for which both the iso-  structures from experiments, as Raman as well as infrared

mers are nearly degeneratnd are likely to be present in a spectroscopidshave allowed the identification of the geom-
sample. In the following we show that the vibrational andetries of the small silicon clusters,,SiSis, and Sj.

optical spectra of these isomers are very distinct and would

enable their clear identification. E. Optical gaps and absorption spectra
The lowest electronic excitation energies and HOMO-
D. Raman and infrared spectra LUMO gaps of the FK and isomers are large and are sig-

. - ificantly different. Table | gives the calculated lowest al-
The Raman and infrared specra are shown in Figs. 6 an owed transitions for thé and FK isomers. The optical gap

7, respectively. The dominant peaks for the Ti and Zr dopec‘ . ) .
clusters for each isomer have similar values, indicating tha or the FK isomer of Ti@ S is calculated to be 2.85 eV,

the peaks arise predominantly from the motion of silicon\]fvgf(g) gis iIsT)r;he?r ieipgglzs/ r\z%'igﬂ'”vevg':ﬁ :Eg roerljerfecgiotge
. . . . . . . _ - 6 . i .
lons and that the bonding with Ti or Zr is similar. The fre The oscillator strengths for these transitions are 0.003 and

guencies of the dominant modes and their intensities or Rad
. : ; o .012. These values are comparable to those of 0.005 to 0.15
man activity are given in Tables Il and Ill. The most striking for small _elemental siIicoE clusters  terminated  with

difference occurs in the Raman spectrum, which shows onl P : O .
one major peak for the FK isomer corresponding to the¥1ydrogen1. We also obtained a similar oscillator strength of

breathing mode of the Si cage. Adr—Ti it is at 318 cmr 2, 0:003 for SieHa, which has recently been proposke ex-

The f isomer has two main peaks in this region due to thehibit bright photoluminescence. The optical gap is calculated

ower symmetry of the situcture. Fé =2r the Raman ac- - 1% L L B Bk 2 22 L0, o o e
tivity peaks at 313 and 373 cm. The former corresponds to strength is very low0.0001. A recent .uant,um Monte Carlo
the breathing mode of the ring aton{wo degenerate 9 Y ' ' d

. 1 . .
modes and it is nearly the same as for the FK isomer, Wh"e(QMC) calculatiori* on this structure gives the value of 3.5

the latter corresponds to the breathing mode of the squar%v and ther.efore the agreement with our calculations is very
ood. This is another indication of the accuracy of our cal-

atoms. The Si-Si bond lengths between the ring atoms are t culations as the QMC results are close to the exact values
longest and give rise to the lower-frequency mode. On th . ; ; :
herefore we believe that the two isomers studied here

other hand, the Si-Si bonds between the ring and the SAUaE ould exhibit photoluminescence in the visible range. The

atoms are the shortest and strongly covalent, giving rise tébsor tion specira for the two isomers are shown in Fid. 8
the higher-frequency mode. While we trust our predictions to P P 9.

be in general good due to the high level of basis function%ﬂd glrgrr?lso co?p%\rle? W'g: it::edotr)\e gbtalniecrj] L%E’F%‘ nin
used in our calculations which resulted in excellent agree; S€Y. The Spectra were oblained by >aussia oadening

ment in the test case of Sithere may be slight variations (width 0.05 eV of the transition energies and by multiplying

depending upon the exchange-correlation functional and be\t’)y'th (;cheboscntl_ator stretngthst.hV\t/hr:Ie th.b '.Slorrler :s_:]hO\;\;]s a
sis functions and result in some difference with the experi-, road absorption spectrum that has similanty with the one
mental data when it becomes available. We believe such dé[om S'Z.9Hf]4 cluster, ';he one from _;cjhe '(:th |some£j |sh_qU|te Id
viations to be small. However, the low-frequency modesgar.rOW In t. € r?ngeol_en(_ergy considered here and this cou
around 1(not listed in Table I} and 40 cm* may not be e interesting for applications.

very reliable.

These different features in the Raman activity and the
infrared spectrum arise from the different structures and |n summary, we have reported initio calculations of the
bonding natures of the two isomers and should makef the electronic spectra, electron affinities, ionization potentials,
isomer clearly distinguishable from the FK isomer. The otherpolarizabilities, Raman and infrared vibrational spectra, op-
significant peaks in the Raman spectrunf &r@ Sig are at  tical gaps, and absorption spectra of the recently predicted
202, 224, 387, and 468 cm whereas those for the metal-encapsulated fullerene, and Frank-Kasper polyhedral
FK-Ti@ Siys isomer are at 247, 260, 291, and 324Ccm  isomers of silicon with Zr and Ti. The electron affinities of
These values are also quite distinct in the two isomers anthe two clusters have significant difference and our value for
can further help to identify the isomers. In the infrared specTi@ Si,; agree well with the recent experimental result. The
trum of the FK-Ti@ Sjs isomer the main peaks are at 260, vibrational spectra of the two isomers are quite distinct and
291, 358, 401, and 409 cm. The peaks at 260 and their measurement should reveal the structures of these iso-
291 cmi ! are common to the Raman and infrared spectramers. The HOMO-LUMO gaps of the two isomers are also
For thef isomer of M =Zr the prominent peaks are at 122, quite different and can be obtained from photoemission ex-

IV. SUMMARY
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