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Ab initio calculations of electronic structures, polarizabilities, Raman and infrared spectra, optical
gaps, and absorption spectra ofM@Si16 „MÄTi and Zr … clusters

Vijay Kumar,1,2 Tina M. Briere,1 and Yoshiyuki Kawazoe1
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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-Kasper~FK! isomers of the metal-encapsulated silicon clustersM@Si16, M5Ti
and Zr. The electron affinities of the two isomers are found to differ significantly and our result for FK-Ti@Si16

is in good agreement with recent experiments. The Raman and infrared vibrational spectra of thef and FK
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 thef isomer lies in the red region, making them attractive for
optoelectronic applications.

DOI: 10.1103/PhysRevB.68.155412 PACS number~s!: 73.22.2f, 61.46.1w, 63.20.2e, 78.67.2n
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I. INTRODUCTION

Silicon is the most important material for electronic d
vices and its nanoforms are currently of great interest for
development of future miniature devices. In this directio
clusters, nanoparticles, and nanowires of silicon are ex
sively studied. An important finding is the photolumine
cence in the visible range from silicon nanoparticles wher
the bulk is a bad emitter of light due to its indirect band ga
This has raised hope for the integration of optics with el
tronics in future silicon-based devices. Understanding
electrical, optical, and mechanical properties of such sm
systems is a major task for their applications. Much exp
mental work1 on silicon nanoparticles has shown them to
generally produced with a size distribution. It would be d
sirable to produce nanostructures of silicon with a contro
size and atomic structure. Recent predictions of silic
nanoclusters2–4 and nanotubes5 by metal encapsulation hav
opened up new avenues for developing silicon-based n
structures and have aroused much interest in understan
their growth and properties.6 Such nanostructures have p
tential to be produced size selectively in large quantities

The most striking and stable structures of metal dop
silicon clusters are the fullerene~f! and Frank-Kasper~FK!
polyhedron isomers ofM@Si16 with M5Zr and Ti,
respectively,2 each of which has a cage of 16 silicon atom
that is stabilized by theM atom at the center. These predi
tions have recently received support from experiments7 on Ti
doped silicon clusters that show high abundances of Si15Ti
and Si16Ti with magic behavior for the latter, and signifi
cantly lower abundances of other Ti doped silicon cluste
Similar high abundances of Si15M and Si16M were earlier
obtained8 for M5Cr, Mo, and W. This has raised hope th
metal doping of silicon clusters can be used for size selec
production of such clusters in large quantities similar to C60.
0163-1829/2003/68~15!/155412~9!/$20.00 68 1554
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The metal atom can be used to manipulate their structure
properties. It is therefore of much current interest to estab
their structures from experiments and to understand t
electronic, optical, and vibrational properties. Here we rep
calculations of the polarizabilities, Raman and infrared
brational spectra, optical gaps, and absorption spectra, w
can facilitate experimental verification of the structures as
the case of the elemental silicon clusters.9,10

The optical properties of silicon nanoparticles are str
ingly different from bulk due to quantum confinement a
can be varied by changing the size of the particles, e.g.
oxidation. The bright luminescence from porous silicon
the visible range11 is believed to be due to silicon nanopa
ticles. Therefore, understanding of the optical properties
silicon nanoparticles has attracted great attention in rec
years.12,13There are exciting prospects for developing silic
nanocluster lasers, and silicon nanoparticles could be g
substitutes for fluorescent dyes used as tagging materia
biological applications. As we shall show from our calcul
tions, metal-encapsulated silicon clusters are also predi
to exhibit luminescence in the visible range due to their la
highest occupied-lowest unoccupied molecular-orb
~HOMO-LUMO! gaps. It makes them interesting for opt
electronic applications. The added advantage is the size
lectivity in contrast to elemental silicon clusters as well
their higher stability and symmetry. The HOMO-LUMO ga
and related properties of such clusters can be manipulate
a suitable choice of the metal atom and this can be use
design clusters with desired optical properties. As the m
atom is surrounded by silicon atoms, these clusters are
likely to be harmless for biological applications. With abo
0.6 nm diameter, these are the smallest silicon clusters
could exhibit photoluminescence in the visible rang
Hydrogen-terminated silicon clusters that are believed
have visible luminescence have diameters of about 2 nm12
©2003 The American Physical Society12-1
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II. COMPUTATIONAL METHOD

The calculations of the atomic and electronic structur
polarizabilities, and vibrational spectra have been done u
the GAUSSIAN98 program14 with the B3PW91 hybrid
exchange-correlation functional and 6-3111G (d,p) basis
set. For Zr, we used the Stuttgart/Dresden effective core
tential basis set. This hybrid exchange-correlation functio
leads to slightly different bond lengths and significan
larger HOMO-LUMO gaps than obtained earlier2 using the
generalized gradient approximation. The latter generally
derestimates the band gaps. The B3PW91 values are like
be closer to the true gaps due to the improved treatmen
the exchange hole. The infrared intensity and Raman acti
of the vibration modes are determined from the change
the electric dipole moment and polarizability tensor with t

TABLE I. Vertical EA’s and IP’s, average polarizabilities~Pol.!,
HOMO-LUMO gaps ~HLG’s!, and optical gaps~OG’s! of the
M@Si16 clusters.

Cluster EA IP Pol. HLG OG
~eV! ~eV! (Å3/atom) ~eV! ~eV!

FK-Ti@Si16 1.91 8.02 3.91 3.44 2.85
f -Ti@Si16 2.42 7.28 4.26 2.37 1.77
FK-Zr@Si16 1.97 7.90 4.03 3.49 2.79
f -Zr@Si16 2.49 7.40 4.31 2.44 1.96

FIG. 1. ~Color online! Atomic structures of a! f isomer of
M@Si16, M5Ti and Zr, ~b! FK isomer ofM@Si16, M5Ti and
Zr, ~c! anion of FK-Ti@Si16, ~d! anion of f -Ti@Si16, ~e! cation of
f -Ti@Si16, ~f! cation of FK-Ti@Si16, and~g! anion of f -Zr@Si16.
The metal atom is inside the cage and is shown by the dark
The bonds connecting the metal atom with the silicon atoms are
shown for clarity.
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atomic oscillations.15 To lowest order, these are proportion
to the derivatives of the dipole moment and polarizabil
with respect to the vibrational normal modes of the clus
evaluated at the equilibrium geometry. The optical gaps
absorption spectra require calculation of the allowed exc
tions and oscillator strengths. These calculations have b
done using time-dependent density-functional theory w
the same basis sets and exchange-correlation functional.
approach has recently been used to understand the op
properties of silicon clusters.12

As a test of the accuracy of our results, we perform
calculations on the vibrational modes of Si7 which hasD5h
pentagonal bipyramid structure and for which Raman a
infrared measurements as well as calculations
available.9,10 These calculations were done using simi
quantum chemistry method as in the present study but wi
smaller basis set of 6-31G* type and Hartree-Fock method
by inclusion of electron correlation effects with the secon
order Moller-Plesset perturbation theory.16 The calculated
frequencies were scaled down by 5% uniformly and then
agreement with experiment was generally very good. We
pect our calculations to be better due to improved basis

ll.
ot

FIG. 2. Gaussian broadened~width 0.05 eV! electronic spectra
~above! of the FK-Ti@Si16 ~full line! and f -Ti@Si16 ~broken line!
isomers. The electronic states of the two isomers are also sh
below. In these the unoccupied states are shown by light gray
lines. The HOMO lies at around26.0 eV.
2-2
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and exchange-correlation energies. Indeed we obtain two
frared modes at 421 cm21 which are in excellent agreemen
with the experimental value9 of 422.4 cm21 in Ar matrix and
420.4 cm21 in Kr matrix without using any scaling factor in
our calculated values. The calculated intensity is 15 km/m
Our results are also improvement over an earlier study17 us-
ing the local-density approximation~LDA ! in which the IR
mode of Si7 was calculated to be at 430 cm21 with the in-
tensity of 22.8 km/mol. The experimental Raman-active f
quencies are 289, 340, 340, 358, and 435 cm21, while the
calculated values are 291, 342, 346~all three doubly degen
erate!, 363, and 440 cm21. The corresponding intensities a
8, 8, 12, 56, and 110 Å4/amu. The Raman-active frequenci
of Si7 in LDA were obtained17 as 301, 347, 347, 362, an
448 cm21 with relative intensities of 1, 1.8, 1.4, 4.5, and 9.
respectively. These values represent slight overestima
over the experimental as well as our calculated values
frequencies. The excellent agreement of our results with

FIG. 3. ~Color online! Gaussian broadened~width 0.05 eV!
electronic spectra of anion FK-Ti@Si16, f -Ti@Si16, and
f -Zr@Si16 clusters. The full line, dash-dot line~nearly overlapping
with the full line!, and the dashed line, respectively, correspond
the spin-up, spin-down, and the total density of states. The HO
lies at around21.0 eV.
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periments gives us confidence about the accuracy of our
dictions.

III. RESULTS

A. Structural properties

The structures of the neutralf and FK isomers withM
5Ti and Zr have been discussed earlier.2,18 For Ti the FK
isomer withTd symmetry is 0.18 eV lower in energy than th
f isomer, while for Zr thef isomer is 1.01 eV lower than the
FK isomer. There is another isomer related to the FK str
ture similar to the one obtained for germanium,19 which is a
hexagonal antiprism with cappings of one atom on one f
and three atoms on the other. This is nearly degenerate
the FK isomer. We also tried a decahedron with cappings

o
O

FIG. 4. Electronic spectra of FK- andf -Zr@Si16 isomers and
the corresponding empty center Si16 cages. Note that most of th
occupied states in the empty center Si16 cage and after metal encap
sulation remain nearly at the same energies except near the HO
The LUMO states are shown by broken lines. The degeneracie
the states are given by numbers. In the case of the Si16 cage of the
FK isomer, the doubly degenerate HOMO-1 of the neutral clus
splits as it is occupied by one electron. This leads to small va
tions in all electronic states, but these are generally small in alm
all cases except the highest occupied levels. Therefore, the de
eracies of the states have been maintained except for the HO
and the LUMO state of the spin-down spectrum.

FIG. 5. ~Color online! Distorted atomic structures of~a!
Si@Si16, ~b! Ge@Si16, and ~c! Sn@Si16 obtained from the opti-
mization of the FK isomer. Ge and Sn atoms are shown by the d
ball. Si-Si bonds with bond lengths shorter than 2.7 Å are c
nected. The bonds between the atom inside and on the cage ar
shown for clarity.
2-3
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four square faces and the two pentagonal faces as well
capped cubic structure with two opposite faces capped w
two atoms each. The former transforms to the FK struct
while the latter lies significantly higher in energy. Thef iso-
mer has eight pentagons and two squares of silicon at
with D4d symmetry such that each silicon is tricoordinat
with its neighboring silicon atoms@Fig. 1~a!#. TheM atom is
strongly bonded to all the silicon atoms (dZr-Si52.90 Å).
The bonds connecting a square and a ring atom are the s
est and strongest. ForM5Zr these bonds have the value
2.28 Å. The bonds between the square atoms are 2.3
while those between the ring atoms are 2.38 Å. This, as
shall show, makes a difference in the vibrational spectra
the two isomers. The FK isomer withTd symmetry has four
interconnected hexagons of silicon, each capped with a
atom @Fig. 1~b!#. The capping atoms are connected with t
centralM atom in a tetrahedral arrangement and bind v
strongly, as evidenced from the short bonds (dTi-Si
52.60 Å) compared with theM -Si bond lengths (dTi-Si
52.82 Å) with the remaining Si atoms. As the coordinati
of Si atoms is higher in this structure, the Si-Si bonds

FIG. 6. Gaussian broadened~width 3.5 cm21) Raman activity
of the FK andf isomers of theM@Si16 clusters.
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also longer~2.40–2.81 Å! than those in thef isomer~2.26,
2.29, and 2.35 Å!. This also affects the vibrational spectra
these clusters, besides the symmetry.

The anion FK isomer of Ti@Si16 has Ti-Si bond lengths
in the range of 2.63–2.95 Å, while the Si-Si bond lengths
in the range of 2.37–2.88 Å due to the reduced symmetry
this cluster@reflection symmetry as shown in Fig. 1~c!#. In-
terestingly, thef -Ti@Si16 anion is 0.62 eV lower in energy
than the FK anion. This is slightly distorted@Fig. 1~d!# from
the symmetricf structure of Fig. 1~a!. The Ti-Si bond lengths
in the anionf isomer are 2.70, 2.76, 2.80, 2.90, 2.98, a
3.00 Å, while the Si-Si bond lengths lie in the range
2.27–2.40 Å. The increase in the bond lengths leads to
shrinkage of the cage very similar to the case3 of Cr@Si16
such that one atom is like a cap on a Si15 cage. Similarly for
the cation Ti@Si16 cluster, thef isomer is 0.35 eV lower in
energy than the cation FK isomer. The distortion in the str
ture @Fig. 1~e!# is less significant than that of the anion clu
ter. The Ti-Si and Si-Si bond lengths in this case lie in t

FIG. 7. ~Color online! Gaussian broadened~width 3.5 cm21)
infrared ~IR! spectra of the FK andf isomers of theM@Si16 clus-
ters. The inset shows the atomic structures of thef and FK isomers.
The metal atom is shown by the dark sphere and is at the cent
the silicon cage.
2-4
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TABLE II. Dominant infrared~IR! and Raman frequenciesv, IR intensitiesI, and Raman activityA for
the FK isomers of Ti@Si16 and Zr@Si16.

v~Ti! IR I RamanA v~Zr! IR I RamanA
(cm21) ~km/mol! (Å4/amu) (cm21) ~km/mol! (Å4/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
fo
t
ns
r
e

ich
the

s
n

nds
range of 2.70–3.17 and 2.26–2.37 Å, respectively. Also
the cation FK isomer of Ti@Si16, the distortion is less as i
can be seen in Fig. 1~f!. There is a tendency of the hexago
developing chair-type structure as in bulk diamond structu
These results show that in the equilibrium condition, charg
Ti clusters are expected to bef-type, though the structure in
15541
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experiments may depend upon the conditions under wh
the charged clusters are produced. In the case of Zr,
charged clusters have thef isomer to be of lowest energy. A
shown in Fig. 1~g!, the distortion in the structure of the anio
f -Zr@Si16 is quite small in contrast to the anionf -Ti@Si16.
The bond lengths increase slightly. The shortest Si-Si bo
TABLE III. Same as in Table II but for thef isomers of Ti@Si16 and Zr@Si16.

v(Ti) IR I RamanA v(Zr) IR I RamanA
(cm21) ~km/mol! (Å4/amu) (cm21) ~km/mol! (Å4/amu)

38.5 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
2-5
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between the square and ring atoms are 2.29 and 2.3
while the bonds between the ring atoms are 2.38 Å. T
bonds in one square face are 2.30 Å, while in the ot
square face these become 2.37 Å. The Zr-Si bonds lie in
range of 2.88–3.00 Å.

B. Electronic structure

The electron affinity~EA! and photoelectron spectra of T
doped silicon clusters have been measured7 recently. The EA
has the lowest value (1.8160.10 eV) for the Ti@Si16 clus-
ters, which reflects their strong stability. The EA and ioniz
tion potentials~IP’s! of the clusters can be calculated b
taking the differences in energies of the (N11) andN elec-
tron systems and the (N21) andN electron systems, respec
tively. HereN represents the number of electrons in a neu
cluster. The vertical EA and IP values are given in Table
The adiabatic value of the EA of the FK-Ti@Si16 cluster is
calculated to be 2.03 eV in good agreement with the ear
result.18 The vertical EA is 1.91 eV, showing that the gain
energy due to structural relaxation is small. The calcula
values agree well with experiment. On the other hand,
calculated adiabatic and vertical EA’s of thef -Ti@Si16 iso-
mer are, respectively, 2.85 and 2.42 eV, which are sign
cantly higher than the values for the FK isomer and the m
surements. Therefore, our EA values suggest the existen
the predicted FK structure in experiment. As mentioned e
lier, the method of preparation of the charged clusters
affect the structure of the clusters and also the EA meas
ment. Clusters produced first as neutral and then cha
with an electron are likely to retain the FK structure. T
adiabatic values of the IP of thef- and FK-Ti@Si16 isomers
are 6.99 and 7.52 eV, respectively. The IP of the FK isome
comparable with the values of elemental silicon clusters.
Si10 it is 7.52 eV.20 The adiabatic EA’s of thef- and
FK-Zr@Si16 isomers are 2.64 and 2.28 eV, respective
while the vertical EA’s are 2.49 and 1.97 eV and the verti
IP values are 7.40 and 7.90 eV, respectively. The large

FIG. 8. Gaussian broadened~width 0.05 eV! absorption spectra
of the FK-Ti@Si16 and f -Zr@Si16 clusters. The inset shows th
same for the Si29H24 cluster.
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ferences in the EA and IP values of the two isomers sho
make it possible to identify the structures of these clusters
is to be noted that recently using a similar approach, go
agreement of the IP and fragmentation behavior of positiv
charged Sn clusters has been obtained21 with experiments
and the agreement of the present calculation of EA with
periment gives us further confidence on the accuracy of
calculations.

The electronic spectrum of the neutral FK isomer forM
5Ti is shown in Fig. 2. It exhibits sharp peaks due to t
high symmetry of the cluster. There is also a large HOM
LUMO gap of 3.44 eV that agrees well with the large g
seen in the photoemission spectra of the negatively cha
Ti@Si16 clusters.7 A close comparison is, however, not po
sible as the experimental value of the gap has not been gi
although the experimental value appears to be smaller
the calculated one. In experiments with negatively charg
clusters, the difference in the energies of the peaks co
sponding to HOMO and HOMO-1 can be approximated
the HOMO-LUMO gap of the neutral. Our calculated spec
of the anion Ti and Zr doped clusters are shown in Fig. 3.
compared to the neutral clusters, the peaks are slig
broadened due to distortions in the structure as discus
above, but the main features remain. The spectra are sh
to lower binding energies and there is a state appearin
between the HOMO-LUMO gaps of the neutral clusters
well as there is a decrease in the HOMO-LUMO gaps
cause the states get more widely distributed because of
tortions. For the FK-Ti@Si16 anion the difference in the
HOMO (21.29 eV) and HOMO-1 (22.94 eV) levels is
1.65 eV and it is in very good agreement with peak to pe
difference in energy in experiment. The HOMO-LUMO ga
has the value of 2.56 eV if we consider a neutral cluster w
the fixed structure of the anion FK cluster.

The electronic spectrum of thef -Ti@Si16 isomer is also
shown in Fig. 2 for comparison. The overall features a
similar to those of the FK isomer, though the degenerac
are reduced due to its lower symmetry. This could make
identification of the two isomers from the photoemissi
data difficult. The HOMO-LUMO gap for this isomer is 2.3
eV, while the energy difference between the HOM
(22.37 eV) and HOMO-1 (22.56 eV) levels of the anion is
only 0.19 eV. The HOMO-LUMO gap of the anionf isomer
is 1.42 eV~Fig. 3! while the same for the FK isomer is 1.1
eV that also indicates higher stability of the anionf isomer.
These results also support the presence of the FK isome
experiments. The electronic spectra of the corresponding
mers of M5Zr are similar.22 The spectrum of the anionf
isomer of Zr@Si16 has sharper features as compared to
case of Ti doping as the distortions in this case are sma
from the perfect symmetric structure of the neutral clus
The HOMO (21.58 eV) and HOMO-1 (22.82 eV) levels
of the anionf isomer are separated by 1.24 eV, while t
HOMO-LUMO levels have a gap of 1.01 eV suggesting th
the anion of thisf isomer is also stable.

The energy levels of thef and FK isomers of Zr@Si16 and
the corresponding Si16 cages are shown in Fig. 4. Th
HOMO-LUMO gaps for the neutralf and FK isomers are
2.44 and 3.49 eV, respectively. As discussed earlier,2 the high
2-6
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density of states near the HOMO is due to the strong co
lent bonding resulting from the hybridization of thed orbitals
of the M atom with thesp derived states of the silicon cag
leading to a large HOMO-LUMO gap. Most of the states
the Si16 cage except near the HOMO remain nearly u
changed upon metal encapsulation. This also suggests
the charge-transfer effects in these clusters are small. A s
lar behavior was obtained19 for metal-encapsulated germa
nium clusters.

The states near the HOMO of the Si16 cage are deficien
of four electrons and following these there is a large g
Covalent bonding with a tetravalent transition-metal at
pushes these states lower and makes them fully occu
resulting in a large gap. The bonding is similar to the case
encapsulation23 of C28 fullerene cage with a tetravalent ato
U, Ti, Zr, and Hf. This also has the tetrahedral symme
similar to the FK isomer of Ti and the states near the HOM
lack four electrons followed by a large gap. There is a la
gain in energy24 of about 12 eV similar to the value
obtained2 for Ti and Zr in Si16 cage. The gain in energy wa
however, significantly lower for Sn, a tetravalent atom. W
also obtained25 similar low encapsulation energies of 5.6
4.33, and 2.68 eV, respectively, for Si, Ge, and Sn in the
structure which gets slightly distorted as shown in Fig. 5 d
to the small size of the guest atom. The structure for the c
of Si and Ge as guest atoms are similar and can be con
ered as capped hexagonal antiprisms with one and thre
oms cappings. The one atom lies almost in the plane of
hexagon because of the nearly same size of all the ato
However, as we go from Si and Ge to Sn, the distort
reduces as the size increases and the structure is almos
regular FK polyhedron. The embedding energy is, howe
small. The special stability of the C28 fullerene with certain
M atoms was understood26 using a simple model based on i
approximate spherical shape so that the valence elec
wave functions could be approximately represented in te
of the angular momentum eigenstates which can be lab
by an orbital quantum numberl and a radial quantum num
ber similar to the case of the spherical jellium model.27 On
symmetry ground, only orbitals transforming in the same
reducible representation of the point group of the me
encapsulated clusterTd can be mixed in a given bondin
state implying that the wave functions of the guest atom
the C28 cage having differentl will not mix strongly to form
eigenstates of the complex. Thisl selection rule was sug
gested to be the key for the strong embedding energy
certain metal atoms in C28 cage. In our case the jellium-typ
picture ~see Fig. 4! is closer as the bonding also has mo
metallic character as compared to the strongly covalent c
acter in C28 except that the ordering of the states is chang
as compared to those in the spherical jellium model. Thd
orbitals of the guest atom interact with five nearly degene
states (d type! of the silicon cage leading to their significa
downward shift and large embedding energies for Ti and
but small embedding energies for Si, Ge, and Sn.

C. Static polarizabilities

The electronic polarizabilities of the two isomers forM
5Ti and Zr are given in Table I. As thef and FK isomers
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have nearly spherical shapes, the polarizability tensor
nearly isotropic values. Also the values for both theM atoms
are very close for the same isomer. This is because the
larization of the charge occurs predominantly on the surf
~here on the silicon cage!, which is very similar for Ti or Zr
doping. The averaged values of the static electronic pola
ability tensor@a5(axx1ayy1azz)/3# for the f isomers are
4.26 and 4.31 Å3/atom, respectively, forM5Ti and Zr.
These values are higher than the bulk value28 of
3.71 Å3/atom for silicon estimated from the Clausiu
Mossotti relation

a5
3

4p S eb21

eb12D vat ,

wherevat is the volume per atom in bulk silicon andeb is the
bulk dielectric constant.Ab initio calculations28 of the polar-
izability of elemental silicon clusters with up to ten atom
also give higher values than the bulk limit. As the cluster s
increases, the polarizability decreases towards the b
value. Experiments, however, show large oscillations aro
the bulk value as the cluster size is varied.29 The calculated
value for Si10 is 4.31 Å3/atom.28 The effect of ionic relax-
ation on the polarizability was found to be withi
'(2 –3)%. Therefore, the polarizability of the meta
encapsulated siliconf isomer is close to the value of th
elemental silicon clusters with about ten atoms. Both
magic with closed electronic shells.

For the FK isomer, all the diagonal components of t
polarizability tensor are equal and have values
3.91 Å3/atom forM5Ti and 4.03 Å3/atom for Zr. These val-
ues are closer to that for bulk silicon. This is surprising as
bonding nature of the FK isomer is different from th
strongly covalent character of bulk silicon. The higher val
for the f isomer can be understood in an approximate w
from a dielectric sphere model27 in which the polarizability
is proportional to the volume of the sphere. TheM-Si bond
lengths of the FK isomer are shorter than the value for thf
isomer. The mean radius of the FK isomer of Ti@Si16 is 2.77
Å , while for the f -Ti@Si16 isomer it is 2.86 Å, suggesting
higher value of the polarizability for thef isomer. This is also
consistent with the slightly larger value of the polarizabili
for Zr doped clusters because the Zr atom is slightly larg
which leads to slightly longer Zr-Si bonds in both the is
mers and hence the larger sphere sizes.

Another way to understand the difference in the polar
ability is from the transition probability. The HOMO-LUMO
gap of the FK isomer (M5Ti) is significantly larger~3.44
eV! than the value~2.37 eV! for the f isomer. This can resul
in a lower value of the polarizability if we consider the d
pole transition between the occupied and the unoccup
states using simple perturbation theory and assume the m
contribution to arise from the transition between the HOM
and the LUMO using the expression

a i i 52Sk,l8 u^kum i u l &u2/~El2Ek!.

Herek andl represent the states between which the transi
occurs andEk and El are the corresponding energies. T
2-7
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prime indicates thatk5 l is excluded. If this matrix elemen
vanishes for the HOMO-LUMO transition, then the arg
ment relating the gap to the polarizability may not be app
cable as higher-energy transitions become more importa

Our results show that the polarizabilities of thef and FK
isomers have a small difference. While we expect this to
measurable, there are often large error bars in experime29

and a clear identification of the structure may be diffic
particularly in cases such asM5Hf for which both the iso-
mers are nearly degenerate2 and are likely to be present in
sample. In the following we show that the vibrational a
optical spectra of these isomers are very distinct and wo
enable their clear identification.

D. Raman and infrared spectra

The Raman and infrared spectra are shown in Figs. 6
7, respectively. The dominant peaks for the Ti and Zr dop
clusters for each isomer have similar values, indicating t
the peaks arise predominantly from the motion of silic
ions and that the bonding with Ti or Zr is similar. The fr
quencies of the dominant modes and their intensities or
man activity are given in Tables II and III. The most strikin
difference occurs in the Raman spectrum, which shows o
one major peak for the FK isomer corresponding to
breathing mode of the Si cage. ForM5Ti it is at 318 cm21.
The f isomer has two main peaks in this region due to
lower symmetry of the structure. ForM5Zr the Raman ac-
tivity peaks at 313 and 373 cm21. The former corresponds t
the breathing mode of the ring atoms~two degenerate
modes! and it is nearly the same as for the FK isomer, wh
the latter corresponds to the breathing mode of the sq
atoms. The Si-Si bond lengths between the ring atoms are
longest and give rise to the lower-frequency mode. On
other hand, the Si-Si bonds between the ring and the sq
atoms are the shortest and strongly covalent, giving rise
the higher-frequency mode. While we trust our predictions
be in general good due to the high level of basis functio
used in our calculations which resulted in excellent agr
ment in the test case of Si7, there may be slight variation
depending upon the exchange-correlation functional and
sis functions and result in some difference with the exp
mental data when it becomes available. We believe such
viations to be small. However, the low-frequency mod
around 1~not listed in Table III! and 40 cm21 may not be
very reliable.

These different features in the Raman activity and
infrared spectrum arise from the different structures a
bonding natures of the two isomers and should make tf
isomer clearly distinguishable from the FK isomer. The oth
significant peaks in the Raman spectrum off -Zr@Si16 are at
202, 224, 387, and 468 cm21 whereas those for the
FK-Ti@Si16 isomer are at 247, 260, 291, and 324 cm21.
These values are also quite distinct in the two isomers
can further help to identify the isomers. In the infrared sp
trum of the FK-Ti@Si16 isomer the main peaks are at 26
291, 358, 401, and 409 cm21. The peaks at 260 an
291 cm21 are common to the Raman and infrared spec
For the f isomer ofM5Zr the prominent peaks are at 12
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170, 238, 263, 376, and 496 cm21. The high-frequency
mode of thef isomer at 496 cm21 correspond to the stretch
ing of the shortest bonds between the square and the
atoms. On the other hand, the Ti-Si rocking mode of the
structure has frequency of 260 cm21 as compared to the
value of about 280 cm21 for the f -Ti@Si16 isomer. These
differences in the spectra support the different bonding ch
acteristics in the two isomers and can help to identify
structures from experiments, as Raman as well as infra
spectroscopies9 have allowed the identification of the geom
etries of the small silicon clusters, Si4 , Si6, and Si7.

E. Optical gaps and absorption spectra

The lowest electronic excitation energies and HOM
LUMO gaps of the FK andf isomers are large and are sig
nificantly different. Table I gives the calculated lowest a
lowed transitions for thef and FK isomers. The optical ga
for the FK isomer of Ti@Si16 is calculated to be 2.85 eV
which lies in the deep blue region, while the one for t
f -Zr@Si16 isomer is 1.96 eV, which lies in the red regio
The oscillator strengths for these transitions are 0.003
0.012. These values are comparable to those of 0.005 to
for small elemental silicon clusters terminated wi
hydrogen.12 We also obtained a similar oscillator strength
0.003 for Si29H24 which has recently been proposed30 to ex-
hibit bright photoluminescence. The optical gap is calcula
to be 3.72 eV which lies in the deep violet region. There
also allowed transitions at around 3.5 eV, but the oscilla
strength is very low~0.0001!. A recent quantum Monte Carlo
~QMC! calculation31 on this structure gives the value of 3.
eV and therefore the agreement with our calculations is v
good. This is another indication of the accuracy of our c
culations as the QMC results are close to the exact val
Therefore we believe that the two isomers studied h
should exhibit photoluminescence in the visible range. T
absorption spectra for the two isomers are shown in Fig
and are also compared with the one obtained for Si29H24
~inset!. The spectra were obtained by Gaussian broaden
~width 0.05 eV! of the transition energies and by multiplyin
with the oscillator strengths. While thef isomer shows a
broad absorption spectrum that has similarity with the o
from Si29H24 cluster, the one from the FK isomer is qui
narrow in the range of energy considered here and this co
be interesting for applications.

IV. SUMMARY

In summary, we have reportedab initio calculations of the
electronic spectra, electron affinities, ionization potentia
polarizabilities, Raman and infrared vibrational spectra,
tical gaps, and absorption spectra of the recently predic
metal-encapsulated fullerene, and Frank-Kasper polyhe
isomers of silicon with Zr and Ti. The electron affinities o
the two clusters have significant difference and our value
Ti@Si16 agree well with the recent experimental result. T
vibrational spectra of the two isomers are quite distinct a
their measurement should reveal the structures of these
mers. The HOMO-LUMO gaps of the two isomers are a
quite different and can be obtained from photoemission
2-8
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periments. The most interesting finding is the very disti
optical excitations in the deep blue and red regions from
FK and f isomers, respectively. This makes these clus
attractive for various optoelectronic applications such
silicon-based lasers and tagging. We hope our predict
will stimulate experimental work and help experimental ve
fication of the structures and properties of these clusters
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