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Silicon-carbon fullerenelike nanostructures: An ab initio study on the stability
of Sig)C,, (n=1, 2) clusters
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Fullerenelike nanostructures of silicon with two and four carbon atoms substituted on the surface of Sig,
cages, as well as inside the cage at various symmetry orientations, have been studied within the generalized-
gradient approximation to density-functional theory. Full geometry optimizations have been performed without
any symmetry constraints using the GAUSSIAN 03 suite of programs and the Los Alamos National Laboratory 2
double-{ basis set. For the silicon atom, the Hay-Wadt pseudopotential with the associated basis set are used
for the core electrons and the valence electrons, respectively. For the carbon atom, the Dunning-Huzinaga
double-{ basis set is employed. Electronic and geometric properties of the nanostructures are presented and
discussed in detail. It was found that optimized silicon-carbon fullerenelike cages have increased stability
compared to the bare Sig, cage and the stability depends on the number and orientation of carbon atoms, as
well as on the nature of bonding between silicon and carbon atoms.
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I. INTRODUCTION

Experimental and theoretical studies of atomic and mo-
lecular clusters continue to be a very active field of research
[1-9]. Cagelike compact clusters are particularly important
as they can be used as building blocks of more stable mate-
rials and the hollow space inside the cage can be doped with
different suitable atoms leading to atomically engineered
nanostructures with specific scientific and technological ap-
plications. For example, well-controlled nanostructures with
varying gaps between highest occupied and lowest unoccu-
pied molecular orbitals (HOMO-LUMO gaps) and desired
conduction properties can be achieved by controlled the dop-
ing of atoms in Cg, [10]. The spin property of the doped
atom inside the cage can be used as the smallest memory
device for quantum computers. For example, a tungsten atom
in a Sij, hexagonal cage is quantum-mechanically isolated
from outside so that it can preserve its spin state [11].

Silicon is one of the most extensively used semiconduc-
tors in the industry and silicon clusters, preferring sp® hy-
bridization, have been studied in detail. Ab initio Hartree-
Fock-based and density-functional theories (DFT) [12-15]
have been used to predict the ground-state structures of bare
silicon clusters. Some of these structures are controversial
and there are not enough experimental studies for confirma-
tion of the ground-state structures [16]. The discovery of the
magically stable Cg, fullerene cage have prompted scientists
to study silicon cagelike fullerene structures, as they can be
used as building blocks for fabricating various nanostruc-
tures in electronic devices. However, though silicon and car-
bon belong to the same group of the periodic table, they
exhibit different properties due to differences in their nature
of bonding. Carbon clusters (C,) preferring sp? hybridization
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have been found to exist in fullerenelike structures for n as
small as 20 [17,18], whereas for silicon clusters (Si,) these
structures are unstable. Studies on the Sig, fullerene cage
have yielded a distorted cage structure and the Sig, fullerene
cage is not as stable as Cg [19]. Replacing carbon atoms in
the Cg, fullerene cage by silicon atoms has yielded a dis-
torted icosahedral structure [20].

Stabilization of the silicon fullerenelike cage structure
with dopant atoms inside has been a major field of study in
the last few years. The major goal is twofold: first is to
design silicon-based nanostructures with potential applica-
tions like carbon fullerenes; and second is to study possible
magnetic properties of these structures. The second property
might be particularly important in memory devices though it
has been noted that silicon cages can almost quench the mag-
netic moments of transition-metal atoms inserted in them
[21]. Recent studies have shown that highly stable small sili-
con cage clusters are possible if transition-metal atoms are
encapsulated in the Si cages and in particular, the Siy,
fullerene by thorium encapsulation [11,22,23]. Bigger clus-
ters like stable Sig, fullerenelike cages are possible by dop-
ing magic clusters such as Al;,X (X=Si, Ge, Sn, Pb), Ba@
Siyy and Au,W inside the Sig, cage [24,25].

In this respect, the combinations of silicon and carbon
atoms in a cluster have generated a significant number of
studies on carbon-rich structures in fields ranging from clus-
ter science to astrophysics [26]. Studies have been reported
for Cgy inside a Sig, fullerenelike cage which yielded a
highly distorted structure [24]. Silicon carbide cluster studies
have been mostly focused on carbon-rich cage-type clusters
and, to the best of our knowledge, silicon-rich cage-type sili-
con carbide clusters have not been investigated in detail so
far. We have shown previously using Hartree-Fock-based
second-order Moller-Plesset perturbation theory calculations
that carbon dimers trapped in medium-sized silicon clusters
(Si,, n=8-14) produces structures comparable in stability to
the transition-metal-containing silicon cage clusters [27]. We
have also recently reported, using gradient-corrected density-
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TABLE I. Binding energy per atom (BE) HOMO-LUMO gap; VEA, VIP (all in eV), dipole moment (D),
average Si-C bond length (A), and C-C bond length (A) for optimized SisgC, fullerenelike nanostructures.

BE per atom HOMO-LUMO VEA VIP Dipole moment

Average Si-C C-C
bond length bond length

Structure  State (eV) gap (eV) eV) (eV) (D) (A) (A)
Maindiag 'A 3.721 0.733 3.637 6.414 0.00 1.85

Penta-hexa 'A 3.715 0.687 3.683 6.419 0.83 1.87 1.48
Hexa-hexa 'A 3.712 0.652 3.646 6.364 0.89 1.91 1.44

functional theory, a class of highly symmetric and stable sili-
con carbide fullerenelike cage nanostructures with carbon at-
oms inside the Siy, cage [28]. As a continuation of our
previous work, we are reporting here our first attempt at
stabilizing the Sigy cage by adding carbon atoms inside it
(SigyCa, SigyCy4) as well as by substitution of silicon atoms by
carbon atoms on the surface of the cage (SisgC,,SissC,) at
different possible orientations. The theoretical formalism of
generalized-gradient approximation (GGA) to density-
functional theory has been used with the Perdew-Wang
(1991) exchange-correlation functional [29]. Full geometry
optimizations of the cages has been performed without
any symmetry constraints with the Los Alamos National
Laboratory 2 double -¢ (LANL2DZ) basis set [30] and
GAUSSIAN 03 suite of programs [31]. In this set, for the sili-
con atom, the Hay-Wadt pseudopotential with the associated
basis set is used for the core electrons and the valence elec-
trons. For the carbon atom, the Dunning-Huzinaga double-{
basis set is employed. All computations have been performed
at the supercomputing facilities at the University of Texas at
Arlington.

II. RESULTS AND DISCUSSIONS

As is known, the Sig, fullerenelike cage has 12 pentagons
and 20 hexagons. In the first step, silicon atoms on the sur-
face of the cage were replaced by two and four carbon atoms
at various symmetry orientations. In the second step, two and
four carbon atoms were put inside the Siq, cage at various
possible orientations with the carbon atoms parallel and per-
pendicular to the pentagonal and hexagonal faces. In the
third step, as a test of the SiC bond strength, we also put the
carbon dimers and tetramers close to the surface, with the
same surface orientation, at an initial optimized SiC dimer
bond length of 1.77 A and optimized the structures. For the
C, ground-state structure, theoretical and experimental stud-
ies have reported that there are two structures almost degen-
erate in energy, one being a rhombus singlet D,, and the
other being a triplet linear-chain structure [32]. For this rea-
son, carbon tetramers in a thombus, a linear chain (as sepa-
rated dimers), and also in a trigonal planar arrangement op-
timized at the GGA DFT level of theory have been added
inside the cage at various orientations.

In the results to follow, we report the electronic states,
binding energy (BE) per atom, HOMO-LUMO gaps, vertical
ionization potentials (VIPs), vertical electron affinities
(VEAS), and total dipole moments of the stable fullerenelike

Sisng N Si60C2 N SiS6C4, and Si60C4 Optimized structures
with their corresponding average Si-C and C-C bond lengths.
Binding energies per atom of the clusters are calculated
as the relative energies of these clusters in the separated-
atom limit, with the atoms in their respective ground states.
The VIP and VEA are calculated as the difference in the
total energies between the neutral clusters and the corre-
sponding positively and negatively charged clusters at the
neutral optimized geometries. Harmonic frequencies were
also calculated to make sure that the cage structures obtained
were not the local minima. Bonding between the atoms, es-
pecially Si-C and C-C, for all the stable structures was ana-
lyzed using the NBO (natural bonding orbital) program and
NBO VIEW [33].

For the set of optimized SisgC, fullerenelike nanostruc-
tures the results are reported in Table I where the column
headed “Structures” refers to the positions of the carbon at-
oms substituting for silicon atoms on the surface of the Sig
cage. The optimized geometries of all three structures in
Table T are reported in Fig. 1. The structure Maindiag [Fig.
1(a)] has two carbon atoms at diagonally opposite ends of
the cage. The structure Penta-hexa [Fig. 1(b)] has two carbon
atoms along the common side of a pentagon and a hexagon.
The structure Hexa-hexa [Fig. 1(c)] has two carbon atoms
along the common side of two hexagons. The first structure
Maindiag has the highest BE per atom of 3.721 eV in this
set. Its HOMO-LUMO gap of 0.733 eV is also the highest.
The total dipole moment of this structure is zero, indicating a
highly symmetric charge distribution and strong covalent
bonding nature contributing to its increased stability. The
average Si-C bond length for this structure is 1.85 A, which
is the smallest in this group, indicating stronger Si-C inter-
action. There is no C-C bonding in this structure. The Penta-
hexa structure has the highest VIP and VEA in this group,
but the BE per atom and the HOMO-LUMO gap are slightly
lower than for the Maindiag structure. The average Si-C
bond length for this structure is slightly higher compared to
the Maindiag structure. The total dipole moment for this
structure is 0.83 D. The last structure Hexa-hexa has the
lowest BE per atom of 3.712 eV and the HOMO-LUMO gap
is also the lowest in this set. The C-C bond length for this
structure is 1.44 A, indicating stronger C-C interaction.
However, the average Si-C bond length is 1.91 A, indicating
the weakest Si-C interaction for this set. From NBO analysis,
the numbers of Si-C bonds in these three structures are found
to be eight, six and four respectively, which clearly follow
the trend of stability. The vibrational frequencies for the most
stable Maindiag structure in this set are listed in supplemen-
tary material as Table V [34].

063201-2



SILICONCARBON FULLERENELIKE...

Carbon atoms

Penta-hexa

Maindiag
(a) (b)

Carbon atoms

Hexa -hexa

()

FIG. 1. (Color online) Optimized structures of SisgC, silicon-
carbon fullerene like nanostructures (carbon atoms are denoted by
dark pink).

The second set of optimized structures, SigyC, with car-
bon atoms inside the Sig, cage, are listed in Table II and the
corresponding geometries are presented in Fig. 2. Here also
the column under the structures represents the orientations of
the carbon atoms inside the Sig, cage. The Penta-hexa struc-
ture [Fig. 2(a)] has the carbon dimer parallel to the common
side of a pentagon and a hexagon at the Si-C bond length.
The Heper structure [Fig. 2(b)] has the carbon dimer closer
to the surface in a plane perpendicular to the hexagonal face
of the cage. The Maindiag structure [Fig. 2(c)] has two car-
bon atoms along the two ends of the perpendicular diagonal
at Si-C bond length distance. The Hexa-hexa structure [Fig.
2(d)] has the carbon dimer parallel to the common side of
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two hexagons at the Si-C bond length distance. The Peper
structure [Fig. 2(e)] has the carbon dimer placed closer to the
surface in a plane perpendicular to the pentagonal face of the
cage. The Hepar structure [Fig. 2(f)] has the carbon dimer
closer to the surface in a plane parallel to the hexagonal face
of the cage. The structure Pepar [Fig. 2(g)] has the carbon
dimer placed closer to the surface in a plane parallel to the
pentagonal face of the cage.

The Penta-hexa structure in this set has the highest BE per
atom of 3.700 eV. The total dipole moment for this structure
is 2.08 D. NBO analysis of this structure yielded four Si-C o
bonds and one C-C double bond. For the next six structures
in Table II, the difference in binding energies per atom is at
the meV level, the maximum difference being 7 meV. A
common feature in these six structures is that all have a C-C
triple bond, except Maindiag where there is no C-C bond. It
is interesting to note that in general, VEAs for Sig,C, struc-
tures are higher, whereas the VIPs and HOMO-LUMO gaps
are lower than those of the SisgC, structures. This indicates
relatively higher chemically reactive characteristics for the
SigoC, structures, particularly for the Maindiag structure,
which has the highest VEA, the lowest VIP, and the smallest
HOMO-LUMO gap. From Fig. 2(c) we note that the two
loosely bound silicon atoms may be responsible for these
characteristics. Removal of those two silicon atoms makes
this structure similar to the SisgC, Maindiag structure, which
is highly stable and relatively less reactive. The Hepar struc-
ture has the highest HOMO-LUMO gap and the Hexa-hexa
structure has the highest VIP in this set. The vibrational fre-
quencies of the most stable Penta-hexa structure in this set
are listed in supplementary material as Table VI [34].

The third set of optimized structures are SissC, cages,
which have four carbon atoms substituting for the silicon
atoms on the surface of the Sig, cage. These are reported in
Table IIT and their corresponding geometries are presented in
Fig. 3. The structure Hex [Fig. 3(a)] has four carbon atoms at
opposite sides of the hexagon. This has the highest BE per
atom of 3.819 eV in this set. The total dipole moment of this
structure is 1.41 D. NBO analysis of this structure yielded ten
Si-C bonds (eight o bonds, two 7 bonds), two C-C ¢ bonds,
and one C-C 7 bond. NBO o and 7 bonds between C-C and
Si-C for this Hex structure are shown in Fig. 6 below. The
vibrational frequencies for the most stable structure of this

TABLE II. Binding energy per atom (BE), HOMO-LUMO gap, VEA, VIP (all in eV), dipole moment
(D), average Si-C bond length (A), and C-C bond length (A) for optimized SigC, fullerenelike
nanostructures.

BE per atom HOMO-LUMO VEA

Average Si-C C-C

VIP Dipole Moment bond length bond length

Structure  State (eV) gap (eV) eV) (eV) (D) (A) (A)

Penta-hexa 'A 3.700 0.252 3.959 6.260 2.08 1.95 1.43
Heper 'A 3.685 0.357 3.888 6.289 3.06 1.91 1.29
Maindiag 3A 3.684 0.157 4.044 6.197 0.57 1.91

Hexa-hexa 'A 3.683 0.389 3.854 6.306 1.67 1.93 1.29
Peper 'A 3.682 0.441 3.783 6.286 2.78 1.91 1.28
Hepar 'A 3.679 0.496 3.678 6.223 2.16 1.87 1.33
Pepar 'A 3.678 0.335 3.890 6.273 1.99 1.89 1.29
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FIG. 2. (Color online) Optimized structures of SigyC, silicon-
carbon fullerene like nanostructures (carbon atoms are denoted by
dark pink).

set are listed in supplementary material as Table VII [34].
The structure Inpenta [Fig. 3(b)], which has four carbon at-
oms at four corners of a pentagon, has almost the same sta-
bility as the Hex structure. It has BE per atom of 3.817 eV,
0.002 eV less than the hex structure. The dipole moment of
this structure is 0.52 D indicating a slightly less ionic contri-
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FIG. 3. (Color online) Optimized structures of SissC, silicon-
carbon fullerene like nanostructures (carbon atoms are denoted by
dark pink).

bution to mixed ionic-covalent bonding. NBO analysis of this
structure yielded eight Si-C bonds with six o bonds and two
7r bonds, three C-C o bonds, and one C-C 7 bond. The
structure Hexa [Fig. 3(c)] has four carbon atoms at four cor-
ners of a hexagon adjoining two pentagons. The BE per atom
is 0.005 eV less than for the Hex structure. The VIP, VEA,
and HOMO-LUMO gap for this structure are higher than for
the Hex and Inpenta structures. NBO analysis of this structure
yielded six Si-C bonds (all o bonds), three C-C o bonds, and
two C-C 7 bonds. The number of Si-C bonds in this struc-
ture is lower than in the Hex and Inpenta structures. Here
again, from the above three structures it might be suggested
that the decreasing number of Si-C bonds lowers the binding
energy. However, one exception needs to be mentioned.
Though the Maindiag structure [Fig. 3(d)] has 16 Si-C bonds
(12 o bonds and four 7 bonds), the binding energy per atom
is 0.008 eV less than the most stable structure of this set. As
the four carbon atoms are situated at the opposite ends of two
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TABLE III. Binding energy per atom (BE), HOMO-LUMO gap, VEA, VIP (all in eV), dipole moment
(D), average Si-C bond length (A), and average C-C bond length (A) for optimized SiscC, fullerenelike

nanostructures.
HOMO-LUMO Average Si-C Average C-C
BE per atom Gap VEA VIP Dipole moment bond length bond length
Structure  State (eV) (eV) eV) (eV) (D) (A) (A)
Hex A 3.819 0.616 3.645 6.342 1.41 1.87 1.45
Inpenta A 3.817 0.501 3.646 6.244 0.52 1.85 1.48
Hexa A 3.814 0.665 3.655 6.392 1.36 1.88 1.47
Maindiag A 3.811 0.645 3.654 6.369 0.00 1.85
Tetra 'A 3.808 0.576 3.690 6.358 0.95 1.85 1.49
Diag 'A 3.807 0.456 3.742 6.285 0.67 1.86 1.46
Hexb 'A 3.807 0.601 3.648 6.327 1.18 1.90 1.47
Penta-hexa 'A 3.805 0.715 3.681 6.457 0.00 1.87 1.48
Hexa-hexa °A 3.791 0.255 4.075 5.893 0.01 1.89 1.45

perpendicular diagonals of this cage, there is no C-C bond-
ing. This indicates that C-C bonding also contributes to the
stability; the absence of it might be the reason for Maindiag’s
lower binding energy. The zero dipole moment of this struc-
ture indicates a highly symmetric charge distribution and a
strong covalent bonding. The Penta-hexa structure [Fig.
3(h)], which has four carbon atoms along the common side
of a pentagon and hexagon at two ends of the cage, has the
highest HOMO-LUMO gap and VIP in this set. The Hexa-

hexa structure has the lowest BE in this set, 3.791 eV per
atom. In this structure the two carbon dimers are along the
common side of two hexagons at opposite end of the cage.
The total dipole moment for this structure is 0.01 D, indicat-
ing a very negligible ionic contribution to predominantly co-
valent bonding. This structure has the lowest VIP and highest
VEA in this set. NBO analysis of this structure yielded eight
Si-C bonds (all o bonds). The number of Si-C bonds in this
structure is equal to that in the Inpenta structure and higher

TABLE IV. Binding energy per atom (BE), HOMO-LUMO ga, VEA, VIP (all in eV), dipole moment (D), average Si-C bond length (A),
and average C-C bond length (A) optimized Sig,C, fullerenelike nanostructures.

Average Si-C Average C-C

BE per atom HOMO-LUMO VEA VIP Dipole moment bond }ength bond }ength
Structure State (eV) gap (eV) (eV) (D) (A) (A)
Triangle 'A 3.787 0.453 3752 6.262 1.67 1.95 1.47
Hexa 'A 3.783 0.252 3982 6253 2.16 1.92 1.44
Inpenta 'A 3.781 0.454 3.696  6.242 3.80 1.87 1.46
Triangle-pepar A 3.771 0.177 4.048 6.276 1.03 1.92 1.43
Rho-pepar A 3.768 0.506 3778 6316 0.62 1.91 1.49
Tetra A 3.762 0.364 3836  6.248 1.50 1.90 1.45
Rho-heper A 3.761 0.258 4.036  6.311 0.30 1.96 1.43
Hexb A 3.758 0.457 3810 6310 1.79 1.93 1.46
Triangle-heper 'A 3.756 0.512 3.669 6.245 2.39 1.96 1.44
Triangle-peper A 3.755 0.234 4.024 6.310 2.58 1.95 1.43
Rho-peper 3A 3.747 0.089 4.096  6.228 0.97 1.99 1.44
Rho-hepar 3A 3.746 0.139 3948  6.139 1.14 1.96 1.49
Maindiag 3A 3.746 0.101 4.058  6.171 0.35 1.91
Lin-pepar A 3.742 0.128 4.131 6.261 0.00 1.91 1.29
Diag 'A 3.741 0.398 3756 6212 2.16 1.87 1.29
Lin-hepar 'A 3.735 0.427 3787 6238 0.01 1.92 1.29
Hexa-hexa 'A 3.735 0.372 3826 6.236 3.52 1.92 1.29
Hex 'A 3.734 0.217 4.088 6315 1.31 1.90 1.30
Lin-heper A 3.730 0.555 3.748  6.340 0.47 1.94 1.30
Penta-hexa 'A 3.729 0.437 3787 6243 0.37 1.89 1.29
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FIG. 4. (Color online) Optimized structures of SigyC, silicon-
carbon fullerene like nanostructures (carbon atoms are denoted by
dark pink).

than in the Hexa structure. This also shows that the C-C
interactions and their arrangement affect the stability of the
cage.

The last set of optimized nanostructures are SiggC, cages
that have four carbon atoms inside the Sig, cage. Here also
before relaxation all the carbon atoms were placed inside the
cage closer to the cage surface and also at Si-C bond length
distance. These are reported in Table IV and their corre-
sponding geometries in Fig. 4. From the table it can be seen
that some of the structures are degenerate in energy. For the
sake of brevity, only a few energetically most favorable
structures will be discussed here. There are several structures
that are comparable in stability as we increase the number of
carbon atoms inside the cage from two to four. For example,
binding energies per atom for the first three structures in
Table IV are within 6 meV. The structure Triangle [Fig. 4(a)]
has four carbon atoms in a trigonal planar arrangement closer
to the surface in a plane parallel to a hexagonal face of the
cage. This structure has the highest BE per atom of 3.787 eV
in the Sig,C, set. The dipole moment is 1.67 D. The vibra-
tional frequencies for this structure were all found to be posi-
tive, and these are listed in supplementary material as Table
VIII [34]. Next the structure Hexa [Fig. 4(b)] has four carbon
atoms parallel to the four corners of a hexagon adjoining two
pentagons. The BE per atom is 0.004 eV less than for the
Triangle structure. The HOMO-LUMO gap of this structure
is lower, but the VEA is higher than for the Triangle struc-
ture. The dipole moment of this structure indicates a slight
increase in the asymmetric charge distribution compared to
the Triangle structure. The average Si-C and C-C bond
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lengths for this structure are almost the same as before. How-
ever the HOMO-LUMO gap is almost half of the Triangle
structure’s gap. The structure Inpenta [Fig. 4(c)] has four
carbon atoms along the four corners of a pentagon. The Si-C
and C-C average bond lengths are comparable to the previ-
ous two structures. The Inpenta structure’s BE per atom is
0.002 eV less than for the Hexa structure. It can be noted
from Table IV that the dipole moments of all these three
structures are higher than for the previously discussed struc-
tures; particularly for Inpenta, which is the highest, 3.80 D.
The highly asymmetric structure for these cages is respon-
sible for this increased dipole moment.

A common feature of the above SigzC, structures is that
the carbon atoms pushed a few silicon atoms outside the
cage, and as a result those silicon atoms become loosely
bound to the cage. This is one of the main reason for the
lower binding energy of these set compared to SiscC,4 cages.
For example, the structure Maindiag [Fig. 4(m)] in this set
has no C-C bonding and has a low dipole moment, indicating
a strong covalent bonding and a highly symmetric charge
distribution, but the BE per atom is 0.041 eV less than for the
most stable Triangle structure. Absence of C-C bonding
might be one of the reasons for the lower binding energy, but
the primary reason is that the four silicon atoms that are
pushed out by the carbon atom are loosely bound to the cage.
It is interesting to compare this structure with the SiscCy
Maindiag structure. Both the structures are similar, except
for the four loosely bound silicon atoms that are removed
from the Sig(,C, cage, which resulted in 0.065 eV per atom
increase in binding energy and caused the structure to be-
come more stable than the most stable structure of the SigyCy
set, the Triangle structure. In addition to this the difference
between the binding energy of the Sis¢C, Hex structure,
highest in that group, and the Maindiag structure is 0.008 eV
per atom. This example suggests that the mere presence of
the C-C bonding would not significantly increase the binding
energy; it is the Si-C interaction that is important. The most
stable Triangle structure has eight Si-C bonds, all of which
are o bonds. The next two structures, Hexa and Inpenta, each
have six Si-C bonds, which is less than for the Triangle
structure. This again might indicate that Si-C interaction is
important for stability.

In addition to the above structures, several other possibili-
ties were also tried. It was mentioned above that carbon at-
oms (two and four) put inside the Sig, cage at various orien-
tations closer to the cage surface move closer to the surface
and bond with silicon atoms, thereby pushing one or two
silicon atoms outside the surface of the fullerenelike cage.
The silicon atoms that were pushed out of the Sig,C, and
SigoC, cages were removed and the corresponding structures
were reoptimized. The reoptimized structures showed higher
stability as expected from the removal of silicon atoms but
were barely as stable as Sis¢C4 and SisgC, clusters. We also
tried to put carbon atoms at the center of the Sig, cages, but
the structures were not stable. From Tables I-1V, it is clear
that there is a general tendency for increase in the binding
energy per atom with increase in the number of carbon at-
oms. In general, all the optimized structures considered here
are stable nanostructures with higher binding energies per
atom compared to the bare Sig, cage, which has a binding
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Si(27) 0.17
Si(42) 021
Si(43) 0.01
Si(44) 0.28
Si(45) 0.07
c(61) -0.56
C(62) -0.45

(Most charge gained -------------Most charge lost)

(b)

Si(1) 0.21
Si(2) 0.51
Si(3) 041
Si(12) 0.18
Si(13) 0.22
Si(14) 0.27
Si(15) 0.45
Si(16) 0.34
C(61) -1.45
C(62) 0.92
C(63) -0.72
C(64) -1.39

(Most charge gained -------------Most charge lost)

(d)

FIG. 5. (Color online) (a) Mulliken charge distribution for the most stable Maindiag (SisgC,) structure. Selected atom labels with their
respective electronic charge are shown in the figure. (b) Mulliken charge distribution for the most stable penta-hexa (SigyC,) structure.
Selected atom labels with their respective electronic charge are shown in the figure. (c) Mulliken charge distribution for the most stable hex
(Sis6Cy) structure. Selected atom labels with their respective electronic charge are shown in the figure. (d) Mulliken charge distribution for
the most stable triangle (SigyC,) structure. Selected atom labels with their respective electronic charge are shown in the figure.

energy per atom of 3.61 eV at the GGA DFT level of theory.
Also, the carbon atoms substituting for silicon atoms on the
surface of the Sig, fullerene cage give higher binding ener-
gies than carbon atoms put inside the Sig, cage. Thus, the
stability of the nanostructures is found to be dependent on
the number of carbon atoms and their orientations inside or
on the surface of the fullerenelike cage.

As mentioned before, for the most part the carbon-carbon
interaction does not contribute significantly to the cage sta-
bility. It is the Si-C interaction that is important. For ex-
ample, from Table I we note that for the most stable structure
there is no C-C interaction, while in Table II, the Maindiag

(SigyC,), where there is no C-C bonding, is only
0.016 eV/atom less stable than the most stable structure in
that group. Similar conclusions can be made for the SiscCy
group (Table III). In fact a part of the C-C interaction some-
times slightly offsets the increased stability of the cages due
to the fact that carbon atoms usually acquire some charges
and their mutual Coulomb interaction is repulsive. However,
for the SigzC, group (Table IV), the difference between the
BE of the most stable structure and that where there is no
C-C bond is slightly higher, 0.041 eV/atom, which is ap-
proximately 1% of the total binding energy. Considering the
fact that inclusion of carbon atoms increased the Siq, cage
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Carbon — Carbon ¢ bond
(Carbon atoms denoted in black color)

Silicon — Carbon ¢ bond
(Silicon atom denoted by grey color
and Carbon atom by black color)

()

binding energy by almost 5% for this structure, 1% is a sig-
nificant contribution. The asymmetric charge distribution on
the carbon atoms and the cage is responsible for this [Fig.
5(d)] increase in total binding energy in the Triangle struc-
ture. In this structure, the four carbon atoms are arranged in
a planar triangular form, where the carbon atom at the center
of the triangle is positively charged, and has no bonding with
the silicon atoms. So the increased C-C attractive Coulomb
interaction is added to the binding energy, and is responsible
for the above fact. However, it should be noted that despite
this increased attractive C-C interaction, Sig,C, structures are
less stable than the SisC, Maindiag structure, where C-C
interactions do not play any significant role.

In general, Mulliken charge analysis for all the structures
clearly indicates that carbon atoms gain charge and silicon
atoms lose charge, as expected from their electronegativity.
Mulliken charge distribution diagrams for the four most
stable structures in each set generated using GAUSSIAN 03
along with the electronic charges for selected groups of at-
oms are reported in Figs. 5(a)-5(d). All the charges are noted
in electronic charge units. In general these structures have
mostly covalent and partly ionic bonding between the silicon

Carbon — Carbon & bond
(Carbon atoms denoted in black color) hex

PHYSICAL REVIEW A 72, 063201 (2005)

FIG. 6. (Color online) Natural
bond orbital (NBO) plots gener-
ated using the NBO program and
NBO the view for the most stable
structure  (SissCy).  (a)
Carbon-carbon ¢ bond (carbon at-
oms are denoted by black). (b)
Carbon-carbon 7 bond (carbon at-
oms are denoted by black). (c)
Silicon-carbon ¢ bond (the silicon
atom is denoted by gray and the
carbon atom by black). (d)
Silicon-carbon 7 bond (the silicon
atom is denoted by gray and the
carbon atom by black color).

(b)

Silicon — Carbon & bond
(Silicon atom denoted by grey color
and Carbon atom by black color)

(d)

and carbon atoms. For example, in the Si;sC, Hex structure
[Fig. 5(c)], four carbon atoms (labels 16, 17, 35, and 36)
along the opposite corners of the hexagon have electronic
charges of —0.68,-0.67,-0.67, and —0.67, respectively, and
they are bonded to six silicon atoms (labels 15, 18, 34, 37,
51, and 53) having electronic charges of 0.43, 0.42, 0.68,
0.67, 0.14, and 0.14, which clearly indicates mixed ionic and
covalent bonding, with covalent being more prominent.
From Fig. 5(d), we notice an exception in the Mulliken
charge distribution for the Triangle structure (Sig,C4) as the
center carbon atom for a C, trigonal planar arrangement in-
side the cage did lose charge to three other nearby carbon
atoms. The carbon atoms labeled 61, 62, 63, and 64 and their
Mulliken electronic charges (—1.45, 0.92, —0.72, and —1.39)
clearly show positive electronic charge for a carbon atom,
indicating an attractive Coulomb interaction between the
four carbon atoms. As mentioned earlier, this adds to the
cage stability, but may not result in fullerene-type structures
because of its ionic nature. The VIPs and the VEAs for all
the optimized nanostructures reported in this work are
considerably higher, indicating stability. The VIPs and the
VEAs do not follow any specific pattern with the number
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of carbon atoms in the Sig, cage. In general, the Mulliken
charge analysis for silicon-carbon fullerenelike nanostruc-
tures indicates a more covalent bonding nature, except for
the last one, Sig;C,, where the ionic contribution also be-
comes significant.

III. CONCLUSIONS

In conclusion, we have studied a class of stable SigyC,,
(n=1, 2) fullerenelike nanostructures. These structures have
increased stability compared to the bare Sig, cage and their
stability depends on the number and orientation of carbon
atoms, as well as on the coordination of carbon to silicon
atoms in the cage. All the ground-state structures we have
studied here are in the singlet state, i.e., no magnetic struc-
tures have been found. In the case of two carbon atoms on
the surface of the Sigq, cage, mainly covalent bonding con-
tributed to the stability and for other structures a mixture of
ionic and covalent bonding contributed to their stability. Ex-
cept for the most stable Sig;C,4, C-C interactions do not have
significant impact on the stability of the silicon cages; rather,
Si-C interactions appear to be more important. In a given

PHYSICAL REVIEW A 72, 063201 (2005)

group, again except for SigyC,, binding energies do not
change significantly due to the particular arrangements of the
carbon atoms. However, for Sig,C,, the C-C interactions and
the C atom orientations have considerable effect. For ex-
ample, the difference in binding energy between the most
stable and least stable isomers of SigyCy is 1.55%, out of the
total increase of 5% due to the insertion of carbon atoms in
the Sig cage. These observations, along with the fact that
carbon atoms do not stabilize the Sig, cage if they are placed
at the center of the cage, suggest that as the number of car-
bon atoms is increased in the cage, the local Si-C interactions
are the dominant factor in deciding the stability of the clus-
ters. Hence we may suggest that proper arrangements with
more carbon atoms might be needed to have a more stabi-
lized and smoother fullerenelike silicon nanostructure. Fur-
ther theoretical and experimental studies are needed to un-
derstand the hybrid nature of the bonding and the stability of
the cages reported in this study.
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