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Abstract. Fullerene-like silicon nanostructures with twenty and twenty-four carbon atoms on the surface of
the Si60 cage by substitution, as well as inside the cage at various 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 LANL2DZ
basis set. Thus, for the silicon atom, the Hay-Wadt pseudopotential with the associated basis set is used
for the core electrons and the valence electrons, respectively. For the carbon atom, the Dunning/Huzinaga
double zeta basis set is employed. Electronic and geometric properties of these nanostructures are presented
and discussed in detail. Optimized silicon-carbon fullerene like nanostructures are found to have increased
stability compared to the bare Si60 cage and the stability depends on the number and the orientation of
carbon atoms, as well as on the nature of silicon-carbon and carbon-carbon bonding.

PACS. 73.22.-f Electronic structure of nanoscale materials: clusters, nanoparticles, nanotubes, and
nanocrystals

1 Introduction

Experimental and theoretical studies of atomic and molec-
ular clusters continue to be a very active field of research
for the last few decades [1–10]. Cage like compact clusters
or nanostructures are particularly important as they can
be used as building blocks of more stable materials and,
in addition to this, the hollow space inside the cage can be
doped with different suitable atoms leading to atomically
engineered nanostructures with specific scientific and tech-
nological applications. For example, well-controlled nanos-
tructures with varying HOMO-LUMO gaps and desired
conduction properties can be achieved by controlled dop-
ing of atoms in C60 [11]. It has also been shown that accep-
tor C48B12 and donor C48N12, obtained by doping of C60

by substitution, are promising components for molecular
rectifiers and nanotube-based transistors among various
other applications [12]. The spin property of the doped
atom inside the cage can be used as the smallest memory
devices for quantum computers. For example a tungsten
atom in Si12 hexagonal cage is quantum mechanically iso-
lated from outside so that it can preserve its spin state [13].

Silicon is one of the most extensively used semicon-
ductors in the industry and silicon clusters, preferring
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sp3 hybridization, have been studied in detail. Ab ini-
tio Hartree-Fock (HF) based and density functional theo-
ries (DFT) [14–16] have been used to predict the ground
state structures of bare silicon clusters. Some of these
structures are controversial and there are not enough ex-
perimental studies for confirmation of the ground state
structures [17]. Discovery of the magically stable C60

fullerene cage has prompted scientists to study silicon
cage-like fullerene structures, as they can be used as build-
ing blocks for fabricating various nanostructures in elec-
tronic devices. However, though silicon and carbon belong
to same group of periodic table, they exhibit different
properties due to differences in their nature of bond-
ing. Carbon clusters (Cn), preferring sp2 hybridization,
have been found to exist in fullerene like structures for n
as small as 20 [18,19], whereas for silicon clusters (Sin)
such structures are unstable. Studies on the Si60 fullerene
cage have yielded a distorted cage structure and Si60
fullerene cage is not as stable as C60 [20]. Replacing car-
bon atoms in the C60 fullerene cage by silicon atoms has
yielded a distorted icosahedral structure [21]. Recently,
Matsubara and Massobrio [22] have presented density
functional theory based studies of stable highly doped
C60−mSim hetero-fullerenes. In particular, they have pro-
vided clear evidence of stable fullerene-like cage structures
for C40Si20, C36Si24, and C30Si30. Core-valence interaction
was described by norm-conserving pseudo-potentials and
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geometry optimizations were performed by Car-Parrinello
molecular dynamics techniques. For C40Si20, the most sta-
ble arrangements correspond to structures in which Si and
C atoms form two distinct homogeneous sub-networks and
their results, in general, indicate that stable configurations
can be achieved provided C and Si atoms do not share the
same regions in the cage.

Stabilization of silicon fullerene-like cages with dopant
atoms inside has actually been a major field of study in
the last few years. The major goal is two-fold: the first is to
design silicon based nanostructures with potential appli-
cations like carbon fullerenes; and the second is to study
possible magnetic properties of these structures. The sec-
ond property might be particularly important in memory
devices though it has been noted that silicon cages can
almost quench the magnetic moments of transition metal
atoms encapsulated in the cage [23]. Recent studies have
shown that highly stable small silicon cage clusters are
possible if transition metal atoms are encapsulated in the
Si cages [13,24]. Bigger clusters like stable Si60 fullerene
like cages are possible by doping magic clusters such as
Al12X (X = Si, Ge, Sn, Pb), Ba@Si20 and Au12W inside
the Si60 cage [25].

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 cluster sci-
ence to astrophysics [26]. Studies have been reported for
C60 inside a Si60 fullerene-like cage which yielded a highly
distorted structure [25]. 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
silicon carbide clusters have not been investigated in detail
so far. We have shown previously using both Hartree-Fock
based second order Møller-Plesset perturbation theory
and gradient corrected density functional theory (GGA-
DFT) that carbon atoms trapped in medium size silicon
clusters (Sin, n = 8−14 and 20) produce fullerene- and
tube-like nanostructures which are comparable in stabil-
ity to the transition metal encapsulated silicon cage clus-
ters [27]. We have also reported GGA-DFT results [28]
on stabilizing the Si60 cage by adding two, four and six
carbon atoms inside the cage as well as on the surface of
the Si cage by substituting the surface Si atoms. In this
paper, we report our results on stabilizing the Si60 cage
by adding C20 and C24 clusters inside them (Si60C20,
Si60C24) and also by substitution of silicon atoms by
twenty and twenty four carbon atoms on the surface of
the cages (Si40C20, Si36C24) at different possible orienta-
tions. As before, the generalized gradient approximation
to density functional theory has been used with Perdew-
Wang (PW91) exchange-correlation functional [29]. Full
geometry optimizations of the cages have been performed
without any symmetry constraints with the LANL2DZ ba-
sis set [30] and the Gaussian 03 suite of programs [31].
In this set, for the silicon atom, the Hay-Wadt pseudo-
potential with the associated basis set are used for the
core electrons and the valence electrons, respectively. For
the carbon atom, the Dunning/Huzinaga double zeta ba-
sis set is employed. All computations have been performed

at the supercomputing facilities at the University of Texas
at Arlington.

2 Results and discussions

In the first step, silicon atoms on the surface of the
cage have been replaced by twenty and twenty four
carbon atoms at various symmetry orientations. In the
second step, C20 and C24 clusters were put inside the
Si60 cage individually. For C20 cluster, possible structures
reported by theoretical and experimental studies are the
bowl, fullerene, ring, bow-tie and planar sheet like struc-
tures [19,32]. For C24 clusters, theoretical and experimen-
tal studies have reported flat graphitic sheet, one pentagon
bowl, three pentagon bowl, ring, fullerene and a cage with
square, pentagonal and hexagonal faces as possible struc-
tures [32]. All these structures, as optimized at GGA-DFT
level of theory, have been added inside the Si60 cage indi-
vidually, and then the cage was relaxed altogether.

In the results to follow, we report the electronic
states, binding energies per atom (BE), highest occupied
— lowest unoccupied molecular orbital (HOMO-LUMO)
gaps, vertical ionization potentials (VIPs), vertical elec-
tron affinities (VEAs) and total dipole moments of the sta-
ble fullerene-like Si40C20, Si60C20, Si36C24 and Si60C24 op-
timized 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 clus-
ters in the separated atom limit, with the atoms in their
respective ground states. A positive binding energy thus
implies a stable cluster. VIPs and VEAs have been cal-
culated as the difference in the total energies between the
neutral clusters and the corresponding positively and neg-
atively charged clusters, respectively, at the neutral opti-
mized geometries. Bonding between the atoms, especially
Si–C and C–C for all the stable structures were analyzed
using the Natural Bonding Orbital (NBO) program and
NBO View [33].

We first discuss the C20 substitution on the surface of
Si60 cage. The optimized geometries of all these structures
are shown in Figure 1 and their binding energies and other
electronic properties are reported in Table 1. The column
under the ‘structures’ in Table 1 refers to the positions
of carbon atoms substituting silicon atoms on the sur-
face of Si60 cage. The most stable structure Sur1 (Fig. 1a)
has twenty carbon atoms in an arrangement of one pen-
tagon surrounded by five hexagons. The structure Sur2
(Fig. 1b) has one hexagon surrounded by three hexagons
and three pentagons. The structure Sur3 (Fig. 1c) denotes
the other possible way of arranging twenty carbon atoms
in the same number of hexagons and pentagons as Sur2.
The structures Tb1 (Fig. 1d) and Tb2 (Fig. 1e) have ten
carbon atoms along the corners of two hexagons and two
pentagons at the two ends of the cage, respectively. For
the Dia (Fig. 1f) structure, the twenty carbon atoms are
arranged such that the cage is dissected into two sections
of Si20 (one pentagon surrounded by five hexagons).

As seen from Table 1 for the set of Si40C20 clusters,
the first three structures are comparable in stability as
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Table 1. Binding energy per atom (BE), HOMO-LUMO gap, VEA, VIP (all in eV), dipole moment (Debye), average Si–C
bond length (Å) and C–C bond length (Å) for optimized Si40C20 fullerene like nanostructures.

Structures State BE per atom HOMO-LUMO VEA VIP Dipole moment Average Si–C Average C–C
(eV) gap (eV) (eV) (eV) (Debye) bond length (Å) bond length (Å)

Sur1 1A 4.748 0.528 3.722 6.494 1.36 1.91 1.45
Sur2 1A 4.747 0.453 3.747 6.424 2.90 1.85 1.48
Sur3 1A 4.744 0.354 3.779 6.341 2.99 1.88 1.46
Tb1 3A 4.690 0.150 3.936 6.289 1.93 1.91 1.45
Tb2 1A 4.662 0.347 3.675 6.219 0.33 1.85 1.46
Dia 1A 4.639 0.498 3.673 6.533 0.02 1.89 1.44

Fig. 1. (Color online) Optimized structures of Si40C20 silicon-
carbon fullerene like nanostructures (carbon atoms denoted by
dark pink color).

their binding energies are within 0.004 eV/atom. The first
structure Sur1 has the highest BE per atom in this set,
namely 4.748 eV/atom. The dipole moment of this struc-
ture has a value of 1.36D, which is the lowest among the
top three, indicating less ionic contribution in bonding.
The average Si–C and C–C bond lengths for this struc-
ture are 1.91 Å and 1.45 Å, respectively. This structure
has the highest HOMO-LUMO gap of 0.528 eV and sec-

ond highest VIP of 6.494 eV in this set. NBO analysis of
this structure yields 25 C–C σ bonds, 10 C–C π bonds and
10 Si–C σ bonds. We find strong covalent bonding between
the C–C σ bonds and a slight increase in the asymmetric
charge distribution among the C–C π bonds in this struc-
ture. The binding energy of Sur2 structure is only 0.001 eV
per atom lower than the binding energy of the previous
structure. NBO analysis yields 24 C–C σ bonds, 8 C–C π
bonds, 10 Si–C σ bonds and 3 Si–C π bonds. The number
of C–C bonds is lower compared to the previous structure,
contributing to the very small difference in binding energy.
For Sur3 structure, NBO analysis yields 25 C–C σ bonds,
10 C–C π bonds and 10 Si–C σ bonds. These numbers
are similar to the Sur1 structure but the average occu-
pancies of the C–C π bonds and the Si–C σ bonds are
slightly lower, indicating weaker C–C and Si–C interac-
tions. These contribute to the lower binding energy. For
the other three structures in Table 1, the binding energies
are lower mainly due to the lower number of C–C σ- and
π-bonds. For the Dia structure though the number of Si–
C σ bonds is the highest, smaller number of C–C bonds
lowers its stability compared to the other clusters. This
structure has the highest VIP and the lowest dipole mo-
ment in this set.

The second set of optimized structures, Si60C20 with
C20 clusters inside the Si60 cage, is listed in Table 2 and the
corresponding geometries are presented in Figure 2. Here
also the column below the structures denotes the orienta-
tions of carbon atoms inside the Si60 cage. The bowl struc-
ture (Fig. 2a) has a C20 bowl (one pentagon surrounded
by five hexagons) inside the Si60 cage. The Sheet2 struc-
ture (Fig. 2b) has twenty carbon atoms in four hexagons
and one heptagon (in a flat sheet like arrangement) inside
the Si60 cage. For the Sheet1 structure (Fig. 2c), there are
twenty carbon atoms in five hexagons (in a flat sheet like
arrangement) inside the Si60 cage. The Cage (Fig. 2d) has
C20 cluster in a fullerene like cage arrangement and the
Ring (Fig. 2e) has C20 cluster in a ring arrangement inside
the Si60 cage. We also put carbon atoms closer to the sur-
face, with the same surface orientations in Table 1, at an
initial optimized SiC dimer bond length of 1.77 Å (at the
GGA-DFT level of theory) but the optimized structures
were energetically unfavorable.

The bowl structure has the highest BE per atom
of 4.482 eV and also the highest VIP in this set.
The dipole moment value of 2.73D indicates a mixed
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Table 2. Binding energy per atom (BE), HOMO-LUMO gap, VEA, VIP (all in eV), dipole moment (Debye), average Si–C
bond length (Å) and C–C bond length (Å) for optimized Si60C20 fullerene like nanostructures.

Structures State BE per atom HOMO-LUMO VEA VIP Dipole moment Average Si–C Average C–C
(eV) gap (eV) (eV) (eV) (Debye) bond length (Å) bond length (Å)

Bowl 5A 4.482 0.163 4.105 6.282 2.73 1.94 1.46
Sheet2 1A 4.454 0.159 3.995 6.162 3.86 1.93 1.43
Sheet1 1A 4.434 0.153 4.044 6.233 4.42 1.93 1.43
Cage 1A 4.349 0.109 4.153 6.281 0.02 2.06 1.50
Ring 1A 4.306 0.321 3.832 6.174 2.67 1.99 1.40

Fig. 2. (Color online) Optimized structures of Si60C20 silicon-
carbon fullerene like nanostructures (carbon atoms denoted by
dark pink color).

ionic-covalent bonding contributing to its increased stabil-
ity. NBO analysis of this structure yields 25 C–C σ bonds,
11 C–C π bonds and 10 Si–C σ bonds. This structure has
the maximum number of C–C bonds, which might be the
reason for its increased stability. For the right orientation,
the C20 bowl was rotated inside the Si60 cage at different
angles and the variations in the binding energies of the

optimized structures were very low, ranging from −0.2%
to +0.06%. This indicates a flat potential energy surface
with respect to the angle of rotation. The NBO analysis of
Sheet2 structure yields 24 C–C σ bonds, 10 C–C π bonds
and 12 Si–C σ bonds clearly indicating that a decrease
in the number of C–C bonds contributes to a lower bind-
ing energy. NBO analysis of Sheet1 structure yields the
same number of C–C and Si–C bonds as Sheet2 structure
but the average occupancies of the bonds were lower con-
tributing to the lower binding energy. The Cage structure
has the lowest dipole moment of 0.02D indicating higher
covalent bonding. However, the NBO analysis of the Cage
structure yields the maximum number of 30 C–C σ bonds
and 6 C–C π bonds but the number of Si–C σ bonds
were four and also weaker. The average Si–C bond length,
which is the highest from Table 2, clearly indicates that
the lower number and the weaker Si–C interaction con-
tribute to its lower stability. The Cage structure has the
highest VEA in Table 2. There is a sudden increase in
the HOMO-LUMO gap in Table 2 for the Ring structure.
This gap is comparable to the gaps of Table 1. This may be
due to the fact that some of the carbon atoms reach to the
surface of Si cage, thereby nearly displacing those surface
Si atoms, as seen from Figure 2e. For the Ring structure
though the number of Si–C σ bonds is maximum (a total
of 18), the average occupancies of Si–C bonds were lower
compared to all the previous structures.

The third set of optimized structures is Si36C24

fullerene like nanostructures, which have twenty four car-
bon atoms substituting the silicon atoms on the surface of
the Si60 cage. These are reported in Table 3 and their
corresponding relaxed geometries are presented in Fig-
ure 3. The structure Sur4 (Fig. 3a) has twenty four car-
bon atoms arranged along the corners in four pentagons
and four hexagons. The structures Sur1 (Fig. 3b), Sur2
(Fig. 3d) and Sur3 (Fig. 3e) have the basic prototype of
one pentagon surrounded by five hexagons for twenty car-
bon atoms, differing in the arrangement of other four car-
bon atoms. For the structure Sur5 (Fig. 3c), there are
twenty four carbon atoms along the corners of three pen-
tagons and five hexagons. The rest of the structures Tb4
(Fig. 3f), Tb2 (Fig. 3g), Tb3 (Fig. 3h), Tb1 (Fig. 3i) and
Tb5 (Fig. 3j) have twelve carbon atoms in different ar-
rangements along the two ends of the cage.

For the first five structures in Table 3, the binding
energies per atom are within 10 meV. So these five struc-
tures are comparable in stability. The Sur4 structure has
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Table 3. Binding energy per atom (BE), HOMO-LUMO gap, VEA, VIP (all in eV), dipole moment (Debye), average Si–C
bond length (Å) and C–C bond length (Å) for optimized Si36C24 fullerene like nanostructures.

Structures State BE per atom HOMO-LUMO VEA VIP Dipole moment Average Si–C Average C–C
(eV) gap (eV) (eV) (eV) (Debye) bond length (Å) bond length (Å)

Sur4 1A 4.977 0.557 3.621 6.450 1.41 1.84 1.46
Sur1 1A 4.975 0.531 3.617 6.456 0.72 1.84 1.47
Sur5 1A 4.975 0.486 3.733 6.661 1.66 1.87 1.46
Sur2 1A 4.971 0.332 3.662 6.282 1.16 1.90 1.45
Sur3 1A 4.967 0.406 3.635 6.339 1.09 1.85 1.47
Tb4 1A 4.960 0.277 3.479 6.154 0.01 1.89 1.45
Tb2 1A 4.932 0.371 3.647 6.262 0.72 1.85 1.46
Tb3 1A 4.920 0.574 3.565 6.401 0.01 1.89 1.45
Tb1 1A 4.867 0.430 3.534 6.201 0.01 1.85 1.47
Tb5 1A 4.851 0.525 3.526 6.242 0.00 1.87 1.47

Fig. 3. (Color online) Optimized structures of Si36C24 silicon-carbon fullerene like nanostructures (carbon atoms denoted by
dark pink color).

the highest BE per atom of 4.977 eV and has the high-
est HOMO-LUMO gap of 0.557 eV in this set. The dipole
moment value of 1.41D indicates a mixed ionic-covalent
bonding nature contributing to its stability. NBO analysis
of this structure yields 31 C–C σ bonds, 10 C–C π bonds,
10 Si–C σ bonds and 4 Si–C π bonds. Both the next
two structures Sur1 and Sur5 differ in BE per atom by

0.002 eV compared to Sur4 structure. NBO analysis for
Sur1 structure yields 30 C–C σ bonds, 11 C–C π bonds,
12 Si–C σ bonds and 2 Si–C π bonds. One of the reasons
for its lower binding energy might be the substitution of
a C–C σ bond by a C–C π bond having lower occupancy.
NBO analysis of Sur5 structure yields 31 C–C σ bonds,
11 C–C π bonds, 10 Si–C σ bonds and 2 Si–C π bonds.
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Table 4. Binding energy per atom (BE), HOMO-LUMO gap, VEA, VIP (all in eV), dipole moment (Debye), average Si–C
bond length (Å) and C–C bond length (Å) for optimized Si60C24 fullerene like nanostructures.

Structures State BE per atom HOMO-LUMO VEA VIP Dipole moment Average Si–C Average C–C
(eV) gap (eV) (eV) (eV) (Debye) bond length (Å) bond length (Å)

Sheet 3A 4.599 0.100 4.142 6.222 2.15 1.91 1.42
3bowl 1A 4.579 0.209 4.130 6.292 2.21 1.95 1.44
1bowl 1A 4.566 0.252 4.013 6.287 3.11 1.93 1.43
Cage 3A 4.529 0.202 4.132 6.272 0.75 2.02 1.53
Rcage 5A 4.487 0.016 4.094 6.179 0.07 2.06 1.53
Ring 3A 4.358 0.112 4.106 6.143 0.59 1.91 1.44

The number of C–C bonds is one more than the Sur4
structure but the Si–C interactions were lower, contribut-
ing to its lower stability. This might indicate that Si–C
interactions are also important for the stability of these
nanostructures. This structure has the highest VIP and
VEA in this set. For Sur2 structure, NBO analysis yields
30 C–C σ bonds, 12 C–C π bonds and 12 Si–C σ bonds
but the Si–C interactions were weaker (average Si–C bond
length of 1.90 Å) contributing to its lower stability. The
set of structures Tb4, Tb2, Tb3, Tb1 and Tb5 have twelve
carbon atoms along the two ends of the cage, indicat-
ing that the number of Si–C interactions is higher and
the number of C–C interactions is lower compared to the
previous structures. Less C–C interactions contribute to
their low binding energies. Except for the Tb2 structure,
the dipole moment values for the rest of the structures
indicate very negligible ionic contribution and strong co-
valent bonding. Important thing to be noted in the Tb4
structure is that the optimized structure shows significant
reconstructions from its original fullerene like geometry to
a flat tube like geometry.

The last set of optimized structures is Si60C24 fullerene
like nanostructures, which has C24 clusters inside the
Si60 cage. These are reported in Table 4 and the corre-
sponding geometries are shown in Figure 4. The Sheet
structure (Fig. 4a) has twenty four carbon atoms placed on
the corners of seven hexagons (in a flat sheet like arrange-
ment) inside the Si60 cage. In 3bowl structure (Fig. 4b)
carbon atoms are arranged among three pentagons and
five hexagons inside the Si60 cage. For 1bowl structure
(Fig. 4c), twenty four carbon atoms are arranged among
one pentagon and six hexagons inside the Si60 cage. The
Cage (Fig. 4d), Rcage (Fig. 4e) and Ring (Fig. 4f) struc-
tures have C24 clusters inside the Si60 cage in fullerene
like cage, square cage (having pentagonal, hexagonal and
square faces) and ring like arrangements, respectively. As
in Si40C20, here also we put the carbon atoms closer to
the surface from inside the cage at an initial optimized
SiC dimer bond length, but the optimized structures were
found to be energetically unfavorable.

The Sheet structure has the highest BE per atom
of 4.599 eV and also highest VEA of 4.142 eV in this
set. The dipole moment value of 2.15D indicates a mixed
ionic-covalent bonding nature contributing to its stability.
NBO analysis of this structure yields 30 C–C σ bonds,
13 C–C π bonds and 12 Si–C σ bonds. NBO analysis

Fig. 4. (Color online) Optimized structures of Si60C24 silicon-
carbon fullerene like nanostructures (carbon atoms denoted by
dark pink color).

of the 3bowl structure yields 31 C–C σ bonds, 11 C–
C π bonds and 12 Si–C σ bonds. The total number of
C–C bonds in this structure is lower compared to previ-
ous structure. The average occupancies of C–C π bonds
and Si–C σ bonds are also lower compared to the pre-
vious structure. These might be the reasons for 3bowl
structure to have lower binding energy compared to Sheet
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structure. NBO analysis of the 1bowl structure yields
30 C–C σ bonds, 12 C–C π bonds and 12 Si–C σ bonds.
One of the C–C σ bonds in the 3bowl structure is re-
placed by a C–C π bond in the 1bowl structure with oc-
cupancy lower compared to σ bond and resulting lower
stability for the 1bowl structure compared to the 3bowl
structure. For the Cage structure, NBO analysis yields
maximum number of C–C bonds in this set (36 σ bonds
and 8 π bonds) but the number of Si–C bonds (11 σ bonds)
were lower and also weaker. The C–C interactions are also
weaker for this structure (average C–C bond length of
1.53 Å). This clearly indicates that both Si–C and C–C
bonding are important for stability. The Rcage structure
also has weaker Si–C interactions, as evident from the
average Si–C bond length similar to the Cage structure.
The number of C–C bonds is also lower in this structure
(36 σ bonds and 6 π bonds) compared to Cage struc-
ture. It is to be noted that the HOMO-LUMO gap for the
Rcage structure is 0.016 eV, indicating almost a metallic
behavior. NBO analysis of the Ring structure yields the
maximum number of Si–C bonds (28 σ bonds) and mini-
mum number of C–C bonds (22 σ bonds and 12 π bonds)
in this set. In this structure, all carbon atoms came to the
surface of the cage by displacing surface silicon atoms,
thereby creating a highly distorted cage with broken car-
bon chain. This results in lower number of C–C bonds and
a lower binding energy for the cage.

A common feature of the above Si60C24 structures is
that the carbon atoms put inside the Si60 cage interact
with the silicon atoms on the surface and push a few
silicon atoms outside the surface of the cage, and as a
result those silicon atoms become loosely bound to the
cage. This might be one of the reasons for the lower bind-
ing energy of these set compared to Si36C24 nanostruc-
tures. For example, let us compare the 1bowl structure
with the Sur2 structure (Fig. 3d), where the arrangements
of carbon atoms in both the structures are the same and
are inside and at surface of the cage, respectively. NBO
analysis of this Sur2 structure yields 30 C–C σ bonds,
12 C–C π bonds and 12 Si–C σ bonds similar to the
1bowl (Si60C24) structure. The average occupancies of
the C–C π bonds and the Si–C σ bonds were higher for
Sur2 cage, contributing to its increased binding energy.
This might again indicate that both Si–C and C–C in-
teractions are important for stability and their interac-
tions are stronger at the surface than inside the cage. In
fact, the increase in Si–C bonding at the expense of C–C
bonding contributes to lower stability. For example, in the
Ring structure, with the maximum number of Si–C bonds
(28 σ bonds), the number of and C–C bonds are lower
(22 σ bonds and 12 π bonds) leading to lower stability.

Similar conclusions can be reached for the set of
Si60C20 and Si40C20 nanostructures. From Table 2, the
structure Sheet1 (Fig. 2c) BE per atom differs from
the most stable structure by 0.048 eV. NBO analysis of
this structure yields 24 C–C σ bonds, 10 C–C π bonds
and 12 Si–C σ bonds. NBO analysis for the most sta-
ble Bowl structure in this set yields 25 C–C σ bonds,
11 C–C π bonds and 11 Si–C σ bonds, clearly indi-

cating that increased Si–C and C–C interactions con-
tributed to its higher binding energy. The arrangements
of twenty carbon atoms are the same for the Bowl struc-
ture and the most stable Sur1 structure (Si40C20) from
Table 1. As mentioned before, NBO analysis of this Sur1
structure yields 25 C–C σ bonds, 10 C–C π bonds and
10 Si–C σ bonds. This structure has one less C–C π bond
and one less Si–C σ bond compared to those of the
Bowl structure (Si60C20). The average occupancies of
C–C π bond (1.70) and Si–C σ bond (1.94) in this Sur1
structure are greater than the most stable Bowl Structure
(1.67 and 1.89 respectively), clearly indicating stronger
Si–C interactions and C–C interactions at the surface con-
tributing to its higher binding energy.

In general, all the optimized structures considered here
are stable nanostructures with higher binding energies per
atom compared to the bare Si60 cage which has a bind-
ing energy per atom of 3.61eV at GGA-DFT level of the-
ory. In addition, all harmonic frequencies of the most sta-
ble structures are found to be positive. In our previous
work [28], we have seen that binding energies per atom
for the Si60−2nC2n and Si60C2n (n = 1 to 3) fullerene like
nanostructures were higher compared to the bare Si60 cage
and they increase with the number of carbon atoms from
two to six. Also, the structures with carbon atoms sub-
stituting silicon atoms on the surface of the Si60 fullerene
cage give higher binding energies compared to the struc-
tures with carbon atoms inside the Si60 cage. Here also
we note from Tables 1 to 4 that the binding energies of
Si40C20, Si60C20, Si36C24 and Si60C24 nanostructures are
higher compared to our previous results for two, four and
six carbon atoms and agree with the trend of increasing
binding energies with the increase in the number of car-
bon atoms. The stabilities of the nanostructures here are
found to be dependent on the orientations of the carbon
atoms inside or on the surface of fullerene like cage. All
the optimized nanostructures tend to be distorted and do
not show a trend of smoother fullerene like silicon nanos-
tructures.

As mentioned before that for the most part carbon-
carbon interactions and the Si–C interactions contribute
to fullerene cage stability. The inclusion of twenty carbon
atoms on the surface of the Si60 cage increased the BE
per atom by 31.5% and the inclusion of twenty carbon
atoms inside the Si60 cage increased BE per atom by 24%
compared to the BE of the bare Si60 cage. For twenty
four carbon atoms on the surface of the cage and inside
the cage, the BE per atom increased by 38% and 27%
compared to the BE of the bare Si60 cage. This indicates
that Si–C bonding is stronger at the surface than inside
the cage. This could be evident from the fact that inclusion
of carbon atoms inside the Si60 cage pushes silicon atoms
outside the surface, which are then loosely bonded to the
cage. These results are, in general, consistent with the
results of Matsubara and Massobrio who observed that for
carbon-rich carbon-silicon fullerenes stable configurations
can be achieved provided C and Si atoms do not share the
same regions in the cage [22].
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(a) (b)

(c) (d)

Fig. 5. (Color online) Mulliken charge distribution for: the most stable Sur1 (Si40C20) structure (a); the most stable Bowl
(Si60C20) structure (b); the most stable Bowl (Si36C24) structure (c); the most stable Sheet (Si60C24) structure (d). Selected
atom labels with their respective electronic charge shown in the figure.

We also performed detailed Mulliken population anal-
ysis for the clusters reported here. In general, Mulliken
charge analysis for all the structures indicates that car-
bon atoms gain charge and the silicon atoms lose charge,
as expected from their electro-negativities. Some excep-
tions are noted in which carbon atoms lose charge and sil-
icon atoms gain charge indicating an asymmetric charge
distribution and a total dipole moment for these struc-
tures. Mulliken charge distribution diagrams for the four
most stable structures in each set along with the elec-
tronic charges for selective group of atoms are shown in
Figures 5a–5d. All the charges are noted in electronic
charge unit. In general, these most stable structures have
mostly covalent and partly ionic bonding. Increase in the
exceptions of silicon atoms gaining charge translates to
increased repulsive interaction between them and carbon
atoms, resulting in a decrease of stability. For example,

in the Si40C20 Sur1 structure (Fig. 5a) we notice that the
five inner-most carbon atoms and few outer carbon atoms
have positive electronic charges and this induces the ionic
contribution over the covalent bonding between the car-
bon atoms. Electronic charges for selective atom labels
for this structure are given in Figure 5a. All the silicon
atoms bonded with carbon atoms have positive electronic
charges and the asymmetric charge distribution between
the silicon and carbon atoms increases the asymmetric
contribution between the C–C bonding. For the most sta-
ble Si60C20 Bowl structure (Fig. 5b), we notice several ex-
ceptions where silicon atoms gain charges, while five car-
bon atoms lose charges. Some silicon atoms bonded with
carbon atoms gain charge similar to carbon atoms, in-
creasing the repulsive Coulombic interaction between the
silicon and carbon atoms. Electronic charges for selective
atom labels for this structure are given in Figure 5b. For
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example the silicon atoms (labels 28, 46, 58) having elec-
tronic charges of −0.16, −0.06 and −0.06 respectively are
bonded with carbon atoms (labels 76, 77 and 79) having
electronic charges of −0.28, −0.43 and −0.14, which indi-
cates the repulsive interaction between the silicon and car-
bon atoms offsetting the increased C–C interaction, lower-
ing the stability for this structure. NBO analysis confirms
the ionic contribution to the C–C interaction among the
C–C π bonds with C–C σ bonds being strongly covalent
in nature. Similar discussions can be made for the most
stable Si36C24 and Si60C24 fullerene like nanostructures.
The VIPs and the VEAs for all the optimized nanostruc-
tures reported in this work are considerably high indicat-
ing stability and do not follow any specific pattern with
increase in carbon atoms. In general, Mulliken charge anal-
ysis for the novel silicon-carbon fullerene like nanostruc-
tures (Si40C20, Si60C20, Si36C24 and Si60C24) indicates a
mixed ionic-covalent bonding contributing to the stability.

3 Conclusions

In conclusion, we have studied a class of stable Si40C20,
Si60C20, Si36C24 and Si60C24 fullerene-like nanostructures.
These structures have increased stability compared to the
bare Si60 cage and their stability depends on the orien-
tation of carbon atoms inside or on the surface of the
cage. The ground state structures for twenty and twenty
four carbon atoms on the surface of the cage are in sin-
glet state, i.e., no magnetic structures have been found.
For C20 and C24 clusters inside the Si60 cage, the ground
state structures have multiplicities of 5 and 3 indicating
the possibility of magnetic nanostructures. Further stud-
ies are needed to ascertain probable magnetism associ-
ated with these structures. For twenty and twenty four
carbon atoms on the surface and inside the Si60 cage, a
mixed ionic-covalent bonding contributed to the stability.
The C–C interactions and Si–C interactions together con-
tribute to the stability of Si40C20, Si60C20, Si36C24 and
Si60C24 fullerene like nanostructures. Both C–C interac-
tions and Si–C interactions were stronger on the surface
than inside the cage which is evident from the fact that
Si40C20 and Si36C24 nanostructures have higher binding
energies compared to Si60C20 and Si60C24 nanostructures.
This conclusion can also be supported by the fact that in-
crease in binding energies for most stable structures in
Si40C20 and Si36C24 (compared to bare Si60 cage) were
31.5% and 38% compared to 24% and 27% for Si60C20

and Si60C24 nanostructures, respectively. Thus the orien-
tations of twenty and twenty four carbon atoms on the
surface are found to have larger impact on the stability
of the Si60 cage. All these along with the fact that closed
cage carbon clusters put at the center of the cage (hav-
ing weaker Si–C interactions) do not contribute to higher
stability, suggest that as carbon atoms are increased in
the cage, the local Si–C interactions and C–C interactions
are the dominant factors in deciding the stability of the
clusters. Hence we may suggest that proper arrangements
with more carbon atoms might be needed to have a more

stabilized and smoother fullerene-like silicon nanostruc-
ture. Significant reconstructions shown by some Si36C24

nanostructures with optimized geometries looking like a
flat tube structure indicates the possibility of Si–C nan-
otubes. Further theoretical and experimental studies are
needed to explore this possibility. We have stated before
that, to the best of our knowledge, no experimental re-
sults are available for the SiC fullerene structures reported
here. Further theoretical and new experimental studies are
clearly necessary to understand the hybrid nature of bond-
ing and the stability of the nanostructure fullerene cages
reported in this study.
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