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Abstract

We have performed calculations on the fullerene cage structures and the
binding energies of Si, (n = 20, 24, 26, 28, 30, 32) clusters by the
full-potential linear-muffin-tin-orbital molecular dynamics (FP-LMTO-MD)
method. It is found that the fullerene cages are not stable, and relax into
structures which are severely distorted. Except for Siy, their atomic arrange-
ment tends towards tetrahedral geometry. After the structural distortion, about
two silicon atoms can still be filled into the inside spaces of the distorted cages
for Si, (n = 26-32).

1. Introduction

The truncated icosahedral cages (fullerene cages) are important structures for C,, clusters [1,2].
They have 12 pentagons on their almost spherical surfaces. Extensive investigations on
the fullerene cages of the C, clusters have been performed. It is believed that the perfect
truncated icosahedral cage structures for Cgy and Cy( clusters are especially stable. Theoretical
investigations have shown that a whole family of fullerenes can exist for carbon clusters [1].
Further probing suggests that in addition to Cgy and Cy, the Cp4, Cag, C3, and Cs clusters
should also show varying degrees of special stability [1]. Recently, Piskoti et al [3] have
reported that the structures with D¢, and D,g symmetry for Cs¢ cages are the most stable.
Grossman et al [4] have provided a theoretical characterization of solid Cs¢. Each atom
of the cage structures is bonded to three other atoms, thus making it a form of spherical
graphite. We wondered if silicon, contiguous to carbon in the periodic table, would also form
the stable icosahedral cage structure. For the Sig cluster, a few reports have involved Sigy
cage structure [6—-13]. We have also investigated the cage structure of the Sigy cluster [14] by
the full-potential linear-muffin-tin-orbital molecular dynamics (FP-LMTO-MD) method [14].
Our results indicate that the truncated icosahedron has been distorted from I, symmetry to Ty,
symmetry. Its final stable structure resembles a puckered ball. For other truncated icosahedra,
we want to know whether they can be stable, and how they are distorted if they are unstable.
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Kaxiras and Jackson have addressed the fullerene cages of Siy, Sizg and Sipg in their paper [15].
In present paper, we have performed calculations on the cage structures of Siyg_3, clusters by
means of molecular dynamics simulations for the first time. Recently, Marsen and Sattler
proposed a fullerene-type Siys-based atomic configuration for nanowires of silicon [16]. Our
investigations on the fullerene cages help us to understand the growth of the silicon nanowires
on the basis of the cages.

2. Method

The FP-LMTO method [17-20] is a self-consistent implementation of the Kohn—Sham
equations in the local-density approximation [21]. In this method, space is divided into
two parts: non-overlapping muffin-tin (MT) spheres centred at the nuclei and the remaining
interstitial region. The electron wave functions are expanded in terms of muffin-tin orbitals
[22]. The LMTOs are augmented Hankel functions, and are augmented inside the MT spheres,
but not in the interstitial region [22-24]. The LMTO basis sets include s, p and d functions
on all spheres. The potential and density are expressed as linear combinations of Hankel
functions. The details of how the molecular dynamics method can be performed are described
in references [14, 19, 20].

3. Structures and discussion

The initial configurations of Si, (n = 20, 24, 26, 28, 30 and 32) are perfect fullerene cages.
After relaxation, they have been distorted severely except for Siyg. Their initial and final con-
figurations are shown in figure 1. The point groups, binding energies per atom and diameters
of the inside spaces are shown in table 1 for these clusters.

Table 1. Point groups (S), binding energies (Ep, in eV), binding energies per atom (E,, in eV)
and diameters of inside spaces (P D, in A) for the final structures and the initial cage structures of
Sipo_32 clusters.

Initial structure 20 24A 26A 28A 28C 30A 32A

S In Ded Dan Ta Dap Dsn D3g
dD 6.9 7.2 7.5 7.6 — 7.8 8.1
Final structure 20 24B 26B 28B 28D 30B 32B

S Ih C Cs Cs Cs Coy C

Ep 91.69 117.35 125.19 137.64 13956 14626 156.94
E, 4.59 4.89 4.82 4.92 4.98 4.88 4.90
®D 6.5 3.9 6.0 6.0 — 6.0 6.0

3.]. Sizo Cll’ld Si24

Theoretically, Si, the smallest silicon cluster, can exist as a fullerene cage. It is found from
our calculations that the perfect cage for Siyg is stable, but it is 6.74 eV less stable than its
ground-state structure with C, symmetry, which is a stack of tetracapped trigonal prisms [25].
In fact, the binding energy difference of 6.74 eV makes it difficult to find experimentally. Its
configuration is shown as the last one in figure 1.

The fullerene cage of Siy4 (Dgg symmetry) has two hexagons on its spherical surface, shown
as 24A in figure 1. The surface atoms have threefold coordination. Structural optimization
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Figure 1. Initial (on the left) and final (on the right) configurations of Siz4—3, clusters. The last
one (20) corresponds to the cage of the Siyg cluster.

finds it to be unstable, and it undergoes significant distortion into a structure with less symmetry
(C,), shown as 24B in figure 1. Its binding energy per atom is 4.89 eV, which is obviously
larger than that of Siyg. It is found from observing 24B that some atoms have moved outwards,
whereas other atoms have moved inwards. After the distortion, some new bonds appear in its
two hexagons, forming two rhombuses. In addition, there are many tetrahedral configurations
on its surface. The atoms have at least fourfold coordination. As a result, the inside space of
the cage obviously decreases. The diameter of its initial cage is about 7.5 A, while the distance
shortens to about 3.9 A upon distortion. Therefore, it is difficult to fill interior silicon atoms
into the distorted cage. But the space length of 3.9 A indicates that the structure is not a very
compact structure.

3.2. Si26 and Sizg

The initial cage of Siy¢ has D3, symmetry; it is shown as 26A in figure 1. The 26-atom cage
cluster consists of two hemispherical domes of ten atoms joined by a ring of three dimers [15].
The dimers have a structure that closely resembles the dimer bonds on the Si(100)-(2 x 1) surface
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Figure 1. (Continued)

reconstruction. The 10-atom domes can be continuously deformed without any bond breaking
to produce the tetracapped octahedron [15]. The tetracapped octahedron is an important
structure [26]. Our calculations show that the initial cage structure with threefold coordination
and 7.5 A diameter is also unstable. Structural distortion makes its symmetry decrease to Cs.
Its binding energy per atom is 4.82 eV, which is slightly less than that of Sip4. It is found from
observing 26B that the distorted cage has similar characteristics to 24B; that is, many tetrahedra
appear on its surface. But its three hexagons have different distortions from the hexagons of
Sip4. Two of them are distorted into pentagons and trigons after two new bonds have formed,
whereas the third hexagon persists. The distorted cage has an inside space with about 6.0 A
diameter. For the small silicon clusters with 2—10 atoms, the bond lengths are approximately
2.20 A t0 2.80 A. If we were to fill interior silicon atoms into its inside up to this distance, we
could still add about two more silicon atoms. Therefore, it is necessary for us to investigate the
cage with two interior atoms. We insert two silicon atoms into the 26-atom perfect fullerene
structure shown as 28C in figure 2 before the calculations. The 28-atom cluster has the same
spherical structure as the 26-atom cluster. Structural calculations show that it is also unstable,



Distorted cage structures of Si,, (n = 20, 24, 26, 28, 30, 32) clusters 10869

Figure 1. (Continued)

and undergoes distortion into 28D, shown in figure 2. It is found from observing 28D that it
extends in the z-direction. Also, its two hexagons have been distorted into trigons, while the
trigon has swollen. The distortion makes its binding energy per atom increase up to 4.98 eV,
which is obviously larger than that of Siye.

An alternative model for a 28-atom cluster is inspired by the fullerene cage shown in
figure 1 (as 28A). It has perfect tetrahedral (T4) symmetry. After structural optimization, it
becomes 28B, shown in figure 1. Its four hexagons have severe distortions, forming trigonal
structures. Also, it has the same characteristics as Sipq and Siyg; that is, many tetrahedral
structures appear on its surface. 28B is 1.93 eV less stable than 28D. Therefore, the perfect
fullerene cage for Siyg is unstable, and undergoes structural distortions into a much more stable
distorted cage, but the distorted cage is still not as stable as the compact distorted structure
with interior atoms.

3.3. Si3() and Si32

The 30-atom cage cluster consists of two hemispherical domes of fifteen atoms joined by five
bonds, which consist of five hexagons. Itis of interest to note that structural optimization makes
all the pentagons distorted, but all the hexagons remain basically unchanged. In addition, our
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Figure 2. Initial (on the left) and final (on the right) configurations of the Sipg cluster with two
interior atoms.

investigations indicate that the five bonds joining two subunits, are strong. Their bond lengths
are d21_22 =2.28 A, d23_25 = d24_26 =2.37 A and d27_29 = d28_3() =2.36 A, respectively.

The cage structure of Sis; is shown as 32A in figure 1. It undergoes distortions to the much
more stable structure 32B. After the distortions, all the hexagons have disappeared. They are
replaced by trigons and tetrahedra. The other characteristics are similar to those of Sizs_30.
We do not repeat them here.

Carbon and silicon are both tetravalent elements, but they have different properties as
regards chemical bonding. Crystalline carbon exists both in the diamond phase and in the
graphite phase. Experimental results show that the binding energy per atom (7.35 eV) of the
former is slightly smaller than that (7.37 eV) of the latter [27,28]. Therefore, both the diamond
structure and the graphite structure can exist in solid carbon. However, crystalline silicon exists
only in the diamond phase. The binding energy per atom measured experimentally is 4.63 eV,
which is obviously larger than the theoretical value (3.92 eV) for a graphite structure [27,28].
For carbon clusters, there is a tendency to form strong sr-bonds, to produce chains, rings and
exotic spheroidal polygonal structures. The structures of the most stable silicon clusters, apart
from Siz_4, are polyhedra or compact three-dimensional structures. They do not represent
either regular or deformed sections of the corresponding crystal lattices. We have performed
calculations on a piece of Si crystal network (26C), shown in figure 3. Due to the non-saturation
of the edge atoms and the non-compact structure, its binding energy per atom is only 4.31 eV,
which is smaller than the experimental value, 4.63 eV, for solid Si. The structural optimization
finds the finite structure to be meta-stable. It would undergo severe distortion into the more
stable structure 26D, shown in figure 3. The binding energy per atom in 26D is 4.55 eV. The
silicon lattice can be understood as a three-dimensional network of sp* hybrid orbitals centred
on each atom. The valence of the Si atoms is therefore saturated by bonding with four nearest
neighbours located at the vertices of a regular tetrahedron. In order to reproduce such bonding,
a very large number of atoms are necessary to minimize the ‘edge’ effects resulting from the
non-saturation of the surface atoms [29]. Therefore, in the silicon clusters with finite numbers
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Figure 3. A piece of diamond structure with 26 atoms (on the left) and its distorted structure (on
the right).

of atoms, the structures corresponding to the fullerene cages analogous to graphite sheets, or
adamantane cages (a piece of the bulk diamond structure), are not the most stable. Starting
with such initial structure, the molecular dynamics calculations certainly result in structural
distortion due to the sp*-hybridization-driven buckling. The distortion makes some atoms
fourfold coordinated, and leads to a decrease in the number of dangling bonds. When some
silicon atoms are added to the interior of the fullerene cages to form the structures resembling
those discussed in references [27,31], they become more stable because the interior atoms have
a high coordination number and saturate some of the dangling bonds on the cage surfaces [31].
This is in agreement with our calculated results, such as the structures 28C and 28D shown in
figure 2. It is natural that the perfect fullerene cages with threefold coordination are stable for
carbon, but not for silicon. However, the distorted cages are stable for silicon. Specifically, it
appears that clusters of prolate shape are prevalent for sizes up to 24, whereas for larger sizes,
more spherical oblate shapes dominate [32]. The distorted cages just represent one type of
spherical shape.

4. Summary

We have performed calculations on the structures and energies of Siyy_3, fullerene cages by
using the full-potential linear-muffin-tin-orbital molecular dynamics (FP-LMTO-MD) method.
Our calculated results suggest that they are not stable, and relax into severely distorted
structures, except for Sipg. After the structural distortion, some tetrahedra appear in their
surfaces and the inside spaces of the cages shrink, but about two interior atoms can still be
inserted in for the clusters with 26-32 atoms. The sp® hybridization leads to a structural
distortion which makes the number of dangling bonds decrease.

Acknowledgment

This work was supported by the National Natural Science Foundation of China.



10872 Bao-xing Li and Pei-lin Cao

References

(11
(2]
[3]
(4]
[3]
(6]
(71
(8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]

[29]
[30]
[31]
[32]

Kroto HW, Allaf A W and Balm S P 1991 Chem. Rev. 91 1213

Kroto H W 1987 Nature 329 529

Piskoti C, Yarger J and Zettl A 1998 Nature 393 771

Grossman J C, Louie S G and Cohen M L 1999 Phys. Rev. B 60 R6941

Diederich F and Whetten R L 1991 Angew. Chem. Int. Edn Engl. 30 678

Piqueras M C, Crespo R, Orti E and Tomas F 1993 Synth. Met. 61 155

Crespo R, Piqueras M C and Tomas F 1996 Synth. Met. 77 13

Piqueras M C, Crespo R, Orti E and Tomas F 1993 Chem. Phys. Lett. 213 509

Nagase S and Kobayashi K 1991 Chem. Phys. Lett. 187 291

Nagase S 1993 Pure Appl. Chem. 65 675

Slanina Z, Lee S L, Kobayashi K and Nagase S 1994 J. Mol. Struct. (Theochem) 312 175

Khan F S and Broughton J Q 1991 Phys. Rev. B 43 11754

Menon M and Subbaswamy K R 1994 Chem. Phys. Lett. 219 219

Li B X, Cao P L and Que D L 2000 Phys. Rev. B 61 1685

Kaxiras E and Jackson K 1993 Phys. Rev. Lett. 71 727

Marsen B and Sattler K 1999 Phys. Rev. B 60 11593

Methfessel M and Schilfgaarde M V 1993 Int. J. Mod. Phys. B 7 262

Methfessel M and Schilfgaarde M V 1993 Phys. Rev. B 48 4937

Methfessel M 1988 Phys. Rev. B 38 1537

Methfessel M, Rodriguez C O and Andersen O K 1989 Phys. Rev. B 40 2009

Kohn W and Sham L J 1965 Phys. Rev. 140 A1133

Andersen O K 1975 Phys. Rev. B 12 3060

Andersen O K and Woolley R G 1975 Mol. Phys. 26 905

Springborg M and Andersen O K 1975 J. Chem. Phys. 87 7125

Li B X and Cao P L 2000 Phys. Rev. A 62 023201

Li B X, Cao P L and Jiang M 2000 Phys. Status. Solidi b 218 399

Brenner D W, Dunlap B I, Harrison J A, Mintmire J W, Mowrey R C, Robertson D H and White C T 1991 Phys.
Rev. B 44 3479

Yin M T and Cohen M L 1983 Phys. Rev. Lett. 50 2006

Yin M T and Cohen M L 1983 Phys. Rev. B 29 6996

Pacchioni G and Koutecky J 1986 Chem. Phys. 84 3301

Kaxiras E 1989 Chem. Phys. Lett. 163 324

Rothlisberger U, Andreoni W and Parrinello M 1994 Phys. Rev. Lett. 72 665

Jarrold M F and Constant V A 1991 Phys. Rev. Lett. 67 2994



