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Distorted icosahedral cage structure of Si60 clusters
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Using full-potential linear-muffin-tin-orbital molecular-dynamics method, we have performed calculations
on the structure and the binding energy of cluster Si60. It is found that the stable structure for Si60 cluster is a
distorted truncated icosahedron, withTh symmetry. Its fullerene cage structure remains, but it looks like a
puckered ball. The lower symmetry and four distinct Si-Si bond lengths make the structure different from that
with I h symmetry and two C-C bond lengths in C60.
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I. INTRODUCTION

C60 cage (I h symmetry! has extensively stimulated a va
riety of scientific studies on the structure, reactivity.1 The
structure ofC60 is a truncated icosahedron containing
hexagons and 12 pentagons on its almost spherical sur
Silicon is contiguous to carbon in the periodic table. It m
be expected that Si60 also has cage structure and interest
properties. To our knowledge, a few reports have involv
Si60 structure, but the results are divided into following thr
categories: perfect fullerene cage structure,2–7 distorted cage
structure and stacked naphthalene structure~or network
structure!.8,9 Nagaseet al.have proposed that the structure
Si60 is still a icosahedral structure, withI h symmetry, using a
double-zeta basis set withab initio effective-core potentials
on silicon atoms.5 They also have investigated the therm
dynamic stability of different structures of Si60 using semi-
empirical calculations at AM1~Austin model one! level.6

The results suggest that the buckminsterfullerene structu
much more favorable than a stacked naphthalene structu
a cylindrical structure. Piqueraset al. have made use of th
AM1 method to investigate the ground-state structure of
icosahedral Si60 cage.4 The result shows that this geomet
(I h symmetry! is an energy minimum with two distinct bon
length, which is similar to that of C60. Furthermore, Slanina
et al.have performed harmonic vibrational analysis on theI h
andC2v structures of Si60 by the AM1 method.7 Their inves-
tigation confirms that theI h structure is a minimum of the
potential energy surface. Khanet al. have found that the
icosahedral-cage-structure of Si60 is not stable and relaxe
into a structure resembling a puckered balls using a conv
tional orthogonal tight-binding molecular dynamics.8 How-
ever, by the same method, Menonet al. found that the per-
fect icosahedral cage is unstable, distorting to a low
symmetry C2h structure with no change in the threefo
coordination,9 but atomic arrangement tends toward tetra
dral geometry. They compared the relative stabilities of
atom silicon and carbon network clusters with their cag
structures. Si60 network is more stable than theC2h symme-
try Si60 fullerene, but C60 network is less favorable than th
C60 fullerene.
PRB 610163-1829/2000/61~3!/1685~3!/$15.00
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Indirect experimental results also seem to support
cage structures and the stacked structure above, respect
A saturation study of Si60 positive ion shows that the averag
number of ammonia molecular absorbed rapidly is close
6.10 This may imply the fullerene structure because the C60
buckminsterfullerene consists of six independent pyra
clene units to which the amines can be added most easi11

But, fragmentation analysis of Si60 positive ion into unstable
Si20 units and subsequently into Si10 fragments seems to sup
port the hypothesis of a stacked naphthalenelike structur12

Despite these theoretical studies, however, their propo
geometries of Si60 are very different. The aim of the prese
work is to employ more sophisticated method to Si60 in the
hope of obtaining a more accurate structure.

II. METHOD

The full-potential linear muffin-triorbital ~FP-LMTO!
method13–16is a self-consistent implementation of the Koh
Sham equations in the local-density approximation.17 In this
method, space is divided into two parts: nonoverlapp
muffin-tin ~MT! spheres centered at the nuclei and the
maining interstitial region. LMTO’s are augmented Hank
functions, and are augmented inside the MT spheres, bu
in the interstitial region.18–20In LMTO method, one thing we
must do is to calculate the interstitial-potential matrix e
ments:

Vi j
I 5E

I
f i~x!VI~x!f j~x!dx ~1!

whereI is the interstitial region,VI is the interstitial poten-
tial, i and j are abbreviation fornL andn8L8, respectively,
f i is a LMTO envelope function centered at siten with
angular momentumL. L is abbreviation for the angular
momentum quantum numbers (l ,m). In different methods,
we handleVi j

I in different ways. In FP-LMTO method for
crystals, Methfesselet al.15,16 used nonoverlapping MT
spheres. They retained non-spherical potential terms in
the MT spheres, but expanded the interstitial potentialVI(x)
1685 ©2000 The American Physical Society
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in a different set of atom-centered Hankel functions. T
productsf i* f j can be expanded, throughout the interstit
region, byxk(x).

f i* f j5(
k

Ck
i j xk~x!. ~2!

k is for (nLa), the indexa runs over different locations
the xk are functions of the charge density Hankel functi
set. Ck

i j are expansion coefficients. The matrix elementVi j
I

then reduces to a linear combination of integrals of the fu
tions xk times the interstitial potential. Next, it is assum
that the interstitial potential itself is expanded in functions
the type asxk as mentioned above. Thus, the desired int
stitial intergral has now been expressed as a linear comb
tion of integrals of products of pairs of Hankel functions; i.
the three-center integral has been reduced to a sum of
center intergals. Because the products are smooth funct
the coefficients in Eq.~2! can be adjusted until the best fit o
the values and slopes of the right-hand side to the values
slopes of the products is obtained on all spheres simu
neously by interpolating between the surfaces of the sphe
This method is suitable for the case that the interstitial reg
is not too large. For loosely-packed system, extra em
spheres are introdused so that every point in the interst
region may lie close to one or more atomic spheres. T
crystal FP-LMTO mehtod is different from LMTO-~ASA!
~atomic spheres approximation! method.21,22 Our cluster FP-
LMTO program is similar to crystal FP-LMTO above. It ha
exactly same LMTO basis set as crystal FP-LMTO. B
there is no Blochsums for clusters. Besides, main differe
to crystal program is how to get the expansion coefficient
Eq. ~2!. We obtain the coefficients by tabulation techniq
here, not interpolation technique as in crystal FP-LMTO.
the new cluster method, the expansion is first calculated
two atoms arranged along thez axis and the coefficients ar
tabulated as function of the interatomic distance. For arbit
geometry, the expansion is obtained by rotating the tabula
fit using the rotation matrices for the spherical harmoni
The tabulated fit is made by direct numerical intergration a
can be made as accurate as desired.14 Therefore, it is not
necessary to introduce the empty spheres in our cluster
LMTO program. This method is different from the clust
LMTO methods used by Gunnarsson, Harris, Jones, Pai
Muller, and Springborg.23–26,20The force expression for FP
LMTO method can be obtained by Harris ener
function.13,14 In the past two years, some papers in our gro
have been published successively, using this method.27–32

The results are in good agreement with the related exp
ments. In this paper, all sphere radii for Si are taken as
a.u. The LMTO basis sets includes, p, andd functions on all
spheres.

III. STRUCTURE AND DISCUSSIONS

It is believed that the perfect truncated icosahedron of60
is a very stable structure, in which each atom is bonded
three other atoms, thus making it a form of spherical gra
ite. We wondered if silicon contiguous to carbon in the p
riodic table would also form the stable icosahedral-ca
structure. Starting with a perfect icosahedral configurati
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we have performed calculation on Si60 cluster, by full-
potential linear-muffin-tin-orbital molecular-dynamics~FP-
LMTO-MD ! method. In each time step, the eigenvalue pro
lem is solved exactly and the output density is admixed
the input density in the usual way. The nuclei are th
moved according to the forces using the Verlet algorith
We then decompose the mixed density, move each pa
density along with its atom, and reoverlap at the new geo
etry. After many a iterations, the maximum of the forces
less than 0.001~Ry/bohr!, and the total enery stays nicel
constant because the system stays close to selfconsis
~so the forces agree with the energy!. The process is stoppe
when the self-consistent condition meets. We find the ini
perfect icosahedral configuration withI h symmetry to be un-
stable, distorting to lowerTh symmetry geometry with the
same coordination. The final stable configuration for Si60 is
shown in Fig. 1, its two-dimensional perspective view in F
2, and its point group, bond lengths and binding energy
Table I. It is obvious that the cage has deformed seriou
like a puckered ball. It still has a high-symmetryTh , though
its symmetry is lower thanI h symmetry, which a perfec
fullerene cage has. There are four bond lengths, ranging f
2.218 to 2.295~Å!. Its average bond length is 2.279~Å!. Our
optimized geometric parameters for Si60 together with previ-

FIG. 1. Final configuration of molecular dynamics optimizatio
for Si60. The distorted structure has aTh symmetry.

FIG. 2. Two-dimensional perspective view of Si60. a, b, c, and
d represent four different bond lengths.
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ously reported theoretical data are given in Table II. Ref
ence 8 suggests that cluster Si60 is not stable and relaxes int
the structure, which looks like a puckered ball. Our calcu
tions confirm this result, but all the bonds in final structu
do not become approximately 2.37~Å! as in Ref. 8. Refer-
ence 9 shows that the initial configuration withI h symmetry
is unstable, distorted to a lowerC2h symmetry geometry
without any change in the coordination. We find that t
initial I h symmetry becomesTh symmetry, its distortion is
not so serious as that in Ref. 9. According to our calcu
tions, cluster Si60 still has the fullerene cage structure, but
symmetry becomes low. Therefore, it may be expected
Si60 displays some similar physical and chemical proper
to C60.

IV. SUMMARY

Using full-potential linear-muffin-tin-orbital molecular
dynamics~FP-LMTO MD! method, we have performed ca

TABLE I. Point group, bond length~Å!, and binding energy~eV/
atom! for cluster Si60.

Point Bond Bond Binding
group name length energy

Th a 2.218 4.899
b 2.271
c 2.280
d 2.295
hy

o

e

r-

-

-

at
s

culations on the structure and energies of large silicon clu
Si60. Calculated results suggest that the stable structur
cluster Si60 is a distorted icosahedral cage resembling
puckered ball, withTh symmetry, in which there are fou
different bond lengths.
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TABLE II. Our optimized geometric parameters for Si60 to-
gether with previously reported theoretical data.Xmax refers to the
longest Si-Si bond,Xmin the shortest Si-Si bond,Xav their average
value,n the number of different bond lengths. ‘‘-’’ means that co
responding datum is not presented in original reference. All bo
lengths are given in~Å!.

Method Group point n Xmax Xmin Xav Ref.

AM1 I h 2 2.30 2.09 2.16 4

dz1ECP I h 2 2.27 2.19 2.22 4

TB-MD C2h 2.34 2.53 2.40 9

TB-MD 1 2.37 2.37 2.37 8

FP-LMTO-MD Th 4 2.30 2.22 2.28 This work
un.

ns.

ns.
1F. Diederich and R.L. Whetten, Angew. Chem. Int. Ed. Engl.30,
678 ~1991!.

2M.C. Piqueras, R. Crespo, E. Orti, and F. Tomas, Synth. Met.61,
155 ~1993!.

3R. Crespo, M.C. Piqueras, and F. Tomas, Synth. Met.77, 13
~1996!.

4M.C. Piqueras, R. Crespo, E. Orti, and F. Tomas, Chem. P
Lett. 213, 509 ~1993!.

5S. Nagase and K. Kobayashi, Chem. Phys. Lett.187, 291~1991!.
6S. Nagase, Pure Appl. Chem.65, 675 ~1993!.
7Z. Slanina, S.L. Lee, K. Kobayashi, and S. Nagase, J. M

Struct.: THEOCHEM.312, 175 ~1994!.
8F.S. Khan and J.Q. Broughton, Phys. Rev. B43, 11 754~1991!.
9M. Menon and K.R. Subbaswamy, Chem. Phys. Lett.219, 219

~1994!.
10M.F. Jarrod, Y. Ijiri, and U. Ray, J. Chem. Phys.94, 3607~1991!.
11A. Hirsch, Q. Li, and F. Wudl, Angew. Chem. Int. Ed. Engl.30,

1309 ~1991!.
12D.A. Jelski, Z.C. Wu, and T.F. George, J. Cluster Sci.1, 143

~1990!.
13M. Methfessel and M.V. Schilfgaarde, Int. J. Mod. Phys. B7, 262

~1993!.
14M. Methfessel and M.V. Schilfgaarde, Phys. Rev. B48, 4937

~1993!.
15M. Methfessel, Phys. Rev. B38, 1537~1988!.
16M. Methfessel, C.O. Rodriguez, and O.K. Andersen, Phys. R

B 40, 2009~1989!.
s.

l.

v.

17W. Kohn and L.J. Sham, Phys. Rev. A140, A1133 ~1965!.
18O.K. Andersen, Phys. Rev. B12, 3060~1975!.
19O.K. Andersen and R.G. Woolley, Mol. Phys.26, 905 ~1975!.
20M. Springborg and O.K. Andersen, J. Chem. Phys.87, 7125

~1975!.
21T. Jarlborg and A.J. Freeman, Phys. Lett.74A, 349 ~1979!.
22D. Glotzel, B. Segall, and O.K. Andersen, Solid State Comm

36, 403 ~1980!.
23O. Gunnarsson, J. Harris, and R.O. Jones, J. Phys. C9, 2739

~1976!; Phys. Rev. B15, 3027~1977!; J. Chem. Phys.67, 3970
~1977!; 68, 1190~1978!; 70, 3027~1979!.

24J. Harris and G.S. Painter, Phys. Rev. B22, 2614~1980!.
25J. Harris, R.O. Jones, and J.M. Muller, J. Chem. Phys.75, 3904

~1981!.
26J.M. Muller, R.O. Jones, and J. Harris, J. Chem. Phys.79, 1874

~1983!.
27M. Qiu, X.Y. Zhou, M. Jiang, and P.L. Cao, J. Phys.: Conde

Matter 10, 7743~1998!.
28M. Qiu, X.Y. Zhou, M. Jiang, and P.L. Cao, Phys. Lett. A245,

430 ~1998!.
29M. Qiu, P.L. Cao, and D.L. Que, Surf. Sci.395, 260 ~1998!.
30M. Qiu, L.Q. Lee, P.L. Cao, and D.L. Que, J. Phys.: Conde

Matter 9, 6543~1997!.
31M. Qiu, M. Jiang, and P.L. Cao, J. Chem. Phys.110, 10 738

~1999!.
32B.X. Li, M. Qiu, and P.L. Cao, Phys. Lett. A256, 386 ~1999!.


