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Structures and dynamical properties of G,, Si,, Ge,, and Sn, clusters with n up to 13
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Car-Parrinello molecular dynamics simulated annealings were carried out for cluster&&i and Sp
(n=13). We investigate the temperature regions in which these clusters transform from a “liquidlike” phase
to a “solidlike” phase, and then from the “solidlike” phase to the ground-state structures. Additional simu-
lated annealing was also performed for the clustgnviich is selected as a prototype of small carbon clusters.

In addition to the discovery of structures for Sn and Ge clusters, our simulation results also provide insights
into the dynamics of cluster formation.

. INTRODUCTION tures of small Sj clusters 4<10)# In the present CP MD

Atomic clusters of semiconductor elements are of greafimulations, we —used the Ceperley-Alder exchange-

interest and importance from both academical and teChnoc_orrelation potential functional with the parametrization of
Perdew and ZungéY. The electron-ion interaction is repre-

logical point of view. Cluster is an intermediate phase be- e . .
tween single atom and bulk materials. It has been showf€nted byab initio norm-conserving pseudopotentfsin the

that, for example, small Si clusters are not simple fragmentgle'r;]m"’m'B.ylander fornt; gpecmcally, fqr Ca ICarI-_von
of bulk tetrahedral latticeSA fundamental issue is to under- Sa'th atomic pseudopotentiavas used withs nonlocality.

stand how the atomic and electronic structures and propertids®" SI" Gel_, azraqrﬁnkwﬁ usSehd the %s_elfdopotentlals s’md
of the clusters change with its aggregation size increasin nonlocality:” The Kohn-Sham orbitals were expanded in a
from single atom to bulk materials. lane-wave basis set with an energy cutoff of 35 Ryd for C

Over the past decade, semiconductor clusters, especialfd 10 Ryd for Si, Ge, and Sn. Only thepoint was used in
e sampling of electronic structures since a large supercell

carbon and Si clusters, have been a subject of intensi X ; k
was used in the simulation.

studies! ™ The atomic structures of Sind Gg have been The Verlet algorith dioi h .
studied in detail fon=<10 (n denotes the number of atoms e Verlet algorit m was use to,!ntegrate the equations
of motion. With the “preconditioned” methotf we were

in the clusters® Very recently, knowledge of Sistructures : . o
5 y y g ® able to increase the integration time step to 6 a.u. for C and

is extended to the medium-sire= 11— 20° For Sn, clusters ) . o X

. . : 5 a.u. for Si, Ge, and Sn with the fictitious electronic mass
it w hown that th r r re similar h f th ' !

t was shown that the structures are similar to those of t %f 260 a.u. We used two separate Nasermostats for the

corresponding Si and Ge clusters fo7.” C, clusters are . 4 d electroni bsvst ilwhen th
well studied®® Their structures adopt either linear chains or'ONIC and €lectronic subsystems, respectiveiyynen the

monocyclic rings forn=19, and fullerene structures for simulated clusters become metallic at high temperatures in

n=248 order to keep the,system on the Born-Oppenheimer surface.
In contrast to the progress in the structure determination:;?]?cell\legstfe?cpe'c lﬂ\lezscﬁevt?/;gnsce){[ \;\(/)agose_i_tl_':g %(?rOSTHéeWgLedtrS]Erz]
the dynamics of the cluster formation is much less underb 50 TH fgr C % accordance with their b ’Ik n;a im m'
stood. Recently, we have systematically carried out plane-ﬁOnon frez enc"e% Wi Ir-ou ximu
wave Car-Parrinello(CP) ab initio molecular dynamics P quencies.

D) (Re. 9 Smuated amnclings o 51 Ge, and Sy " o Suons he startng stomic confuratens were
clusters withn up to 13° Additionally, we have also per- b by P

formed such simulations for ;g which was selected as a straint that the separation of any pair of atoms is not less than

) . - _the bulk bond length and all atoms are confined in a small
prototype for small C clusters. In this paper, these simulation_ . . . o

) ; L . cubic cell chosen such that its atomic density is roughly
results are analyzed in order to gain some insights into thée

d . . equal to that of the bulk. The small cubic cell is embedded in
ynamics of cluster formation. New structures found for Sna large cubic supercell with edae equal to 35 a.u.. and peri-
and Ge clusters are also reported. g P ge €a . P

odic boundary conditions were imposed on the large cubic
supercell. The size of the periodic supercell is large enough
to decouple the artificial interaction between the clusters. For
example, for §j, Ge,, and Sp with n up to 30, the super-
CP MD is an efficient scheme to perforab initio mo-  cell would be expected to have more than 10 A vacuum
lecular dynamics simulations using the density functionalregion since Si, Ge, and Sn clusters would adopt compact
theory within the local density approximatighDA).}* CP  structures. Although G could take a linear chain structure in
MD simulations had been successfully applied to many systhe annealing process, the chain length is estimated to be less
tems including melting of bulk S¥ incomplete melting on than 28 a.u. Thus, even for;& we will not have problems
Si(111) surface$® and G&111) surfaces?* and dynamical with a supercell of 35 a.u. in each dimension.
properties of liquid Si and GE:'®The method has also been  In our simulations, Si, Ge, and Sn clusters were quickly
shown to work well in searching for the ground state struc-heated to 3000, 2400, and 1980 K, respectively, in 3000 MD

II. SIMULATION TECHNIQUES
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FIG. 2. Final structure by the simulated annealing for Sia)
Side view;(b) other side view; anc) top view. The corresponding
cohesive energy and energy-gap between HOMO-LUMO are re-
ported in Table I.

atom lower in energy than th@,, isomer obtained in previ-

\E\iir"; ous Car-Parrinello simulatior’s. We perform one more
}";4.!4! simulation starting from theCs, structure. After running
Ny 6000 MD steps at 3000 K, the cluster is gradually cooled to
1= =19 n=11G zero temperature. We again reached @hestructure as ob-
tained from the random starting configurations. With all
@ these calculations, we are confident that we have located the

global minima.
n=11(b) n=12 n=9(TTP)

. Ill. ANALYSIS AND RESULTS
FIG. 1. Structures of §i Ge,, and SR (n=3-12. Forn<7

andn=10, 12, §j, Ge,, and Sp share the similar structures. Note  \We show the cluster structures obtained from our simula-
the structure on=6(a) is obtained by our simulation, which is tions in Figs. 1, 2, 3, and 4. The corresponding cohesive
energetically degenerate with that wf=6(b) previously proposed energies and energy gaps between the highest occupied mo-
(Ref. ). Forn=8 and 9, §j and Gg adopt &a) and 9a) while Sn,  |ecular orbit(HOMO) and lowest unoccupied molecular or-
adopt 8b) and 9b), respectively. Fon=11, Sj, adopts 118 while kit (LUMO) are summarized in Table 1. Our structures for

Ge, and Sp adopt 11b). The corresponding cohesiye er_1ergies andSin (n=<10) agree with the previously accepted oh&&0ur
energy-gaps between HOMO-LUMO are summarized in Table I. results show that Geand Sp (n<12) share similar struc-

steps(about 1.1 ps followed by another 3000 MD steps at tUres as Siexcept for Sp, Sry, Sny;, and Ge,. The struc-
these temperatures to enforce them sufficiently in equilipiure of Si obtained from our simulated annealing is a pen-
rium. After that, the hot clusters were cooled down verytagonal bipyramid with one atom added to[Fig. 1 n
slowly and uniformly to zero temperature in 60000 MD =8(b)]. The structures of Snconsists of two tetragonal
steps(about 22 ps The cooling rates were 5, 4, and 3.3 K bipyramids[Fig. 1 n=9(b)], and that of S is a penta-
per 100 MD steps for Si, Ge, and Sn, respectively. capped trigonal prisniFig. 1 n=11(b)]. The structure of
The above simulated annealing procedure results ifP€1 from our simulation as shown in Fig. 4=11(b) is
ground state structures for,SiGe,, and Sn clusters up to ~ Similar to that of Sp,. Nevertheless, as one sees from Table
n=131° We verify this by comparing with structures ob- |, other isomers of §n Sny, and Sn, obtained by scaling
tained from previous studigs.g., those in Refs. 1, 4, and.5 the ground state structures of {&e, and Sj; have ener-
We also cross checked our results by exchanging the stru@i€s very close to those of the ground state isomers. This
tures of the Si, Ge, and Sn clusters of the same size obtainé#iggests that 5j Ge,, and Sp are very similar for clusters
from the above simulated annealings, with a proper scalingp ton=12.
(1:1.06:1.22 for Si:Ge:9nand relaxation. The clusters ob-
tained from simulated annealing were reheated up to 800, Gel3
600, and 400 K for Si, Ge, and Sn clusters, respectively, for

another 4500 MD steps. All clusters are found to be stable '?"77’ el
under these temperatures within the simulation time. | AN ‘>v4l§>v<’\
In order to examine the dependence of cluster structures n!/‘ﬁ“‘%c\

257 T S
. . . = | RS
and dynamics on the simulated annealing conditions, we \"*-\\\.ng

have performed another three independent simulated anneal-
ings for Si; with different starting configurations. The first
two annealings were from 3300 and 3000 K, and with 10 and
12 Ryd as the energy cutoff, respectively. The third was @ ®) ©

from 2500 K and with 10 Ryd as the energy cutoff, but the  F|G. 3. Final structure by the simulated annealing for Géa)
cooling rate was reduced to 3.125 K per 100 MD st€ds.  Side view;(b) other side view; andc) top view. The corresponding
the end all these annealings forgid to the same structure cohesive energy and energy-gap between HOMO-LUMO are re-
shown in Fig. 2, which ha€g symmetry and is 19 meV/ ported in Table I.
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FIG. 4. Final structure by the simulated annealing fog;Sria)
Side view; (b) other side view; andc) top view. Note that when
Ge 3 adopts this structure, it is degenerate in energy with that one
shown in Fig. 3. The corresponding cohesive energy and energy-
gap between HOMO-LUMO are reported in Table I.

For Sij; and Ggs, the lowest energy structures obtained
from the simulated annealings differ with each other even
though both has &, symmetry(Figs. 2 and 3 The ground
state structure of Sp (Fig. 4 hasC,, symmetry. ThisC,,
structure, if adopted by Gg, will have an energy degenerate
(within the accuracy of our calculation® that of the struc-
ture obtained from the simulated annealitsge Table )l
From Figs. 1, 2, 3, and 4 we see that for9 the clusters
Siy, Ge,, and Sp all contain a similar structural motif in the
form of tricapped trigonal prism& TP) cluster with 9 atoms
[shown in Fig. In=9(TTP)]. In previous work,it has been
demonstrated that this structural motif dominates the struc-
tures of Si clusters in the range= 10-20 before the well-
known “prolate-to-spherical” structural transitidfi. Our
present simulated annealing results suggest that this struc-

TABLE I. Symmetries(sym), calculated cohesive energidsE,
(eV/atom and HOMO-LUMO energy gafg, (eV) for the clusters
Si,, Ge,, and Sp ranging fromn=3-13, which corresponding

total potential energy (eV/atom)

STRUCTURES AND DYNAMICAL PROPERTIES OF (. ..
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mean-square displacement (a.u.)

0
3000

2000

1000

annealing temperature (K)

-106

-108.2

-106.4

[ (b)

-108.6 HU—
3000

2000

1000
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geometries are shown in Figs. 1, 2, 3, and 4. Note (SI§"

“13(Ge),” and “Sn(13)” indicate their structures correspond to the

ones obtained from the simulated annealings fqg,SGe3, and
Sny3, respectively.

Ec E E E; E. E
Size Sym. [Si] [Si] [Ge] [Gel [Sn] [Sn|

3 C,, 2924 100 2659 1.38 2.227 1.10
4 D,, 3504 1.06 3.187 1.15 2736 0.98
5 Dsp 3.786 197 3452 193 2965 1.25
6(a) D 3.996 206 3636 203 3.167 1.56
6(b) C,, 3.995 2.07 3.634 207 3163 1.63
7 Dsp, 4142 210 3769 194 3.308 1.55
8(a) Cop 4085 144 3685 1.27 3.227 0.88
8(b) Cs 4011 084 3681 1.11 3.236 0.88
9(a) C,, 4197 196 3.791 1.74 3.334 1.36
9(b) Coy 4,140 154 3782 171 3339 134
10 Cay 4,325 212 3907 202 3432 154
11(a) Coy 4265 1.75 3809 135 3367 1.12
11(b) Cs 4264 116 3.838 126 3.382 0.94
12 Coy 4298 218 3855 210 3.397 1.75
13(Si) Cs 4298 1.02 3.843 1.02 3.387 0.70
13Ge Cq 4284 103 3856 1.16 3.393 0.84
13(Sn C,, 4261 0.78 3857 1.16 3.407 0.80

annealing temperature (K)

FIG. 5. Sis: (@) mean square displacement vs annealing tem-
perature(b) total potential energy vs annealing temperature, as ob-
tained by the simulated annealing which started from 3000 K and
ran with the cooling rate of 5 K per 100 MD step. An average over
every 600 MD steps had been taken to filter out high thermal fre-
guency components. 3000 MD steps are roughly equal to 1.1 ps.

tural motif is also applicable for Ge and Sn clusters in the
same range.

In order to gain some insights into the dynamics of the
cluster formation process, we select &ith n=7 and 13 as
the prototypes for further analysis. For;$ithe simulated
annealing process with the starting temperature of 3000 K
and cooling rate b K per 100 MD steps is displayed in Fig.
5. Every data point in this plot represents an average result
over an interval of 600 MD steps in order to filter out high
frequency components due to thermal motion. From Fig. 5
we see that the mean-square displacenit8D) begins to
become flat around the temperature 2000 K. Above 2000 K
the MSD of Sij has drastic changes and fluctuations. Since
the simulated clusters are not extended systems, we cannot
simply relate the MSD to diffusion coefficient. Nevertheless,
the drastic change of MSD with time indicates that the clus-
ter is not in a stable phase. Even though there are some peaks
and valleys above 2000 K in Fig(&, they are too narrow to
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FIG. 6. Sis: (a) mean square displacement vs annealing tem- FIG. 7. Si: (8) mean square displacement vs annealing tempera-
perature(b) total potential energy vs annealing temperature, as obiure, (b) total potential energy vs annealing temperature, as obtained
tained by the simulated annealing which started from 2500 K andY the simulated annealing which started from 3000 K and ran with
ran with the cooling rate of 3.125 K per 100 MD step. An averagethe cooling rate b5 K per 100 MD step. An average over every
over every 600 MD steps had been taken to filter out high thermaP00 MD steps had been taken to filter out high thermal frequency
frequency components. 3000 MD steps are roughly equal to 1.1 p§omponents. 3000 MD steps are roughly equal to 1.1 ps.

be considered as signals of meaningful metastable phasealso clearly reflected in Fig.(B). In particular, the total po-
An inspection of the animation of the simulation shows thattential energy of the cluster decreases linearly with the an-
above 2000 K the $i sometimes dissociates into fragments nealing temperature after 1100 K, which indicates the stable
mostly contain 4, 6, 7, 1, 3, or 5 atoms. Those peaks ophase has been reached by;SBetween the transition tem-
valleys in the MSD above 2000 K are mostly correlated withperaturesT,; and T, there is another drastic transformation
these dynamical dissociations. In our discussion, the phase around 1600 K. Figure 6 displays another simulated anneal-
which the MSD of the clusters changes dramatically withing done for Sj;, where the starting temperature is 2500 K
time is labeled as the “liquidlike” phase. On the contrary, and the cooling rate is 3.125 K per 100 MD steps. As we see
the “solidlike” phase indicates that the cluster is in a meta-from Fig. 6, Si; again experienced similar jumps around
stable or stable phase with a flat time-independent MSD. 2000, 1100, and also 1600 K. In this simulation, an addi-
this language, $4 is in a “liquidlike” phase above 2000 K, tional minor transition was observed around 1300 K. Both
and takes a transition from “liquidlike” phase to “solid- Fig. 5 and Fig. 6 show a similar behavior regarding the tran-
like” phase aroundrl';=2000 K. Figure %a) also shows that sition from “liquidlike” phase to “solidlike” phase and the
the last big jump takes place aroumig=1100 K. This jump jump to the “ground-state” phase. Similar formation dy-
indicates a transition from a metastable “solidlike” phase tonamics is also observed in the other simulations @f ®ith

the stable “solidlike” phase which leads to the ground-statedifferent simulation conditions as discussed above. We may
structure at zero temperature. Here we call the last stablihus infer that the transition behavior of;$is intrinsic.

phase “ground-state” phase. The above transition feature is For smaller clusters, there are fewer low-energy isomers,
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TABLE Il. TemperaturesT, and T, at which the simulated
clusters Sj, Ge,, and Sp (n=4 to 13 take the transition from a
“liquidlike” phase to a “solidlike” phase and jump to the
“ground-state” phase, respectively. The unit in temperature is K.

Size T [Si] T,[Si] T,[Ge] T,[Ge] T,[Sn T,[Sn|

2400 2400 2000 2000 1800 1800
2400 1700 2000 1400 1700 1100
2400 2400 2000 2000 1800 1800
2200 2200 1900 1900 1600 1600

(a) (b)
2100 1700 1900 1400 1600 1400 ' o
1800 1300 1800 1300 1700 900 | dF'?' 8£ Clt3' @ Th°1°°3t’°"° ”_“gtr?s trt‘te ggog“dhs.””cwh@%
10 2000 1500 1900 1300 1500 1100 ‘adpole structure wi atoms in the attached chain, which was
found to have the most probability to appear in the simulated an-
11 2000 1400 1700 1000 1500 1000

nealing when the temperature is above 3000 K, but less than 3500
12 1900 1300 1600 1000 1500 900 k.

13 2000 1100 1600 1000 1400 900

© 0o ~NOoO O b

the open-chain structure and no longer goes to the ring struc-
ture. This result suggests that above 3500 K the open-chain
thus, the formation dynamics of-3s much simpler than that Structure has larger entropy than the ring structure, and there
of Siys. The simulated annealing of Sis displayed in Fig. a]so exists a quite large entrqpy barrler' between these t\(vo
7. We see that Sidirectly jumped from the “liquidiike” kinds of structures. In the third annealing, an open chain
phase to the “ground-state” phase, namely, pentagonal pistructure never happe_ns. A tadpolg structure predomlr_1ates
pyramid structure formed already around 2200 K. FormatiorfP0V€ 3000 K, which is a monocyclic ring with a small lin-
dynamics of §j and Sj also have a simple behavior, similar ear chain a;tached to th_e rifgin our S|mula}t|on_, the tadpole
to that of S}. The ground structure phases of; SBig, and structure with 4 g.toms In the chaﬁahow_n in Fig. 8b)] has
Si; can be maintained at much higher temperatures. Thig1e most p_robablllty while the others with 3{ 2,_and 1 atoms
simple formation dynamics may give us a clue for under-n the chains are also found. A_ monocyclic ring structure
standing medium-sized Si cluster dissociation process whe@P¢€ars below 3000 K and remains to the end of simulation,
Si,, Sis, and Sj are the most popular fragmerits. although large distortion, vibration, and rotation occur during
4(,)ur()éimulation results also show that Gend Sp exhibit the simulation. In the recent experiment of mobility measure-
formation dynamics similar to that of Sclusters apart from ”?e”ff fortr?arbotn C:{Iuslter' anloﬁ%,’theht'agpoles are rtt:]cog— |
a scaling in temperatures. These results are summarized fzed as the metastable 1Isomers, which occurs n the early
Table II. From Table Il it is also noted that the transition S:29€S of Carbon C.IUSter growth. Our simulation and the ex-
temperaturesT,, at which the clusters jump to the periment are thus In an agreement.
“solidlike” phases, are higher than the bulk melting tem-
peratures for Si, Ge, and Sn, which are 1685, 1210, and 505 IV. CONCLUSION

K, respectively. For Sn, even the transition temperatlizes We have demonstrated that @B initio MD simulations
at which the Sn clusters transform into their “ground-state” can pe extended to medium-sized semiconductor clusters to
phases, are higher than the Sn bulk melting temperature. I&ydy dynamical properties and ground structures of the clus-

experiment it is found that the clusters ;Stn<50) never  ters Our simulation results show thag:@refers a monocy-
melt or dissociate up to 600 K,suggesting that Sn clusters cjic ring structure, while Si, Ge, and Sn clusters have more

may have melting temperatures higher than that of the bulkompact geometries. These cluster structures are very differ-
crystalline phase. As we have shown in Fig. 1, Sn, Ge, and Qint from any fragment of the corresponding bulk materials.
clusters in small and medium size range do not resemble anyey structures are found for Sn and Ge clusters from our

fragment of the corresponding bulk systems. Thus it is nogjmylations. By analyzing the trajectories of our simulations,
surprising that their “melting” temperatures are higher than\ye are able to identify the transition from the “liquidlike”
the corresponding bulk ones because of the essential d'ﬁebhases to the “solidlike” phases, and the transitions among

ence in structure. _ _ ~the different isomers during the cluster formation process.
For C,3, we performed three independent CP simulation

runs by cooling the sample from 4500, 4000, and 3500 K,
respectively. Even though the starting configurations were
compact structures, the first and second annealings led to an We thank Dr. Alexandre Shvartsburg and Professor Mar-
open linear-chain structure while the third annealing yieldedin Jarrold for stimulating discussion. Ames Laboratory is
a monocyclic ring[shown in Fig. 8a)], which is energeti- operated for the U.S. Department of Energy by lowa State
cally much lower than that of the open chain. The animationJniversity under Contract No. W-7405-Eng-82. This work
of the first and second annealing simulations shows thatvas done on the T3E-900 parallel computer of National En-
above 3500 K the C atoms sometimes form a ring and someergy Research Supercomputing CeriERSQ. Part of this
times an open-chain where the open-chain structure hagork was made possible by the Scalable Computing Labo-
much more probability than the ring structure. When theratory, which is funded by the lowa State University and
temperature continues to decrease the system is locked infimes Laboratory.

ACKNOWLEDGMENTS



2334 ZHONG-YI LU, CAI-ZHUANG WANG, AND KAI-MING HO PRB 61

1K. Raghavachari and V. Logovinsky, Phys. Rev. L&8, 2853  16N. Takeuchi and |. Garzg Phys. Rev. B50, 8342(1994.
(1985; K. Raghavachari and C.M. Rohlfing, J. Chem. Pi8&.  1’D.M. Ceperley and B.J. Alder, Phys. Rev. Letb, 566 (1980);
2219(1988; C.M. Rohlfing and K. Raghavachari, Chem. Phys.  J.P. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

Lett. 167, 559 (1990. 18D R. Hamann, M. Schiker, and C. Chiang, Phys. Rev. Let,
2K. Raghavachari and J.S. Binkley, J. Chem. Ph§8. 2191 1494 (1979.

(1987); P. Ballone and P. Milani, Phys. Rev.42, 3201(1990; 19 Kleijnman and D.M. Bylander, Phys. Rev. Led8, 1425

J. Bernholc and J.C. Philips, J. Chem. Ph§5, 2358 (1986); (1982.

C.H. Xu, C.Z. Wang, C.T. Chan, and K.M. Ho, Phys. Re¥B 20 Stumpf, X. Gonze, and M. Schefflarnpublishedl

9878(1993; R.O. Jones, J. Chem. Phykl0 5189(1999. 2lF. Tassone, F. Mauri, and R. Car, Phys. Rev5@ 10 561
3W. Andreoni, D. Sharf, and P. Giannozzi, Chem. Phys. Let8 (1994

449 (1990. :

22p E. Blachl and M. Parrinello, Phys. Rev. 85, 9413(1992.

234, Bilz and W. KressPhonon Dispersion Relations in Insulators
(Springer-Verlag, Berlin, 1979

24Another similar simulated annealing but with the cooling rate 4 K

4p. Ballone, W. Andreoni, R. Car, and M. Parrinello, Phys. Rev.
Lett. 60, 271 (1988,
5|. Vasiliev, S. @jiit, and J.R. Chelikowsky, Phys. Rev. Let8,

4805(1997). .
Kai-Ming Ho, Alexandre A. Shvartsburg, Bicai Pan, Zhong-Yi 25 pernlo(_) MD steps only yleIQed a metarstable sj[ructure.
Lu, Cai-Zhuang Wang, Jacob G. Wacker, James L. Fye, and U. Rathlisberger, W. Andreoni, and P. Giannozzi, J. Chem. Phys.

Martin F. Jarrold, NaturéLondon 392 582 (1998. - 96, 1248(1992.
7p. Jackson, I.G. Dance, K.J. Fisher, G.D. Willett, and G.E. Gadd, M-F. Jarrold and V.A. Constant, Phys. Rev. L&, 2994(1991).
Int. J. Mass Spectrom. lon Procesdé&d, 329 (1996. 27 plexandre A. Shvartsburg, Martin F. Jarrold, Bei Liu, Zhong-Yi

8The consensus about the ground structure gfh@s not yet been Lu, Cai-Zhuang Wang, and Kai-Ming Ho, Phys. Rev. Lét,
fully reached. LDA calculation supports the fullerene structure  4616(1998.
as the ground state while GGA supports the ring structure. Se&°Alexandre A. Shvartsburgprivate communication Alexandre
the paper, E.J. Bylaska, P.R. Taylor, R. Kawai, and J.H. Weare, A. Shvartsburg and Martin F. Jarroldnpublishedl

J. Phys. Cheml100, 6966(1998. 29p L. Strout, L.D. Book, J.M. Millam, C. Xu, and G.E. Scuseria, J.
9R. Car and M. Parrinello, Phys. Rev. Lebb, 2471(1985. Phys. Chem.98, 8622 (1994; A.L. Aleksandrov, V.M. Be-
10 For Sj, clusters, it had been done upne-18. See the Ref. 6. danov, Y.N. Morokov, and V.A. Shveigert, J. Struct. Ch&38,
1p. Hohenberg and W. Kohn, Phys. R&\36, B864 (1964); W. 906 (1995.
Kohn and L.J. Sham, Phys. Rel40, A1135(1965. 30Ph. Dugourd, R.R. Hudgins, J.M. Tenenbaum, and M.F. Jarrold,
120, Sugino and R. Car, Phys. Rev. Létt, 1823(1995. Phys. Rev. Lett80, 4197(1998.
13 zZhong-Yi Lu, Guido L. Chiarotti, S. Scandolo, and E. Tosatti *The cohesive energies are computed by the Dmol package V950,
(unpublished Biosym Technologies, San Diego, CA, 1995, which uses a
14N. Takeuchi, A. Selloni, and E. Tosatti, Phys. RevsR 15 405 double numerical plus polarization basis and the Vosko-Wilk-
(1997; Phys. Rev. Lett72, 2227(1994). Nusair type exchange-correlation potential. The calculation in
15|, stich, M. Parrinello, and J. M. Holender, Phys. Rev. L&8, the cohesive energies by CP MD and DMOL approaches yields

2077(1996. a constant shift.



