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Extensive Molecular Dynamics simulations have been performed to investigate the structural and
thermal properties of Si-doped fullerenes containing one and two silicon atoms. Both, a many-body
potential andab initio Density Functional Theory~DFT! have been used to investigate the structural
features of the heterofullerenes. The competition between the exohedral and the substitutional types
of doping, as a function of fullerene size~both even and odd heterofullerenes have been considered!
and Si concentration, is analyzed. The DFT calculations confirm the main structural trends obtained
with the many-body potential. The thermal stability and the structural transformations of the
heterofullerenes have been also studied as a function of temperature (T50 – 5000 K). The structural
transformations include, local rearrangement of atoms, isomerization transitions, diffusion of atoms,
eventual destruction of the cage, and sublimation of atoms. The isomerization transition between
exohedral and substitutional isomers has been observed experimentally. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1568085#
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I. INTRODUCTION

As it is well known and exploited in many technologic
applications, doping is a very efficient way of modifying an
tailoring the electronic, optical, conducting, etc. properties
many materials. Just to mention one example, the microe
tronics, as we know it today, emerges from the use of do
semiconductors. It was not by accident, that the discover
C60 ~Ref. 1! and its production in macroscopic quantitie2

prompted a number of investigations on the functionalizat
and doping of fullerenes. Heteroatoms have been succ
fully introduced~endohedral doping! in the hollow cavity of
fullerenes.3 It has also been possible to attach heteroato
e.g., alkalis, alkaline earth metals, and transition metals
the external surface of fullerenes~exohedral doping! both in
the gas phase4 and in the solid phase.5 Another possibility is
the substitution of a number of C atoms by heteroatoms~sub-
stitutional doping! such as boron and nitrogen.6–8

Silicon is a very interesting element for dopin
fullerenes. On the one hand, SiC compounds and alloys
hibit outstanding properties such as polymorphism, extra
dinary hardness, variable band gaps, etc. On the other h
the hollow-cage structure of fullerenes offers a unique fram
work for developing new SiC compounds. Although silico
is isoelectronic with carbon it exhibits quite different phys
cal and chemical properties, e.g., it does not developsp2

networks. On the contrary it prefers three-dimensional str
1120021-9606/2003/119(2)/1127/9/$20.00

Downloaded 27 Jun 2003 to 158.227.172.123. Redistribution subject to A
f
c-
d

of

n
ss-

s,
to

x-
r-
nd,
-

c-

tures. Moreover, Si–C bonds are typically 30% longer th
C–C bonds. These features would play against the subs
tional incorporation of silicon in fullerenes. However, S
doped fullerenes have been synthesized9–13 in recent years
by several groups both in substitutional and exohedral c
figurations. Silicon-doped fullerenes where first produced
laser ablation of Si/C composite rods.9 The direct growth of
heterofullerenes favors the substitutional incorporation
silicon in the fullerene network.9,11 Photofragmentation
experiments14 have shown heterofullerenes containing up
seven substitutional silicon atoms. Si-doped fullerenes
also be produced by mixing a vapor of preformed C60

fullerenes with a silicon vapor in an inert gas condensat
cell.12 This technique produces exohedrally doped fulleren
However, under laser irradiation the exohedrally dop
fullerenes transform into substitutionally doped fullerenes12

Moreover, the coverage of C60 with silicon is very limited. In
contrast to metals, silicon does not wet the fullerene surf
and prefers clustering.13 It is, then, of interest to understan
the interplay between the substitutional and the exohe
types of doping, the possible transformations between th
two structures and their relationship with the producti
techniques.

Ab initio calculations have been performed for studyi
the structural and electronic configuration of ‘‘substitutiona
Si-doped C60 fullerenes containing one and two S
7 © 2003 American Institute of Physics
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1128 J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 Marcos et al.
atoms.11,12,15The HOMO-LUMO gap decreases as the nu
ber of silicon atoms in the fullerene cage is increased and
corresponding Kohn–Sham orbitals are mainly localized
the silicon atom. These results indicate that the silicon a
may act as a ‘‘distinct’’ reactive site in fullerenes promotin
their self-assembly. Recentab initio calculations16 indicate
that is possible to substitute up to 12 silicon atoms in C60

without distorting the original structure too much. On t
other hand, the thermal stability of pure fullerenes has b
studied experimentally both for fullerenes in the gas phas17

and in the condensed phase~fullerite!.18 However, for Si-
doped fullerenes, this property remains largely unexplored
is our intention to contribute to the understanding of t
thermal stability of doped fullerenes.

In this paper we study, for the first time, the competiti
between the substitutional and the exohedral types of
doping in fullerenes, and the thermal behavior of these h
erofullerenes. Our investigation will help to disclose the
terplay between the size and concentration of
heterofullerenes and their preferential type of doping, sub
tutional or exohedral. Moreover, our results give insight
the heterofullerenes synthesized by different techniqu
Both even and odd heterofullerenes containing one and
silicon atoms are considered (CnSi, n558– 61 and CnSi2 ,
n558,60,78). The realistic~empirical! Tersoff potential19,20

is used for mimicking the interactions in the heterofulleren
We have also performedab initio calculations, using Density
Functional Theory~DFT! techniques, for some selected he
erofullerenes. The DFT results confirm the main structu
features obtained with the empirical potential. This gives
confidence to use the potential in extensive Molecular D
namics simulations for investigating the thermal stability, t
dynamical characteristics, and the structural transformat
of the heterofullerenes as a function of temperatureT
50 – 5000 K).

The structure of the paper is as follows: Section II giv
a brief description of the model~Tersoff! potential and theab
initio ~DFT! techniques used in the calculations. It also d
scribes the Molecular Dynamics simulations performed he
In Sec. III we present the simulation results. First the str
tural features of Si-doped fullerenes and then their ther
behavior. A brief summary follows in Sec. IV.

II. THEORETICAL BACKGROUND

An extensive search of isomers as a function of clus
size and composition~for one and two silicon atoms pe
fullerene! and extensive Molecular Dynamics simulatio
have been performed using the realistic, but necessarily
proximate, Tersoff’s potential.19,20 This potential, which
mimics covalent interatomic interactions, is based in
bond order ideas introduced by Abell,21 i.e., the strength of a
bond depends on the local environment. The bond order c
cept led to a many-body potential depending on coordina
and on the bond angles. The potential is flexible enough
describing both thesp2 and sp3 hybridizations of carbon.
Formally the potential energy is written as a sum of pairw
interactions,
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i , j (Þ i )51

N

f c~r i j !@ f R~r i j !1bi j f A~r i j !#, ~1!

whereN is the number of atoms in the system,f R and f A are
the repulsive and attractive pair potential functions, resp
tively, given by

f R~r i j !5Ai j e
(2l i j r i j ),

~2!
f A~r i j !52Bi j e

(2m i j r i j ),

and bi j is the bond order parameter which depends on
local environment and gives the many-body character to
potential,

bi j 5x i j ~11b i
nij i j

ni !2 ~1/2ni !,

j i j 5 (
k(Þ i , j )51

N

f c~r ik!v ikg~u i jk !, ~3!

g~u i jk !511
ci

2

di
2 2

ci
2

di
21~hi2cosu i jk !2 ,

whereu i jk is the bond angle between thei j and theik bonds.
The free parameters of the potentialA, B, l, m, b, n, c, d,
h, x, andv are empirically adjusted.20 x weighs the strength
of the homopolar and heteropolar bonds andv weights the
contribution of environmental atoms of different types.f c in
Eqs.~1! and~3! is a smooth cut-off function which limits the
range of the potential to the close neighborhood of e
atom, i.e., it damps the interatomic interactions smoot
down to zero between the first and the second neighbo
shells. We have used a Fermi-type cutoff function,22

f c~r i j !5
1

11e~r i j 2r oi j
!/D , ~4!

which it is derivable with continuity to all orders and ther
fore guarantees a good conservation of energy in dynam
studies.

The study begins with the generation of a large num
of substitutional and exohedral configurations of the hete
fullerenes. All the structures are then relaxed to the clos
local minima using the thermal quenching procedure. T
annealing at high temperatures of some selected isomers
eventually produce new isomers completing the isome
chart of the heterofullerenes. The chart of isomers gives
sight on the energetic and structural features of the do
fullerenes. The finite temperature behavior of the hete
fullerenes is then investigated by constant energy Molec
Dynamics simulations. The fullerenes are gradually hea
up, by scaling up the velocities of all the atoms, from 0 K
to about 4500 K. At each temperature, the time evolution
the system, for times between 50–125 ps, is obtained
numerical integration of Newton’s equations of motion usi
the velocity version of Verlet’s algorithm.23 A time step of
0.2 fs guarantees that, after performing 250 000 integra
steps~i.e., 50 ps!, the total energy is conserved within 0.01%

The Tersoff potential has proved reliable in describi
the properties of a wide variety of carbon systems22,24as well
as the properties of SiC and its defects.20 The extent of the
simulations presented here, which include the generation
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



d
ra
tia
he

e

e

n
-
e
–
ch
io

iv
s
rs

s
n
ur
s

C

ds
6
d
ag

e

er

n
ra
ne
ov
rre

i-
S

o

uc
to
ro

tu
c

reas
he
out-

of
the

ed.

se-

bout
be-
tion

on.
s
e

een
-

ing

re-
for

m

he

con-

1129J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 Structural and thermal properties of silicon-doped fullerenes
large number of isomers and lengthy MD simulations~last-
ing in total about 1000–3000 ps per isomer considere!,
make the use of more accurate quantum techniques imp
tical. However, to assess the actual reliability of the poten
for Si-doped fullerenes we will compare the results of t
Tersoff potential withab initio DFT calculations for some
selected heterofullerenes as well as with the available exp
ments.

Theab initio DFT simulations were performed using th
‘‘Dacapo’’ code25 with ultrasoft pseudopotentials,26 a plane
wave basis set (Ecut518 Ryd) and the GGA approximatio
~PW91 functional27! for the description of exchange
correlation effects. A fcc unit cell with a very large lattic
parameter~21 Å! was employed in order to make cluster
cluster interaction in neighboring cells negligible. Ea
structure was relaxed until a 0.01 eV convergency criter
was fulfilled.

III. RESULTS

A. Geometrical structure of one-Si heterofullerenes

The Tersoff potential is used to perform an extens
search of possible exohedral and substitutional isomer
one Si doped fullerene. Then a selection of those isome
fully optimized usingab initio ~DFT! techniques. First we
mimic the production of exohedral Si-doped fullerene
through the mixing of Si and C60 vapors in a condensatio
cell,12 by the soft-landing of Si atoms onto the external s
face of C60. The Si atoms approach the fullerenes in qua
static conditions~i.e., with zero velocity!, following different
radial directions. Silicon binds preferentially on top of a
atom~on-topconfiguration! with a binding energy of 2.3 eV
with respect to the separated Si and C60 subsystems. Silicon
can be also attached above the midpoint of C–C bon28

~edgeconfigurations! with binding energies of 1.2 and 0.
eV, for edges between a hexagon and a pentagon and e
between two hexagons, respectively. The fullerene c
structure remains intact upon the soft-landing of Si atom
The soft-landing procedure generates exohedral isomers
clusively, in agreement with the experiments.12 However, the
annealing of the exohedral heterofullerenes at high temp
tures produces substitutional isomers as well~see below!.

All possible exohedral and substitutional configuratio
of CnSi (n558– 61) have been investigated. The exohed
on-topandedgeconfigurations are generated by placing o
Si atom on top of every nonequivalent C atom and ab
every nonequivalent C–C bond, respectively, of the co
sponding Cn fullerenes. Similarly, starting from Cn11 , the
substitutional configurations of CnSi are generated by subst
tuting every nonequivalent C atom in the fullerene by a
atom. The well-known structures of the even Cn , n558, 60,
and 62, fullerenes29 are taken as given and the structures
the odd Cn , n559 and 61, fullerenes are generated from C60

and C62, respectively, by substituting a C2 dimer between
two adjacent rings by a single C atom. The two rings red
by one their respective number of edges and the C a
becomes fourfold coordinated. The thermal quenching p
cedure has been used to relax the heterofullerene struc
to the corresponding closest local minima. Exohedral atta
Downloaded 27 Jun 2003 to 158.227.172.123. Redistribution subject to A
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ment of Si atoms does not deform the fullerene cage whe
substitutional doping produces local distortions of t
fullerenes around the Si atoms. The Si atom is pushed
wards the cage due to the larger~about 20%! C–Si bond
length. Moreover, the lowest energy substitutional isomers
odd fullerenes are obtained when the Si atom replaces
fourfold coordinated C atom~see Fig. 2!. This could be ex-
pected from the silicon tendency to be fourfold coordinat

To further explore possible isomers of CnSi hetero-
fullerenes we have annealed at high temperatures some
lected isomers. For instance theon-top isomer of C60Si re-
mains stable when annealed up to temperatures of a
1900 K for 125 ps. However, above this temperature it
comes unstable and anneals to a lower energy configura
~we will refer to it asbridge! in which the Si atom binds to
a ‘‘broken’’ C–C edge between a hexagon and a pentag
We say that a C–C edge is ‘‘broken’’ when the two C atom
separate one from another while lifting slightly out from th
fullerene surface producing a hole~or open window, OW! in
the structure of the fullerene. Broken C–C bonds have b
observed in simulations30 of all carbon fullerenes at interme
diate temperatures (T;2500 K). We have foundbridge
structures in all the heterofullerenes investigated, hav
lower energy than the correspondingedgeand on-top con-
figurations. Notice, however, that thebridge configuration
should be viewed as a slight distortion of theedgestructure.
Figure 1 shows two low energy paths connecting theon-top
and thebridge isomers of C60Si. The first path runs from the
on-topto theedgeconfiguration, then back to anon-topcon-
figuration in which the Si atom is over a C atom of a broken
C–C bond~on-top-OW! and finally ends in thebridgestruc-
ture. The second path connects theon-top and the on-
top-OW structures through the direct break up of the cor
sponding C–C bond. We find an upper bound of 1.5 eV

FIG. 1. Low energy paths for the transformation of theon-top isomer of
C60Si into thebridge isomer. The solid line shows the pathway going fro
the on-top isomer to theedgeconfiguration, then to theon-top-OW struc-
ture, and finally to thebridge isomer. The dashed line corresponds to t
direct transformation of theon-topisomer into theon-top-OW structure. The
reaction coordinate is defined as the average of the coordinates of two
secutive isomers in the defined pathway.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the energy barrier between theon-top and thebridge iso-
mers.

Figure 2 shows the lowest energy substitutional,on-top,
and bridge isomers of CnSi heterofullerenes. Thebridge
structure is always lower in energy than the correspond
on-topstructure. The addition and substitution reactions,

Cn1Si1DEadd→CnSi~exohedral!, ~5!

Cn111Si1DEsubst→CnSi~substitutional!1C, ~6!

respectively, give insight on the competition between exo
dral and substitutional isomers. Exohedral attachment o
atoms to preformed Cn fullerenes (n558– 61) is an exother
mic process. On the other hand, the substitution reactio
exothermic in the case of odd fullerenes but it requires
supply of energy in the case of even fullerenes. These res
agree with the production of exohedrally doped fulleren
upon mixing the vapors of preformed C60 fullerenes and
silicon.12 Our results also justify the appearance of subst
tional heterofullerenes only after some extra energy has b
supplied to the sample, e.g., by laser irradiation.12 The mini-
mum energy structures of the heterofullerenes, however,
not determined by the energetics of the addition and sub
tution reactions. As a general trend, we have found that
minimum energy structures are mainly determined by
tendency to reconstruct almost perfect even fullerenes

FIG. 2. Lowest energy substitutional~first column!, on-top ~second col-
umn!, and bridge ~third column! isomers of one-Si doped fullerenes co
taining from 58 to 61 carbon atoms. The isomer energies with respect to
ground state are given in eV.
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other words, the undoped underlying structure of the grou
state isomer is an even fullerene. Thus, the substitutio
isomer is the minimum energy structure of even hete
fullerenes whereas the ground state of odd heterofullere
corresponds to the exohedral~bridge! isomer. Our theoretica
predictions are in perfect agreement with mobili
experiments10 of Si-doped fullerenes which provide stron
evidence of substitutional Si in even heterofullerenes a
suggest exohedral doping in odd heterofullerenes.

DFT calculations confirm the structural and energe
trends of one Si heterofullerenes predicted by Tersoff’s
tential. Figure 3 shows the lowest energy substitutional a
exohedral isomers of C59Si and C60Si obtained within the
DFT framework. The substitutional isomer is the minimu
energy structure of C59Si, an even heterofullerene, where
the ground state of C60Si, an odd heterofullerene, corre
sponds to the exohedral-edge configuration of Si. Notice,
that the exohedral-bridgestructure obtained with Tersoff po
tential and theedgestructure obtained with DFT are topo
logically very similar. Moreover, our DFT calculations sho
that the exohedral attachment of one Si atom on C60 is an
exothermic process@DEadd521.7 eV, see Eq.~5!#, whereas
the substitution reaction for C60 is endothermic@DEsubst

55.4 eV, see Eq.~6!#, also in agreement with the predic
tions of the Tersoff potential. Both exohedral and substi
tional doping of C60 with one Si atom reduces its bindin
energy in about 0.1 eV/atom.

B. Geometrical structure of two-Si heterofullerenes

To gain some insight on the first stages of multiple do
ing in fullerenes, we have also studied even heterofullere
containing two silicon atoms, CnSi2 (n558,60,78). The
number of possible structural configurations of the hete

he

FIG. 3. Lowest energy substitutional~first column! and exohedral~second
column! isomers of CnSi (n559– 60) obtained byab initio ~DFT! calcula-
tions. The isomer energies with respect to the ground state are given in
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1131J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 Structural and thermal properties of silicon-doped fullerenes
fullerenes increases tremendously in going from one to
silicon atoms. Therefore, based on the structural trends
served in one Si doped fullerenes, we will restrict the sea
of isomers to those configurations whose undoped unde
ing structures are even fullerenes. Thus, we have gener
all possible configurations in which both Si atoms are
either substitutional or exohedral,on-topor edge, configura-
tions. Similarly to the case of one-Si fullerenes, the anne
ing of the on-top isomer to high temperatures yields to
lower energy structure in which both silicon atoms bind
broken C–C bonds~bridge configuration!. Again, as is the
case of one-Si fullerene,bridge andedgeconfigurations are
topologically very similar. Figure 4 shows the lowest ener
substitutional,on-top, and bridge isomers of CnSi2 hetero-
fullerenes, obtained with the Tersoff potential.

As discussed above, the competition between exohe
and substitutional structures in one-Si heterofullerene is c
trolled by the tendency to form fullerene cages with an ev
number of atoms. This is accomplished in the even and
heterofullerenes by adopting substitutional and exohe
configurations, respectively. However, for two-Si hete
fullerenes this competition becomes a ‘‘true’’ question sin
for even heterofullerenes, both isomers have an e
fullerene as the undoped underlying structure. To address
problem we have fully optimized some selected subst
tional, edge, andbridge structures of C58Si2 and C60Si2 , us-
ing the DFT formalism. Previous DFT studies11,15,16concen-
trate on substitutional C58Si2 . A different lowest energy
substitutional isomer was obtained depending on the de
of the calculation. In Fig. 5 we present the lowest ene
substitutional and exohedral isomers of C58Si2 and C60Si2
obtained with DFT. The minimum energy structure of C58Si2
is the substitutional isomer whereas the exohedral-edgecon-
figuration is the preferred structure of C60Si2 . It is interesting
to notice that the undoped underlying structure of the gro
state of C58Si2 and C60Si2 is, in both cases, C60. Clearly, the

FIG. 4. Lowest energy substitutional~first column!, on-top ~second col-
umn!, and bridge ~third column! isomers of two-Si doped fullerenes con
taining 58, 60, and 78 carbon atoms.
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lowest energy structures of these two heterofullerenes a
consequence of the special stability of C60 with respect to the
neighboring fullerenes.

The lowest energy substitutional isomer of C58Si2 has
the two Si atoms in a ‘‘para’’ configuration of a hexagon~the
Si atoms are in two opposite vertices of the hexagon!. It is
remarkable that the Tersoff potential produces the same l
est energy substitutional isomer. Moreover, the family
substitutional isomers, as calculated with the Tersoff pot
tial, spans an energy interval of about 1 eV, in perfect agr
ment with the DFT result.15 At ‘‘low’’ Si concentrations~for
C58Si2 and C60Si2), the two substitutional Si atoms are n
nearest neighbors since the formation of a Si–Si bond d
not compensate for the extra local distortion produced in
cage, due to the larger Si–Si bond length. However, on
basis ofab initio calculations,16 grouping of the Si atoms is
expected for higher concentrations. On the other hand,
two Si atoms group together on the fullerene surface of
exohedral isomers. Clearly, a Si–Si bond can be accom
dated in the surface without stressing the fullerene ca
Photofragmentation experiments13 suggest clustering of the
Si atoms on the fullerene surface, also for higher Si conc
trations.

Clearly, it is not an easy task for an empirical potential
produce the correct minimum energy structure and isom
hierarchy of small clusters as a function of cluster size a
composition. Despite its limitations, we have shown that
Tersoff potential retains the most important structural a
energetic characteristics of Si-doped fullerenes, what ma
it a very useful tool for investigating the dynamical and the
mal characteristics of those systems. The rest of this sec
is devoted to that study.

FIG. 5. Lowest energy substitutional~first column! and exohedral~second
column! isomers of CnSi2 (n558,60) obtained byab initio ~DFT! calcula-
tions. The isomer energies with respect to the ground state are given in
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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C. Thermal behavior of one-Si heterofullerene

Extensive constant energy molecular dynamics~MD!
simulations have been performed as a function of temp
ture, fromT50 K until the thermal decomposition~evapora-
tion of atoms or fragmentation! of the heterofullerenes oc
curs (T;4000– 5000 K). The average thermal and structu
characteristics of the heterofullerenes as a function of t
perature are embodied in the caloric curves~temperature vs
total energy! and in thed function31 @given in Eq.~8!#, re-
spectively. Different branches of the caloric curves are g
erated by heating up different isomers. The heating of
heterofullerenes is accomplished through the scaling of
velocities of all atoms, between successive constant en
MD runs. The ~kinetic! temperature,T, is defined in the
usual way in dynamical simulations,

kBT5
2

3n26
^Ekin& t , ~7!

where^ & t represents the time average over the entire tra
tory, Ekin is the instantaneous kinetic energy of the hete
fullerene,n is the number of atoms, andkB is the Boltzmann
constant. Thed function ~relative root mean square bon
length fluctuations! is given by

d5
2

n~n21! (i , j

~^r i j
2 & t2^r i j & t

2!1/2

^r i j & t
, ~8!

wherer i j is the instantaneous distance between atomsi and j
and the sum runs over all the pairs of atoms in the hete
ullerene. For heteroatomic systems it is interesting to c
sider partiald’s (daa anddab , wherea andb stand for the
atom type! calculated by restricting the summations in E
~8! to pairs of like or unlike atoms, respectively. Differenc
among the partiald’s indicate different mobilities of the two
types of atoms.

Figures 6 and 7 show the caloric and thed curves, re-
spectively, generated from the lowest energy substitutio

FIG. 6. Caloric curves of C59Si and C60Si. The different curves in each
panel correspond to different branches of the caloric curve generated
the isomers shown in Fig. 2: substitutional~circles!, on-top ~triangles!, and
bridge ~solid diamonds! isomers. The arrows, labeled as B–E, H–I, a
L–N for C59Si and B–E, H–J, and M–N for C60Si, indicate the onset of
different structural transformations along the trajectories originating in
substitutional, theon-top, and thebridge isomers, respectively. Correspond
ing snapshots are shown in Figs. 8 and 9 for C59Si and C60Si, respectively
~see text for details!.
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exohedral-on-top, and exohedral-bridge isomers of C59Si and
C60Si ~shown in Fig. 2!. The corresponding curves for C61Si
and C58Si exhibit, respectively, similar behavior. The sma
horizontal separation between the different branches of
caloric curves at zero temperature reflects the small ene
difference between the corresponding isomers. Althou
these energy differences are of the order of the thermal
ergy at room temperature, much higher temperatures are
quired to observe structural transitions between those
mers, within the time window of our simulations~see
below!. At low temperatures (T,1000 K) the caloric curves
are linear functions, as expected from a classical treatm
and, the small (,10%) values of d reflect solidlike
structures31 in which the atoms perform harmonic oscilla
tions about their equilibrium positions. With increasing tem
perature (T;1000– 4000 K) the anharmonic contribution
start to be significant and the slopes of the caloric cur
begin to decrease slowly. At these intermediate temperat
the heterofullerenes may experience occasional~nondiffu-
sive! isomerization transitions. Therefore, these structu
changes have only a minor reflection in the caloric curve~as
small jumps or increase in the slope! and thed values remain
small. The only noticeable feature are some small peaks
hibited bydCSi, without a related feature indCC, which cor-
respond to structural transformations involving displac
ments of the Si atom on the fullerene structure. AtT
;4000 K the caloric curves level off and theds exhibit a
sharp increase,31 indicating the beginning of the solid- to
liquidlike transition. However, similarly to the case of pu
carbon fullerenes,22,30 thermal decomposition of the hetero
fullerenes occurs before reaching a liquidlike regime wh

m

e

FIG. 7. Partialds of C59Si and C60Si as a function of temperature for th
same isomers considered in Fig. 6. The arrows have the same meaning
that figure.dCC: open symbols, anddCSi : full symbols.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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would be reflected by the recovery of an almost linear
havior of the caloric curves and large (.20%) values of the
d functions.31 We stress that these decomposition tempe
tures have to be viewed in conjunction with the duration
the simulations. The temperatures will decrease if we al
for longer simulation times.

Global quantities, such as the caloric curves and thd
functions, provide only limited information on the structur
transformations of the heterofullerenes as a function of te
perature. Therefore, a detailed analysis of the simulation

FIG. 8. Snapshots, extracted from the dynamics, of the structural tran
mations of the substitutional,on-top, andbridge isomers of C59Si as a func-
tion of temperature. The labels identify every snapshot with the corresp
ing trajectory in Figs. 6 and 7.
Downloaded 27 Jun 2003 to 158.227.172.123. Redistribution subject to A
-

-
f
w

-
a-

jectories is needed to fully characterize those structural tra
formations. Figures 8 and 9 show snapshots~extracted from
the dynamics! of the structural transformations of the subs
tutional, on-top, andbridge isomers of C59Si and C60Si, re-
spectively. The arrows and labels in Figs. 6 and 7 help
correlate every snapshot with the corresponding traject

r-

d-

FIG. 9. Snapshots, extracted from the dynamics, of the structural tran
mations of the substitutional,on-top, andbridge isomers of C60Si as a func-
tion of temperature. The labels identify every snapshot with the corresp
ing trajectory in Figs. 6 and 7.
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The first structural transformation observed consists in
opening of windows~OW! in the fullerene surface throug
the break up of either C–Si or C–C bonds~see Fig. 8 B, H,
L and Fig. 9 B, M!. Due to the local character of this tran
formation no special features are observed neither in the
loric nor thed curves. Notice that this transformation occu
at lower temperatures (T,1000 K) in theon-top isomers of
even heterofullerenes than in the other isomersT
.1500 K). This correlates with the lower stability of th
former isomers. At about 1500 K theon-top isomers trans-
form into bridge isomers by inserting the Si atom in th
fullerene cage~see Fig. 8 I and Fig. 9 H!, and at higher
temperatures (T;2500– 3500 K) thebridge isomers trans-
form into substitutional isomers~see Fig. 8 M and Fig. 9 N!.
The successive transformation of theon-top isomer into
bridgeand then into a substitutional structure is observed
C60Si ~see Fig. 9 J!. These isomerization transitions produ
a small peak indCSi but no special feature is observed indCC

since they are mainly produced by displacements of the
atom. Our dynamical simulations demonstrate the trans
mation of ‘‘energized’’ exohedral heterofullerenes into su
stitutional heterofullerenes. This transformation has been
tually observed upon laser irradiation of samples
exohedral heterofullerenes.12 Above 3000 K, a high mobility
of the Si atom on the fullerene surface is observed, acc
panied by frequent changes in its coordination, whereas
underlying fullerene remains quite intact~see Fig. 8 C, D, N
and Fig. 9 C, D, I!. dCSi ~Fig. 7! exhibits small features
which reflect the high mobility of the silicon atom. At highe
temperatures (T;4000– 4500 K) the solid to liquidlike tran
sition begins. Substitutional isomers and thebridge isomers
of even heterofullerenes experience, similarly to the cas
all carbon fullerenes, strong structural transformations
stroying the cage structure and forming tubular~see Fig. 8 E,
O and Fig. 9 E, F! or graphiticlike planar structures~see Fig.
8 F!. However, the evaporation of the Si atom~and in fewer

FIG. 10. Caloric curve of C60Si2 . The different curves correspond to diffe
ent branches of the caloric curve generated from the isomers shown in
4: substitutional~circles!, attached~triangles!, and bridging~solid diamonds!
isomers.
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cases C or C2 units! starts before the fullerenes have reach
the liquidlike phase. On the other hand,on-top isomers and
thebridge isomers of odd heterofullerenes sublimate~evapo-
rate atoms! directly from the fullerene structure~see Fig. 8 J
and Fig. 9 K, O!. Sublimation from almost undistorte
fullerene structures correlates with the low stability ofon-top
silicon and with the tendency to form even fullerenes.

D. Thermal behavior of two-Si heterofullerenes

We have also investigated the thermal stability of two
heterofullerenes containing 58, 60, and 78 carbon atoms
a representative case, Figs. 10 and 11 present the caloric
the d-curves, respectively, generated from the isomers
C60Si2 shown in Fig. 4. The presence of a second silic
atom does not introduce drastic changes in the main ther
and structural characteristics of the heterofullerenes. It is
parent, however, a higher mobility of the exohedral~on-top
and bridge! silicon atoms at intermediate temperaturesT
.2500 K). This higher mobility is reflected by the increa
of dSiSi ~see Fig. 11!. It is interesting to notice that, similarly
to the case of one-Si fullerenes, the exohedralon-top and
bridge isomers transform into substitutional isomers at int
mediate temperatures (T;2000– 3000 K). Our results indi

ig.

FIG. 11. Partialds of C60Si2 as a function of temperature for the sam
isomers considered in Fig. 10.dCC: open symbols,dSiSi : crosses, anddCSi :
full symbols.
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cate that this structural transformation, taking Si atoms fr
exohedral into substitutional configurations, could be
peated several times to obtain Si-rich substitutio
fullerenes. Recent experiments14 indicate that at least seve
Si atoms can be substituted in C60. At high temperatures
(T>4000 K), on-top isomers sublimate from almost undi
torted cage structures whereas the substitutional and
bridge isomers transform into more open tubular or plan
structures before the evaporation of atoms begins.

IV. SUMMARY

We have performed extensive Molecular Dynam
simulations to investigate the structural and thermal featu
of Si-doped fullerenes as a function of fullerene size and
concentration~for one and two Si atoms!. Both, the many-
body Tersoff potential andab initio DFT techniques have
been used to describe the interatomic interactions in the
erofullerenes. First, we focused on the competition betw
exohedral and substitutional doping. The minimum ene
structures of the heterofullerenes are based on fullerenes
an even number of atoms. The dopant Si atoms may
either, substitutionally incorporated in the fullerene structu
or exohedrally attached to the fullerene surface. Thus,
substitutional isomer is the minimum energy structure
even heterofullerenes whereas the exohedral isomer is
lowest energy structure of odd heterofullerenes. These re
are in perfect agreement with mobility experiments.10 Exo-
hedral attachment of Si in preformed fullerenes, is an e
thermic reaction whereas the substitution of C by Si in ev
fullerenes is an endothermic process. As a consequence
soft landing of Si atoms on the surface of preform
fullerenes results in the formation of exohedral hete
fullerenes. These results explain the experimental produc
of exohedral heterofullerenes through the mixing of C60

fullerenes and Si vapors.12 At the first stages of multiple
doping ~two Si atoms!, the two Si atoms are not neare
neighbors in the substitutional isomers; however, they gr
together on the surface of the exohedral isomers.

A variety of structural transformations of Si-doped he
erofullerenes have been identified and characterized a
function of temperature. Those transformations include:~i!
local structural changes without diffusion of atoms~opening
of windows in the cage!, ~ii ! isomerization transitions be
tween exohedral and substitutional isomers,~iii ! drastic
structural changes involving first diffusion of the silicon a
om~s! and then diffusion of all the atoms in the heter
fullerene, ~iv! eventual destruction of the fullerene ca
structure, and, finally,~v! sublimation of atoms~which hap-
pens before the liquidlike phase is reached!. The conversion
of exohedral into substitutional isomers has been obse
upon laser irradiation of samples of exohed
heterofullerenes.12

Interestingly, silicon doping does not destroy the stru
tural and thermal stability of the fullerenes while changi
their electronic properties. This could be used to deve
new assembled materials based on Si-doped fullerenes
novel structural and electronic properties as compared
other C/Si systems.
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