
VOLUME 80, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 JUNE 1998

t 205,

,

Synthesis and Structure of Silicon-doped Heterofullerenes
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We report on the synthesis of C2n2qSiq clusters with2n ­ 32 2 100 and q , 4. The analysis
of the abundance distribution and photofragmentation spectra provides clear evidences that such
clusters remain in the fullerene geometry and that the Si atoms are located close to each other in
the fullerene network. These results are corroborated byab initio calculations within the density
functional theory. The stability and electronic properties of these heterofullerenes are discussed.
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Since the discovery of C60 [1,2] in 1985, considerable
effort has been devoted to understanding the proper
of this new molecule. Much of the incentive lies in th
hope that new materials with novel properties may
synthesized with C60 as the building unit. For example
exohedrally and/or endohedrally doped fullerenes [3] ha
been produced and studied, leading in the first case
the well known superconductivity of fullerides. Anothe
approach to creating novel fullerene-related materi
consists in modifying the “functionality” of C60 itself by
substitutional doping of carbon [4]. In particular, th
synthesis of C59Si heterofullerenes has been recent
reported [5,6]. This is a quite surprising result sinc
silicon is known to strongly prefersp3-like bonding. SiC
fullerenes are therefore expected to be very reactive
their Si sites, offering a path towards the polymerizatio
of fullerenes. Further, the possibility of growing nano
structured films by low energy deposition of cluste
[7] suggests that novel phases of the technologica
important family of SiC compounds may be obtaine
The expected transition from the fullerene to the cub
structure with increasing Si doping [8,9] offers a mea
to tailor the structural and electronic properties of the
novel SiC compounds by tuning the Si to C ratio.

In this Letter, we report on the synthesis of silicon
doped heterofullerenes in the carbon-rich limit. Si
mixed clusters are generated in a standard laser vapor
tion source from rod-shaped targets of a well-defined S
composition [10]. The plasma produced by a Nd:YA
laser (532 nm, 10 Hz) is quenched with a high pressu
helium burst in order to induce the SiC cluster grow
and ejection from the source. Their average stoichiom
try is then directly proportional to the target compositio
The abundance distribution of clusters directly produc
as ions is analyzed in a reflectron time-of-flight mass sp
trometer [11]. The reflectron geometry is also suitable f
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the study of the photofragmentation (by an XeCl excime
laser [12]) of size selected clusters.

A first evidence for the stability of silicon doped
heterofullerenes C2n2qSi1q (2n . 32 andq ­ 1, 2) can be
found in the mass spectra of carbon rich mixed cluste
cations with a target containing typically 5% of silicon
[6,10]. The size abundances of pure carbon fulleren
C1

2n are exactly mirrored [10] by those of the C2n21Si1

and C2n22Si12 doped species with, in particular, common
enhanced stabilities for the same total even number
atoms:2n ­ 44, 50, or 60. Besides these main peaks
all clusters are detected each eight atomic mass un
(a.m.u.). This periodicity indicates that clusters with a
odd number of atoms are nearly absent whatever t
number of silicon atoms they may contain. This behavio
and its slight dependence with cluster source settin
is usually considered as the signature of the fulleren
geometry [1].

Additional information can be obtained from photofrag
mentation spectra of size-selected heterofullerenes
shown in Fig. 1. Three different sizes are selected an
photoexcited. The time-of-flight spectra are drawn on
mass scale indicating the size of the surviving ionic prod
ucts. Nonevaporated parents are located on the right s
of each spectrum. They are enlarged by isotopic distr
bution effects. The C168 evaporation pattern consists of
sequential losses of the C2 neutral molecules which is a
well-known feature of the fullerene [13,14]. The same
behavior is observed forC69Si1 and C68Si12 , except that
the first evaporated dimers are those containing Si atom
respectively, SiC and Si2. Just after the complete elimi-
nation of silicon (producing C168 in both cases) the con-
tinuing evaporative processes are “fullerenelike” with
fragment size distribution very similar to what is observe
on native C1

68. This strongly confirms the idea that these
clusters are presently grown in the fullerene geometry.
© 1998 The American Physical Society 5365
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FIG. 1. Photofragmentation mass spectra of C1
68, C69Si1, and

C68Si12 selected clusters. The horizontal scale gives the s
of the products in an equivalent number of C atoms. The fi
evaporation process is precised for each cluster size.

The next interesting stage is to check the possibi
of substituting more than two silicon atoms in a stab
cage structure. The equality in mass of both CnSi1m and
Cn67pSi1m73p (p integer) classes of isomers hinders t
straightforward identification of C2n2qSiq (q $ 3) clus-
ters in the mass spectra analysis. Nevertheless, the st
ity of more siliconized fullerenes such as C2n23Si13 can be
checked from the analysis of the photofragmentation sp
tra. The small extra peaks detected in Fig. 2a (marked
triangles) are indeed related to Si-doped fragments.

-216 -192 -168 -144 -120 -96 -72 -48 -24 0

B 

B 
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C66
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a) 

FIG. 2. Photofragmentation mass spectra of selected clus
having the C166 mass at high (a) and low (b) laser fluenc
The photofragmentation mass spectrum of C1

64 at the same low
fluence is given in (c).A andB indicate the global loss of Si2
and Si3C, respectively, and the black squares locate the S2C
molecule evaporation. Circles, triangles, and crosses indi
fragments containing 0, 1, and 2 Si atoms.
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particular, the peak corresponding to labelA in Fig.2b is
the signature of Si2 evaporation and indicates that C59Si13
or even more Si-rich clusters have been selected toget
with C1

66 fullerenes. Upon lowering of the laser intensity
this peakA is strongly enhanced while the peaks origina
ing from the sequential C2 evaporations are nearly wiped
out (see Fig. 2b). Correspondingly, the peak labeled
in Fig. 2b must originate mainly from the loss of Si3C
rather than C8 fragments, as in Fig. 2a. This sugges
that silicon rich clusters as C59Si13 are less stable than C1

66
fullerenes and, possibly, have a higher photoabsorpt
cross section.

If nonfullerene Si-rich clusters were produced an
photofragmented, they would yield a large amount of Si2C
evaporation [10]. This is hardly evidenced here consi
ering the very weak corresponding signal (black squa
in Figs. 2b and 2c). The photofragmentation patterns
Figs. 2b and 2c are complex but very similar even thou
the selected parents are different. The fragments are e
ily identified as heterofullerenes with 0 (circles), 1 (tri
angles), or even 2 (crosses) remaining silicon atom
These fragments all have an even number of atoms a
the spectra display the characteristic 8 a.m.u. periodic
of heterofullerene systems. As shown in Ref. [10], th
would not have been the case with nonfullerene isome
The complexity of the present spectra originates both fro
the contribution of a non-negligible amount of more S
rich heterofullerenes as, e.g., C2n214Si16 and from the in-
creasing number of competing evaporation channels as
number of Si atoms increases. In this respect, the a
sence of SiC evaporation in Figs. 2b and 2c shows th
the loss of Si3C fragments (B peak) results from a di-
rect rather than a sequential (Si2 1 SiC) process. The
enhanced abundances of Si2 (A peak) and Si3C (B peak)
evaporations is, nevertheless, consistent with the dom
nant yield of C2n27Si13 species within the selected par
ents. From all these features, we conclude that Figs.
and 2c demonstrate the existence of fullerenes doped w
at least three, and certainly more, Si atoms.

We note that the early ejection of siliconized dimer
enlightens the dissymmetry between the involved C-
Si-C, and Si-Si bonds. Moreover, in the case of C68Si12 ,
the negligible weight of a sequential loss of two SiC to th
benefit of a direct Si2 evaporation is an indication that the
two Si atoms are close neighbors in the heterofullere
network. This will be confirmed by the calculation
detailed below. Similar conclusions can be drawn for a
cluster sizes in the range studied heres2n ­ 32 100d.

In order to understand the present experimental fin
ings, and predict the electronic properties of carbon ri
SiC clusters, we study within the density functional theo
[15] (DFT) various isomers of C2n2qSiq clusters with
2n ­ 28, 60 and q ­ 1, 2. The present calculations are
performed with the local density approximation [16
(LDA) and standard nonlocal pseudopotentials [17] a
used for C and Si atoms. We adopt a supercell geome
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in the FCC packing. Total energy differences are we
converged for a typical cluster-cluster minimum distanc
of 7 Å. The wave functions are expanded on a plan
wave basis with kinetic energy up to 45 Ry. Since w
study the carbon rich limit, we assume that the SiC clu
ters preserve the cage fullerenelike structure as sugges
by the present experimental results. We therefore start
substituting in C60, e.g., one or two C atoms by Si for
various configurations and relax the atomic structure u
ing a standard conjugate-gradient scheme [18].

We represent in Figs. 3a, 3b, and 3c the relaxed atom
geometries for, respectively, the C59Si cluster and two
C58Si2 isomers with the two Si atoms neighbors (Fig. 3b
and second nearest neighbors (Fig. 3c). Besides
ortho- and meta- configurations represented in Fig. 3, w
study as well a “para”-isomer as described in footno
[19]. The Si atoms are seen to “pop out” from the idea
C60 sphere in order for the cluster to accommodate th
Si-C and Si-Si bonds [20]. We now compare the energ
of the three C58Si2 isomers we have studied. We find the
metaconfiguration to be more stable that the para one
0.65 eV. The metaconfiguration is also more stable th
the C58Si2-ortho configuration but the energy difference
is rather small (0.15 eV). We have studied as well sma
C26Si2 clusters. We again find the metaconfiguration t
be the most stable, by 0.76 and 0.26 eV, respectively,
compared to C26Si2-para and C26Si2-ortho [21]. Similar
results have been obtained for C25Si3 clusters.

The present results strongly indicate that there ex
preferred sites for the polysubstitution of C by Si. In th
limit of C-rich Si doped fullerenes, Si atoms are eithe
in a meta- or orthoconfiguration, in good agreement wi
the present experimental findings. We recall that in th
case of the photofragmentation of C60, the C2 dimers loss
has been shown to be preceded by complex multiple bo
breaking and switching processes [22]. This suggests t
the two atoms ejected are not necessarily neighbors
e.g., the C58Si2 most stable isomer at zero temperatur
but are certainly close to each other due to the rather lo
character of these dynamical rearrangements [23].

We now study the electronic properties of the C602qSiq
sq ­ 1, 2d isomers shown in Fig. 3. The energy level
around the gap are represented in Fig. 4. In each case,
highest occupied molecular orbital (HOMO) is indicate
he
 a.    b. (ortho) c. (meta)

FIG. 3. Symbolic ball-and-stick representation of various C602qSiq sq ­ 1, 2d isomers (see text). The white spheres are t
Si atoms.
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by an arrow. For the sake of comparison, we have taken
the energy reference for each cluster the highest occup
“carbon-only” orbital [24]. The most striking result is tha
the energy gap between the C-HOMO and C-LUMO sta
is very stable from one cluster to another, and very close
the 1.68 eV gap of pure C60 as calculated within the same
formalism. The Si-related orbitals (represented by dott
lines) can therefore be described in terms of defect leve
even though the proportion of Si to C atoms is so lar
that it is difficult to invoke the standard defect models
extended systems. Further, the Si orbitals in the gap
seen to be arranged as donorlike and acceptorlike lev
This can be understood from the partly ionic character
the SiC bonds.

The analysis of the Si-related orbitals provides a
explanation for the relative stability of the meta-, ortho
and paraisomers. While the polarization of the S
bonds forbids the creation of homopolar Si-Si dimers
bulk SiC, isolated Si atoms in the fullerene network a
characterized by a lonely dangling bond which weak
couples to the surrounding delocalized carbonp-orbitals.
The creation of Si pairs in, e.g., C58Si2 benefits therefore
from the stabilizing hybridization between these tw
neighboring Si lonely orbitals. This can rationalize th
greater stability of orthoisomers as compared to t
paraconfigurations. We note further that the 2.79 Å f
the Si-Si distance in the meta configuration of Fig. 3c
only 10 to 20% larger than typical first nearest neighb
Si-Si distances in pure Sin clusters. The greater stability
of the metaisomers indicates that such geometries offe
general the best compromise in trying to minimize th
Si-Si electrostatic repulsion while still pairing the S
lonely dangling bonds.

In conclusion, we have provided experimental ev
dence that at least three Si atoms can be incorpora
in C2n carbon clusters (2n ­ 32 100) without destroy-
ing their fullerenelike structure. Further, the correspon
ing photofragmentation spectra show that Si atoms
close neighbors in these mixed fullerenes. These res
are confirmed byab initio calculations of the stability,
structure and electronic properties of various C2n2qSiq
clusters. Si doping of fullerenes is predicted to in
crease their chemical reactivity, offering a path towar
the polymerization of fullerenes via SiC bonds. We a
5367
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FIG. 4. Selected energy levels for (left) C59Si, (center)
C58Si2-ortho and (right) C58Si2-meta. The arrows point to the
HOMO states. Full lines and doted lines indicate, respectivel
the carbon- and silicon-related orbitals (see text and footno
[24]). Energies are given in eV.

presently studying the transition from fullerene to SiC
bulklike clusters with increasing Si concentration.

X. B. is indebted to A. Dal Corso and S. Baroni for
making available the parallelizedPWSCF code used in
this work (see Ref. [18]). The calculations have bee
performed on the Cray-T3E of the FrenchCommissariat
à l’Energie Atomique(CEA) in Grenoble, France.
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