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Bridging C60 by silicon: Towards non-Van der Waals C60-based materials
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We report the three-dimensional packing of C60 clusters stabilized by the addition of Si. X-ray absorption
spectroscopy reveals that Si atoms are in an unusual environment: between two C60, with ten or more carbon
neighbors. According toab initio calculations, the cohesive energy is about 2 eV per Si atom, much higher than
the Van der Waals binding energy between two C60. Experiment and calculations both indicate a charge
transfer from Si to C60. Eventually, the film may have a local decahedral symmetry.
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I. INTRODUCTION

Endohedrally doped1 and pristine C60 have been exten
sively studied over the past decade both for their superc
ducting and molecular semiconducting behaviors. Pris
C60 is mainly linked by Van der Waals~VdW! bonding, re-
sulting in a fcc crystal whereas finite size clusters of C60 may
be icosahedral,2 decahedral, or close-packed.3 As the VdW
bonding limits the potential applications of such compoun
an outstanding effort has been carried out for the function
ization of these fullerenes. Several chemical routes suc
halogenation, cycloaddition and alkylation4 lead to new
stable C60 compounds. However, except some studies on
con heterofullerenes,5 only a few experiments involving
group IV elements have been reported so far.6,7

In this paper, we deal with a new and simple way f
stabilizing C60 packing by addition of silicon atoms betwee
C60. On the basis of both x-ray absorption andab initio
calculations, we report on the 3D packing of C60 clusters
where two C60 are linked by a silicon atom. We show th
such a compound may have a decahedral symmetry. Sil
transfers electrons towards C60 and makes a cohesive energ
of up to 2 eV per Si atom. We find that silicon is linked
10–12 carbon atoms. This is, to our knowledge, the fi
observation of such an unusual environment with respec
the tetrahedral lattice commonly observed in SiC co
pounds. These results confirm what was expected from
previous study of a C601Si film with Raman spectroscopy.6

This paper is organized as follows. In Sec. II, we pres
briefly the experimental setup used to produce the sam
and the analysis protocol. In Sec. III, we show extend
x-ray absorption fine structure~EXAFS! results and propose
some environments of silicon atoms. In Sec. IV, we study
stability of different structures withab initio calculations and
the results are discussed in Sec. V.

II. EXPERIMENT

The sample is a C601Si film obtained by deposition o
(C60)nSim clusters produced in a sophisticated double-tar
0163-1829/2002/65~16!/165417~6!/$20.00 65 1654
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laser vaporization source, following the low-energy clust
beam deposition technique described in details elsewhe8

Briefly, both targets~a monocrystalline silicon rod and a fla
disk obtained by pressing C60 powder! are independently va
porized by two Nd:YAG lasers. The resulting plasma is th
quenched by a pulsed high pressure helium burst, which
sures the cluster growth in the source chamber, until
cluster/carrier gas mixture is expanded through a con
nozzle. Let us remind the reader that a particularity of t
technique is that nonsteady state structures can be obta
Nascent ionized clusters are characterized in a time-of-fl
mass spectrometer.8 A thin film ( .100 nm) is obtained by
neutral cluster deposition on a silver-coated (.200 nm) sili-
con wafer, maintained at room temperature, in ultrah
vacuum~UHV! conditions. Prior deposition the vacuum
down to 331028 Pa. During the cluster deposition, the r
sidual pressure increases up to 231027 Pa mainly due to
the residual buffer helium gas. The residual pressure du
the reactive components such as O2, CO, H2O, and CO2 is
less than 1028 Pa. After deposition, the residual vacuu
becomes comparable to the one observed prior deposi
Auger electron spectroscopy and x-ray photoemission sp
troscopy measurements do not reveal any significant am
of oxygen in the film. The film stoichiometry (1.260.6 sili-
con atoms per C60 molecule! is estimated from both the C1s

and the Si2p core levels yield measured by x-ray photoem
sion spectroscopy. Raman spectroscopy measurement
similar samples,6 allow us to ensure that C60 molecules were
not damaged during the deposition and are still present in
film without noticeable amorphous carbon component. T
sample is then transferred in UHV from the deposition cha
ber to the SA32 station of the LURE synchrotron facili
using an appropriate UHV transfer device. The local en
ronment around silicon atoms is probed by EXAFS at the
K edge, using a standard experimental procedu9

Fluorescence-yield spectra are acquired at different temp
tures of the sample which is cooled down from room te
perature to about 170 K. The latter is below the orientatio
phase transition temperature (T.250 K) corresponding to a
©2002 The American Physical Society17-1
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FIG. 1. Experimental EXAFS
signals x(k) of ~a! silicon dia-
mond, ~b! 2H-SiC, and ~c! the
C601Si film. Pseudoradial distri-
bution functionsg(R) of ~d! sili-
con diamond,~e! 2H-SiC, and~f!
the C601Si film.
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reduction of the rotational freedom degrees observed in p
tine C60.10

III. EXAFS RESULTS

The observation of the SiK edge reveals a shift in ou
cluster-film towards higher energy, close to the one obser
in a SiC crystal. This clearly indicates a charge transfer fr
silicon towards carbon. The experimental EXAFS sign
x(k) is obtained from the absorption spectram(E). Figure 1
shows the experimentalx(k) of the C601Si sample, to be
compared with silicon diamond and silicon carbide. T
pseudoradial distribution functionsg(R) are also given in
Fig. 1. Thex(k) of the C601Si sample is remarkably wel
structured, as evidenced by the oscillations up to 11 Å-1 and
the features ofg(R) up to 5 Å. This implies that the sampl
is locally well ordered around silicon atoms. The experime
tal x(k) of Fig. 1 corresponds to low temperature measu
ments (T5170 K) but surprisingly it appears that the EX
AFS signal does not depend on temperature, in the rang
170 to 300 K, as can be seen in Fig. 2. This point is d
cussed below.

Another important result is that silicon atoms in the C60
1Si sample are obviously not in the same local environm
as in silicon diamond or silicon carbide. Instead, we c
think of a silicon surrounded by C60 molecules, since the C60
16541
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survive after deposition. The C601Si g(R) displays three
shells. The ones located at 2.2 and 3.5 Å, respectively,
related to the first and second carbon neighbors. As sh
below, g(R) can be well fitted assuming the contribution
two C60 located on both sides of silicon. The third peak l
cated at 4.5 Å is also unusual. This peak appears in all
data acquisitions and cannot be obtained from the two60
neighbors. This shows that additional C60 are needed far
from the silicon atom. Such a structure can be obtained w
a decahedron made of seven C60 molecules~see Fig. 3 and

FIG. 2. Experimental EXAFS signalsx(k) of the C601Si film
at 170 K ~solid line! and at 300 K~dotted line!.
7-2
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Fig. 6 below!: a planar pentagon of C60 plus a C60 on each
side, along the fivefold pentagon axis. If we put a silic
atom at the center of the pentagon, we then have 2 C60 close
to the silicon and five C60 far from it. This structure has
already been predicted for C60 clusters in gas phase2 and
calculations on (C60)N clusters are in favor of icosahedral o
decahedral structures.3,11 The usual fcc structure of bulk C60
is discarded, because doping with Si in interstitial sites12 is
unable to reproduce the EXAFS spectra.

Even within the decahedron structure, there is an infin
number of configurations, corresponding to the different p

FIG. 3. View of a decahedral cluster of C60 ~dark balls! with a Si
atom ~white ball! at its center.
16541
e
-

sible orientations of the C60. Thus, trying to fit the experi-
mental EXAFS signal, we restrict our investigations to a lim
ited number of configurations corresponding to the high
symmetry positions. Our calculations are done with a C60

defined by its two C-C bond lengths: 1.40 Å for th
hexagon-hexagon~HH! edges, and 1.45 Å for the pentago
hexagon edges. EXAFS simulations are done with theab
initio self-consistent real space multiple-scattering co
FEFF8,13 using self-consistent scattering potentials. Exc
dSiC60

~the distance, center to center, between Si and the n

est C60), dSiC60
8 ~the distance, center to center, between Si a

the 5 C60), and an edge-energy shiftDE0, no adjustable
parameter is used. In particular, we use neither Debye-Wa
factors, nor any amplitude reduction factorS0

2. For each con-
figuration, the distances andDE0 are hand optimized. The
simulation is robust since a good fit is obtained with the
only adjustable parameters.

The results of EXAFS simulations@x(k) and g(R)# for
some selected configurations are given in Fig. 4. The e
configuration corresponds to the two nearest C60 facing the
silicon atom with a HH edge~four nearest neighbors, th
closest distance between Si and C,dSiC52.55 Å, i.e.,
dSiC60

55.93 Å) and the five other C60 facing the silicon
atom with a pentagonal face@the closest distance between
-

FIG. 4. Solid line: simulated
~a! xk) and~d! g(R) for the edge-
configuration, simulated~b! x(k)
and ~e! g(R) for the hexagon-
configuration, and simulated~c!
x(k) and ~f! g(R) for the penta-
gon configuration. Dotted line: ex
perimental~a!–~c! x(k), and~d!–
~f! g(R), for the C601Si film.
7-3
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and C in the (Oy,Oz) plane isdSiC8 54.86 Å#. The hexagon-
configuration is the same apart from the two nearest60
facing in this case the silicon atom with a hexagonal face~12
nearest neighbors,dSiC52.54 Å, i.e.,dSiC60

55.35 Å). The
pentagon configuration is the same apart from the two n
est C60 facing in this case the silicon atom with a pentago
face ~10 nearest neighbors,dSiC52.52 Å, i.e., dSiC60

55.53 Å). The value ofDE0 is 4 eV for the hexagon-
configuration and 3 eV for the pentagon-configuration.14,15

All these configurations are close to the ‘‘ideal’’ C60 decahe-
dron, where the C60-C60 distance, center to center, is taken
be the one in the fcc crystal (10.02 Å), corresponding
dSiC60

55.27 Å.

FIG. 5. View of the HH-edge structure obtained by relaxation
the hexagon-configuration~see text!. The silicon atom is in light
gray.
16541
r-
l

o

We note that the simulations results do not depend on
precise orientation of the faces of each C60, i.e., the rotation
angle on the bond axis. For example, concerning the pe
gon configuration, we obtain practically the samex(k)
whenever the pentagonal faces are eclipsed or stagge
Thus, EXAFS is unable to give the precise orientational
der, if there is one. However, if we cannot claim that C60 are
totally frozen, we expect that the only rotation axis is t
C60-Si-C60 bond axis. A rotation on another axis strong
disturbs the geometry and consequently the EXAFS sig
As mentioned previously, since this latter does not cha
for temperatures between 170 and 290 K, it shows that60
are not freely rotating. This ‘‘freezing’’ is due to the presen
of silicon in the film, because at room temperature fulleren
are free to rotate and orientationally disordered in prist
C60.10 Moreover, the freezing must be quite efficient sin
the Debye-Waller attenuation hardly changes with increas
temperature. In addition, we cannot expect EXAFS to g
the configuration of the five C60 farther away. Indeed, there i
only a slight difference inx(k), depending on whether th
five C60 face the Si atom with a pentagonal or a hexago
face.16

We can see~Fig. 4! that the edge configuration gives a
EXAFS signal very different from the experimental on
whereas the two other configurations are in quite good ag
ment, thex(k) of the hexagon-configuration being slight
closer to the experimental one.17 The conclusion is the fol-
lowing: silicon atom has 10–12 nearest carbon neighb

f

ly

s

FIG. 6. View of ~a! the two
nearest C60 of the relaxed
pentagon-configuration, and~b! of
the pentagon of the 5 far C60 in
the (Oy,Oz) plane. The two
views are represented separate
for clarity. Difference electron-
density profile~c! for the relaxed
pentagon-configuration. The two
markers correspond to the limit
of the C60.
7-4
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which is quite unusual in SiC compounds, the distancedSiC
.2.53 Å being very different from the well known covale
SiC bonding one (1.88 Å).

IV. CALCULATIONS

To study the stability and electronic properties, we p
form ab initio calculations, within the local density approx
mation to the density functional theory~DFT-LDA! ~Ref. 18!
on two C60 molecules with a Si atom. The role of the fiv
surrounding C60 is neglected and will be discussed in a fort
coming paper. We adopt a pseudopotential approach19 and a
pseudo-atomic-orbitals~PAO! expansion of the wave
functions20 using theSIESTA code.21 Structural relaxation is
obtained by minimization of the total energy, using a con
gate gradient method. Upon relaxation, the pentagonal st
ture is found to be stable with only a slight deformation
the C60. The mean distance between Si and the carbon at
of the pentagonal faces isdSiC52.59 Å. This value is in
good agreement with the results of the EXAFS simulatio
The cohesive energy of the relaxed structure, compare
two relaxed C60 molecules plus a silicon atom infinitely fa
from one another, is about 2 eV, much more than the 0.28
VdW binding energy.22 This configuration is metastable
since the structure obtained by relaxation of the hexa
configuration is about 1 eV more stable. This structu
~called the HH edge! is very different from the input one, th
Si atom being above a HH edge~see Fig. 5!, with a Si-C
distance dSiC.1.95 Å close to the one in bulk SiC
(1.88 Å). It is the same result as with a Si atom and a sin
C60. The initial hexagon-configuration is not even me
stable and, according to our calculations, there is no ene
barrier for the Si to move away from its initial position, o
the middle of the C60-C60 bond axis, to its relaxed position
above a HH edge.

V. DISCUSSION

From the present results, the configuration compat
with the EXAFS results is the pentagonal one, ruling out
hexagonal one. It still remains to understand why the H
edge configuration is not observed experimentally. Furt
researches on the growth mechanism and the nucleation
cess could provide an explanation. At this stage, let us n
that if Si is inserted between two C60 in preformed (C60)N
free clusters it is not amazing to have a decahed
environment.3 In addition, in a decahedral cluster of C60 we
can expect two molecules to face each other with a penta
nal face. Indeed, Gunnarsonet al.23 pointed out that for two
C60 this configuration must be the most stable one. Althou
this orientation is not observed in fcc C60 crystal ~it is for-
bidden by symmetry!, it could stabilize a decahedral clust
of C60. Si can then be inserted between two C60 leading to
the pentagon configuration. This scenario can explain
structure of the film, if the clusters do not fragment up
impact on the substrate. The film obtained by cluster de
sition could then locally have a decahedral symmetry an
questions the existence of a quasicrystalline phase. Sinc
film is composed by ‘‘covalent’’ atoms, this quasicryst
16541
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could be regarded as the dual of the Frank Kasper phase24 If
the free clusters structures are not preserved upon depos
there is no straightforward explanation for the observ
structure. However, the film growth is not epitaxial and do
not lead to crystalline C60. The film also differs from usua
amorphous nanogranular C60 films because it is clearly lo-
cally ordered around silicon atoms. The growth of C60 and
C601Si films on Au~111! is currently under investigation us
ing scanning tunneling microscopy.

Figure 6 gives some views of the relaxed pentag
configuration, in a decahedral environment, and shows
difference-electron-density profile,25 along the C60-Si-C60
axis, integrated on perpendicular planes. The electro
depletion near the silicon atom shows that there is a cha
transfer from the silicon atom to the C60 molecules. The elec-
tronic density of states~EDOS! of the relaxed pentagon
configuration and the one of C60, for comparison, are given
in Fig. 7. It indicates again a charge transfer from Si to C60
because the C60 LUMO ( t1u) is now partially occupied. This
transfer is in agreement with the edge energy-shift exp
mentally observed~Sec. III!. There are also some electron
levels splittings coming from both the symmetry lowerin
and the chemical hybridization.

In conclusion, we report the formation of an unusual Si
bonding with silicon having ten or more carbon neighbors
agreement with our previous Raman study.6 Ab initio calcu-
lations show that this bonding stabilizes the structure, wit
gain in energy of 2 eV per silicon atom and a charge trans
from Si to C60. Moreover, EXAFS spectroscopy sugges
that Si is embedded in C60 clusters having a decahedral sym
metry. Works are in progress to detail the growth mechan
of the film, as well as its electronic, structural and conduct
properties.
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FIG. 7. EDOS of~a! C60, and ~b! of the C601Si film. The
curves are shifted so that the C60 HOMO hu coincides with the
corresponding peak of C601Si. EF indicates the Fermi level in~b!.
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