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We have explored the cohesive property of a monolayer of Ceo molecules (ML-Ceo)
by using the total-energy calculations with the density-functional theory. The total
energy curve calculated for ML-Cso, which is obtained as a function of the lattice
constant, has two minima, showing the hysteresis in the compression/tension stroke.
These two minima in energy correspond to the different structural phases of ML-Cgp,
that are the monomer and polymer phases of Csg. The energy band gap within the
framework of the local density approximation varies from 1.0 eV (semiconducting
phase) to 0 eV (metallic phase) with the external pressure and without the structural
transition from the monomer phase to the polymer one.
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I. INTRODUCTION

The interaction between Cgo and the under-
lying substrate has been investigated with vari-
ous experimental techniques in recent years. It is
known that Cgp molecules interact strongly with
metal and semiconductor substrates [1, 2] except
for GaAs(110) [3, 4]. The strong interaction be-
tween the molecule and the substrate generally
overcomes the intermolecular van der Waals in-
teraction [5]. For example, highly strained Cgo
film can be stabilized on Au(001) due to a strong
molecule-substrate interaction [6]. In the case of
Cep on GaAs(110), commensurate Cgg monolay-
ers are formed at room temperature (RT) [3]. In
the commensurate Cgo monolayer on GaAs(110),
Cego molecules can adsorb at two different sites,
and this causes the rippling structure of the
monolayer. The rippling of Cgp molecules seems
to reduce the strain energy due to a small in-
termolecular distance of 0.98 nm that has been
measured along the surface parallel direction.

Recently, it has been investigated that the
growth and structure of a monolayer of Cgg (ML-
Ceo) on the Si(111)v/3x+/3R30°-Ag substrate at
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room temperature and this substrate allows for-
mation of a very flat and weakly bound Cep mono-
layer [7]. In this system, various well-ordered
Cgo arrangements with different strain fields in a
molecularly flat Cgo monolayer have been found
[7]. Although ML-Cgo can be regarded as one of
the solid phase of Cgo, no theoretical investiga-
tion has so far been made at the structural and
electronic properties of this monolayer phase. In
this paper, we report a cohesive property and an
electronic structure of ML-Cgq derived from the
first-principles density functional calculation.

II. CALCULATIONS

Although there exist various strained Ceg
arrangements in a Cgp monolayer on the
Si(111)v/3xv/3R30°-Ag surface, the most stable
one shows a hexagonal molecular arrangement. It
is also known that, in the two-dimensional (2D)
rhombohedral phase of solid Cgo, each molecule
is connected to each of six neighbors by [2+2] cy-
cloadditional four-membered ring (two covalent
C-C bonds between two molecules) [8-11], which
is realized by the rehybridization from sp? to
sp3. Hence, we employed the 2D hexagonal unit
cell to represent ML-Cgg. The theoretical calcu-
lations were performed with TAPP (Tokyo Ab-
initio Program Package) [12-14]. The total en-
ergy calculations were performed within density
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FIG. 1: (a) Cohesive energy per Cgo and (b) in-
teratomic distance between C atoms in the in-
terfullerene bond as a function of intermolecular
distance, d(Cgp-Cgo). The arrows indicate the di-
rection of the compression/tension stroke.

functional theory [15] in the local density approx-
imation (LDA) [16], using the ultrasoft pseudopo-
tential (17, 18]. The Ceperley-Alder [19] form
parametrized by Perdew and Zunger [20] was used
for the calculation of the exchange-correlation en-
ergy. A supercell geometry was used with a large
separation between Cgy layers (interlayer distance
of 14 A so as to decouple each Cgg layer. The wave
functions were expanded in a plane-wave basis set
with an energy cutoff of 20.25 Ry. 24 special k
points were used to sample the 2D Brillouin zone
for the 2D hexagonal unit cell. Both electronic
and ionic degrees of freedom were optimized us-
ing the conjugate gradient method.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the cohesive energy calcu-
lated for ML-Cgp as a function of the intermolec-
ular distance between adjacent Cgp molecules,
d(Ceo-Cep). In the present calculations, we per-
formed constant volume relaxation with inter-
molecular distance decreasing from 13.0 A to 7.9
A and increasing in the opposite direction with
a step of Ad(Cep-Ceo)=0.1 A. The atomic ar-
rangement was fully relaxed at each point. Inter-
estingly, the cohesive energy curve has two min-

ima, indicating that the system is bistable. One
minimum in energy is shallow at a intermolec-
ular distance of 10.05 A [denoted as ”"phase A”
in Fig.1(a)],and the other is rather deep at 9.30
A [’phase B” in Fig.1(a)]. The calculated cohe-
sive energy of the phase A is 1.31 ¢V per Cgg,
which is slightly smaller than that of bulk fcc
Ceo, 1.6 €V [21]; van der Waals like bondings are
formed between adjacent Cgo molecules in this
phase. On the other hand, the cohesive energy of
the phase B is 2.66 eV, each molecule being cova-
lently bound to six neighboring molecules. Thus,
these two minima in energy correspond to the dif-
ferent structural phases of ML-Cgg, that is to say,
the monomer and polymer phases of ML-Cgg, re-
spectively.

On the Si(111)v/3x+/3R30°-Ag surface, the
most stable structure of the Cgg monolayer is a
commensurate v/21x+/21R10.9° structure, show-
ing a complete hexagonal arrangement of Cgo
molecules with an intermolecular distance of
10.16 A [7]. The intermolecular distance calcu-
lated for the monomer phase of ML-Cgg, 10.05 A,
is very close to the experimental one with an er-
ror of 1.1 %. This is one of the reason why the
very flat monolayer of Cgg can be formed on the
Si(lll)\/gx \/§R,30°-Ag surface.

In general, in order to reduce strain energy at
interface effectively, charge transfer between over-
layer and substrate takes place. However, since
the interface between the Si(111)v/3x+/3R30°-
Ag surface and the ML-Cgq is perfectly lattice-
matched and is expected to be nearly free of
stress, such a charge transfer between them may
not occur. Indeed, it has been counfirmed by core-
level photoemission spectroscopy that there is no
significant charge transfer from the substrate to
Ceo molecules in this system [22].

More interestingly, as can be seen in Fig.1(a),
the cohesive energy curve shows the hysteresis
loop in the compression/tension stroke. Further-
more, the interatomic distance between C atoms
in the interfullerene bond similarly shows the hys-
teresis as shown in Fig.1(b). Such an irreversible
energetics is originated from the polymerization
and depolymerization processes of ML-Cgg as fol-
lows. Figure 2 shows the optimized atomic struc-
ture of ML-Cgy at each intermolecular distance.
At an intermolecular distance of 13.0 A each
molecule in ML-Cgg is isolated without any in-
teraction between molecules [(i) in Fig.2]. With
an decrease of d(Cgp-Ceo), the energy reaches a
local minimum [(ii) in Fig.2], corresponding to
the most stable monomer phase of ML-Cgg as we
have mentioned before. The energy steadily in-
creases from this equilibrium [d(Cgo-Ceo)=10.05
A] until d(Cep-Ceo)=8.50 A [(iii) in Fig.3] in the
compression stroke. As we can see in Fig.2, the
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FIG. 2: Optimized atomic arrangement of ML-Cgg at each intermolecular distance (see text).

Ceo molecules are considerably compressed under
the high strain energy of 9.81 eV per Cgg which
is measured from the energy of the most stable
monomer phase. The polymerization is attained
via [242] cycloaddition at d(Cg-Cep)=8.40 A
with structural relaxation [(iv) in Fig.2]. Thus,
the adiabatic activation energy for the pressure-
induced polymerization of ML-Cg is estimated as
3.27 eV per [242] cycloadduct, which is slightly
smaller than that for the dimer of Cgp, 4.15 eV
[23]. After the polymerization, the global equi-
librium geometry appears at d(Cgp-Cg0)=9.30 A
[(v) in Fig.2]. In the tension stroke, the energy
increases again until d(Ceo-Cg)=10.90 A [(vi) in
Fig.2], at which the Cgo molecules are remarkably
elongated along the direction of the intermolecu-
lar bond. The energy abruptly drops at d(Cegp-
Ceo)=11.0 A, which corresponds to bond break-
ing between adjacent Cgp molecules and struc-
tural stabilization. The energy barrier for this
bond breaking is estimated as 6.52 eV per [242]
cycloadduct, which is measured from the energy
of the most stable polymer phase. Such an ap-
pearance of the distinct hysteresis in the energy
curve is attributed to the large degrees of freedom
of fullerene cage [23].

Next, we investigate the energy gaps for the

monomer phase of ML-Cgg. The present LDA cal-
culation indicates that the most stable monomer
phase of ML-Cgp [d(Csp-Ce0)=10.05 A] have an
energy gap of 0.97 eV, This means that the ML~
Cgo has a typical semiconducting character at
ambient pressure. Since the LDA generally un-
derestimates the energy gap, we caunot make a
precise discussion about the absolute value of the
energy gap. Nevertheless, we may note that the
calculated energy gap is in good agreement of the
experimental one obtained from the recent scan-
ning tunneling spectroscopy measurement for the
ML-Cgo on the Si(111)v/3x+/3R30°-Ag surface,
~1 eV [24].

By application of external pressure, the en-
ergy gap decreases and reaches zero at d(Ceo-
Ce0)=9.25 A without the structural transition;
the ML-Cgg with d(Cgo-Cso)=9.25 A possesses
metallic character in the monomer phase. The
present result stands in marked contrast to the
reports which have been made so far: only the
three dimensionally polymerized Cgp fullerite be-
comes metallic [25]. In general, electric conduc-
tion of semiconducting materials is sensitive to
the value of the band gap. Indeed, it has been re-
ported that the electric conductivity of solid Cgo
changes with the external pressure, with which
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the band gap becoming narrow [26]. Thus, these
findings will offer us a good opportunity to control
the electric conductivity of Cgg with the external
pressure.
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