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A self-consistent real-space scheme for calculating the van der Waals interaction energy between a fullerene
molecule and substrate with atomic surface corrugation is presented. The interaction of a single fullerene
molecule with various substrates is then considered, to determine the optimum binding energy, plus the
rotational and translational diffusion barriers. The van der Waals energy is calculated using linear response
theory to evaluate the dipole-dipole interactions between the molecule and the substrate. The method is
extended beyond the treatment of the substrate as a continuous dielectric medium to a discrete stratified
substrate including the atomic nature of the surface. For C60 on graphite the fullerene is always preferentially
oriented so as to present a six-membered ring to the surface. The optimum binding energy is found to be 0.96
eV, with the molecule positioned so as to continue the natural stacking of the hexagonal planes. For C60 on
NaCl~001! the most stable position is found to be above a sodium cation with a five-membered ring oriented
towards the surface, and a binding energy of 0.42 eV. Unlike the situation for graphite, though, the orientation
of the molecule changes with adsorption site. The energy barrier for rotation of an isolated C60 molecule is of
the order of 0.03 eV on both surfaces. Lu¨thi et al. @Science266, 1979~1994!# recently reported that islands of
C60 deposited on NaCl~001! could be moved by the action of the tip of a scanning force microscope, whereas
for C60 on graphite, collective motion of the islands could not be achieved, instead the islands were disrupted
by the tip. These results can be explained in terms of the relative strengths of the C60-C60, C60-graphite, and
C60-NaCl interactions and the reduction of the rotational barriers of the interface molecules due to collective
effects.

I. INTRODUCTION

Recent experimental studies of the growth of thin films of
C60 on a wide range of substrates have shown that it is gen-
erally possible, under suitable conditions, to produce struc-
tures consisting of close-packed~111! monolayers stacked
parallel to the surface, with the same density as in bulk
fullerite.1 The all important factor determining the quality of
the subsequent film growth is the structure of the first layer.
Lattice matching is critical, but there must also be a strong
enough interaction within the film and between the film and
the substrate for ordering to occur. Furthermore, the imping-
ing molecules must be sufficiently mobile to obtain equilib-
rium. Growth should then proceed in a layer-by-layer man-
ner. In situations where these criteria are not satisfied the
initial growth proceeds by the formation of islands on the
surface.2,3

The interactions between the C60 molecules are relatively
well understood to be of the van der Waals type, whereas the
interaction between the C60 molecules and the substrate is

still very much unexplored. This interaction, although being
highly substrate specific, is expected to be significantly van
der Waals–like in character even on strongly bonding sub-
strates, due to the molecular nature of the adsorption.4

Charge redistribution or transfer may then give rise to addi-
tional covalent or ionic bonding between the fullerene and
the substrate.

In this paper we address this problem for the interaction
of a C60 molecule with graphite, and NaCl~001!. These sur-
faces were chosen for their simplicity, and also for their cur-
rent experimental interest.2,3On neither substrate is there any
lattice matching resulting in island growth. It was recently
shown by Lüthi et al.3 that islands of C60 deposited on
NaCl~001! could be moved by the action of the tip in a
scanning force microscope, but for C60 on graphite collective
motion of the islands could not be achieved; instead, the
islands were disrupted by the tip. It was proposed that the
differences were due to the differences in the bonding be-
tween the fullerenes and the substrate and the possible rota-
tional freezing of the fullerenes by such interactions.
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For each system, the preferred adsorption sites and orien-
tation of the fullerene molecule are determined, as well as
the translational and rotational diffusion barriers. These re-
sults may then provide some insight into the aforementioned
experimental results, and also act as a guide to general trends
applicable to more complex systems. Preliminary results for
the adsorption of C60 on C60~111!, calculated using the Giri-
falco potential,5 are presented for further comparison.

Within the model the fullerene molecule is treated as rigid
cluster ofN dynamic dipoles located at the position of the
carbon atoms. The attractive van der Waals interaction of a
fullerene molecule with a substrate is calculated, using linear
response theory, from the change in normal modes of the
adsorbed molecule. Previous theoretical studies have treated
the substrate as a continuous dielectric medium.4 This is now
extended to a stratified substrate with a discrete atomic sur-
face, thus including corrugation, see Fig. 1. This discretiza-
tion of the surface removes any ambiguity in the definition of
the position of the continuum edge. All that is required for
the description of the fullerene molecule and the substrate
are the dynamic electronic polarizabilities of the fullerene
carbon atoms and the surface atoms, plus the atomic posi-
tions of the carbon atoms and the lattice vectors of the sub-
strate.

An important result from the previous theoretical
studies4,6 was that the interaction energy between two
fullerene molecules exhibited a minimum of;280 meV at a
spacing of;10 Å ~both values are in good agreement with
those of bulk fullerite!, which was rigidly shifted down in
energy by the presence of a substrate. That is, the C60-C60
and C60-substrate interactions are simply additive.

The paper is arranged as follows. In Sec. II, the real-space
method for the calculation of the van der Waals interaction
between a C60 molecule and a stratified substrate with a dis-
crete atomic surface is described. In Sec. III, the results for
the adsorption of a C60 molecule on graphite and NaCl~001!
are presented, and discussed further in Sec. IV.

II. METHOD

The van der Waals interaction energy,UT , of a C60 mol-
ecule with a solid surface is given by

UT5UD1UI1UR . ~1!

The three terms on the right-hand-side are: The long-range
many-body dispersion energy,UD , arising from the lowering
of the quantum zero-point energy of the system due to cor-
related fluctuations of the adsorbate and substrate atomic di-
poles as a result of their electromagnetic interactions; the
induction energy,UI , arising from the polarization of the
adsorbate by the static surface electric field~for ionic sub-
strates only!; and the short-range atomic repulsion energy,
UR , arising from the overlap of the electronic clouds of the
adsorbate and the substrate at very short distances.

A. The dispersion energy

We begin by considering the electromagnetic response of
a fullerene molecule in the presence of a solid surface. The
fullerene molecule is treated as a rigid cluster ofN discrete
dipoles of local isotropic polarizabilitya i(v) at the atomic
equilibrium positionsrW i . For some external electric field,
EW 0(rW,v), of arbitrary spatial dependence, the resulting effec-
tive electric field,EW (rW,v), at each atomic site in the fullerene
molecule is given by4

EW ~rW i ,v!5EW 0~rW i ,v!1(
j51

N

S~rW i ,rW j ,v!a j~v!•EW ~rW j ,v!

1(
jÞ i

T~rW i2rW j !a j~v!•EW ~rW j ,v!, ~2!

where we have assumed a linear response for the induced
dipoles. The tensorS(rW i ,rW j ,v) is the dipolar field suscepti-
bility ~or propagator! of the solid surface. This is the funda-
mental quantity for calculating the dispersion energy be-
tween an adsorbate and a surface,7 describing how a dipolar
source field is modified in the immediate proximity of the
solid surface. The tensorT(rW i2rW j ) is the usual nonretarded
dipolar propagator in vacuum.

The solution of the (3N33N) scattering matrix, defined
by Eq. ~2!, gives the self-consistent field at each atomic site
on the fullerene molecule. Formal solution is facilated by
introducing two supervectors defined by

F0~v!5@EW 0~rW1,v!,EW 0~rW2 ,v!, . . . ,EW 0~rWN ,v!#,

F~v!5@EW ~rW1 ,v!,EW ~rW2 ,v!, . . . ,EW ~rWN ,v!#. ~3!

Equation~2! then becomes

F~v!5F0~v!1B~v!•F~v!, ~4!

whereB(v) represents a (3N33N) matrix given by

FIG. 1. Schematic of the model surface showing the discrete
stratified substrate and the atomic nature of the surface. The dis-
tancez is the height of the center of the C60 molecule above the
surface, and the angleu defines the orientation of molecule.
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B~v!5S a1•S1,1 a2•~S1,21T1,2! . . . aN •~S1,N1T1,N!

a1•~S2,11T2,1! a2•S2,2 . . . aN •~S2,N1T2,N!

. . . . . . . . . . . .

a1•~SN,11TN,1! a2•~SN,21TN,2! . . . aN •SN,N

D ~5!

with a i 5 a i(v), Si , j 5 S(rW i ,rW j ,v), and T i , j 5

T(rW i2rW j ). The matrixB(v) contains all the dynamical and
structural information about the fullerene-surface system.
The diagonal elements describe the direct coupling between
each carbon atom and the substrate, while the off-diagonal
elements describe the direct and substrate mediated many-
body interactions between the different carbon atoms in the
fullerene molecule.

The solution of Eq.~2! can now be written in a very
compact form,

F~v!5@ I2B~v!#21
•F0~v!. ~6!

If the source fieldF0(v) vanishes, then we are left with a
simple eigenvalue problem

F~v!5B~v!•F~v!. ~7!

The allowed coupled modes of the fullerene-surface system
are then the solutions of the standard dispersion equation,

D~v!5det@ I2B~v!#50. ~8!

Knowledge of the dispersion equation is sufficient to deter-
mine the dispersion energy of the fullerene-surface system,
the zeros ofD(v) giving the coupled modes of the system
@providedD(v) has no poles#. From the theory of analytic
functions, the dispersion energy of the fullerene-surface sys-
tem is given by8

UD
total5

\

2pE0
`

ln@D~ i j!#dj, ~9!

where the integral is over imaginary frequencies,i j. How-
ever,UD

total includes two contributions. The first is the van der
Waals cohesive energy of the isolated C60 molecule,UD

self.
This can be extracted, without any formal difficulty, by solv-
ing the dispersion equation, Eq.~8!, in the absence of cou-
pling with the surface, i.e., for the molecule at infinite dis-
tance from the surface,

UD
self5

\

2pE0
`

ln@D0~ i j!#dj. ~10!

The second contribution toUD
total is the physical relevant

quantity, namely, the van der Waals interaction between the
C60 molecule and the substrate,UD . This is simply the dif-
ference betweenUD

total andUD
self

UD5
\

2pE0
`

ln@D~ i j!/D0~ i j!#dj. ~11!

This technique allows us to compute the answer with a great
numerical stability as it is not necessary to directly calculate
the small difference,UD , between two large numbers,
UD
total andUD

self.

1. The dipolar field susceptibility of the surface

The dipolar field susceptibility of the surface,
S(rW,rW8,v), is defined in terms of the potential susceptibility
of the surface,K (rW,rW8,v), by9

S~rW,rW8,v!5¹W rW¹W rW8K ~rW,rW8,v!. ~12!

The functional form of the tensorK (rW,rW8,v) is given by9

K ~rW,rW8,v!5(
s

as~v!

AS
(
p

(
gW

e2 igW •~tWs1tWp!

3E dk
KW •KW g*

kukW1gW u
e2 i @kW•lW 2~kW1gW !•lW 8#

3e2k~z2zp!2ukW1gW u~z82zp!, ~13!

where KW 5( ikW ,k), KW g5@ i (kW1gW ),ukW1gW u#, and KW •KW g*

5kW•(kW1gW )1kukW1gW u. Also, rW5(lW ,z), rW85(lW 8,z8), the gW
are the surface reciprocal lattice vectors,AS is the area of the
surface unit cell,as(v) is the isotropic polarizability of atom
s, tW s defines the position of atoms in the surface unit cell,
andtW p defines the position of an equivalent atom in the plane
located atzp , and the summationss, p are over all atoms in
the surface unit cell.

If we consider only thegW 50 term in Eq.~13!, giving rise
to the continuum component,K̄ (rW,rW8,v), of the potential
susceptibility, then

K̄ ~rW,rW8,v!5
2

AS
(
s

as~v!

3(
p
E dke2 ikW•~ lW 2lW 8!e2k~z1z822zp!. ~14!

On evaluating the integral, we have

K̄ ~rW,rW8,v!5
4p

AS
(
s

as~v!(
p

Z1Z8

@X21Y21~Z1Z8!2#3/2
,

~15!

where X5x2x8, Y5y2y8, Z5z2zp , and Z85z82zp .
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From Eq.~12!, after some differentiation, we obtain for the

continuum component,S̄(rW,rW8,v), of the dipolar field
susceptibility,10

S̄~rW,rW8,v!5
12p

AS
(
s

as~v!(
p
M ~rW,rW8!, ~16!

where

M ~rW,rW8!5S ~Z1Z8!/D5~125X2/D2! 2 5XY~Z1Z8!/D7 ~X/D5!@5~Z1Z8!2/D221#

2 5XY~Z1Z8!/D7 ~Z1Z8!/D5~125Y2/D2! ~Y/D5!@5~Z1Z8!2/D221#

2~X/D5!@5~Z1Z8!2/D221# 2~Y/D5!@5~Z1Z8!2/D221# ~Z1Z8!/D5@5~Z1Z8!2/D223#
D

~17!

with D25X21Y21(Z1Z8)2.
For the corrugation component to the field susceptibility,

S̃(rW,rW8,v), assuming that only the atoms in the first surface
layer @p51, which must then be excluded from the summa-
tion in Eq.~16!# make a non-negligible contribution, see Fig.
1, we can adapt a method of summation by pairs:

S̃~rW,rW8,v!5(
s

as~v!(
n

T~rW2rWsn!T~rWsn2rW8!, ~18!

whererWsn5n1aW 11n2aW 21tW s1zszW. The dipolar field suscep-
tibility of the surface is then

S~rW,rW8,v!5
12p

AS
(
s

as~v! (
p>2

M ~rW,rW8!

1(
s

as~v! (
n,p51

T~rW2rWsn!T~rWsn2rW8!.

~19!

Notice that in Eqs.~16! and ~18!, by assuming that the sur-
face atoms are isotropically polarizable, the frequency and
spatial dependence of the field susceptibility have been sepa-
rated.

2. The atomic polarizability

Now we need to specify the dynamic polarizabilities, al-
ready assumed to be isotropic, for the fullerene carbon atoms
and the surface atoms. Throughout we shall use a simple
Lorentzian model,

a i~v!5
a i~0!

12v2/v i
2 , ~20!

wherea i(0) andv i are the static polarizability and charac-
teristic frequency of atomi , respectively, see Table I.

B. The induction energy

For an ionic substrate, the static surface electric field, i.e.,
the external field,EW 0(rW) at rW5lW 1zzW, is calculated by a
Ewald summation technique,11,12

EW 0~rW !52¹W rW(
s

2pqs
AS

(
gW Þ0

eig
W
•~ lW 2lW s!

ugW u

e2ugW u~z2zs!

12e2ugW ud
. ~21!

where the summations is over all ions, with positions
(lW s ,zs) and chargesqs in the unit cell, and thegW are the
reciprocal lattice vectors in the plane of the surface.

The resulting static effective field at each carbon site,
EW (rW i), follows from Eq. ~6!. The induction energy of the
fullerene is then

UI5
1

2(i51

N

a i~0!EW ~rW i !•EW ~rW i !. ~22!

This contribution is expected to be small, of the order of a
few percent of the dispersion energy, for dielectric substrates
such as NaCl.

C. The repulsion energy

The short-range repulsive energy, between the carbon at-
oms of the fullerene molecule and the surface atoms, arising
from the overlap of electronic clouds, is described by a pair-
wise summation of Born-Mayer potentials,

UR5(
i51

N

(
s

(
p

(
n

Aise
2urW i2rWspnu/l is, ~23!

where rWspn5n1aW 11n2aW 21tW s1tW p1(zs1zp)zW. The param-
etersAis andl is are generally available in the literature for
many atomic species, see Table I.

TABLE I. The static polarizability,a i(0), characteristic fre-
quency,v i , for an atom of speciesi, Eq. ~20!, and the parameters
Ai j , l i j , Eq. ~23!, for the short-range repulsion energy between a
carbon atomj and an atom of speciesi.

i ai~0! ~Å3! \vi ~eV! Ai2C ~eV! li2C ~Å!

C 1.100a 18.15a 3224.9c 0.2778c

Na1 0.145b 57.36b 740.5d 0.2271d

Cl2 3.135b 12.92b 1285.3d 0.3336d

aReference 18.
bReference 19.
cReference 20.
dReference 21.
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III. RESULTS

A. C60/graphite

For a C60 molecule on a graphite surface, the most stable
orientation of the molecule, irrespective of position within
the surface unit cell, is found to be with a six-membered ring
parallel to the surface. The optimum position of the molecule
is with these six carbon atoms of the ring directly above
those in the second layer, thus continuing the natural stack-
ing order of the hexagonal lattice, whereas the least stable
position corresponds to the six carbon atoms directly above
the atoms in the first layer, breaking the natural stacking
order. The adsorption energy and the height of the center of
the molecule above the surface are then 968 meV, 6.55 Å,
and 955 meV, 6.56 Å, respectively; see Fig. 2. Thus the
fullerenes are strongly bound to a rather flat surface, with a
corrugation of only 13 meV, and at room temperature iso-
lated C60 molecules are expected to be mobile on the graph-
ite surface. The potential energy surface for a fullerene mol-
ecule as a function of height above the surface, and the
orientation of the molecule, defined by the angleu in Fig. 1,
is shown in Fig. 3~b!. The corresponding projection of the
fullerene as a function ofu is given in Fig. 3~a!. The energy
barrier for rotations of the fullerene resulting in a change of
the number of carbon atoms in contact with the surface is of
the order of 28 meV. The height of the fullerene above the
surface as a result of such a rotation is now;6.6 Å. The

energy barrier for rotation about the axis perpendicular to the
surface, i.e., spinning of the six-membered ring, is very
small, of the order of a few meV.

The rotational energy barrier in bulk fullerite is of the
order of 20 meV. Since the C60-graphite interaction is so
much stronger than the C60-C60 interaction, the collective
effects in an ensemble of fullerenes is not expected to be
sufficient to lift the rotational energy barrier at the surface, so
that at room temperature, those molecules at the interface are
expected to be freely spinning, but rotationally hindered.

B. C60/C60„111…

To estimate the properties of C60 adsorbed on C60~111!
we have used the Girifalco potential5 with an optimized C6
parameter~C6 5 15.2 eV Å6, C12 5 12 000 eV Å12!4. Due
to the spherical averaging of the Lennard-Jones potential, it
is not possible to determine the rotational barrier of the ad-
sorbed molecule. The resulting ‘‘average’’ adsorption energy
of C60/C60~111! is estimated to be 813 meV~approximately
three times C60-C60 interaction

13!, showing no preference for
fcc or hcp sites, and the diffusion barrier of 168 meV be-
tween adjacent sites. By comparison, the C60-substrate inter-
action is 20% stronger for graphite than for C60~111!, but the
corrugation is an order of magnitude smaller.

FIG. 2. Minimum energy contours~b! for a C60 molecule ad-
sorbed on a graphite surface~a!. The optimum position of the mol-
ecule~star symbols! is for a six-membered ring parallel to the sur-
face, with the carbon atoms of the molecule directly above those in
the second graphite layer, thus continuing the natural stacking order
of the hexagonal lattice. The adsorption energy of the molecule is
then 968 meV; contour spacing 1 meV. The highest energy levels
are represented by dashed curves.

FIG. 3. ~a! Projection of the fullerene carbon network on the
surface plane as defined by the angleu, Fig. 1. ~b! The potential
energy surface for a C60 molecule as a function of height above a
graphite surface, and orientationu. The highest energy levels are
represented by dashed curves. The most stable orientation~star
symbols! corresponds to a six-membered ring parallel to the sur-
face. The rotational energy barrier is 28 meV; contour spacing 6
meV.
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C. C60/NaCl„001…

For C60/NaCl~001!, things are a little more complicated.
The orientation of the molecule now depends on the position
of the center of the molecule within the surface unit cell. For
the center of the fullerene above a Na cation, site 1~see Fig.
4!, the favored orientation is with a five-membered ring fac-
ing the surface, not quite parallel to the surface, but such that
three of the five carbon atoms are in the closest possible
proximity to the ion, Fig. 5. The same effect was found for
C60 on other ionic substrates, MgO, and LiF.14 A similar
effect, called cation trapping, has previously been observed
for atoms, and small molecules on ionic substrates.15,16

Above a Cl anion, site 2, the favored orientation was with a
six-membered ring parallel to the surface~Fig. 6!, maximiz-
ing the distance between the ion and any carbon atom of the
fullerene. On the bridge site between two ions, site 3, the
favored orientation was found to be for a double bond par-
allel to the line between two Na ions, Fig. 7. For the three
sites the binding energy and the height of the center of the
fullerene molecule above the surface are as follows: site 1,
416 meV, 6.44 Å; site 2, 372 meV, 6.63 Å; and site 3, 405
meV, 6.49 Å. The maximum corrugation of the surface is
therefore;45 meV. The energy barriers for rotation of the
fullerene molecule, from Figs. 5–7, are of the order of
20–30 meV, slightly less than the surface corrugation. Thus
as a fullerene molecule diffuses on the NaCl~001! surface, it
will also rotate.

In an ensemble of fullerene molecules, because the
C60-NaCl interaction is rather week, compared to the
C60-C60 interaction, the collective effect of other C60 mol-
ecules will act to lift the interface molecules, effectively re-
ducing the surface corrugation, and rotational barriers, such
that the interface fullerenes are freely rotating at room tem-
perature as in bulk fullerite.

D. Discussion

A first aim of this discussion is to assess the importance of
the many-body interactions relative to the two-body contri-
bution. The latter is the dispersion term proportional to both
the C polarizability and the substrate propagatorS in the
development of ln det@ I2B(v)# @Eqs.~8!–~11!#. It is written
as

UD
~2!52

\

2pE0
`

TrS (
j51

N

a j~ i j!S~r j ,r j ,i j!D dj. ~24!

Higher-order terms in the development can be identified as
three-body, four-body, etc., interactions. The data given in
Table II indicate that the two-body term accounts for 87% of
the total attraction energy at the equilibrium position of the
fullerene molecule, on both graphite and NaCl~001!. The
many-body terms all together contribute the remaining 13%
attraction. This latter contribution is of the same magnitude
as the one found with the dielectric-continuum
approximation,4 except that the many-body contribution is
found negative here.

It is important to realize that the surface layer is described
by a pairwise model@see Eq.~18!#. For that reason, the
triple-dipole interaction discussed by Kim and Cole,17 which

couples a dipole on the molecule to two dipoles on the sub-
strate, is missing. This three-body contribution has been
evaluated separately by

DUD
~3!52

\

4pE0
`

TrS (
j51

N

(
s,n

(
s8,n8

a j~ i j!T~rW j2rWsn!

3as~ i j!T~rWsn2rWs8n8!as8~ i j!T~rWs8n82rW j !D dj,

~25!

where, as in Eq.~18!, the indexn (n8) runs over all the sites
of the two-dimensional lattice generated by the surface atom
s (s8). The contribution of Eq.~25! was found positive~see
Table II!. It is a small correction in the case of C60 on
NaCl~001! ~3% of uUD

(2)u) and it is weakly corrugated~2-
meV variation between site 1 and site 2!. The three-body
correction is much larger with graphite, because the atomic
density of the surface layer is increased by a factor of;3.
DUD

(3) represents 20% of the two-body attraction of C60 on
graphite and is therefore not negligible.17 It was found to be
of the same magnitude as the other three-body interactions,
which are properly taken into account in the present formal-
ism ~see Table II!. It is worth mentioning that the corrugation
of DUD

(3) for the case of C60 on graphite represents 2 meV
only and, therefore, should not affect too much the shape of
the energy map illustrated in Fig. 2. There is even no guar-
antee that an improvement would be gained by adding
DUD

(3) to the adsorption energy of the molecule because the
terms generalizing Eq.~25! to higher orders might partly
compensate the three-body surface correction~compare
UD
(3) andUD

(4) in Table II!.
The other point now being discussed concerns the influ-

ence of intrinsic anisotropic properties of both graphite and
C60 on the magnitude of the van der Waals energy. This
effect, specific tosp2 carbon networks, has been disregarded
in the numerical applications presented in the previous sec-
tions. It could be included in the numerical scheme by intro-
ducing in Eqs.~2! and ~13! relevant anisotropic polarizabil-
ities to describe the dynamic response ofin situ carbon
atoms.12,17 A rough qualitative estimation of such an effect
leads to a small increase of the C60-graphite binding energy
around the predicted equilibrium position.

TABLE II. Various contributions to the adsorption energy of C60
on graphite and NaCl~001!. All data are for the most stable position
of the molecule and are expressed in meV.UT, UR, andUD are the
total, repulsive@Eq. ~23!# and attractive@Eq. ~11!# energies, respec-
tively. UD

(n) denotes then-body contribution to the attractive energy,
with n52 @Eq. ~24!#, 3, and 4, andDUD

(3) @Eq. ~25!# is the surface
correction to the three-body term~see text!.

Substrate UT UR UD UD
(2) UD

(3) DUD
(3) UD

(4)

Graphite 2968 379 21347 21169 163 233 2423
NaCl~001! 2416a 238 2641 2564 88 17 2217

aIncluding the induction energy@Eq. ~22!#.
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IV. CONCLUSIONS

We have presented a simple method for calculating the
van der Waals interaction between a fullerene molecule and a
substrate with atomic surface corrugation. This method has
then been applied to the adsorption of fullerenes on graphite
and NaCl~001!.

The optimum adsorption energies are 968 and 416 meV
for a C60 molecule on graphite and NaCl~001!, respectively.
These should be compared with 813 meV, which is the ad-
sorption energy of a C60 molecule on C60~111!. For
C60/graphite, the preferred orientation of the molecule is al-
ways with a six-membered ring parallel to the surface, while
for C60/NaCl~001!, the orientation of the molecule depends
on position. The surface corrugations are also very different,
with graphite being almost flat, showing variations of 13
meV, while for NaCl~001!, the maximum corrugation is
;40 meV. For isolated molecules, both surfaces show large
energy barriers to rotations, which results in a change in the
number of carbon atoms in contact with the surface,;30
meV. These values are larger than the rotational barrier in
bulk fullerite,;20 meV, deduced from the rotational order-
ing transition temperature.

For an island of C60 molecules grown on NaCl~001!, the
C60-C60 interactions, being stronger than the C60-substrate

interactions, are expected to lift the interface molecules re-
ducing the rotational energy barrier so that these molecules
are then freely rotating. For C60/graphite, the strong
C60-graphite interaction will preclude this effect, so that in-
terface molecules will remain rotationally hindered. Thus, as
in the experiment of Lu¨thi et al.,3 when an island of C60
molecules is pushed on NaCl~001!, the interface molecules
will be able to roll, whereas for graphite the interface mol-
ecules will be static, increasing the interface friction. Experi-
mentally, this friction would appear to be so strong that the
C60 island deforms before sliding occurs.

In an earlier paper by several of the present authors,12

it was proposed, based purely upon the interpretation of
the experimental and calculated surface dipoles for
C60/GeS~001! that the C60 molecules sit above the rows of
positive Ge ions, oriented such that a five-membered ring
was facing the surface. In the light of the new results pre-
sented for NaCl~001!, this interpretation would appear to be
reinforced.

FIG. 4. The surface unit cell of NaCl~001!, showing the three
different adsorption sites: site 1, above the cation; site 2, above the
anion; and site 3, on the bridge between equivalent ions.

FIG. 5. The potential energy surface for a C60 molecule in site
1, see Fig. 4, as a function of heightz above the surface and orien-
tationu; see Fig. 3~a!. The highest energy levels are represented by
dashed curves. The most stable orientation~star symbols! corre-
sponds to a five-membered ring oriented towards the surface. The
adsorption energy of the molecule is then 416 meV; contour spacing
4 meV.

FIG. 6. Same as in Fig. 5 for a C60 molecule in site 2; see Fig.
4. The most stable orientation~star symbols! corresponds to a six-
membered ring oriented towards the surface. The adsorption energy
of the molecule is then 372 meV; contour spacing 6 meV.

FIG. 7. Same as in Fig. 5 for a C60 molecule in site 3; see Fig.
4. The most stable orientation~star symbols! corresponds to a
double bond parallel to the bridge between two Na ions. The ad-
sorption energy of the molecule is then 405 meV; contour spacing 5
meV.
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3R. Lüthi, E. Meyer, H. Haefke, L. Howald, W. Gutmannsbauer,
and H.J. Gu¨ntherodt, Science266, 1979~1994!.

4Ch. Girard, Ph. Lambin, A. Dereux, and A.A. Lucas, Phys. Rev. B
49, 11 425~1994!.

5L.A. Girifalco, J. Phys. Chem.96, 858 ~1992!.
6Ch. Girard, X. Bouju, O.J.F. Martin, A. Dereux, C. Chavy, H.
Tang, and C. Joachim, Phys. Rev. B48, 15 417 ~1993!; A.
Dereux, Ch. Girard, O.J.F. Martin, Ph. Lambin, and H. Richter,
J. Chem. Phys.101, 10 973~1994!.

7A.D. McLachlan, Mol. Phys.7, 381 ~1964!.
8D. Langbein,Theory of van der Waals Attraction~Springer, Ber-

lin, 1974!; J. Mahanty and B.W. Ninham,Dispersion Forces
~Academic, London, 1976!.

9Ch. Girard and C. Girardet, J. Chem. Phys.86, 6531~1987!.
10M. Devel and Ch. Girard~private communication!.
11F. de Wette and G.E. Schacher, Phys. Rev.127, A78 ~1964!.
12P.A. Gravil, Ph. Lambin, G. Gensterblum, P. Senet, L. Henrard,

and A.A. Lucas, Surf. Sci.165, 289 ~1995!.
13The C60-C60 interaction energy is approximately 1/6 the cohesion

energy of fulleride, which was measured to be 1.5 eV/molecule.
See C. Pan, M.P. Sampson, Y. Chai, R.H. Hauge, and J.L. Mar-
grave, J. Phys. Chem.95, 2945~1991!.

14P.A. Gravil ~unpublished!.
15T. Meichel, J. Suzanne, and J.M. Gay, C.R. Acad. Sci. Paris303,

989 ~1986!.
16Ch. Girard and C. Girardet, Chem. Phys. Lett.138, 83 ~1987!.
17H.Y. Kim and M.W. Cole, Phys. Rev. B35, 3990~1987!.
18H.Y. Kim, M. W. Cole, F. Toigo, and D. Nicholson, Surf. Sci.198,

555 ~1988!.
19P.W. Fowler and J. H. Hutson, Surf. Sci.165, 289 ~1986!.
20J.M. Phillips and M. D. Hammerbacher, Phys. Rev. B29, 5859

~1984!.
21Ch. Girard and C. Joachim~private communication!.

53 1629ADSORPTION OF C60 MOLECULES


