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We compute, from first principles, the dispersion interaction between two and three fullerenes, i
time-dependent density functional theory. These results, complemented with total energy calculatio
at small and intermediate distances, lead to a parameter-free determination of the interaction betwe
fullerenes. Agreement with experiment, within4%, is found for all quantities, computed via Monte
Carlo simulations of fullerite. Inclusion of the three-body term is found to increase by6% the cohesive
energy at equilibrium density. [S0031-9007(97)04509-2]

PACS numbers: 61.48.+c, 61.25.Em, 81.30.Dz
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The interfullerene interaction plays a central role i
the characterization of physical, chemical, and mecha
cal properties of fullerite, ultimately determining its phas
diagram [1], which, in spite of the wealth of available ex
perimental data [2], is not entirely known. In particular
the existence of a stable liquid phase of C60 remains a sub-
ject of controversy [1]: Experimentally an answer to thi
question is technically very involved; theoretically, one i
faced with the remarkable sensitivity of the properties o
fullerite to the details of the interfullerene potential [3]
Last but not least, the role played by three-body dispe
sive terms in the determination of these properties (whic
on the basis of the large polarizability of the fullerene
may provide sizable effects [1]) has not been explicitl
considered. Indeed, most of the theoretical work carrie
out so far takes as an interfullerene interaction that resu
ing from the superposition of carbon atom-atom classic
interactions [4–6]. In spite of their success, these inte
actions have several drawbacks. Besides their intrin
phenomenological nature, the interfullerene interaction
basically taken as a two-fullerene interaction only. Fu
thermore, each fullerene is usually treated as a super
sition of noninteracting carbon atoms, disregarding th
individual character and high stability of this quantal sys
tem. These are undesirable features which call for a mo
sound theoretical scheme to determine the interfullere
interaction. This is the purpose of the present Letter
which we derive for the first time a first-principles inter
fullerene interaction, not only its two-body part but als
its dominant three-body term. This has been carried o
in the local density approximation (LDA) to density func
tional theory (DFT) together with its extension for excite
states, the time-dependent (TD) DFT [7]. It will be found
that the interaction derived here leads systematically to
good and overall description of several properties of fu
lerite already determined experimentally. Indeed we o
tain an essentially parameter-free theoretical curve whic
0031-9007y97y79(20)y3873(4)$10.00
n
ni-
e
-
,

s
s
f

.
r-
h,
,
y
d
lt-
al
r-

sic
is
r-
po-
e
-
re
ne
in
-
o
ut

-
d

a
l-
b-
h,

besides reproducing the trends observed experimenta
will allow us to predict quantitatively the behavior of ful-
lerite in situations which are difficult to realize experi
mentally such as those associated with the high-press
and high-temperature regimes of fullerite, at which the i
sue of a stable liquid phase of C60 remains a challenge.
As shown here, for such extreme conditions, other inte
fullerene potentials available at present fail to provide r
liable estimates.

The LDA for exchange and correlation (XC) in DFT ha
been shown to provide an accurate description of structu
and electronic properties of a wide variety of materials, i
cluding the different stable forms of carbon [2,8]. In spit
of this, there is room for improvement, and refinemen
of the theory such as the self-interaction correction [
(SIC), the generalized gradient approximation [10] (GGA
or the LB94 exchange-correlation potential [11] should n
be overlooked, constituting potential sources for improv
ment of the accuracy in actual calculations. This is
for structural situations in which the electronic densitie
of the interacting molecules overlap. Each carbon atom
usually represented by means of a norm-conserving, tra
ferable pseudopotential [12], leaving as active four v
lence electrons per atom. In this context, the calculation
Ref. [8] typifies a state-of-the-art LDA calculation of ful-
lerite which we shall make use of below in order to extra
information of the interaction energy between fullerenes
small and intermediate distances.

However, as is well known, LDA-DFT is unable to
describe correctly the long-range behavior of, e.g., t
interfullerene interaction energy, which is dominated b
dispersion interactions. This feature, which constitutes o
of the major drawbacks of the theory, can be circumvent
if we consider its linear response extension—TDLD
or, in improved DFT descriptions, the corresponding e
tensions to the time-dependent domain [13–15]—for t
description of excited states, and use this framework
© 1997 The American Physical Society 3873
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compute the polarizability tensor of one fullerene mole
cule, since this constitutes the key ingredient [16] for th
determination of the two-body van der Waals and thre
body Axilrod-Teller interactions. Indeed, the leading orde
van der Waals (C6) and Axilrod-Teller (CAT) coefficients
can be directly expressed as integrals of the dipole pol
izability tensoradsiEd computed at purely imaginary en-
ergiesiE,

C6 ­
3
p

Z 1`

0
a2

dsiEd dE ;

C8 ­
15
p

Z 1`

0
adsiEdaqsiEd dE ; (1)

CAT ­
3
p

Z 1`

0
a3

dsiEd dE ,

whereas the second van der Waals coefficient (C8) requires
the determination of the quadrupole polarizability tenso
aqsiEd.

In keeping with this discussion, the van der Waals c
efficientsC6 andC8, together with the Axilrod-Teller co-
efficient CAT, were determined by direct integration o
Eq. (1), in which we employed the dipole and quadrupo
polarizability tensors of C60 computed in TDLDA. The
method we utilized extends to imaginary frequencies th
linear-response method in coordinate space developed
Ref. [17], which is well suited when applying the TDLDA
to isolated molecules. In short, we start by solving th
Kohn-Sham equations via the expansion of the solutio
in a spherical basis. Subsequently, and for each va
of iE, we employ the well-known sum-over-states (SOS
technique [18] to compute the unscreened density-dens
correlation function. This proves useful to check the co
vergence of this function which, in our case, is achieve
by includingø2 3 104 one-electron states in the calcula
tion, corresponding to a cutoff at 40 eV. Unlike Ref. [18]
no approximations are introduced in the incorporation
screening, since we compute it self-consistently by sol
ing the integral equation for the induced density via
discretization of its multipole components in coordinat
space. The result is equivalent to that obtained via
iterative solution in Ref. [15], which also includes screen
ing in a numerically exact way. The results obtained wit
this formulation for the linear dynamic polarizability of
the fullerene molecule [17] have been recently quantit
tively corroborated in the state-of-the-art calculations o
Ref. [15]. In our present calculations we utilized the sam
pseudopotentials [12] used in the plane-wave calculatio
of Ref. [8], as well as the same XC functional, for which
we took the Ceperley and Alder results [19] as param
etrized by Perdew and Zunger [9]. We took advantag
of the high (icosahedral) symmetry associated with th
fullerene and computed the polarizability tensors with re
spect to the principal axes of the molecule in which bo
the dipole and quadrupole tensors are diagonal. As usu
the polarizability is a smooth function of its purely imagi
nary argument such that the integrals in Eq. (1) conver
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nicely. The results obtained for the dispersive two- an
three-body coefficients are given in Table I and have bee
used in generating the solid squares displayed in Fig. 1.

The long-distance behavior has been complemente
with the data drawn with solid circles in Fig. 1, cor-
responding to the interaction between two fullerenes a
small and intermediate distances, at which there is st
an overlap of the charge densities of each fullerene.
Ref. [8] the cohesive energy of fullerite in an fcc primi-
tive cell, as a function of the cell size parametera,
has been computed via efficient self-consistent pseudop
tential plane-wave calculations (cf. Ref. [8] for details)
From the cohesive energy, we extracted the two-body in
teraction energy by assuming that the interfullerene inte
action is pairwise additive, and takes place only betwee
nearest neighbors [20]. We shall come back to this ap
proximation later. In this way, we consistently computed
the short distance repulsive potential, the long distanc
dispersive interaction, as well as we have the potenti
behavior near equilibrium. In Fig. 1, the dashed line cor
responds to the Girifalco potential [4] used in most of the
high-temperature Monte Carlo and/or molecular dynamic
simulations of fullerite, and which results from the su-
perposition of atom-atom potentials of the Lennard-Jone
type. The solid line corresponds to the fit to theab initio
data which we discuss in the following.

The ab initio results clearly establish the asymptotic
behaviors at short and long distances, evidencing a stiff r
pulsive wall at short distances together with the appropria
van der Waals tail. In order to parametrize this interactio
we considered two functions which display, individually,
the expected limiting behavior [21] of a two-body interac-
tion at short and long distances: A Morse potentialMsxd ­
M0 expfts1 2 xyd0dg hexpfts1 2 xyd0dg 2 2j for the
short-range part [22], and a van der Waals expansio
W sxd ­ 2C6yx6 2 C8yx8 2 C10yx10 2 C12yx12 at long
distances. The crossover of these two regimes has be
obtained via a third function of the Fermi-type, namely
Fsxd ­ h1 1 expfsx 2 mdydgj21. The final form of the
potential then reads

V2bodysxd ­ Fsxd 3 Msxd 1 f1 2 Fsxdg 3 W sxd . (2)

In the nonlinear fitting procedure, we varied freely the
parametersm, d, M0, t, C10, C12. The results obtained are

TABLE I. Values for the van der Waals coefficientsC6 and
C8, and for the Axilrod-Teller coefficientCAT obtained using
TDLDA (see main text for details).Nat is the number of atoms
in a single fullerene (60). In TDLDA, the polarization of the
electron cloud in the presence of an external field is included
the level of linear response. The values used in the productio
of the data plotted with solid squares in Fig. 1 correspond t
the results tabulated here.

C6 seV Å26d C8 seV Å28d CAT seV Å29d

21 N2
at 2534 N2

at 22 N3
at
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FIG. 1. Results of the present calculation for the interactio
energy between two fullerenes, compared with other resul
The LDA results extracted from the plane-wave bulk calcula
tions are drawn with solid circles; the long-range van der Waa
interaction obtained using theC6 andC8 parameters of Table I
are drawn with solid squares. This leads to the two-fulleren
interaction fit, V2body , drawn with a solid line. The dashed
line corresponds to the Girifalco potential (for details, se
main text).

given in Table II, whereas in Fig. 1V2bodysxd is displayed
(with a solid line) together with theab initio data (solid
circles and squares) and the Girifalco potential (dash
line). The quality of the fit is good, following theab
initio data rather closely. Moreover,V2bodysxd is deeper
than the pure van der Waals expansion (solid squares
Fig. 1) as one approaches the region of overlap betwe
the fullerene densities, in agreement with the gener
properties expected for this type of potential [21].

In order to test the quality of our potential we have
carried out several Monte Carlo (MC) simulations in
a canonical ensemble. We computed the equilibriu
pressure as a function of fullerite density, the equilibrium
density of fullerite, as well as the energy per particle a
room temperature and at zero pressure. The simulatio
were performed at different densities for a 256 C60

molecule system, using the usual periodic bounda
conditions and starting from a perfect fcc lattice. Mor
details will be published elsewhere [23]. Values of th
on-
TABLE II. Values for the quantities defined in main text, obtained as a result of the n
linear fit of V2body to theab initio data. The resulting interaction,V2body , is plotted in Fig. 1.

M0 seVd t d0 sÅd C10 seV Å210d C12 seV Å212d m sÅd d sÅd
0.3 9.75 10.3 2.09 3 108 7.78 3 1010 10.05 1.04
n
ts.
-
ls

e

e

ed

in
en
al

m

t
ns

ry
e
e

equilibrium pressures calculated from the simulation
for different densities are shown in Fig. 2 (with solid
circles) compared with experimental data. The resu
displayed show that the trend observed experimenta
(represented with solid squares and taken from Ref. [2
is nicely reproduced with the present potential, in sha
contrast to the results obtained by performing the sam
simulations using the Girifalco potential, displayed wit
solid triangles.

The good agreement obtained at high pressure is d
to the relative softness of our potential compared wi
previous potentials including the Girifalco [4] and th
12-6 carbon-carbon interaction [5]. As these potentia
consider rigid molecules, one could think that the use
a “soft” model for the molecule could be more effectiv
at high pressures. Nevertheless, there are experime
[25] and theoretical [8] evidences that the C60 molecules
are extremely resilient to pressure and the geomet
structure of the molecule remains stable upon hydrosta
compression, at room temperatures, up to about 20 G
suggesting that the interaction is too complex to be w
described by such classical site-site models.

For the equilibrium density and the cohesive energ
of fullerite (per mole) at equilibrium density and zero
pressure, we obtain1.40 1021 cm23 and 160.7 kJymol,
respectively, withV2body , whereas experimentally one
finds1.44 1021 cm23 and167.9 kJymol, respectively.

Finally, we assessed the role of the Axilrod-Telle
interaction in the determination of the same properties,
which we repeated the same simulations using not on
V2bodysxd but also the Axilrod-Teller term. We found
essentially no changes as the equilibrium density or t
density-pressure behavior were concerned, but we fou
a 6% contribution to the cohesive energy. As usual, th
role of these three-body terms is mostly repulsive, so w
obtained an overall increase of6% in the cohesive energy
of fullerite.

In summary, we obtained a parametrized two-bod
interfullerene interaction derived from a parameter-fre
LDA calculation of the cohesive energy of fullerite, which
exhibits a long-range behavior governed by a dispers
interfullerene interaction computed consistently at th
level of TDLDA. The major drawback of our method
is the assumption that the fullerene-fullerene interacti
in fullerite is pairwise and additive, thereby neglectin
short-rangen-body (n . 2) interactions. Although this
effect has been argued to be small [20], it is included
an average way in our two-body interaction by means
our assumption, and therefore our interaction should n
3875
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FIG. 2. Molar volume of fullerite as a function of pressure
The solid squares display the experimental data taken fro
Ref. [24]. The solid circles show the results of our Mont
Carlo simulations carried out withV2body (see main text for
details), whereas the solid triangles display the correspond
results when the simulations were carried out with the Girifalc
potential.

be considered as a pure two-body term. Yet, this effecti
interaction has provided results which not only reproduc
the trends observed experimentally, but also provide
overall agreement with experimental data which is goo
Three-body dispersive interactions (not to be confus
with the many-body correlations included in an averag
way before) are found to provide a repulsive contributio
to the configurational energy of the order of6%. This
can be considered a “normal” contribution, in the sen
that it lies in the range which one usually obtains fo
van der Waals fluids. This value, again, is directly relate
to the polarizability of the fullerenes, which, as pointe
out in Ref. [1], have a high static value. However (an
this is particularly clear if one uses the real-frequenc
expressions for the van der Waals and Axilrod-Telle
coefficients), the charge density waves in the fulleren
occur at very high energies (ø20 eV), a feature which
acts to reduce the effective value of the dispersio
coefficients, thereby determining the6% contribution
obtained. Yet, we believe that three-body terms ma
prove important in the quest for a stable liquid phase
C60. Indeed, following the results of Ref. [3], which are
based on Morse potentials, and performing a Morse
to the ab initio data, we obtain a potential which, again
is just on the borderline for meeting the criteria whic
ensures the existence of a stable liquid phase. Therefo
the three-body Axilrod-Teller interaction should not b
overlooked when simulating the liquid-vapor and solid
3876
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vapor coexistence lines in fullerite. Work along thes
lines is in progress.
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