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First-Principles Determination of the Dispersion Interaction between Fullerenes
and Their Intermolecular Potential
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We compute, from first principles, the dispersion interaction between two and three fullerenes, in
time-dependent density functional theory. These results, complemented with total energy calculations
at small and intermediate distances, lead to a parameter-free determination of the interaction between
fullerenes. Agreement with experiment, withi9, is found for all quantities, computed via Monte
Carlo simulations of fullerite. Inclusion of the three-body term is found to increas&ibthe cohesive
energy at equilibrium density. [S0031-9007(97)04509-2]

PACS numbers: 61.48.+c, 61.25.Em, 81.30.Dz

The interfullerene interaction plays a central role inbesides reproducing the trends observed experimentally,
the characterization of physical, chemical, and mechaniwill allow us to predict quantitatively the behavior of ful-
cal properties of fullerite, ultimately determining its phaselerite in situations which are difficult to realize experi-
diagram [1], which, in spite of the wealth of available ex- mentally such as those associated with the high-pressure
perimental data [2], is not entirely known. In particular, and high-temperature regimes of fullerite, at which the is-
the existence of a stable liquid phase g @mains a sub- sue of a stable liquid phase ofCremains a challenge.
ject of controversy [1]: Experimentally an answer to thisAs shown here, for such extreme conditions, other inter-
question is technically very involved; theoretically, one isfullerene potentials available at present fail to provide re-
faced with the remarkable sensitivity of the properties ofliable estimates.
fullerite to the details of the interfullerene potential [3]. The LDA for exchange and correlation (XC) in DF T has
Last but not least, the role played by three-body disperbeen shown to provide an accurate description of structural
sive terms in the determination of these properties (whichand electronic properties of a wide variety of materials, in-
on the basis of the large polarizability of the fullerene,cluding the different stable forms of carbon [2,8]. In spite
may provide sizable effects [1]) has not been explicitlyof this, there is room for improvement, and refinements
considered. Indeed, most of the theoretical work carriedf the theory such as the self-interaction correction [9]
out so far takes as an interfullerene interaction that resulttSIC), the generalized gradient approximation [10] (GGA),
ing from the superposition of carbon atom-atom classicabr the LB94 exchange-correlation potential [11] should not
interactions [4—6]. In spite of their success, these interbe overlooked, constituting potential sources for improve-
actions have several drawbacks. Besides their intrinsiment of the accuracy in actual calculations. This is so
phenomenological nature, the interfullerene interaction igor structural situations in which the electronic densities
basically taken as a two-fullerene interaction only. Fur-of the interacting molecules overlap. Each carbon atom is
thermore, each fullerene is usually treated as a superposually represented by means of a norm-conserving, trans-
sition of noninteracting carbon atoms, disregarding thderable pseudopotential [12], leaving as active four va-
individual character and high stability of this quantal sys-lence electrons per atom. In this context, the calculation of
tem. These are undesirable features which call for a morRef. [8] typifies a state-of-the-art LDA calculation of ful-
sound theoretical scheme to determine the interfullerenkerite which we shall make use of below in order to extract
interaction. This is the purpose of the present Letter ininformation of the interaction energy between fullerenes at
which we derive for the first time a first-principles inter- small and intermediate distances.
fullerene interaction, not only its two-body part but also However, as is well known, LDA-DFT is unable to
its dominant three-body term. This has been carried ouflescribe correctly the long-range behavior of, e.g., the
in the local density approximation (LDA) to density func- interfullerene interaction energy, which is dominated by
tional theory (DFT) together with its extension for excited dispersion interactions. This feature, which constitutes one
states, the time-dependent (TD) DFT [7]. It will be found of the major drawbacks of the theory, can be circumvented
that the interaction derived here leads systematically to & we consider its linear response extension—TDLDA
good and overall description of several properties of ful-or, in improved DFT descriptions, the corresponding ex-
lerite already determined experimentally. Indeed we obtensions to the time-dependent domain [13—15]—for the
tain an essentially parameter-free theoretical curve whictgescription of excited states, and use this framework to
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compute the polarizability tensor of one fullerene mole-nicely. The results obtained for the dispersive two- and
cule, since this constitutes the key ingredient [16] for thethree-body coefficients are given in Table | and have been
determination of the two-body van der Waals and threeused in generating the solid squares displayed in Fig. 1.
body Axilrod-Teller interactions. Indeed, the leading order The long-distance behavior has been complemented
van der Waals(s) and Axilrod-Teller Cat) coefficients  with the data drawn with solid circles in Fig. 1, cor-
can be directly expressed as integrals of the dipole polaresponding to the interaction between two fullerenes at
izability tensora,(iE) computed at purely imaginary en- small and intermediate distances, at which there is still
ergiesiE, an overlap of the charge densities of each fullerene. In
C. — 3 ]”’ 2(iE) dE - Ref. [8] the cohesive energy of fullerite in an fcc primi-
6 7 Jo @l > tive cell, as a function of the cell size parameter
15 [+ has been computed via efficient self-consistent pseudopo-
Cg = — aq(iE)a,(iE) dE ; (1) tential plane-wave calculations (cf. Ref. [8] for details).
m Jo From the cohesive energy, we extracted the two-body in-
Cam = 3 ]”’ 3(E) dE teraction energy by assuming that the interfullerene inter-
AT 0 ) @all ’ action is pairwise additive, and takes place only between
whereas the second van der Waals coeffici€g) fequires  nearest neighbors [20]. We shall come back to this ap-
the determination of the quadrupole polarizability tensoproximation later. In this way, we consistently computed
a,(iE). the short distance repulsive potential, the long distance
In keeping with this discussion, the van der Waals co-dispersive interaction, as well as we have the potential
efficientsCg and Cg, together with the Axilrod-Teller co- behavior near equilibrium. In Fig. 1, the dashed line cor-
efficient Cat, were determined by direct integration of responds to the Girifalco potential [4] used in most of the
Eqg. (1), in which we employed the dipole and quadrupolehigh-temperature Monte Carlo and/or molecular dynamics
polarizability tensors of g5 computed in TDLDA. The simulations of fullerite, and which results from the su-
method we utilized extends to imaginary frequencies thgerposition of atom-atom potentials of the Lennard-Jones
linear-response method in coordinate space developed tsipe. The solid line corresponds to the fit to e initio
Ref. [17], which is well suited when applying the TDLDA data which we discuss in the following.
to isolated molecules. In short, we start by solving the The ab initio results clearly establish the asymptotic
Kohn-Sham equations via the expansion of the solutionbehaviors at short and long distances, evidencing a stiff re-
in a spherical basis. Subsequently, and for each valupulsive wall at short distances together with the appropriate
of iE, we employ the well-known sum-over-states (SOS)van der Waals tail. In order to parametrize this interaction
technique [18] to compute the unscreened density-densitiwe considered two functions which display, individually,
correlation function. This proves useful to check the conthe expected limiting behavior [21] of a two-body interac-
vergence of this function which, in our case, is achievedion at short and long distances: A Morse potentdk) =
by including=2 X 10* one-electron states in the calcula- Myexdr(1 — x/do)]{exdr(1 — x/dy)] — 2} for the
tion, corresponding to a cutoff at 40 eV. Unlike Ref. [18], short-range part [22], and a van der Waals expansion
no approximations are introduced in the incorporation ofW (x) = —Ces/x® — Cg/x® — Cio/x'° — C12/x'? at long
screening, since we compute it self-consistently by solvdistances. The crossover of these two regimes has been
ing the integral equation for the induced density via aobtained via a third function of the Fermi-type, namely,
discretization of its multipole components in coordinateF(x) = {1 + exd(x — w)/8]}"'. The final form of the
space. The result is equivalent to that obtained via apotential then reads
iterative solution in Ref. [15], which also includes screen-
ing in a numerically exac[t W]ay. The results obtained with "2bedy@¥) = F(0) X M(x) + [1 = FOI X W(x). (2)
this formulation for the linear dynamic polarizability of In the nonlinear fitting procedure, we varied freely the
the fullerene molecule [17] have been recently quantitaparameterss, 8, My, 7, C19, C12. The results obtained are
tively corroborated in the state-of-the-art calculations of
Ref. [15]. In our present calculations we utilized the same
pseudopotentials [12] used in the plane-wave calculatiomsABLE I. Values for the van der Waals coefficientg and
of Ref. [8], as well as the same XC functional, for which Cs, and for the Axilrod-Teller coefficienCar obtained using

we took the Ceperley and Alder results [19] as paramJDLDA (see main text for details)V,, is the number of atoms

; in a single fullerene (60). In TDLDA, the polarization of the
etrized by Perdew and Zunger [9]. We took advantagéelectron cloud in the presence of an external field is included at

of the high (icosahedral) symmetry associated with thene |evel of linear response. The values used in the production
fullerene and computed the polarizability tensors with reof the data plotted with solid squares in Fig. 1 correspond to
spect to the principal axes of the molecule in which boththe results tabulated here.

the dipole and quadrupole tensors are diagonal. As usuak, ey A-) Cs (eVAS) Car (€VA™)

the polarizability is a smooth function of its purely imagi-
nary argument such that the integrals in Eq. (1) converge

21 N2 2534 N2, 22 N3,
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— equilibrium pressures calculated from the simulations
vV for different densities are shown in Fig. 2 (with solid
Zbody : circles) compared with experimental data. The results
""""" Girifalco displayed show that the trend observed experimentally
] (represented with solid squares and taken from Ref. [24])
e LDA is nicely reproduced with the present potential, in sharp

contrast to the results obtained by performing the same
B TDLDA ] simulations using the Girifalco potential, displayed with
solid triangles.

The good agreement obtained at high pressure is due
to the relative softness of our potential compared with
previous potentials including the Girifalco [4] and the
12-6 carbon-carbon interaction [5]. As these potentials
consider rigid molecules, one could think that the use of
a “soft” model for the molecule could be more effective
at high pressures. Nevertheless, there are experimental
[25] and theoretical [8] evidences that thg,@nolecules
g are extremely resilient to pressure and the geometric
1'0 : 1’2 : 1'4 : 1‘6 18 structure Qf the molecule remains stable upon hydrostatic

D(A) compression, at room temperatures, up to about 20 GPa,
suggesting that the interaction is too complex to be well
FIG. 1. Results of the present calculation for the interactiondescribed by such classical site-site models.

energy between two fullerenes, compared with other results. For the equilibrium density and the cohesive energy
The LDA results extracted from the plane-wave bulk calcula-

tions are drawn with solid circles; the long-range van der Waal of fullerite (per m(_)le) at ‘39“"'92'“”‘ density and zero
interaction obtained using th&; and Cs parameters of Table | ressur_e, we thalﬂ.40 10" cm™ and 16.0‘7 kJ/mol,
are drawn with solid squares. This leads to the two-fullerend@spectively, withVy.q,, Whereas experimentally one
interaction fit, Vapeay, drawn with a solid line. The dashed finds1.44 10*! cm™3 and167.9 kJ/mol, respectively.
line corresponds to the Girifalco potential (for details, see Finally, we assessed the role of the Axilrod-Teller
main text). interaction in the determination of the same properties, for
which we repeated the same simulations using not only
given in Table I, whereas in Fig. Wsp0qy(x) is displayed  Vapoay(x) but also the Axilrod-Teller term. We found
(with a solid line) together with thab initio data (solid essentially no changes as the equilibrium density or the
circles and squares) and the Girifalco potential (dashedensity-pressure behavior were concerned, but we found
line). The quality of the fit is good, following thab  a 6% contribution to the cohesive energy. As usual, the
initio data rather closely. MoreoveY,pqy(x) is deeper role of these three-body terms is mostly repulsive, so we
than the pure van der Waals expansion (solid squares iobtained an overall increase &% in the cohesive energy
Fig. 1) as one approaches the region of overlap betweenf fullerite.
the fullerene densities, in agreement with the general In summary, we obtained a parametrized two-body
properties expected for this type of potential [21]. interfullerene interaction derived from a parameter-free
In order to test the quality of our potential we have LDA calculation of the cohesive energy of fullerite, which
carried out several Monte Carlo (MC) simulations inexhibits a long-range behavior governed by a dispersive
a canonical ensemble. We computed the equilibriumnterfullerene interaction computed consistently at the
pressure as a function of fullerite density, the equilibriumlevel of TDLDA. The major drawback of our method
density of fullerite, as well as the energy per particle ais the assumption that the fullerene-fullerene interaction
room temperature and at zero pressure. The simulationis fullerite is pairwise and additive, thereby neglecting
were performed at different densities for a 256 C short-rangen-body (2 > 2) interactions. Although this
molecule system, using the usual periodic boundareffect has been argued to be small [20], it is included in
conditions and starting from a perfect fcc lattice. Morean average way in our two-body interaction by means of
details will be published elsewhere [23]. Values of theour assumption, and therefore our interaction should not

—
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TABLE Il. Values for the quantities defined in main text, obtained as a result of the non-
linear fit of V,,,4y to theab initio data. The resulting interactioizyoqy, is plotted in Fig. 1.
M, (eV) T dy (A) Cp (eVA™?) Cpp (eVA™?) w (R) 5 A)

0.3 9.75 10.3 2.09 X 108 7.78 X 10'° 10.05 1.04
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vapor coexistence lines in fullerite. Work along these
lines is in progress.
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