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Abstract. Bragg intensities from neutron diffraction data for C60 single crystals were used to
determine the rotational potentialV (ω) at room temperature. The rotational potential is evaluated
in terms of mixed rotator functionsM. The expansion coefficientsvεl , i.e. potential parameters,
are obtained directly from experiment. The potential exhibits well developed minima, absolute
ones at the Euler angle setω1 and relative ones atω2. They correspond to the two orientations,
i.e. pentagonal and hexagonal facing, of the molecules in their low-temperature arrangement. The
overall potential barrier height of the absolute minimum is 400 K and the difference between the
two types of minima is 270 K.

1. Introduction

The carbon atoms of the C60 molecule form a regular truncated icosahedron [1] (figure 1). The
C60 molecule exhibits full icosahedral symmetry as has been shown by NMR experiments [2].
In the solid state, C60 is a molecular crystal [3] and forms a face-centred-cubic (fcc) lattice
with space groupFm3̄m [4], in which the C60 molecules are orientationally disordered at room
temperature. C60 undergoes a phase transition at 250 K, in which the four molecules of the unit

Figure 1. The C60 molecule.
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cell of the fcc lattice become inequivalent. They align one of their threefold axes with one of
the four crystal threefold axes and thus form aPa3̄ structure [5–7]. For the molecules there are
two nearly degenerate equilibrium orientations, i.e. the pentagonal facing and hexagonal facing
configurations. The former one is characterized by six pentagons facing the double bonds of
neighbouring molecules, whereas in the latter one, which is energetically less favoured, six
hexagons face the double bonds [7].

At room temperature the C60 molecules perform a three-dimensional rotational motion,
which shows deviations from a free rotation [8, 9]. The orientational probability density
function reveals two favoured orientations, which align a threefold molecular axis parallel to
a threefold crystal axis [10]. Thus the low-temperature minimum-energy configurations are
already present in the high-temperature phase.

For the understanding of the various properties of C60 it is essential to know the crystal-
field potential of the C60 molecule in the solid state [11–14]. Therefore the construction of a
reliable potential for the interaction of C60 molecules is an important problem and an increasing
number of improved models of intermolecular interactions have been proposed, mainly based
on the van der Waals type of interactions and electrostatic interactions [15–26].

Since the crystal field depends on the molecular structure, diffraction experiments allow
one to obtain the effective crystal-field potential. In an earlier paper [10] we derived the
total rotational potentialV (ω) as calculated from the experimentally observed orientation
distribution functionf (ω). In the present paper we use new neutron data obtained for an
untwinned crystal and determineV (ω) as a series expansion of rotator functionsM: these
new results can be directly compared with data from interaction models [21–26].

2. Experimental procedure

The crystals used for our x-ray and neutron diffraction experiments were grown by sublimation
[27]. The crystal for the x-ray experiment was almost spherical (d = 0.2 mm) and showed
no detectable twins. The cubic lattice parameter was refined to 14.152(2) Å. A conventional
four-circle Stoe diffractometer, equipped with a graphite (002) monochromator, was operated
at a wavelengthλMo Kα = 0.710 73 Å. Usingω–2θ scans, 1894 Bragg intensities were col-
lected up to(sinθ)/λ = 0.65 Å−1. This resulted in 205 unique reflections with an internal
agreement factorRint = 0.039.

In our neutron diffraction experiment we used a crystal with diameter 5 mm. In contrast
to the samples in our previous study [10] this crystal showed no twins. The experiment
was performed at the four-circle diffractometer 5C2 at the hot source of the Orphée reactor
with a neutron wavelength ofλ = 0.8308(2) Å selected by a Cu(220) vertically focusing
monochromator and a 0.25 mm thick erbium filter to reduceλ/2 contamination to less than
0.1%. The cubic lattice parameter was refined to 14.155(2)Å. Measurements were made up to
(sinθ/λ)max= 0.81 Å−1; there were 300 unique reflections with an internal agreement factor
of Rint = 0.019.

3. Theory

The structure factor of orientationally disordered molecular crystals is best formulated in terms
of symmetry-adapted multipolar rotator functions [28,29]. In the literature, symmetry-adapted
functions for the cubic and icosahedral point group [30–33] are available. This formalism was
applied to C60 first by Michel and co-workers [11, 21–23, 25]. They use a coordinate system
that differs from that selected by other authors and our choice.
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The rotational part of the structure factor for a C60 crystal at room temperature is given
by [10]

Frot(Q) = 4πfX,N(Q)
∑
lε

i ljl(Qrm)clεPlε(Q̂) (1)

wherefX,N is the x-ray structure factor or the neutron scattering length of the C atom, thejl are
spherical Bessel functions of orderl and thePlε are symmetry-adapted spherical harmonics
of the cubic point groupm3m of the lattice site of the C60 molecule. Through the coefficients
clε , the scattering densityW(r) on the sphere of the rotating C60 molecule with the radiusrm
is given by

W(r) = δ(r − rm)
r2

∑
lε

clεPlε(r̂). (2)

On the other hand, these coefficients are related to the orientational distribution function
f (ω) [10]:

f (ω) =
∑
lεε′

2l + 1

8π2

clε

5lε′
Ml

εε′(ω) (3)

where the5lε′ are the structural constants given in table 1 and theMl
εε′ are the symmetry-

adapted rotator functions. We express the orientational distribution functionf (ω) in terms of
the rotational potentialV (ω) using a Boltzmann factor:

f (ω) = exp(−βV (ω))
Z

(4)

with the partition function:

Z =
∫

exp(−βV (ω)) dω. (5)

The coefficientsclε can thus be expressed in terms of the rotational potential:

clε = 5lε′

∫
Ml

εε′(ω) exp(−βV (ω)) dω. (6)

On expanding the rotational potential in a series of symmetry-adapted rotator functionsM:

V (ω) =
∑
lεε

V lεε′Ml
εε′(ω) (7)

the rotational part of the structure factor finally reads

Frot(Q) = 4πfX,N(Q)

×
∑
lε

i ljl(Qrm)Plε(Q̂)5lε′

∫
Ml

εε′(ω) exp

(
−β

∑
l′εε

V l
′
εε′Ml′

εε′(ω)

)
dω. (8)

Thus the potential parameters can be directly extracted from the single-crystal data and we
avoid the difficulties with the high-temperature expansion of Boltzmann factors encountered
as soon as the condition|V (ω)|/kT � 1 is not obeyed. The integrals in (8) are evaluated
numerically.

Table 1. The structural constants5lε′ up to orderl = 22. ε′ is 1 for all of thel used.

l 0 6 10 12 16 18 20 22

5lε′ 16.93 2.56 −19.35 −7.88 −17.94 38.21−17.10 −2.96



2496 K Wulf et al

4. Results and discussion

The coefficients of the rotational potential in solid C60 are fitted to the experimental neutron
scattering data using (8). The fitting procedure used potential parametersV l

′
εε′ up to order

l′ = 18, whereas the number density in the first sum of equation (8) was evaluated up to order
lc = 22. Neither increasinglc nor using more potential parameters resulted in betterR-values.
The results of the refinements are shown in table 2.

Table 2. Results of the refinement of the potential parametersV l
εε′ at room temperature. Potential

parameters are given in K.

Neutron X-ray

cext 0.0117(7) 0.010(1)
u (Å2) 0.0150(3) 0.0187(4)
r (Å) 3.5470(5) 3.5388(4)

V 6
1,1 224(39) 413(35)

V 10
1,1 69(8) 52(9)

V 12
1,1 42(35) 57(36)

V 12
2,1 328(27) 305(36)

V 16
1,1 30(24) −22(38)

V 16
2,1 51(22) 33(33)

V 18
1,1 −1(17) 6(23)

V 18
2,1 −72(12) −19(15)

R 0.069 0.054
Rw 0.028 0.018
Nhkl 300 205

R =
(∑
hkl

||Fhklo | − |Fhklc ||
)/(∑

hkl

|Fhklo |
)

Rw =
[(∑

hkl

w(|Fhklo | − |Fhklc |)2
)/(∑

hkl

w(Fhklo )2

)]1/2

The crystal-field coefficientV 12
2,1 is the most prominent. The main features of the potential

are determined by the functions of orderl = 6, andl = 12 with ε = 2. This latter index
refers to the second allowed symmetry-adapted spherical harmonicPlε of the cubic point group
m3m [32].

Figure 2(a) shows a one-dimensional cut through the Euler space alongω1 = (45◦, β,0◦)
through the potentialV (ω) derived from the x-ray and neutron data. Along this path the
potential shows two minima (out of 240 symmetry-equivalent ones in the whole Euler space)
with a potential difference of≈300 K, while the overall potential height amounts to≈450 K
(figure 2), corresponding to the values found in [10]. Again the potential minima appear at
the Euler anglesω1 = (45◦, 87.89◦, 0◦) andω2 = (45◦, 17.36◦, 0◦). Both orientations align a
threefold axis, a twofold axis and a mirror plane of the molecule with corresponding symmetry
elements of the cubic crystal surrounding. Figures 2(b), 2(c) showV (ω) together with the
most important contributionsV 6

1,1 andV 12
2,1. These figures demonstrate thatω1 andω2 are

determined by the symmetry properties ofV 12
2,1. In addition, the shape of the absolute potential
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Figure 2. A one-dimensional cut through the Euler space: the rotational potential withα = 45◦
andγ = 0◦. The potential minima are clearly visible atβ1 = 87.89◦ andβ2 = 17.36◦. (a) The
potential derived from the x-ray and neutron data. (b) The main contributions to the potential from
neutron data. (c) The main contributions to the potential from x-ray data.
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Figure 3. The rotational potential at room temperature for uniaxial rotations with 0◦ 6 ϕ < 360◦
with (a) the threefold molecular axis parallel to a threefold crystal axis, (b) a twofold molecular
axis parallel to a twofold crystal axis and (c) a threefold (top) and a fivefold (bottom) molecular
axis parallel to a twofold crystal axis.

minimumV (ω1) is dominated byV 12
2,1, whereasV 6

1,1 andV 12
2,1 add to the potential difference

betweenV (ω1) andV (ω2).
Figure 3 shows the potential derived from the neutron data for some uniaxial rotations:

rotations around a threefold molecular axis parallel to a threefold crystal axis or a twofold
molecular axis parallel to a twofold crystal axis reach both potential minima, but only by
surmounting nearly the full potential barrier. A rotation around a fivefold axis parallel to a
twofold crystal axis has minima slightly above the overall potential minima, but the barrier
between those minima amounts to only 200 K.

Figures 2 and 3(a)–3(c) are nearly identical to the corresponding figures in our previous
paper [10] in whichV (ω) was determined asV (ω) = −kT ln f (ω). They demonstrate clearly
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that the potential is independent of the description and allow for a comparison with results
published previously. With the analytical method that we used earlier [10], only the totalV (ω)
was calculated. Here, however, we break downV (ω) into the basic orthogonal components
V lε,ε′Ml

ε,ε′ . This allows a direct comparison of theoretical model potentials with observed ones.

Table 3. c-coefficients calculated from the potential parameters given in table 2 according to (6).

Neutron X-ray

c0,1 1.0000 1.0000
c6,1 −0.0106 −0.0183
c10,1 0.0111 0.0132
c12,1 0.0048 0.0046
c12,2 0.0266 0.0274
c16,1 −0.0091 −0.0138
c16,2 0.0078 0.0066
c18,1 −0.0010 −0.0027
c18,2 0.0257 0.0218
c20,1 0.0016 0.0014
c20,2 0.0079 −0.0051
c22,1 0.0006 0.0001
c22,2 0.0000 0.0000

In addition, we calculated thec-coefficients corresponding to the refined potential par-
ameters using equation (6) (table 3). The values obtained from our new neutron data set,
which is based on a better crystal, fit very well to those obtained from the data sets for the
two other crystals. The values for the x-ray data are identical, within error bars, to the ones
obtained previously, demonstrating the equivalence of the analysis (table 3). They agree with
the experimentally obtainedc-coefficients available in the literature, as summarized in table 4.

Table 4. Comparison ofc-coefficients obtained from experimental data;c0,1 = 1

N3, N2, N1, X,
present data Schiebelet al [10] Chowet al [8] David et al [9] X N powder

c6,1 −0.011(1) −0.014(1) −0.008(2) −0.018(1) −0.023(2) −0.023(7)
c10,1 0.011(2) 0.014(2) 0.010(2) 0.013(1) 0.013(1) 0.021(3)
c12,1 0.005(2) 0.006(3) 0.003(2) 0.005(2) 0.009(2) 0.013(4)
c12,2 0.027(2) 0.031(3) 0.029(3) 0.027(2) 0.026(1) 0.042(4)
c16,1 −0.009(3) −0.009(6) −0.024(5) −0.013(3) −0.008(2) −0.014(8)
c16,2 0.008(2) 0.002(5) 0.010(4) 0.007(3) −0.000(2) −0.020(14)
c18,1 −0.001(3) −0.006(7) 0.001(2) −0.003(3) −0.003(2) −0.014(28)
c18,2 0.026(3) 0.026(6) 0.010(5) 0.020(3) 0.024(2) 0.054(13)

Table 5. Calculated values for thec-coefficients;c0,1 = 1.

Lamoen and Michel Lamoen and Michel Savinet al
[21] [23] [26]

c6,1 −0.008 −0.025 −0.004
c10,1 0.038 0.050 0.013
c12,1 0.003 0.002 0.003
c12,2 0.014 0.035 0.011
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Table 6. CalculatedV -coefficients. Column 1:V -coefficients calculated from thec-coefficients
published by Savinet al [26]. Columns 2 to 4:V -coefficients calculated by Lamoen and Michel.
Due to the difference in the choice of the coordinate system, their values forV 10

1,1, V 12
1,1, V 12

2,1 have
been multiplied by−1 to make them fit to the conventions used in the present paper.

[21], [23], [25],
[26] disordered disordered ordered

V 6
1,1 109 198.42 470.34 383.94

V 10
1,1 71 206.91 172.18 194.48

V 12
1,1 42 46.94 77.31 90.51

V 12
2,1 181 230.40 347.89 412.46

Tables 5 and 6 givec-coefficients and crystal-field coefficients calculated on the basis
of microscopic models. Michel and co-workers used a high-temperature expansion to derive
c-coefficients from calculatedV -coefficients [21–23,25]:

clε = 5̄l,ε′V
l
εε′

T (2l + 1)
. (9)

This high-temperature expansion was also applied by other authors to compare their calculated
V -coefficients to experimental data [26].

However, applying the high-temperature expansion to ourV -coefficients does not result
in thec-coefficients of table 3. This may be understood from figure 2, where it is obvious that
the potential barriers amount to roughly 300 K. Therefore the condition for the application
of the high-temperature expansion, i.e.1V/kT � 1, is not rigorously fulfilled, and so the
integrals in (8) cannot be solved correctly by expanding the Boltzmann factor and then using
the orthogonality of theM-functions.

The progress in our present work is that now a parametrization of the rotational potential
in terms of symmetry-adapted functions is available. These coefficients may also be derived
from theoretical calculations based on intermolecular potentials. Thus our work may serve as
a reference for the choice of the most appropriate potential description. A detailed comparison
of six model potentials with the experimentally determined potentials [8–10] published up
to 1997 has been given by Launoiset al [13]. Their analysis demonstrates that the model
(LM) due to Lamoen and Michel [21] describes the experimental data reasonably well with
two limitations: the barrier height of the LM potential for a rotation of the molecular 6-axis
about a crystal 3-axis amounts to only 50% of the observed potential [10] and, second, the data
evaluation requires uniquely the inclusion of a term withl = 18 in the calculation off (ω),
and also the corresponding contributions which enter intoV (ω). This is proved uniquely by
our present analysis. The absolute value ofV 18

2,1 = 72 K is well beyond the computed error
12 K.
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