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Evidence for a Pronounced Local Orientational Order in the High Temperature Phase of C60

L. Pintschovius, ' S.L. Chaplot, G. Roth, ' and G. Heger
'Forschungszentrum Karlsruhe Tec-hnik und Umwelt, lnstitut fur Nukleare Festkorperphysik, Postfach 3640,

D-76021 Karlsruhe, Germany
21.aboratoire Leon Brillouin, CF. Saclay-, F 91191-Gif sur Y-vett-e Cedex, France

Solid State Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay-400085, India
Rheinisch Wesf-alische Technische Hochschule Aachena, Institut fiir Kristallographie, Templergraben 55,

D-52062 Aachen, Germany
(Received 19 May 1995)

The rotational dynamics in the high temperature phase of C6o has been investigated experimentally
by means of diffuse x-ray and quasielastic neutron scattering on a single crystal and theoretically
by molecular dynamics simulations. Our results provide evidence for pronounced local orientational
order with a correlation length g —40 A at T = 265 K. The local order seems to be driven by the

same nearest neighbor interaction which leads to long range order below T, but does not possess the

symmetry of the low T structure.

PACS numbers: 61.50.—f, 61.12.Gz, 61.20.Ja, 61.46.+w

As solid C6O is composed of nearly spherical molecules
on a fcc lattice, one may expect that the orientational
potential is very soft. It was therefore not surprising
that early experiments indicated that the molecules are
spinning freely at room temperature: Bragg scattering
could be very well described by approximating the C6O
molecule by a hollow sphere [1], and the quasielastic
neutron scattering observed on a powder sample could be
described by a model in which each molecule undergoes
rotational diffusion which is uncorrelated with the motion
of adjacent molecules [2]. Orientational ordering was
found to set in abruptly at T, = 258 K [1], but later
a variety of experimental techniques indicated that the
rotation is not fully free also above T, From synchrotron
x-ray [3] and neutron [4,5] Bragg diffraction, it was
concluded that the atomic density on a C 60 sphere
at 300 K in nonuniform. The correlation time
of the rotational dynamics, as determined by NMR
measurements, yielded an activated behavior not only
in the low temperature phase but also in the high
temperature one [6]. X-ray diffuse scattering experiments
[7,8] showed that the scattering is not only radially but
also azimuthally anistropic.

The experimental results of Refs. [3—8] provide clear
evidence that the rotational motion is hindered to some
extent. Chow et al. [3] discussed the nonuniform atomic
density on a C60 sphere in terms of an effective potential
that a single C«molecule sees in the cubic field of its
neighbors. In this paper we report results which cannot be
understood on the basis of a single molecule effective po-
tential, but point to the importance of intermolecular corre-
lations. The experimental results were obtained by diffuse
x-ray and diffuse neutron scattering experiments on single
crystals. In particular, the diffuse neutron scattering in-

tensity patterns, observed with a narrow energy window,
show very sharp features indicative of a pronounced local
order with a correlation length of several tens of angstroms.

The basic features of the observed scattering law were suc-
cessfully reproduced from structures generated by molecu-
lar dynamics calculations. This allowed us to analyze the
intermolecular correlations which are at the origin of the
observed diffuse scattering peaks. A preliminary account
of this work has been given in Ref. [9].

The single crystals were grown from the vapor phase
using a double-temperature-gradient technique [10]. X-
ray precession photographs of the (111) scattering plane
were taken with Mo K radiation at room temperature.
The neutron measurements were performed on the 2T-
triple-axis spectrometer located at the ORPHEE reactor,
Saclay, with horizontally and vertically focusing pyrolithic
graphite crystals as the monochromator and analyzer. The
sample had a volume of V = 5 mm and was clamped be-
tween two thin strips of vanadium. The incoherent scat-
tering from the vanadium in the neutron beam was not
negligible but rather easy to correct for, as it was nearly

Q and temperature independent. Survey measurements
were carried out with a final energy EF = 29 meV (AF =
2.1 meV FWHM), which allowed us to cover a region in

0

momentum space Q ~ 6.9 A '. Selected areas in recip-
rocal space were investigated with F~ = 13.4 meV giving
a better energy resolution (AF' = 0.7 meV FWHM). The

Q resolution was sufficient in all cases to discriminate the
diffuse scattering from Bragg scattering, apart from rel-
atively small areas in reciprocal space. The temperature
was varied between T = 10 and 310 K. The results ob-
tained for T ( T, will be published elsewhere [9,11],and

only some selected low temperature data will be shown
here for the sake of comparison.

The x-ray diffuse scattering photographs showed well-
defined peaks, which indicates that the structure is far
from complete rotational disorder. The peaks were found
along the [110] direction or close to it. Details will be
published in a separate publication [12]. Subsequent mea-
surements using quasielastic neutron scattering revealed
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even sharper peaks in the diffuse scattering patterns, espe-
cially when using a narrow energy window. Typical raw
data are depicted in Fig. 1 (upper panel). Sharp peaks
were observed not only in radial scans, but also in az-
imuthal ones. An example is shown in the inset of Fig. 1.
Further results summarizing a systematic investigation of
a particular area of the (110) scattering plane are shown in
Fig. 2(b). In other areas of the (110) scattering plane, dis-
tinct peaks were observed as well, although not as sharp
as those seen in Figs. 1 and 2.

Energy scans revealed that peaks and valleys in the
diffuse intensity pattern are correlated with minima and
maxima in the quasielastic linewidth (examples are shown
in Fig. 3). This explains why the fine structure in the
intensity pattern becomes less pronounced when going
from a narrow energy window to a larger one and finally
to an infinite one (the x-ray case).

We note that the g dependence of both the diffuse scat-
tering intensity and the quasielastic linewidth observed in
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FIG. 2. Diffuse scattering intensity patterns in a special area
of the (110) scattering plane, (above) as observed in experiment
at T = 250 K (middle) as observed in experiment at T =
265 K, and (below) as deduced from molecular dynamics
simulations. Bragg scattering contributions were omitted in the
patterns and the diffuse scattering intensities at the Bragg peak
positions interpolated from neighboring points. The energy
window was AE = 2.1 meV (FWHM).
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FIG. 1. Upper panel: Diffuse scattering intensity along the
line (g, $, 0.35) as observed by neutron scattering. (All indices
refer to a cubic lattice with no = 14.16 A). The points refer to
measurements using different energy windows (circles: AE =
2. 1 meV, full points: 6E = 0.7 meV FWHM). The full line
shows the calculated energy integrated intensity distribution
for uncorrelated rotational diffusion after Ref. [17]. Scaling
of the three curves is arbitrary. The inset shows a high
resolution measurement in the transverse direction. The arrows
correspond to 2ao fcc superlattice spot positions. Lower panel:
results calculated from the MD simulation described in the text.

our experiment are fully compatible with the powder data
of Neumann et al. [2]. It is the direction dependence of
the quantities under discussion which shows the inade-
quacy of a model where each molecule undergoes rota-
tional diffusion with no correlation between the motions
of adjacent molecules.

The observation of rather sharp peaks in the diffuse scat-
tering with a small width in energy (pseudo-Bragg peaks)
implies a pronounced local orientational order. From the
width in Q of the peaks we estimate the correlation length
(as defined by Z~/Ag) T = 265 K to be g —40 A,
which is four times the nearest intermolecular distance.
One might think that the peaks indicate the appearance of
embryos of the low T phase, but we emphasize that the po-
sitions of the diffuse peaks shown in Figs. 1 and 2 do not
agree with the positions of the fcc-forbidden simple cubic

2844



VOLUME 75, NUMBER 15 PHYSICAL REVIEW LETTERS 9 OcToBER 1995

200-

~ ~

~I
I I I I I ~ s

O
100-

C.
O
E /

~ ~ ~
~o

200
~ /
I I

~ ~

(sc) spots of the low T phase and therefore cannot be as-
sociated with critical scattering. Critical scattering at the
sc spot positions was indeed observed, but in agreement
with Blaschko et al. [13], only in a very narrow temper-
ature region above T, ((T,. + 2 K). On, the other hand,
measurements performed in fine temperature steps in the
close vicinity of the phase transition showed no indication-
for a divergent behavior of the intensity of the peaks to be
seen in Fig. 1. Measurements in a large temperature range
260 ( T ~ 310 K revealed that the peak amplitudes de-
crease and the peak widths in Q and E increase signifi-
cantly with increasing temperature, but the peaks remain
remarkably well defined at T = 310 K, the highest tem-
perature probed in our experiment. The somewhat puz-
zling conclusion from these observations is that the local
order is not a precursor phenomenon of the low T phase.

Well-defined, although relative, broad diffuse scattering
peaks have been observed also below T, As has been
shown in Refs. [9,11], these peaks can be very well
explained on the basis of the two-state model of David
et al. [14]. As the diffuse scattering pattern observed
above T,. is very different from that observed below
T, (an example is shown in Fig. 2), this corroborates

0 4

(meV)

FIG. 3. Energy scans performed at (a) g = (0.3, 5, 5) and at
(b), (c) Q = (0.3, 5.5, 5.5). The full lines are the result of
a fit using a relaxation ansatz for the scattering law S(E) =
&[I —exp( —E/kT)]El /(E + I ) and folding it with the
experimental resolution (AE = 0.7 meV, FWHM). In (c) the
full line was obtained as the sum of a narrow component
(dashed line) and of a broad component having the width as
in (a) (dash-dotted line).

our conclusion that there is some fundamental difference
between the local structures above and below T, .

In order to understand the origin and the nature of
the local orientational order, we performed a molecular
dynamics (MD) simulations based on the split-bond
charge model [15,16], developed to explain the external
vibrations of the low T phase. The simulations were
carried out on macrocells of 256 molecules with periodic
boundary conditions. The molecules were assumed to
be rigid, and the Newton-Euler equations of motion
were integrated with a time step of 0.02 ps for 240 ps.
The temperature was chosen so high as to destroy
the orientational order of the starting structure within
the first 40 ps. As 40 ps is a very short interval, the
orientational melting temperature came out unrealistically
high, i.e., T = 900 K. The diffuse scattering pattern was
then evaluated from the structures generated after 140 ps
and 240 ps, respectively, by calculating the superlattice
intensities arising from the disorder in the macrocell.
This procedure has been proven as very satisfactory to
simulate the diffuse scattering pattern of the low T phase
[9,11]. In order to take the finite every resolution AE
into account, the intensities were averaged over a time
r —h/AE. The experimental momentum resolution in

the vertical direction was accounted for by including
superlattice points, above and below the scattering plane,
in the evaluation.

As can be seen from Figs. 1 and 2, the basic features of
the observed diffuse scattering pattern are well reproduced
by the simulation. In particular, the simulations reproduce
the observation of diffuse scattering peaks at (h + 2, k +

1 1

2, I + 2) positions. The fact that the calculated peaks are
broader than seen in experiment is presumably due to the
rather high temperature assumed in the MD calculations.
Further calculations for a lower temperature are planned,
which require, however, a larger computational effort as
the evolution in time of the structure slows down. We
note that the computational effort needed to obtain the
results presented in this paper was already very large
(several hundred hours of CPU time on the parallel
computer, ANUPAM, developed at the Bhabha Atomic
Research Centre).

The good agreement between calculated and observed
intensity patterns indicates that the structures generated
via the MD calculations are realistic. In order to learn
what distinguishes these structures from a full orien-
tational disorder, we calculated various pair correlation
functions g;;(r) for different sites on the C„&& molecule,
whereby only intermolecu. 'ar correlations were taken into
account. We focussed on the distance range 2.3 A ( r ~
3.5 A, as this covers the range of the closest intermolec-
ular contacts. The calculations were performed for the
following sites: atom positions, centers of single and dou-
ble bonds, and centers of pentagons and hexagons. For
an easy comparison of the various g;, (r) functions, all
the sites were shifted onto the surface of the molecules.
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Those pair correlation functions, which markedly differ
from the corresponding functions for complete orienta-
tional disorder, are plotted in Fig. 4. For the sake of
clarity, we plotted only the excess values from the av-
erage of all the g, J(r) calculated. What comes out very
clearly from Fig. 4 is that double bonds tend to face pen-
tagons and, to a lesser extent, also hexagons of adjacent
molecules, as in the low temperature phase. Concurrently,
double bonds tend to avoid double bonds, and in particular
pentagon-pentagon contacts seem to be very unfavorable.

The correlations just mentioned support the idea that
the driving force for the intermolecular correlations is
the same that leads to long-range order below T„and
so the question arises as to why the symmetry of the
locally ordered structures above T, is different from that
of the low T structure. From simplified models based

on a few discrete orientations, we learned that the locally
ordered structures are frustrated, and that the frustration
is induced by preferred orientations different from the
discrete orientations of the low T phase. So far, we can
only partly answer the question of which orientations are
involved. A good candidate is an orientation which is
obtained by a 45 rotation from the so-called standard
orientation around one of the (100) axes. However,
further orientations are probably involved, too.

In conclusion, we have shown that pronounced orienta-
tional correlations persist wel1 above the sc-to-fcc phase
transition of solid C6o, and that these correlations can be
understood from the same intermolecular potential which
explains the external vibrations of the sc phase.

We are indebted to M. Haluska and H. Kuzmany for
providing us with the samples.
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FIG. 4. The pair correlation functions corresponding to vari-
ous pairs of sites on the surface of neighboring molecules. In
order to emphasize preferred correlations, the excess values of
the correlation from its average over all the pairs of sites is
plotted. DB: double bond center, SB: single bond center, PG:
pentagon center, and HG: hexagon center. Only those func-
tions are plotted which strongly deviate from the average.
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