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Pressure Dependence of the Orientational Ordering in Solid C60
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Pressure studies of the molecular orientational ordering in solid C60 have exhibited three principal
elfects: (1) The simple-cubic (sc) to face-centered-cubic (fcc) ordering transition temperature
(T; =249 K) increases with pressure at a rate of 10.4~0.2 K/kbar corresponding to dlnT, /dlnap
= —22.8, where ap is the lattice parameter; (2) pressure greatly reduces orientational Auctuations of the
C6p molecules in the ordered low-temperature sc phase; and (3) the results suggest the presence of two
ordering transitions instead of one near 249 K. The implications of these results are discussed.

PACS numbers: 64.70.Kb, 62.50.+p

The identification [1] of the truncated icosahedral
molecular structure of C60 and its subsequent synthesis
and separation in solid form [2] have generated tremen-
dous interest in this exciting form of carbon. Currently a
broad research effort is being aimed at determining and
understanding the physical and chemical properties of
C6p and at identifying potential applications. Pure solid
C6p molecules form a face-centered-cubic (fcc) Bravais
lattice at room temperature with lattice parameter
ap=14.2 A. A key issue to understanding the crystal
structure is the orientational order of the C60 molecules.
' C nuclear magnetic resonance (NMR) studies [3,4] re-
vealed a very narrow spectral line at room temperature
(300 K) which proves the existence of dynamical disorder
and leads to the conclusion that the C60 molecules are ro-
tating rapidly () 10 /s) and isotropically. We note that
in the absence of molecular rotation, the ' C NMR spec-
trum of solid C6p is expected to be a broad resonance [3].
On lowering the temperature, this rotational motion is
slowed down, and the rotational correlation time of the
molecules becomes ) 5X10 s at —100 K [3,4]. These
studies suggested the possible growth of a new phase of
solid C6p below 300 K, and this suggestion has now been
confirmed [5] by high-resolution synchrotron x-ray
powder diffraction and differential-scanning-calorimetry
(DSC) measurements. This latter work [5] has estab-
lished the existence of a reversible phase transition from
the high-temperature fcc phase to a low-temperature
simple-cubic (sc) phase at a transition temperature T,
=249+ 1 K. The transition is of the order-disorder type
resulting from the development of orientational order of
the C60 molecules in the sc phase.

The exact model for this transition is not established at
this time. A detailed knowledge of the orientational and
rotational properties of the molecules and of the nature of
the transition are necessary for understanding the proper-
ties of solid C60. Toward this end, high-pressure studies
provide crucial insights and information necessary for
testing proposed models. Specifically, by the application
of pressure it is possible to delicately and continuously
tune the strength of intermolecular potentials and rota-
tional barriers which control the molecular motions.
These considerations motivated the present work in which

we examined the inAuence of hydrostatic pressure on the
sc-fcc transition temperature. As the transition is be-
lieved to be an order-disorder transition involving the ro-
tational and orientational motions of the C60 molecules,
one can intuitively anticipate that decreasing the inter-
molecular separations in the solid would hinder these
motions, resulting in a higher T, . This is indeed found to
be the case, and the present results quantify this expecta-
tion and demonstrate that the pressure effects are large,
in addition to revealing new features.

The sample used was pure ()99.4%) C6p powder
prepared by column chromatography using hexane as the
solvent. The material was annealed at 400 K for 4 h in

vacuum. The starting material was a toluene-soluble soot
obtained from Texas Fullerenes. The high purity of the
chromatographed C60 product was confirmed by ir, UV,
and mass spectroscopies. No evidence for any trace
amounts of hydrogen-containing solvent impurities was
found, as also evidenced by a preliminary neutron-
diffraction study on material from the same sample.
Care was taken to minimize the exposure of the C60
powder to light before use. The phase transition was
detected by diA'erential thermal analysis (DTA). The
sample and an adjoining inert reference material (NaC1
powder) were encapsulated and enclosed in a 10-kbar
pressure cell using helium gas as the pressure transmit-
ting Auid. The pressure was measured to an accuracy of
better than 1% by a calibrated Manganin gauge. Tem-
perature was measured by a copper-Constantan thermo-
couple placed near the sample, and the DTA scans were
run at a heating rate of 10 K/min.

Figure 1 shows a number of DTA scans taken at
different pressures on heating. Examining the zero-
pressure (1-bar) scan first, we note that the negative-
going peak indicates that the sc fcc transition is en-
dothermic as has been demonstrated by DSC measure-
ments [5]. Also as seen in the DSC measurements, there
is a broad precursor in the sc phase (shaded area in Fig.
1) terminating in the sharp peak. We take the sharp
peak temperature to represent T, . Since our DTA scans
are taken with increasing temperature at a relatively rap-
id heating rate, the temperature inferred from the peak is
higher than the equilibrium T,; however, this difference
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FIG. 2. Shift of the sc-fcc transition temperature of solid C60
with pressure.
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FIG. l. DilTerential-thermal-analysis (heating) scans of solid

C60 at different pressures showing the behavior in the vicinity of
the sc-fcc transition.

does not materially affect the shift of T, with pressure,
which is the eAect we seek.

The results in Fig. 1 reveal several pressure effects.
First, note that the transition shifts to higher tempera-
tures with increasing pressure. Figure 2 shows that the
shift is linear over the 8-kbar pressure range of the mea-
surements with dT, /dP =10.4~0.2 K/kbar —a large ef-
fect. Second, there is a hint (asymmetry) in the 1-bar
(=0-kbar) scan that there could be a second feature on
the low-temperature side of the peak. With increasing
pressure this feature evolves into a well-defined shoulder
suggesting the presence of two nearly degenerate
configurational states even at 1 bar. Because of its rela-
tively large size (see below) and pressure dependence, we
believe this feature to be intrinsic and not due to trace
impurities or residual solvent (hexane-toluene) in the
sample; however, we cannot completely rule out the possi-
ble involvement of impurities. Measurements on other
samples would be desirable and are planned. Third, the
broad precursor on the low-temperature side of the tran-
sition (shaded regions in Fig. 1) decreases markedly with
pressure. We now discuss each of these pressure effects.

The +10.4 K/kbar shift of T, is a large effect corre-
sponding to an initial increase of 4.2%/kbar in T, . This
eA'ect undoubtedly reAects the weak van der Waals inter-
molecular bonding and the concomitant high com-
pressibility of the C601attice as well as the high sensitivity
of the orientational energy barriers to the intermolecular
separations. It is not likely that the modest pressures em-
ployed in the present work will significantly change the
single C60 molecule's rotational states, and thus the main
eA'ect of pressure is to reduce the intermolecular separa-
tions. The magnitude of this reduction is proportional to
the axial compressibility, x, = —d 1nao/dP. The com-

pressibility of solid C60 at room temperature was recently
determined by Fischer et al. [6] and confirmed by Duclos
et al. [7] from x-ray-diffraction data at high pressure.
The latter more extensive results (to 200 kbar) yield
tc, =1.83X 10 /kbar for the low-pressure ((25 kbar)

which corresponds to a volume compressibility
= —d ln V/dP =5.5X 10 /kbar. These authors believed
that this compressibility is that of the fcc phase because
of the limited accessibility of diAraction lines; however, it
is clear from the present results that the C60 phase which
is stable at the high-pressure condition of their experi-
ments is the sc phase. Apparently, the somewhat subtle
changes in the diAraction pattern on going from the fcc
to the sc phase [5] could not be detected in the high-
pressure experiments. Although it is necessary to make
this clarification, we nevertheless believe that the com-
pressibilities of the fcc and sc phases are not too different,
and we take them to be the same for our present pur-
poses. This conclusion is supported by the fact that there
is no measurable change in unit-cell volume [5] at T, .

A measure of the strength of the T, (P) dependence is
the Griineisen-parameter-like quantity dlnT, /dlnao, i.e.,
the fractional change in T, over the fractional change in

ao, or, alternatively, d lnT, /d ln V. Based on the above tr's

for C60, these quantities are —22.8 and —7.6, respective-
ly.

The fcc sc transition in C60 is accompanied by the
development below T, of inequivalent molecular orienta-
tions on the four fcc Bravais sites [5]. The analogy of
this behavior to that observed in other orientational or-
dering transitions, specifically those in solid methane
(CH4 or CD4) and solid hydrogen (H2), has been noted
[5]. In this regard it is of interest to mention that the
order-disorder transition temperatures of these latter ma-
terials also increase with pressure. Specifically, at 1 bar,
T, and dT, /dP are 22 K and +3.5 K/kbar for CH4 [8]
and 2.8 K and 1.7 K/kbar for the Pa3 transition in

ortho-H2 [9]. It is not appropriate to directly compare
these T, 's and their pressure derivatives with those for
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C60 because, at the low temperatures involved, orienta-
tional ordering in CH4 and H2 is strongly influenced, or
controlled, by quantum-mechanical fluctuations, whereas
in C6o the motion should be essentially classical (T, =249
K). The main point, however, is that orientational order-
ing T, 's in molecular solids increases with pressure, and
this behavior is observed for many solids, including, e.g. ,
sotne ferroelectric transitions [10] with high T, 's. In all
cases, decreasing the intermolecular separation hinders
orientational motion and raises T, .

On the basis of its sharpness, Heiney et al. [5] suggest-
ed that the transition in C60 is "weakly first order, " al-
though they note that there is no measurable hysteresis or
change in unit-cell volume at T, . These latter features
actually indicate that the transition is thermodynamically
of second order with no change in enthalpy. It is worth
noting that the transitions in CH4 and H2 exhibit slight
hysteresis and appear to be weakly first order [8,9], but
many orientational order-disorder transitions with high
T, 's are known to be of second order [10].

The indication that there are actually two transitions
involving very nearly degenerate orientational configu-
rations in C60, as noted above and shown in Fig. 1, is an
intriguing one. Clearly pressure breaks this near degen-
eracy. As noted by Heiney et al. [51, the low-temper-
ature sc lattice imposes severe constraints on possible
models for the transition, since the equivalence of the x,
y, and z axes and the corresponding threefold rotation
axes must be maintained. In order to explain their x-ray
peak and intensity data, these authors proposed a specific
model which captures some but not all of the features of
the x-ray spectra. The model essentially consists of rota-
tions of the four molecules through the same angle but
about different threefold axes. Subsequently, Sachi-
danandam and Harris [11] identified the space group of
the sc phase to be Pa 3 (instead of the Pn 3 used by Hei-
ney et al. ) which yields a better fit both to the x-ray data
[12] as well as to a powder neutron-diffraction study by
Copley et al. [13]. Such a model requires a minimum of
several additional parameters from the fit for the fcc
model and yields a rotation parameter of 26 for the mol-
ecules situated on the four different threefold axes [11].

The two transitions indicated in the data suggest the
possibility of two orientational configurations of the mole-
cules in the sc phase. To explain such a possibility one
can speculate that in the sc lattice the relative orientation
for the molecule at (000) needs to be different from that
at the faces of the cube (e.g. , the orientations of the five-
and six-membered rings relative to the unit-cell axes
would be different). This distinction would suggest that
the onsets of the rotational motion of the two orientations
would be different, and that there should be a 1:3 ratio in
the areas of the two DTA peaks, assuming that the ener-
gies of the two transitions are not too different. Decom-
position of the 8-kbar DTA scan in Fig. 1 into two peaks,
by taking due account of the influence of the low-

temperature precursor on the base line, does indeed show
that the area of the high-temperature peak is about 3
times that of the low-temperature peak in agreement with
such a proposed model. While tempting, this model is
not, however, consistent with the space group Pa 3 for the
sc phase. Thus, the interpretation of the observed two
transitions remains an open question.

Finally, the remarkable pressure-induced decrease in
the magnitude of the low-temperature precursor to the
transition(s) deserves some emphasis. The precursor is
most likely due to the existence of orientational fluctua-
tions in the ordered sc phase. Indeed, the ' C NMR re-
sults [3,41 suggested the existence of static and mobile C
nuclei down to —140 K, and the diffraction results
[5-13] do not rule out such a possibility. In fact, the in-
tegrated intensity of the 451 x-ray peak in the spectrum,
which is proportional to the square of the order parame-
ter in the sc phase, loses about half of its value between 4
and -240 K with the remaining intensity disappearing
fairly abruptly near T, [5]. Thus, both the NMR and x-
ray results give strong evidence for orientational fluctua-
tions in the sc phase. Other evidence has come from a
very recent ' C NMR study [14] of the molecular reori-
entational dynamics which suggest some rapid motion of
the C60 molecules below T, . We interpret the rapid de-
crease with pressure in the DTA precursor to be due to a
sharp pressure-induced reduction in these fluctuations.
This result is consistent with intuitive expectations—bringing the C60 molecules closer together can be ex-
pected to increase motional correlations and reduce fluc-
tuations. Perhaps the most remarkable aspect of this re-
sult is the near complete suppression of the fluctuations
by the very modest pressure of 8 kbar suggested by the
data in Fig. 1. It will be highly desirable to further ex-
plore this finding by performing microscopic experiments,
including NMR and neutron and synchrotron x-ray
diffraction, at high pressure and possibly between our two
peaks in order to better understand the nature of molecu-
lar motions in the sc phase. A high-pressure neutron-
diffraction study is planned.
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