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The thermal conductivityl of C60 shows anomalies near 260 K and 90 K which are associated with the
well-established phase transition and glass transition, respectively. Both transition temperatures increase with
pressure, at the rates 120 K GPa21 and 62 K GPa21, respectively. With increasing temperature,l of the simple
cubic ~sc! phase increased below 170 K~glasslike behavior! but decreased above. The glasslike behavior ofl
is probably due to a substantial amount of lattice defects. Possible reasons for the change of sign ofdl/dT near
170 K are discussed. In the face centered cubic~fcc! phase~T.260 K at atmospheric pressure! l was almost
independent of temperature, a behavior which is far from that of an ordered crystal~l}T21 for T.Debye
temperature!. This result can be attributed to the molecular orientational disorder of the fcc phase. The
relaxation behavior associated with the glassy state and its unusually strong dependence on thermal history are
discussed briefly, and data which support a previously reported relaxation model are presented. At room
temperature, the density dependencies ofl, ~] lnl/] lnr!T , were 5.5 and 9.5 for the fcc and sc phases, which
are values typical for an orientationally disordered phase and a normal crystal phase, respectively.
@S0163-1829~96!00130-0#

I. INTRODUCTION

The properties of buckminsterfullerene, C60, have been
studied in numerous investigations,1,2 many of these also un-
der high pressure. In the present study, the thermal conduc-
tivity l of C60 was measured at high pressure. In general,l
provides information about structural order and phase behav-
ior. For C60, measurements ofl have previously provided
fundamental information such as the observation of a glass
transition at about 90 K at atmospheric pressure.3,4

C60 has two phases which we will refer to as the face-
centered-cubic~fcc! phase, which is the stable phase at high
temperatures, and the simple-cubic~sc! phase, respectively.
The fcc phase is an orientationally disordered crystal~odic!
phase. In such a phase, the molecules show translational pe-
riodicity of molecular centers but no long-range periodicity
of the molecular orientation. A molecule in an odic phase
can occupy any one of an often large number of favored
orientations. A change of orientation can take place either by
occasional jumps, after spending most of the time undergo-
ing librational motions, or by rapid reorientation. The latter
behavior is found for the C60 molecules in the fcc phase.5

The transition fcc phase→sc phase occurs at about 260 K at
atmospheric pressure. In the sc phase, orientational disorder
is still present but to a smaller extent than in the fcc phase.
Models based on the assumption that the C60 molecules in
the sc phase occasionally jump between two orientations,
commonly referred to as hexagon and pentagon orientations,
fit experimental data very well. The models yield a small
energy difference of about 10 meV between the two orienta-
tional states and an energy barrier for the reorientational mo-
tion of roughly 250 meV. With decreasing temperature, of
course, an increasing number of molecules occupy the orien-
tation which corresponds to the low-energy state~pentagon
orientation at atmospheric pressure!. However, at 90 K this
ordering process essentially ceases and the remaining orien-

tational disorder becomes frozen in, because the probability
for the thermally activated molecular jumps between the two
orientations becomes small. Below about 90 K, the reorien-
tational rate is insufficient to produce the equilibrium mo-
lecular orientational state within the normal time scale of an
experiment. The resulting state of frozen-in orientational dis-
order is referred to as a glassy crystal state,6 and the associ-
ated glassy crystal transition at 90 K is a special case of a
glass transition.

The thermal conductivity of C60 has been studied at atmo-
spheric pressure in three previous investigations.3,4,7,8Yu and
co-workers3,4 measuredl for a single crystal prepared by
sublimation and found thatl of the fcc phase was almost
independent of temperature, a result which agrees well with
that found for other odic phases.9 The results for the sc phase
~l}T21! resembled those of crystals which are both position-
ally and orientationally ordered, which indicates that the C60
molecules exhibit~nearly! orientational order. However, as
mentioned above, the results forl also showed evidence for
a glassy crystal transition at about 90 K, indicated by a time
dependence ofl below 90 K and a sharp change indl/dT at
90 K. Both these results are consistent with the two orienta-
tional state models described above. The other two
investigations7,8 of l both concerned polycrystalline C60. In
one of these,8 the specimen contained substantial amount
~15%! of C70. Both investigations7,8 showed thatl was al-
most independent of temperature in the fcc phase, in agree-
ment with the single-crystal data. However,l of the poly-
crystalline samples were smaller in magnitude by factors of
two7 and four,8 respectively. Data forl of the sc phase~T
,260 K! were recorded only for the C60/C70 mixture.

8 These
data exhibited a glasslike temperature dependence forl
~positive dl/dT at constant pressure! in contrast with the
dependencel}T21 which was obtained for the sc phase of
the single crystal. In addition, the data showed no evidence
for a fcc→sc phase transition or a glassy crystal transition.
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II. EXPERIMENT

We used the transient hotwire method to measure simul-
taneously the thermal conductivityl and the heat capacity
per unit volumercp under pressure.10 The hotwire probe
used was a Ni wire~0.1-mm diameter! placed horizontally in
a ring of constant radius within a Teflon cell. The probe,
surrounded by the medium under investigation~2 g polycrys-
talline C60, see below!, was heated by a 1.4-s pulse of ap-
proximately constant power and the wire resistance was mea-
sured versus time. This enabled the temperature rise of the
wire to be determined. A theoretical expression for the tem-
perature rise was fitted to the data points, thereby yieldingl
andrcp . For temperatures above 100 K, the inaccuracy was
estimated as62% in l and65% in rcp assuming perfect
thermal contact between the hotwire and the sample.10 Ow-
ing to the decreased sensitivity of the hotwire probe, the
inaccuracy increases with decreasing temperature and was
64% inl at 40 K.~The inaccuracy inrcp was not estimated
but is probably substantially larger than 5%.!

Two batches of C60, one of which was purified by subli-
mation, were supplied by Term USA, Berkeley, CA, and had
a stated purity.99.9%. The nonsublimed specimen was
identical to that used in a recent study of compressibility11

and all results except those presented in Fig. 7 pertain to this
batch. The samples were dried under low dynamic pressure
~0.1 Pa! for 1 day at 200 °C and then enclosed in glass tubes.
Raman spectroscopy analysis of both batches showed that
the amount of solvents was less than the experimental reso-
lution, which is 0.1% by mass. The results forl of the sub-
limed specimen were 6% larger at room temperature and
30% larger at 80 K than those of the nonsublimed specimen.
To investigate the effect of annealing, we measuredl of two
samples~nonsublimed material! which had been subjected to
different annealing procedures. One sample was annealed at
200 °C for 2 days whereas the other was annealed at 280 °C
for 3 days followed by annealing at 200 °C for 5 days, all at
0.1 Pa. The results for these two samples were the same to
within the experimental inaccuracy. The samples were char-
acterized using x-ray~MoKa! analysis and found to exhibit
the same x-ray-diffraction pattern. As described below, our
data forl indicate a substantial amount of structural disorder
which might be produced by nonhydrostatic pressure condi-
tions in the sample cell. However, the x-ray analysis showed
no significant difference in peak width and positions between
fresh samples and those subjected to high pressure. There are
two possible explanations for this: Either the structural dis-
order was present already in the fresh sample, or the x-ray
pattern did not change sufficiently to enable the observation
of increased structural disorder.

The samples were loaded in the sample cells in an atmo-
sphere of dry argon. The cells were mounted in a piston-
cylinder type of pressure vessel with an internal diameter of
45 mm and a load was applied using a 5 MNhydraulic press.
Temperature was varied by cooling or warming the whole
pressure vessel and was measured using an internal Chromel
versus Alumel thermocouple which had been calibrated
against a commercially available~calibrated! silicon-diode
thermometer. Pressure was determined from load-area with
an empirical correction for friction which had been estab-
lished by comparison with directly measured pressure in a

hydrostatic experiment. The inaccuracy in temperature was
estimated as60.5 K and the inaccuracy in pressure as640
MPa. The vessel was cooled with a closed helium gas cycle
refrigerator. The apparatus has been described in detail
elsewhere.12

Measurements were made along either isobars or iso-
therms. During measurements along isobars, the rate of tem-
perature change was typically in the range 0.1–0.5 K min21.

III. RESULTS AND COMPARISON
WITH PREVIOUS WORK

A. The temperature and pressure dependence ofl

Figure 1 shows the temperature dependence ofl at dif-
ferent pressures. In contrast with ordered crystals,l of our
polycrystalline C60 depends weakly on temperature between
70 and 200 K. As is well known, ordered simple crystals
such as alkali halides exhibit typicallyl}T21 near and above
the Debye temperature, which at atmospheric pressure is
roughly 60 K for C60. As mentioned,l}T21 was indeed
obtained for single crystal C60.

3,4 In Fig. 2 we show our
results, extrapolated to atmospheric pressure, together with
literature data for both single-crystal3,4 and C60/C70 mixture.

8

FIG. 1. Thermal conductivity plotted against temperature, at
pressures in GPa given in parentheses. All data except at 0.3 GPa
are at decreasing temperature.

FIG. 2. Thermal conductivity plotted against temperature:
present work~d!, Yu and co-workers~Refs. 3 and 4! ~n!, Withers
et al. ~Ref. 7! ~s!, Olsonet al. ~Ref. 8! ~h!. The solid line corre-
sponds tol}T21.
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The significant differences, in both magnitude and tempera-
ture dependence, between our results and those for a single
crystal can probably be accounted for by a substantial
amount of structural disorder in our sample. Polycrystalline
samples of complex crystals sometimes exhibit a signifi-
cantly weaker temperature dependence thanl}T21.13 Gen-
erally, various kinds of structural disorder have been sug-
gested to be responsible for the phonon scattering which
causes this weaker temperature dependence. Results forl(T)
of ordinary glasses provide evidence for such interpretation.
In the temperature range considered here~40–300 K!,
glasses exhibit al which in general is almost independent of
temperature and, in fact,increasesslightly with increasing
temperature. As seen in Fig. 2 our results forl(T) show an
intermediate behavior between those found for glasses and
ordered crystals, respectively. At temperatures below about
170 K, l behaves as in a glass whereas above 200 K the
temperature dependence ofl approaches that found for or-
dered crystals. The latter is verified by least-squares fits in
the range 200–260 K, where typicallyl}T20.5 is found as an
average in the whole range whereas a fit close to the fcc-sc
transition temperature yieldsl}T20.9. As shown in Fig. 2,
the change indl/dT at about 170 K is not a feature which
occurs in our sample only. The data forl of the single crys-
tal show the same tendency, which is most clearly seen by
comparing with a line corresponding tol}T21 ~solid line in
Fig. 2!. In ordered crystals, theT21 dependence arises due to
three phonon umklapp processes but, as we shall explain in
the discussion section, it is possible that a phase transition is
responsible for the change indl/dT at about 170 K. If this is
the case then our data yield transition temperatures which are
only weakly pressure dependent~'20 K GPa21!. It should
be noted that the ‘‘glassy’’ behavior ofl discussed above
indicates structural disorder in the samplein addition to the
molecular orientational disorder which is responsible for the
glassy crystal transition.

Concerning the transition behavior, our data are in agree-
ment with that of the single-crystal C60.

3,4 However, as
shown in Fig. 2, the temperature dependence ofl below
about 170 K is in better agreement with that found by Olson
et al.8 for the compactedpolycrystalline C60 ~85%! mixed
with C70. The polycrystalline mixed C60/C70 sample exhib-
ited values forl which were glasslike in the whole tempera-
ture range 40–300 K~Fig. 2!. This glassy behavior is prob-
ably partly due to the large amount of C70 present. However,
as shown in the present investigation, even C60 of purity
better than 99.9% exhibits glasslike behavior forl ~below
170 K!. Our results together with those of Olsonet al.8 show
that a substantial amount of structural disorder can be intro-
duced in the lattice of C60. This might be an effect of the
method used in applying pressure on the sample. In our case,
the pressure transmitting medium is Teflon and it is therefore
impossible to obtain perfect hydrostatic pressure. The result
might be a breaking of the weak intermolecular van der
Waals bonds of C60, leading to crystal imperfections such as
stacking faults, interstitials and vacancies. Since the sample
which had been pressurized to 1 GPa gave essentially the
same results as the fresh sample, this effect must occur
mainly during theinitial pressurization of the sample. Unfor-
tunately, this pressurization cannot be monitored using data
for l since the thermal contact between the solid sample and

the hotwire is insufficient during the first pressure increase
up to about 0.05 GPa. For other materials we have found
good agreement between data forl of single crystals at at-
mospheric pressure and those for polycrystalline samples un-
der pressure.14 However, C60 might be a special case since it
has been shown to be affected by mechanical grinding. Us-
ing DSC measurements, de Bruijnet al.15 found that the
peak in the heat capacity, associated with the sc→fcc phase
transition, became smeared for a sample which had been
subjected to mechanical grinding. In two recent
investigations,16,17 it has been shown that the peak is less
pronounced and can even split into two peaks for samples
which exhibit crystal imperfections such as stacking disor-
der. A probable explanation is therefore that the grinding
produces a lot of structural defects which then cause the
observed transition behavior. It follows that nonhydrostatic
conditions might be responsible, at least partly, for the sub-
stantial amount of structural disorder which apparently is
present in our C60 sample.

Figure 3 showsl(P) both at room temperature and 150
K. The data at room temperature exhibit an increase indl/
dP at about 0.3 GPa, which is shown by the deviation from
the linear extrapolation of the low-pressure data~dashed line
in Fig. 3!. This coordinate corresponds well with that previ-
ously observed11 for the fcc→sc phase transition in this
sample. We note that the fcc phase has a somewhat weaker
pressure dependence ofl than the sc phase. Both phases do,
however, show the commonly observed9 linear increase ofl
with pressure. Using data forl(P) together with data for the
compressibility of C60 ~Ref. 11! for the same specimen it is
possible to calculate the density dependence ofl, which is
conveniently described using the Bridgman parameter
g5~] ln l/] ln r!T . At room temperature, we findg55.5 and
9.5 for the fcc and sc phases, respectively. At 150 K, we
obtainedg58.7 for the sc phase. Since odic phases typically
show values forg in the range 4–7 whereas ordered crystals
exhibit values in the range 6–10,9 the density dependencies
of l are typical for the type of phases that C60 exhibits. A
simple theory forg ~Ref. 9! yields g53g12q21/3, where
g is a weighed value of the Gru¨neisen parameters for the
modes contributing tol andq52~] ln g/] ln r!T . With this
theory, the unusually large intermolecular anharmonicity of
C60 ~Ref. 18! should yield a much larger value forg than that

FIG. 3. Thermal conductivity plotted against pressure, at tem-
peratures given in parentheses. The dashed line represents the best
fit of a first-order polynomial to the low-pressure data at 294 K.
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normally observed for crystals. Using a plausible value for
q~51–2! ~Ref. 19 and 20! together with an estimate forg of
the acoustical modes~g'5!,18 givesg'18. This difference
between theory and experiment might be due to the disorder
in our sample since amorphous states normally exhibitg'1–
4. It is therefore important to note that the results forg given
here pertain to our C60 sample and might be significantly
higher for single crystal C60.

B. The heat capacity per unit volumercp

As mentioned in the experimental section, the hotwire
method yields data for bothrcp ~Fig. 4! andl. However, the
data forrcp have a much larger uncertainty than those forl,
especially at low temperatures. Our data forrcp at 0.2 GPa
and room temperature were typically 15% lower than a value
calculated using data for heat capacity6 and density at atmo-
spheric pressure. We prefer therefore to use these data only
to discuss the transition between the sc and fcc phases.

C. The phase transition

The transition between the fcc and sc phases could be
detected as a change in the slope ofl(T) ~Fig. 1! and as a
peak in the data forrcp(T) ~Fig. 4! at about 270 K at 0.1
GPa. The transition temperatures, defined by the maxima in
rcp(T), are 265 and 275 K at 0.12 and 0.2 GPa, respectively.
The slope of the transition line calculated from these data is
DT/DP5120 K GPa21, which is within the range 100–170
K GPa21 that has been found in other investigations of
C60.

11,21

Normally l changes discontinuously at a first-order tran-
sition such as that between the fcc and sc phases and this was
also observed by Yu and co-workers3,4 ~Fig. 2!. We see no
such steplike feature in our data~Fig. 1!. Several effects
could be the cause of this. Our data forl indicate the pres-
ence of a substantial amount of structural disorder in addition
to the molecular orientational disorder. This structural disor-
der apparently causes the transition to occur over a consid-
erable temperature interval,15–17 which more or less can re-
move the discontinuity inl. Other possibilities are a
broadening of the transition region due to nonhydrostatic
pressure and a change of the transition to second order at
high pressures. In our view, the first two explanations are

most likely to be valid. We note that Lundin and Sundqvist11

found a continuous broadening or smearing of the transition
with pressure.

D. The glassy crystal transition

We associate the rather abrupt changes indl/dT, indi-
cated by arrows pointing upwards in Fig. 5, with the glassy
crystal transition.~The results with an arrow pointing down-
wards are discussed below.! Such an interpretation is sup-
ported by previous results forl near glass transitions. In
general,l does not change much at glass transitions. For
instance, at the glass transition temperatureTg of glycerol,l
decreases only slightly on heating.22,23 Another sign of a
glass transition can be a discontinuous change in thedl/dT.
For glycerol,dl/dT is weakly positive belowTg but slightly
negative above.22,23 A transient method, such as that em-
ployed here, often indicates an apparent peak inl and a dip
in rcp at a glass transition.22,23 These two anomalous fea-
tures are observed when the structural relaxation, associated
with the glass transition, causes a pronounced effect on the
temperature rise of the probe~hotwire!. C60 is a so-called
strong glass former24 in which the relaxation time changes
relatively slowly with temperature and, furthermore, glassy
crystal C60 should exhibit only a small amount of residual
entropy due to the relatively small degree of orientational
disorder. Consequently, theweak relaxation effects are dis-
tributed in a large temperature range and, therefore, the lack
of relaxation anomalies inl and rcp at Tg of C60 is not
surprising. All or some of the phenomena mentioned above
mightbe indications of a glass or a glassy crystal transition.
For example, it has been shown that the glassy crystal tran-
sition in cyclohexanol25 exhibits several of these phenomena,
whereas the glassy crystal transitions of cyclooctanol26 can
be detected only by a slight decrease inl.

The observed changes indl/dT are not very pronounced
but since it is well established that a glassy crystal transition
occurs in C60, it is sensible to ascribe these to the transition,

FIG. 4. Heat capacity per unit volume plotted against tempera-
ture, at pressures in GPa given in parentheses.

FIG. 5. Thermal conductivity plotted against temperature show-
ing glass transition anomalies~arrows pointing upwards!. The ar-
row pointing downwards indicates the temperature of maximum
orientational disorder~P/H550/50! for a sample which has been
pressurized from 0.07 to 0.4 GPa belowTg and thereafter heated
~see text!.
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especially since a similar behavior ofl has been found at the
glassy crystal transition of cyclohexanol25 and the glass tran-
sition of glycerol.22,23Furthermore, a sharp change indl/dT
was noticed at 90 K in the data for the single crystal,3,4 and
an extrapolation to atmospheric pressure of the temperatures
for our similar anomalies yields 90.5 K. We have considered
the possibility of other explanations for the change indl/
dT, for instance, that the melting point of argon is respon-
sible. Argon was used as a protecting gas in the glove box
during loading of the C60 in the sample cell. However, since
the melting point of argon is 84 K at atmospheric pressure
and 145 K at 0.3 GPa,27 this seems implausible.

The change indl/dT can instead be correlated with the
orientational order being temperature dependent aboveTg
but independent of temperature below. The C60 orientations
are commonly referred to as pentagon (P) and hexagon (H)
orientations, in which a double carbon-carbon bond on one
molecule faces the electron deficient center of a pentagon or
a hexagon of its nearest neighbor. At atmospheric pressure,
the P orientation is favored and theP/H occupation ratio
and the orientational order increase with decreasing
temperature.28 As a result, phonon scattering against orienta-
tional disorder decreases. AtTg , theP/H ~583/17! ~Ref. 28!
ratio becomes essentially frozen and the phonon scattering
arising from orientational disorder becomes temperature in-
dependent which yields the change indl/dT. In this model
it is also possible to explain whyTg appears more or less
clearly inl(T) at different pressures. As shown in Fig. 5, it
is much more difficult to determineTg at 0.2 GPa than at 0.1
and 0.41 GPa. Furthermore, at high pressures above about
0.7 GPa, it is also difficult to distinguishTg ~not shown!.
Both these facts can be explained in terms of a temperature-
independentP/H ratio both below andabove Tg for pres-
sures above about 0.7 GPa as well as at 0.2 GPa. It has been
shown29 that theP/H ratio depends very strongly on the
pressure. TheP orientation, which dominates at low tem-
peratures and pressures, rapidly gives way to theH orienta-
tion which permits closer packing.2 At 150 K, theP/H ratio
changes approximately linearly with pressure, passing
through 50/50 at 0.191 GPa.29 Since the two orientations
have the same energy at this pressure, theP/H ratio must be
50/50 atall temperatures near 0.191 GPa. This result to-
gether withP/H at atmospheric pressure28 can be used to
estimateP/H at all pressures and temperatures using the
assumption that theP/H ratio varies linearly with pressure.
Such an estimate shows that at pressures above about 0.7
GPa, theH orientation is much preferred andP/H'0/100 is
the equilibrium stateup to temperatures well aboveTg . ~If
we assume instead that the difference in free energy varies
linearly with pressure we find somewhat higher values for
the P/H ratio above 0.5 GPa, and a small fraction ofP
oriented molecules remains above 0.7 GPa.! It follows that
orientational order and, consequently,l is neither much af-
fected atTg near 0.2 GPa nor atTg at high pressures~.0.7
GPa!, which explains the difficulties to observe a glassy
crystal transition in these pressure ranges. An additional
complication at high pressure is thatTg falls very close to the
maximum inl(T) at about 160 K~see Fig. 1!, and it is thus
difficult to say whether the change indl/dT actually disap-
pears completely or whether there is a small residual cusp
due to orientational fluctuations even at high pressures. The

results forTg above 0.7 GPa must therefore be regarded as
uncertain even though the extracted transition coordinates
appear to agree fairly well with those extrapolated from low
pressures as shown by the phase diagram~Fig. 6!. Moreover,
a few runs for a specimen purified by sublimation~see ex-
perimental! yielded more pronouncedTg anomalies above
0.7 GPa~not shown! than those of the nonsublimed speci-
men ~Fig. 1!. The P-T coordinates for the transition yield
dTg/dP562 K GPa21 ~for both specimens!. Taking into ac-
count the normal curvature of such a transition line this in-
dicates that the glass transition pressure at 293 K is larger
than 3.5 GPa.

As described in detail elsewhere,30 the results forl near
Tg depends very much on the thermal history of the sample.
The discussion above concerns what we call the ‘‘normal’’
glassy crystal transition, observed when the pressure is the
same on heating throughTg as on cooling. If, however, the
pressure is changed belowTg then a different situation
arises. For instance, if C60 is cooled at 0.07 GPa thenP/H
575/25 atTg . Since the molecular reorientation is very slow
below Tg , changes in pressure and temperature do not sig-
nificantly change this ratio once the sample is in the glassy
crystal state. If the pressure is increased to 0.4 GPa theP/H
ratio remains 75/25, although in the ‘‘normal’’ glassy crystal
state it should have been 20/80. The results for a sample with
such a thermal history when heated at 0.4 GPa are shown in
Fig. 5. In this case,l(T) exhibits a minimum~arrow pointing
downwards! which can be explained byP/H relaxation to-
wards the equilibrium value of 20/80. It is reasonable to
assume thatl(P,T) should exhibit a minimum at maximum
orientational disorder, i.e.,P/H550/50. Since we must pass
through the maximum degree of orientational disorder during
the relaxation fromP/H575/25 toP/H520/80, a minimum
in l is expected. It is clear from the results in Fig. 5 that the
relaxation in this case can be observed at temperatureswell
below the ‘‘normal’’ Tg at 0.4 GPa. It is therefore apparent
that the reorientational relaxation time~and Tg! must be
strongly dependent on theP/H ratio and, in particular, in-
crease with a decreasingP/H ratio. This increase can be
associated with the volume decrease which accompanies
with a decreasingP/H ratio. As a consequence of the
smaller intermolecular distances the potential barrier for the
reorientational motion increases, which yields a larger reori-

FIG. 6. Phase diagram for C60. ~d! fcc→sc phase transition,
‘‘normal’’ glass transition~see text! observed on~h! cooling, ~j!
heating.
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entational relaxation time. It follows that the reorientational
relaxation time~andTg! in C60 is unusually strongly depen-
dent on the thermal history since the equilibriumP/H ratio
varies strongly with pressure and temperature.

An interesting consequence of the model described is that
l can either decrease or increase with time for a nonequilib-
rium sample kept at constant pressure and temperature, de-
pending on the current and equilibrium values for theP/H
ratio. This situation is shown in Fig. 7. The results pertain to
C60 which has been cooled from room temperature to below
Tg at 0.07 GPa, isothermally pressurized to 0.7 GPa at 80 K,
and subsequently annealed at 100 K~0.7 GPa!. Accordingly,
the frozen-inP/H ratio is about 75/25 whereas the equilib-
rium state should be close toP/H50/100. As can be seen,l
initially decreases following the change ofP/H towards 50/
50, reaches a minimum~P/H550/50! and thereafter in-
creases as the orientational order improves. Since the de-
crease is more rapid than the following increase it appears
that the initialt is shorter than that at the end of the anneal-
ing, also in good agreement with the model.

IV. DISCUSSION AND CONCLUSIONS

We have argued that our sample of C60 exhibits a substan-
tial amount of disorder. An indication of this is given by the
phonon mean free path. The mean free pathl can be esti-
mated using the simple Debye formula forl which is given
by l5(1/3)rcvln, wheren is the phonon velocity andrcv is
the heat capacity per unit volume of the phonons which are
responsible for the heat transport. We associate the vibrating
unit with the C60 molecule ~cv525 J mol21 K21, r52400
mol m23! and approximaten with the sound velocity
~'23103 m s21!, which yieldsl550 Å at 200 K~about three
lattice constants!. Although the absolute value forl obtained
in this way needs to be treated with caution, the truel is
almost certainly rather small. It probably follows that the
amount of defects must be substantial but a quantification is
not possible without specific knowledge of their ability to
scatter phonons.

The results forl(T) can be discussed qualitatively in
terms of available models as well as the known behavior for
l at transitions. We will mainly discuss the result forl(T) at

0.1 GPa, but the specific features which occur in the data can
be observed at all pressures if shifts in temperature with pres-
sure are accounted for. As shown in Figs. 1 and 5, there are
several discontinuities indl/dT. Such behavior is usually
due to phase transitions~first or higher order!. The well-
established glass transition in C60 at 90 K and the first-order
transition at 260 K explain the discontinuities indl/dT near
these temperatures.~The change indl/dT at low tempera-
tures, e.g., 60 K at 1 GPa, can be attributed with confidence
to the decrease of the heat capacity at roughly constant mean
free path.! At about 170 K, we observe another abrupt
change indl/dT which might also be due to a transition.
However, before discussing this possibility we will explore
the extent to whichl can be modeled below 260 K.

At low temperatures the large amount of structural disor-
der dominates the phonon scattering, which is reflected in a
weak temperature dependence forl in comparison with that
of an ordered crystal. At sufficiently high temperature one
expects that three phonon umklapp processes should provide
significant additional phonon scattering, yieldingl}T21. In
order to test if umklapp processes together with scattering
from structural defects could describel(T) in the range
100–260 K~aboveTg!, we employed the commonly used
relaxation time model forl.31,32 In addition to the relaxation
time t for umklapp scattering, we introduced a constantt to
roughly account for the scattering from structural defects~a
constantt is normally associated with boundary scattering
but is also sometimes used to discussl of amorphous mate-
rials!. However, a fit yielded poor agreement with the experi-
mental data, mainly because of the abrupt change indl/dT
near 170 K. That is, we find that three-phonon umklapp scat-
tering cannot cause a change indl/dT at 170 K sharp
enough to give a fair description of the data. It is possible
that the model, which assumes Debye lattice waves, is too
simple or even invalid for materials with a substantial
amount of structural disorder. A different approach using
Einstein oscillators is sometimes employed for disordered
materials,8,13 but will also fail because it yields a constantl
at high temperatures. We conclude that the most commonly
employed models forl cannot explain the change indl/dT
at 170 K without introducing a scattering mechanism which
increases the phonon scattering more abrupt than umklapp
scattering, or a phase transition which changes also other
properties such as the phonon velocity~see below!. A scat-
tering source might be provided by other modes than the
acoustical and, in particular, the librational modes of C60. As
a consequence of large molecular mass, C60 exhibits low-
frequency librational branches which overlap those of the
acoustical modes.33,34 It follows that these modes can be im-
portant to phonon scattering and there is experimental evi-
dence for such strong scattering in for example solid N2 and
CO.35 However, a quantification for C60 is difficult due to the
meagre theoretical knowledge about phonon-libron scatter-
ing.

In analogy with the model proposed forl(T) in the single
crystals,3,4 the anomaly inl(T) at the glass transition can be
described qualitatively using the relaxation time model. In
the analysis of the single-crystal data, Yu and co-workers3,4

introduced a phonon scattering rate associated with the P-H
orientational disordertOD. Furthermore, they assumed that
the three-phonon umklapp process was the only other signifi-

FIG. 7. Thermal conductivity plotted against time at 0.7 GPa
and 100 K. Thermal history: sample cooled from room temperature
to belowTg at 0.07 GPa, pressurized to 0.7 GPa and, subsequently,
heated to 100 K.
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cant scattering source. These assumptions yielded the ob-
served discontinuity indl/dT at Tg since the P-H disorder
decreases and, consequently,tOD increases down toTg
where it becomes constant. Our data forl in the range 50–
170 K can be described in an analogous way. However, in
our case, the dominant scattering mechanism in the sc phase
is structural disorder~other than orientational disorder!. Con-
sequently, if we exchange the scattering rate for umklapp
processes with one associated with structural disorder~t
5const! then the discontinuity in our data can be reproduced
~not shown in the figures!.

We return now to the 170-K anomaly and two other pos-
sible explanations for this result, besides umklapp and libron
scattering described above. One originates fromheat trans-
port through nonacoustical modes, which therefore is quite
the opposite of the one described above in which these
modes act only in scattering processes. The other explanation
attributes the anomaly to a phase transition.

We first consider the possibility that nonacoustical modes
cancontributeto a significant extent tol. Through theoreti-
cal calculations, it has been found that the optical vibrations
in an alkali halide36 can contribute significantly tol. In ad-
dition, there is experimental evidence that also librational
vibrations can take part in heat conduction,37 besides being
possible scattering sources.35 When nonacoustical modes are
excited, additional paths for the heat transport become avail-
able if the modes exhibit a large group velocity.~Otherwise
they can serve only as scattering sources for the acoustical
modes.! Such modes with large group velocity do exist in
C60.

34 This contribution is added to that from acoustical
modes and, hence, yields an increase indl/dT,36 similar to
that observed in the data for the single crystal near 120 K
~Fig. 2!. At even higher temperature,l can approachT21

when the nonacoustical modes which contribute tol are
fully excited,36 in agreement with the single-crystal results
above about 160 K as well as our results near the sc→fcc
phase transition.

Another explanation for the result near 170 K is a struc-
tural transition. There are several investigations at atmo-
spheric pressure which suggest the existence of such a trans-
formation. Among these, both Sakaueet al.38 and Moret39

found weak evidence for a transition near 160 K in the x-ray-
diffraction pattern of C60, and a recent investigation of the
photoconductivity40 supports this suggestion. Moret39 pro-
posed that the transition might be associated with a change
of the nature of the correlated reorientational motion. Such a
transition could increase the phonon scattering rate but also
affect l through changes in other properties, e.g., the inter-

molecular forces. In fact, it has been found that the sound
velocity decreases more rapidly with temperature above 160
K than below.41,42 In the simple Debye formula,l is propor-
tionally to the sound velocity. Consequently, if we assume
that the group velocity of phonons that dominate the heat
transport exhibits the same tendency as the sound velocity
~despite the fact that their frequencies are much higher than
those of sound waves! then this explains the observed dis-
continuity in dl/dT. Furthermore, according to the Debye
formula, the change in~d log l/d log T! due to a change in
phonon velocity would be equally large in our data as in the
single-crystal data, which is roughly in agreement with the
experimental data~Fig. 2!. If instead a scattering source was
solely responsible for the 170 K anomaly then it would prob-
ably be much more pronounced in the single-crystal data
than in our data. This follows from a discussion ofl which is
much smaller in our~structurally disordered! specimen than
in the single-crystal specimen. Consequently, a new scatter-
ing mechanism should affectl of the single crystal much
more than that of our specimen, which is indisagreement
with the experimental results.

There have been several observations1 of anomalies in the
properties of C60 at 160 K. These have usually not been
explicitly attributed to a new transition, but instead been re-
ferred to as precursor effects of the sc→fcc transition1 at 260
K, which is associated with the onset of almost isotropic
reorientation. If the anomalies observed at 160 K on heating
are indeed associated with the onset of an additional mode
~or modes! for the reorientational motion then these two
models seem to be basically identical.

In summary, our data forl(T) at 0.1 GPa show anomalies
at about 90, 170, and 270 K. Those at 90 and 270 K are
associated with the well-established glass and phase transi-
tions, respectively. The feature observed at 170 K support
previous reports38–40 of a transition, which could be associ-
ated with the excitation of an additional reorientational
mode. However, we cannot completely exclude that our
anomaly at 170 K is associated with a strong scattering
source~perhaps librons! or even originates from heat con-
duction through nonacoustical modes, although the latter is
less likely.
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