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The thermal expa11sion of fullerite C60 has been measured in the temperature range 2-9 K. A 
compac.t~d fullcrite sample with a diameter of about 6 mm and height of 2.4 mm was used. It was found 

that at temperatures below - 3.4 K the linear thermal expansion coefficient becomes negative. At 

temperatures above S K our results are in good agreement with the available literature data. A 

qualitative cxplaPation of the results is proposed. 

PACS: 74.70.Wz 

A considerable body of data already exists on the 
physical properties of fullerites [ 1 ]. Regarding the 
thermal expansion, however, no data yet exist on 
the thermal expansion of c60 and other fullerites at 
temperatures below 5 K (Ref. 2), although one may 
expect that at liquid helium temperatures there are 
peculiarities typical of orientational glasses in the 
behavior of the thermal expansion of c60 . In this 
paper we report the results of measurements of the 
thermal expansion of C60 carried out in the tem­
perature range 2-9 K. Since C60 has a cubic lattice, 
its thermal expansion is isotropic and fully de­
scribed by a single thermal expansion coefficient. It 
is therefore not necessary to use single crystals in 
thermal expansion studies. 

The sublimated C60 powder used in our experi­
ment for sample preparation was supplied by Term 
USA, Berkely, CA, and had a nominal purity of 
better than 99.98%. No traces of solvents were 
found by Raman analysis within its accuracy ( 0 .1 % 
by mass). Room-temperature powder x-ray diffrac­
tion pattern of the material displayed sharp peaks 
from fee structure (a= 14.13 A). In an atmosphere 
of dry argon the C60 powder was loaded in a small 

piston-cylinder device used for the sample prepara­
tion. After subsequent compacting of the powder at 
about 1 GPa, the sample (pellet of 6 mm in diame­
ter and about 2.4 mm in height) was immediately 
transferred into a glass tube and dried under dy­
namic vacuum to-6 Torr for about 16 h. The com­
pacting procedure was done in air and did not 
exceed 15 min. Finally, the sample was sealed in 
vacuum 10-6, shielded from light, and kept in that 
state for 3 months until the beginning of dilatomet­
ric measurements. Before mounting the sample, the 
glass cell containing the sample was opened in 
argon atmosphere at excessive pressure of about 
200 Torr. During insertion of the sample into the 
measuring cell of the dilatometer, the sample was 
exposed to air for no more than 20 min and then 
was evacuated. During the measurements the vac­
uum in the dilatometer cell was maintained at the 
level of 10-6 Torr. 

The measurements of the linear thermal expansion 
were carried out in the IL TPE of the National 
Academy of Sciences of Ukraine by using a rapaci­
tive <lilatometer [3]. which was specially modified 
for the measurements on C60 . The resolution of the 
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dilatometer was 2.10-9 cm. The sample was trans­
ported to Kharkov in a vacuum glass eel 1. shielded 
from light and was held in a high vacuum durmg 
the measurements. 

The dilatometer was constructed in such a way 
that all its elements capable of affecting the meas­
ured thermal expansion of the sample due to their 
own thermal expansion were held at constant tem­
perature in a liquid helium bath. The temperature 
of the sample was measured by a reference germa­
nium resistance thermometer and a differential ther­
mocouple. Since the sample was in a vacuum cham­
ber, it was well insulated thermally. Figure 1 shows 
a schematic drawing of the measuring cell of the 
dilatometer. A thermometric block containing the 
sample thermometer, a thermometer to control the 
temperature, and a sample heater were HYJUnted on 
the objective table (4) of the dilatometer with 
which a good thermal contact was established. The 
fullerite sample studied (7) was also located on this 
table. The temperature difference between the 
upper and lower parts of the sample was measured 
by a differential thermocouple (gold-iron ::illoy ver­
sus copper), which measured the temperature differ­
ence bet·veen the objective table ( 4) of the dila­
tometer and a fine aluminum foil gasket (3) 
0.02 mm thick and a 7 mm wide, which is located 
between the upper part of the sample and a sapphire 
hemisphere (6). Thermal connections benvcen the 
objective table and the structural elements of the 
dilatometer and those with the displacement gauge 
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Fig. I Schematic drawing of the measuring cell of the dila· 

tometer: rod to sensitive displacement transducer (I); :;apphirc 

tip (2); aluminum packing (3); sapphire objective table of the 

dilatometer (4); base for the obj"ct1ve table (5); sapphire hemi­

sphere (Ii); C
60 

sample (7); ''mphirc support for the dilatomc­
ter objective table (8) Elements I, 2, ), and 8 are in ~ liquid 

h<"lium bath held at constant liquid helium temper.itun:. 
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were made by sapphire·sapphire point contacts. Be­
cause of the hardness and thermai conductivity of 
single-crystal sapphire, such contacts were found to 
perform very well in dilatometers [4,S J. According 
to the data of Carr and Swenson [ 4], the thermal 
expansion of a sapphire single crystal along the 
direction making a 60° angle with respect to the 
hexagonal axis is et= L2T2·2.10-11 K-1 in the tem­
perature range under consideration. For the direc­
tion along the axis this magnitude is probably even 
smaller since at room temperature the linear ther­
mal expansion of sapphire along the hexagonal axis 
is an order of magnitude smaller than that in the 
basal plane [6]. Therefore, in order to have a mini­
mal thermal expansion the sapphire was cut from a 
single crystal of artificial sapphire in such a way 
that the direction along which thermal expansion 
measurements of the. studied samples were n1ade 
coincided with the direction of the hexagonal axis 
of the sapphire crystals. It should be noted that 
since we did not know the true contribution of the 
sapphire and the aluminum foil to the results of 
thermal expansion measurements of C60 , we made 
additional studies to determine this contribution. 
From the data obtained by us it was found that this 
contribution was smaller than the experimental 
resolution of our setup in the whole range of tem­
peratures studied. 

Temperatures below 4.2 K were obtained by 
pumping out liqu:d heEum into a small container 
which was in thermal ,~ontact with the sample and 
by continuously rehlling it by using the capillary 
method of Delong et al. f7l. The elongation of the 
sample was measured by a two-terminal capacitive 
gauge connected so as to determine the frequency of 
a tunnei diode oscillator circuit. The block contain­
ing the capacitive displacement gauge and the tun­
nel diode oscillator were also placed in a liquid 
helium bath at constant temperature. 

The change in the length of the sample was 
determined by increasing the temperature and de­
creasing it. Data on the temperature and sample 
length were measured once a minute and processed 
in real time by a computer. 

The measurements were made by a temperature 
step technique. At the beginning of each measure­
ment the sample was held at constant temperature 
T 1 and the output of the displacement gauge was 
constant. The temperature of the objective table 
with the sample was then changed to a temperature 
T 2 , which from that moment was held constant. 
When the temperature variation of the sample no 
longer exceeded 0.001 K per minute, we determined 
the change in its length because of the temperature 
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Fig. 2. Linear thermal expansion coefficient of fullerite C60 . 

change from T 1 to T2 . The temperature steps were 
0.1-0.3 K, depending on the temperature region. In 
the temperature range below 4.2 K eight runs were 
made as the temperature was raised and then low­
ered, while in the temperature range above 4.2 K 
three runs were made. 

This procedure determined the relative elongation 
of the sample (Af .. ,/ L0) as a function of tempera­
ture, and the thermal expansion was determined b)( 
differentiating these results with respect to tem­
perature. 

Figure 2 shows the final results for the linear 
thermal expansion coefficient a of c60 as a function 
of temperature (the solid curve). The error bars 
show the estimated experimental errors. A marked 
increase in the error below 2.5 K is worth noting; 
however, we have failed to find the reason for this 
behavior. The most interesting and, at first glance, 
unexpected result is the negative thermal expansion 
observed below about 3.4 K. Such a phenomenon 
has been observed previously in other molecular 
crystals at liquid helium temperatures, namely, in 
methane below 8 K (Refs. 8-10) and in a dilute 
solution of nitrogen in argon at T < 3.5 K 
(Ref. 11). For comparison, we show as open circles 
the existing experimental data from dilatometric 
studies of the linear thermal expansion coefficient 
of a single crystal of C60 (Ref. 2). In the overlap­
ping temperature range 5-9 K ari excellent agree­
ment is observed between these data and our re­
sults. As another comparison, the dashed curve 
shows the results of a calculation of linear thermal 
expansion coefficient obtained from data for the 
specific heat capacity of C60 (Ref. 12), assuming 
that the Grlineisen law y = 3a V /Cx is valid, i.e., 
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Fig. 3. The Grtineisen coefficient of fullerite C60 . 

the behavior expected for a in a quasi-harmonic 
model for the crystal lattice. Data for the com­
pressibility x and molar volume V were obtained 
from Refs. 12-14, and the Grlineisen coefficient y is 
assumed to be equal to 3 (Ref. 13), which is close 
to the Grlineisen coefficients for rare gas solids and 
for simple molecular crystals with dominant central 
interactions [ 15, 16]. If instead we use the present 
data for a to calculate an ~effective• Grlineisen 
parameter as a function of temperature, we find 
that at temperatures below 3.4 K the Grlineisen 
coefficient is negative and reaches very iarge values 
(Fig. 3). For a glassy (disordered) material such as 
an orientationally disordered SC C60 We would ex­
pect to find a comparatively small contribution to 
the thermal expansion, which would be propor­
tional to absolute temperature, but against the 
observed background of very large negative values 
such a component is impossible to see. 

As mentioned above, a negative thermal expansion 
coefficient has previously been observed in some 
other molecular crystals, and it is reasonable to 
assume that the effect observed here arises from the 
same mechanism. In the case ~f molecular crystals a 
negative thermal expansion can arise from the tun­
neling of molecules between different orientational 
states with identical energies. It is well known [ 17] 
that tunnel energy levels split up into several levels 
Ei equal to the number of energy equivalent states 
of the molecule. The Grtineisen coefficient for such 
levels, Yi= -(d In Ei)/(d In V), is negative since 
the magnitude of the separation between the new 
levels increases with decreasing height and width of 
the barrier, which prevents a molecule from rotat­
ing. In turn, the indicated parameters of the barrier 
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decreac;e with increasing volume V of the solid in 
such a way that the derivative of Ei with respect to 
V is positive and Yi is negative. In the Grilneisen 
law approximation a = yC, where C is the specific 
heat and y is the effective Grilneisen coefficient. It 
thus follows that at sufficiently low temperatures, 
where the rotational motion of molecules occurs 
mainly through tunneling, the thermal expansion 
coefficient must be negative. The tunnel splitting of 
energy levels depends exponentially on the height 
U of the barrier [17], while U, in turn, has a power 
dependence on the crystal volume V [18]. The re­
sult is that the Grilneisen coefficients are very 
large [19,20]. The unusually large negative values 
of y obtained here are therefore strong evidence for 
the tunneling nature of the negative thermal expan­
sion. 

These considerations are, of course, common for 
all substances whose molecules have orientational 
degrees of freedom, but in most cases the thermal 
expansion becomes negative only at very low tem­
peratures which are beyond the reach of experiment 
because of the presence of very high barriers that 
prevent the molecules from rotation. The barrier U, 
which prevents fullerene molecules from rotating in 
the solid phase, is also rather high [21] and it seems 
surprising that tunnel splitting of the levels can 
reveal itself at such a high temperature as a few 
degrees. The lowest librational energy levels of 
fullerite in a low-temperature phase are about 7.3 
and 8.5 cm-1 (Refs. 22-24). A possible reason for 
the large tunnel splitting is that the low-tempera­
ture (T < 90 K) phase of C60 is an orientational 
glass, and for some molecules in the glass the 
barrier may appear to be significantly lower than 
that is observed in experiments on crystals with 
orientational . order. Local deformations arising in 
c60 during the formation of the orientational 
glass (25] might also decrease the value of U. Note 
that the structure of the glass and, hence, the 
coefficients a and y may depend on the history of 
fullerite samples, and on the type and number of 
impurities in them. 

Finally, impurity atoms and small molecules can 
be located in interstitial voids and tunnel between 
them at low temperatures. In principle, this situ­
ation must lead to a splitting of their tunnel levels 
and account for the negative contribution to the 
thermal expansion. The presence of impurities in 
the molecular inter~titials has also been shown to 
change the critical temperature for the orientational 
transition [26] and thus should also have an effect 
on the barrier U. We therefore note that a small 
concentration of argon may exist in our sample, 
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which was prepared in an argon atmosphere. On the 
other hand, the probability of tunneling must be 
highest for light molecules such as H2 and for He 
atoms, but significantly smaller for the compara­
tively heavy atoms of argon. 

Although we can thus explain qualitatively the 
effect which we observed, no detailed explanation 
has yet been found. The influence or, for example, 
the sample history and impurities on the effect 
requires further investigation. and it would also be 
interesting to extend the studies to lower tempera­
tures. 
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