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A simple model is developed to describe the intermolecular interactions in solid C60. The model pre-
dicts correctly the observed ground-state structure Pa3 and the first-order transition to the high-
temperature fcc phase. The calculated transition temperature T, -270 K and its pressure dependence
dT;/dP =11.5 K/kbar agree very well with recent experiments. Below T„ there exist nearly degenerate
orientations which are separated by potential barriers of order -300 meV, leading to a glassy behavior
with T~-90-130 K. It is suggested that similar orientational disorder exists in K3C60 and other ful-

lerides.

PACS numbers: 61.50.—f, 61.55.—x, 64.70.Kb

The recent discoveries of an efficient synthesis [I] of
C6p and superconductivity in K3C6a and Rb3C6e [2] have

generated great interest in the structural and electronic
properties of these materials. It is known that at room
temperature C6p molecules are centered at fcc Bravais
lattice sites in both solid C6u and K3C6u [3]. Recently it
was reported [4] that solid C6u undergoes a structural
phase transition around 250 K from fcc to the simple cu-
bic Pa3 structure at low temperature. Both x-ray and
NMR measurements [5] indicate that this transition is

related to the orientational order of the C6a molecules.
We have developed a model to study the basic structur-

al properties of solid C6u. The model consists of two dis-
tinct types of intermolecular interactions. The dominant
one is the van der Waals-type interactions between car-
bon atoms on different C6p molecules. A secondary
short-range Coulomb interaction is modeled by a small
charge transfer between the two types of bonds in the C6p
molecule. In contrast to early calculations [6] which in-

clude the van der Waals interactions only, our model pre-
dicts correctly the observed cubic ground-state structure
Pa3. Many structural properties calculated, such as the
compressibility, cohesive energy, and specific heat, are in

good agreement with experiments [7].
Most importantly, the model enables us to examine the

possible structural phase transitions and orientational or-
der in bulk C6p. In this Letter we describe our model and
summarize some of our basic results which include the
following: (I) The orientationally ordered ground state is

simple cubic with symmetry Pa3 as observed in experi-
ments [8]. (2) At T, the structure und. ergoes a first-order
transition from Pa3 to the high-temperature fcc phase
where each molecule can freely rotate. The estimated
transition temperature is T, —270 K, in agreement with
experiments [4,9]. (3) The pressure dependence of the
T, is calculated to be. dT, /dP =11.5 K/kbar which agrees
very well with the observed values of 11.7 and 10.4
K/kbar [10]. (4) Below T„, there are many nearly degen-
erate orientations for each C6p which are separated by po-
tential barriers of order -300 meV. This leads to novel
frequency-dependent relaxation dynamics. (5) We pre-
dict that around T~ —90-130 K the system undergoes a
glassy transition when the equilibrium relaxation time

exceeds the laboratory time scale. This explains the ex-
istence of disorder at low temperature as observed in the
neutron-scattering experiments [9,11]. (6) It is suggested
that similar disorder exists in fullerides such as K3C6p
and Rb3C6p.

The intermolecular interactions and the ground
state. —As a result of the strong intra-C6p covalent bonds
one expects that the structural properties of bulk C6p at
low temperature are dominated by the weak inter-C6p in-
teractions. This is supported by the fact that the internal
molecular structure is unchanged in the solid state. Since
the minimum distance between two C atoms on different
C6p molecules (3 A) is much larger than the covalent
bond length, the interaction is primarily van der Waals in

nature and can be described by the Lennard-Jones poten-
tial. As the minimum distance is comparable to the inter-
layer spacing in graphite (3.5 A), it is reasonable to as-
sume that the van der Waals interaction is similar to that
in graphite. There are two parameters in the standard
Lennard- Jones potential:

U(R) =4e[(tr/R) ' —(cr/R) ].
In the case of graphite it is easy to see that lattice con-
stant c and the modulus of elasticity c33 are solely deter-
mined by the above potential. From the well-documented
graphite data [12], c=6.708 A and c33 0.408x IO'

dyn/cm, it is found that e =2.964 meV and cr=3.407 A.
If Eq. (I) is the only interaction between two C6u mole-

cules, then the ground state is found to be orthorhoabic
[6], in contradiction to the observed simple cubic struc-
ture Pa3. On the other hand, the cohesive energy calcu-
lated is in fair agreement with experiment. This demon-
strates that there exists a secondary interaction which
makes the Pa3 structure more stable. Indeed there is one
crucial difference between a sheet of graphite and the C6p
molecule —the former contains only one type of covalent
bond while there are two in the latter. Because of the
differences in the bond length in C6u, 1.45 A for "single"
bonds and 1.40 A for "double" bonds, one expects that
there will be a deficiency of electrons in the single bonds
and an excess in the double bonds. Such a charge
transfer will naturally lead to short-ranged intermolecu-
lar Coulomb interactions. (Because the C60 molecule is
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charge neutral and has a high symmetry, the interaction
decays as 1/R ' at long distance. ) This interaction will

favor a nearest-neighbor configuration in which a penta-
gon (consisting of five single bonds) of a C6o molecule
faces an oppositely charged double bond of the other mol-
ecule. Indeed this has been found in experiments [8].

To model the secondary interaction we introduce an
effective charge q on single bonds (by the charge neutral-

ity the effective charge on double bonds is —2q). Thus
the total interaction between two C60 molecules is

eo 0
V12= g 4e

I j=l rli r2j

90

+
n(, n I [b m(b2n I

' l2

r2j

(2)

where r1; 2J are coordinates of C atoms, b1» 2„are coordi-
nates of bond centers, and q„, „are the eAective bond
charges. The above interaction not only depends on the
relative distance between the two molecules, but also on

the orientations of two molecules, thus giving rise to in-

teresting orientational dynamics in solid C60.
Using the above interaction a search for the ground

state was carried out by minimizing the total energy us-

ing the steepest descent method with four independent

C60 per unit cell. It is found that for q) 0.21e, where e is

the electron charge, the lowest energy state is always cu-
bic with the Pa 3 symmetry. The ground-state orientation
is described by rotating four molecules through the same
angle & =21.3' (clockwise) but about different (111)
axes: the molecule at (0,0,0) about [111], that at
(0, —,', —,

' ) about [111],that at ( &,0, 2 ) about [111],and

that at ( &, —. ,0) about [111][8]. These rotations result

in twelve identical nearest neighbors for each C60 with six
pentagons almost directly facing the double bonds of
neighboring molecules, thus maximizing the short-range
Coulomb interactions. Experimentally the rotational an-

gle was found to be 22' and 26' [8], in good agreement
with our calculation.

Since the only free parameter in our model is the
eA'ective charge q, we fixed it by fitting the low-

temperature lattice constant. From a =14.041 A [9] one
obtains q =0.27e, which is reasonable as one expects that
the charge transfer should be a fraction of a single elec-
tron charge. Once the eA'ective charge is known, the in-

termolecular interactions, and hence the low-temperature
structural properties, are completely determined. Else-
where we summarize elastic properties, phonon and lib-

ron spectra, and specific heat [7]. These results are in

close agreement with experiments where data are avail-
able. The calculated cohesive energy is —1.990 eV/C6o,
of which 90% comes from the Lennard-Jones interaction
and only 10% is due to the Coulomb part.

The sc fcc ftrst order trans-ition A-s the temper. a—ture
increases, C60 molecules can be thermally activated into
other orientations. Therefore above a certain tempera-

ture T,. one expects that they can rotate freely and the
average structure will be fcc. Indeed at room tempera-
ture this is the observed experimental structure.

To estimate the transition temperature we employ a
mean-field argument by calculating the free energies.
For the fcc phase we approximate each C|,0 as a three-
dimensional free rotor. The free energy is the sum of the
static'energy Ef„-, and the free energy of three-dimen-
sional rotors at temperature T, Ft„(T)=N[Et,„—kttT
xln8tt (IkaT/2tth ) / ], where I=I.Ox IO kgm is

the moment of inertia for the C60 molecule. The static
energy Ef„ is calculated by averaging over random
configurations. In the Pa3 phase each molecule vibrates
around its optimal orientation. So, the free energy is the
suiTi of the static encl gy Ep 3 and that of three-
dimensional harmonic oscillators, Fp, 3(T) =N [Ep,3

+3kttTln(I —e ' )], where too= I.86x 10' s ' is

the average frequency of librons [7]. The transition tem-
perature is identified as the point where the two free ener-
gies are equal. Using the lattice constant of a =14.16 A
[9] we find Et,„=—1..7. 72 eV/C6o and Er, , = —1.96—8

eV/C6o, I'rom which we obtain a first-order transition at
T, -270 K. The change of entropy at the transition tem-
perature is estimated to be AS-6R from the calculated
T, . Experimentally it is found that there is a first-order
transition at 260 K [9]. The measured entropy discon-
tinuity ranges from 2. 1R [4] to 3.7R [13]. We expect
that our mean-field estimation of the entropy discontinui-
ty is very crude; a Monte Carlo study [14] is being car-
ried out to calculate thermodynamic properties near T,

Using the above criteria we also calculated the pressure
dependence of the transition temperature. Elsewhere [7]
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FIG. 1. The increment of the first-order transition tempera-

ture T, as a function of the pressure. The calculated T,. at zero

pressure is 270 K. A linear fitting through the calculated points

gives dT, /dP= I I.5~0.7 K/kbar. This is in good agreement
with recent experimental results of 11.7 and 10.4 K/kbar [10].
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FIG. 2. The potential energy for the C60 sitting at (0,0,0) as
a function of rotation angle away from its equilibrium orienta-
tions. "111," "110," and "1-10"correspond, respectively, to
threefold, fivefold, and twofold rotation axes of the molecule.
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we have calculated the compressibility of the ground state
to be Kp=5. 175 Mbar ' which leads to dap/dP=0. 024
A/kbar. Assuming that the only effect of the pressure is

to change the lattice constant we calculated the static en-

ergy E~,3 and Ef„as functions of pressure from which

the transition temperature is obtained. Figure 1 shows

the calculated increment of T,. as a function of the pres-
sure. The linear fitting gives a slope of dT„/dP=11. 5

~0.7 K/kbar. This result agrees very well with recent
experimental results of 11.7 and 10.4 K/kbar [10].

The g/assy transition at low temperature. —As de-

scribed in the previous section, in the ideal ground-state
structure each C60 molecule has a unique orientation.
However, there are many local minima with energy close
to that of the ground state. These local minima are
separated by large potential barriers of 300 meV. An ex-
ample is shown in Fig. 2 where the potential energy for
the C6p at (0,0,0) is shown as a function of the rotation
angle along three high-symmetry axes. As one can see
there are many local minima; particularly a rotation of
60' along the threefold axis leads to a deep local
minimum. Near T, one expects there will be a thermal
distribution of orientations among diA'erent local minima,
achieved by thermal activation of molecules from one lo-

cal minimum to another. As temperature decreases, the
time needed to reach equilibrium increases exponentially,
similar to what occurs in the orientational glasses such as
(KBr)~ „(KCN)„[15]. Thus we expect that at a tem-

perature for which the equilibrium time exceeds the ex-
perimental time scale, the system freezes with a finite
amount of disorder which persists down to zero tempera-
ture. This explains the neutron-scattering results which

indicate that even at 14 K there is still about 20%-30% of
disorder [9,11].

The freezing temperature Tg can be roughly estimated

by considering the transition rate I/r for a molecule to be

thermally activated between local minima,

1/r =ve (3)

where v —10' Hz is the libration frequency and Eb
—300 meV is the typical potential barrier. r should
serve as a time scale needed for the system to reach equi-
librium. From Eq. (3) one concludes that r changes
from 1 s to 1 day between 130 and 90 K. Therefore we

expect that within this temperature range the system un-

dergoes a glassy transition below which disorder becomes
frozen. The amount of disorder will depend on the exper-
imental details such as the cooling rate.

Equation (3) has several other important implications
which can be directly confirmed by finite-frequency
probes. One example is the motion-narrowing effect in

NMR experiments which is expected to disappear when

I/r is below the chemical-shift-anisotropy (CSA) width.
Indeed the NMR results of Tycko et al. [16] indicate
that for a CSA width of 18.2 kHz the line broadens
below 190 K and develops a powder pattern at lower tem-
perature. This is in fair agreement with the 200 K calcu-
lated from Eq. (3). They also concluded that the thermal
activation energy is around 260 meV below T„again
close to the values we calculated. The glassy dynamics
can be probed by other experiments such as sound at-
tenuation, microwave absorption, and thermal conductivi-
ty. In particular the characteristic temperature will de-
pend on probe frequency. Such studies are essential to
fully understand the low-temperature orientational dy-
namics.

Finally, we comment on the existence of similar disor-
der in doped fullerides. For the metallic K3C6p it has
been shown that at room temperature the structure is fcc
with C6p centered on the fcc Bravais lattice site and three
K occupying the tetrahedral and octahedral interstitial
sites [3]. It is also known that there are only two possible
orientations for each molecule, corresponding to two pos-
sible ways of lining up the three orthogonal twofold axes
of the icosahedron with cubic lattice axes. At high tem-
perature, one expects that each C60 molecule can ran-
domly Hip between the two orientations. Because of the
presence of ionic charge, one expects that the potential
barrier between the two orientations is substantially
larger than that in pure C60. Hence the freezing temper-
ature could be higher than that estimated for the bulk
C60. Whether it is higher than the characteristic temper-
ature when K ions start to be mobile is an interesting
question. At the moment, we are not aware of any exper-
iments which probe this orientational disorder. It is ex-
pected that if such a glassy transition exists, it could have
a strong effect on the normal-state transport properties.

In conclusion, we have constructed a model for the in-
termolecular interactions in solid C60. The basic structur-
al properties calculated are in good agreement with ex-
periments. It is shown that around T,. -270 K the struc-
ture undergoes a first-order transition from the high-
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temperature fcc phase to the ordered Pa3 structure. The
pressure dependence of the transition temperature is cal-
culated to be dT, /dP =11.5 K/kbar which agrees very

well with recent experiments. We predict that between
90 and 130 K the system should undergo a glassy transi-
tion below which there is a finite amount of frozen disor-
der. This is due to the existence of many local minima
which are separated by potential barriers of order 300
meV. The glassy behavior should manifest interesting
frequency-dependent relaxation dynamics [17]. Finally,
we expect that similar disorder exists in K3C60 and other
fuller ides.
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