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Basing our calculations on the correlative method of the unsymmetrized self-consistent field for strongly
anharmonic crystals, we study thermodynamic properties of the high-temperature~fcc! modification of the
C60 fullerite. In this work a complete set of its thermal and elastic properties have been calculated at normal
pressure from the experimental equilibrium point with the low-temperature phase to the instability temperature.
In its high-temperature phase, the molecules rotate rather freely and the noncentral part of the intermolecular
forces almost disappears. Because of this, it can be treated as a van der Waals crystal with a lot of intramo-
lecular degrees of freedom. To take them into account we have used available information about the normal
modes of intramolecular frequencies and their degeneracies. For the intermolecular forces the Girifalco poten-
tial and its Yakub approximation have been utilized. The intramolecular vibrations have no effect on the
equation of state and related properties but are crucial in specific heats. Our results are in good agreement with
experimental data. The possible melting temperature of the C60 fullerite and the behavior of its thermodynamic
properties near the spinodal point are discussed. At this point the isothermal bulk modulusBT and ~unlike in
familiar van der Waals crystals! the elastic constantC44 go to zero, and the thermal expansion coefficienta and
the isobaric specific heatCp tend to infinity. Other stability coefficients remain finite and positive.@S0163-
1829~96!00618-2#

I. INTRODUCTION

Since their discovery1 and especially after their prepara-
tion in solid state,2 fullerenes have been the focus of atten-
tion of many scientific groups~see, e.g., the reviews3–6!. Up
to 1994, more than 3000 papers on fullerenes had been pub-
lished. The vast majority of experimental and theoretical
work on pure and doped solid fullerenes~fullerites and ful-
lerides! deals with their magnetic properties and supercon-
ductivity, e.g., Refs. 3–7. At the same time, little is known
about thermodynamic properties of fullerites.

The present work is devoted to the calculation of a com-
plete set of equilibrium thermal and elastic properties, in-
cluding the sound velocities, of the high-temperature modi-
fication of the fullerite C60 at normal pressure. The outline of
our paper is the following. In Sec. II we discuss the known
characteristic traits of the fullerite C60, in particular, its low
pressure crystallographic modifications and the phase transi-
tion between them, effective potentials of intermolecular
forces, intramolecular degrees of freedom, and the strong
anharmonicity of the lattice vibrations. In Sec. III we give
the working formulas of the method that we use in our
investigations—the correlative method of the unsymmetrized
self-consistent field. In Sec. IV we present the results of our
calculations, compare them with available experimental data,

and discuss their temperature dependences including the be-
havior of stability coefficients near the spinodal point.

II. DISTINCTIVE FEATURES OF THE SUBJECT
OF INVESTIGATION

It is well known that among fullerenes, the C60 molecules
have the highest cohesive energy per atom and are the most
abundant. This is one of the reasons why the C60 fullerene
receives primary emphasis. Having near-spherical shape,
these molecules at low pressures form crystal lattices of the
cubic system. The low-temperature phase of the C60 fullerite
is orientationally ordered and consists of four simple cubic
sublattices which differ one from another by the orientations
of molecules.8,9 It is often referred to as the simple cubic~sc!
lattice though it closely resembles the face-centered cubic
~fcc! lattice apart from the orientations of molecules. In the
high-temperature modification the molecules rotate almost
freely,8 forming the so-called plastic crystal.5 It has the fcc
lattice.10

Under normal pressure, the phase transition between the
two phases occurs at 261.4 K,9 with the discontinuity in the
volume being less than 1%.11 It is inherently an orientational
order-disorder transition. Usually it is considered to be a
polymorphic phase transition. However, in line with the
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aforesaid, it would be more properly classified as an orien-
tational melting.

In the low-temperature modification just the noncentral
part of the intermolecular potential provides the orientational
ordering of molecules,12,13 whereas in the high-temperature
phase it disappears after averaging over all orientations of
rapidly rotating molecules. Using the standard~12-6!
Lennard-Jones function for the atom-atom interaction be-
tween two molecules and averaging, Girifalco has obtained
the following intermolecular potential for the gaseous and
fcc phases of the C60 fullerene:
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where s5r /2a, a53.55 Å, a57.494310214 erg, and
b51.3595310216 erg. It has a minimum point
r 0510.0558 Å and the depth of the potential well
«/k53218.4 K. Yakub has approximated the Girifalco po-
tential ~1! by a simpler Lennard-Jones-type function.15 It can
be written as
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with the same« and r 0510.04 Å.
These central forces are more short range than forces be-

tween the rare-gas atoms that form simple van der Waals
crystals. Hence, when the phenomena related to intrinsic mo-
lecular degrees of freedom are not considered, the fcc phase
of the C60 fullerite can be treated as a typical van der Waals
crystal.16,17It is interesting that its density is very close to the
density of solid Ar, and its scaling parameter in pressure
«/s3 is close to those of heavy rare-gas solids@s is the
distance at whichF(s)50#. Note also that for C60 the de
Boer parameter is

L52p\/sAm«'3.131023. ~3!

For its fcc modificationkT/«.0.08 and hence quantum ef-
fects are negligible throughout the region of its stability. For
comparison, Xe hasL50.064.18 So, making the above-
mentioned proviso, one can say that the fcc phase of C60
fullerite is a pure classical van der Waals crystal.

On the other hand, a C60 molecule containing 60 carbon
atoms has 180 degrees of freedom: three coordinates of cen-
ter of mass, three rotational degrees of freedom, and 174
intramolecular ones. The first group of degrees of freedom is
related to the lattice vibrations. At the considered tempera-
tures, the rotations of the C60 molecules lead to an addition
of 3Nu/253NkT/2 to the internal energy and of 3Nk/2 to
the specific heats (N is the number of molecules, usually the
Avogadro number, andu5kT the absolute temperature in
energy units!. Generally speaking, the situation can be dif-
ferent for intramolecular degrees of freedom owing to a pos-
sible interaction between the lattice and intramolecular vibra-
tions. The spectrum of such vibrations has been measured by
Raman and infrared techniques19–21 and calculated using
first-principles theory22 ~see also references in those papers!.

In particular, it has been found that the crystalline environ-
ment has little effect on them. The reason is the great differ-
ence between frequencies: the normal modes of intramolecu-
lar frequenciesvJ of C60 vary from 5.123531013 to
3.013831014 s21,19 while our evaluations give for the effec-
tive mean-square frequency of the lattice vibrations from
6.2531012 to 3.631012 s21 depending on temperature. Mo-
lecular dynamic computations23 have estimated the ‘‘melt-
ing’’ temperature of the C60 molecule itself at above 4000 K,
which far exceeds the temperatures at which the solid
fullerene under normal pressure is stable.17 Consequently,
the anharmonicity of the intramolecular vibrations in the
C60 fullerite is negligible~perhaps except for the vicinity of
the instability point of the fcc lattice,Ts) and there is no
necessity to take it into account in the equation of state and
the related properties. On the whole, the fcc fullerite C60 can
be classified as a van der Waals crystal with a lot of intramo-
lecular degrees of freedom.

As for the anharmonicity of the lattice vibrations of the
C60 fullerite, it is strong atT.700 K.17 As this temperature
is reached, the main anharmonic terms are no longer small
corrections and must be included without resort to a pertur-
bation technique. In our calculations we follow the correla-
tive method of the unsymmetrized self-consistent field24–30

~CUSF! that allows one to do this.

III. METHOD OF INVESTIGATION

In principle, the basic equations of the CUSF contain an-
harmonicity of any order. In the zeroth approximation, al-
lowing for anharmonic terms up to fourth order and adding
the contributions of the rotational and intramolecular degrees
of freedom, we obtain the following expression for the
Helmholtz free energy:
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Here m and I are the molecular mass and moment of
inertia,v j the natural frequencies of the intramolecular vi-
brations,gj their degeneracies,

X5K2~3/uK4!
1/2, ~5!

K0 /2 is the static lattice energy per molecule,K2 andK4 are
the isotropic parts of the second- and fourth-order coeffi-
cients, andb(X) is the solution of the transcendental equa-
tion

b53X
D22.5~X15b/6X!

D21.5~X15b/6X!
, ~6!

whereD1 are the parabolic cylinder functions.
For a crystal with central pairwise intermolecular forces
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where Â is the lattice matrix,nW are the integer component
vectors,Zk andRk5nka the coordination numbers and radii,
a is the nearest-neighbor distance, andnk are structural co-
efficients; for the fcc latticenk5Ak.

Differentiation of~4!–~6! with respect to volume and tem-
perature gives all scalar thermodynamic functions of a cubic
crystal under hydrostatic pressureP, in the zeroth approxi-
mation. So we have the equation of state of the fcc phase of
the fullerite:
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@n(a)5V/N is the volume of the unit cell#, its internal en-
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and thermal coefficient of pressure
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whereb85db/dX.
The isothermal elastic constants are expressed in terms of

the second derivatives of the Helmholtz free energy with
respect to components of the strain tensor.31 From ~4!–~6! it
follows for a cubic strongly anharmonic crystal under hydro-
static pressure that
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Here we use the following notation:
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Apparently for cubic crystalsZk
( i j l )50 if at least one of

the indicesi , j , or l is odd. The coefficients~22! are invari-
ent under their permutations and possess the properties

Zk
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~222!5•••5Zk . ~23!

Hence they can be named the partial coordination numbers.
The momentsq2n are expressed in terms ofK2 , K4 , and
b.32

Based on the foregoing formulas as the zeroth-order ap-
proximation, we have used statistical perturbation theory
which improves the contributions of the main anharmonic
terms26,30 by taking into account dynamical interatomic cor-
relations, and also includes higher-order~fifth and sixth! an-
harmonic terms.27,30Calculations reveal that all these correc-
tions are small excepting in the vicinity of the spinodal point
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Ts where contributions of the fifth and sixth terms to elastic
coefficients~13!–~15! rise steeply.

The CUSF enables one to consider the quantum correc-
tions to lattice properties of strongly anharmonic crystals.28

However, as pointed out above, they are negligible
for the fcc fullerite C60. In contrast, its intramolecular
vibrations19–22 are governed by quantum theory, since their
characteristic temperaturesTj5\v j /k are from 391.3 to
2302 K. Their contributions to the internal energy~9! and
specific heat~10! are included using exact formulas.

The linear thermal expansion coefficient, the adiabatic
elastic moduli, and the isobaric specific heat can be calcu-
lated from familiar thermodynamic relations:

a5
G

3BT
, BS2BT5C11

S 2C11
T 5

9TVa2BT
2

CV
,

C44
S 5C44

T ,Cp5CnBS /BT , ~24!

with BT , G, CV , andCab
T containing corrections of the per-

turbation theory.
In spite of the apparent awkwardness of the formulas,

especially for the elastic constants~13!–~20!, a personal
computer is sufficient to carry out all calculations, with little
computer time being required.

IV. RESULTS AND DISCUSSION

In our computations we have used both the Girifalco in-
termolecular potential~1! and the Yakub approximation~2!.
To include contributions of the intramolecular degrees of
freedom we have used the data of Raman and infrared scat-
tering experiments performed by Martinet al.19 and by Dong
et al.20 which are close to the results of first-principles cal-
culations by Wang, Wang, and Ho.22

At P5const, the equation of state~8! has two roots
a1(T),a2(T) which coalesce at some temperatureTs ,
a1(Ts)5a2(Ts) above which this equation has no real roots.
On the lower branchBT.0, while on the upper oneBT,0,
meaning thermodynamic instability. At the temperatureTs ,
BT50 and it is the spinodal point of the investigated phase
~if on the lower branch of the isobar, other stability coeffi-
cients are positive up toTs). At normal pressure, the inter-
molecular potentials~1! and ~2! give Ts'1916 and 1834 K,
respectively. ScalingTs for typical van der Waals crystals
like rare-gas solids27 and their experimental melting points
Tm , a possible melting temperature of the C60 fullerite has
been estimated at 1400 K.17 However, when it is considered
that the intermolecular forces in the fullerite have more
short-range character than in simple van der Waals crystals,
this estimation can increase to about 1500 K. Note also that
the possibility of a liquid phase of C60 is debated.

32–34

TABLE I. Properties of the fcc phase of C60: the nearest-neighbor distance in Å, linear thermal expansion
coefficient in 1025 K21, the specific heats in cal mol K, the elastic properties in kbar, and the sound
velocities in m/s. The values in the first lines have been calculated with the Girifalco potential~1! and those
in the second lines with the Yakub approximation~2!.

T 261.4 300 400 600 800 1000 1200 1400 1600 1800 1900

a 10.067 10.071 10.082 10.106 10.132 10.161 10.194 10.233 10.282 10.354 10.426
10.060 10.064 10.076 10.100 10.127 10.157 10.192 10.233 10.289 10.387

a 1.070 1.084 1.126 1.223 1.347 1.512 1.745 2.103 2.763 4.710 12.713
1.090 1.106 1.151 1.256 1.394 1.581 1.852 2.296 3.220 8.729

CV 92.70 112.60 160.55 231.39 273.20 297.82 312.99 322.83 329.48 334.11 335.86
92.69 112.59 160.54 231.37 273.17 297.79 312.96 322.78 329.42 334.00

Cp 93.09 113.06 161.17 232.35 274.55 299.63 315.41 326.09 334.17 342.68 359.44
93.10 113.07 161.19 232.38 274.61 299.73 315.58 326.41 334.97 349.96

BT 140.51 137.25 128.89 112.88 97.54 82.73 68.22 53.71 38.61 21.11 7.40
143.28 139.73 130.73 113.49 97.06 81.23 65.72 50.12 33.55 11.34

Bs 141.11 137.80 129.39 113.34 98.02 83.24 68.75 54.25 39.16 21.65 7.91
143.93 140.33 131.25 113.99 97.57 81.76 66.27 50.69 34.12 11.88

C11
T 218.95 215.43 206.38 188.84 171.69 154.67 137.35 119.20 99.14 73.93 52.69

223.72 219.85 210.01 190.99 172.50 154.19 135.57 115.89 93.49 60.28
C12
T 101.29 98.16 90.15 74.90 60.46 46.77 33.65 20.96 8.3325.32 215.28

103.07 99.67 91.08 74.74 59.34 44.75 30.79 17.23 3.58213.16
C44 111.77 110.01 105.48 96.37 87.00 77.16 66.56 54.76 40.93 22.61 7.02

114.08 112.15 107.17 97.19 86.99 76.29 64.70 51.62 35.69 10.64
C11
S 219.55 215.98 206.87 189.31 172.18 155.17 137.89 119.74 99.69 74.47 53.21

224.36 220.45 210.54 191.49 173.01 154.72 136.12 116.45 94.05 60.83
C12
S 101.89 98.71 90.64 75.36 60.94 47.27 34.18 21.50 8.8824.78 214.76

103.71 100.27 91.61 75.24 59.85 45.28 31.35 17.80 4.14212.62
v1 3638.2 3610.7 3539.6 3397.9 3253.0 3101.4 2937.8 2753.5 2530.4 2210.2 1887.7

3674.1 3644.2 3567.4 3414.4 3258.4 3095.1 2918.0 2715.6 2460.3 2007.0
v t 2595.8 2577.0 2527.5 2424.4 2312.4 2187.0 2041.1 1862.0 1621.5 1217.9 685.8

2619.9 2599.3 2545.2 2432.5 2310.5 2173.3 2011.8 1808.2 1515.5 839.2
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We have calculated the complete set of thermodynamic
properties for the fcc modification of the C60 fullerite on the
lower branch of its normal isobar. Results are listed in Table
I. Both potentials~1! and ~2! lead to close values at all but
high temperatures, at which the differences increase, espe-
cially in the vicinity of the spinodal pointTs .

Before comparing with experimental data, we emphasize
that they are few in number. As previously discussed,17 our
results differ from experimental data for the lattice parameter
d5aA2 available between 295 and 1180 K,3 by about 0.8%.
Based on these data, the average linear thermal expansion
coefficient in this range has been estimated at 1.56731025

K,3 which is just between the values in Table I for such
temperatures. The result of Gugenbergeret al.,35 a'1025

K, obtained for the fcc phase between the orientational melt-
ing point and 300 K is also in agreement with our values.
Our results forBT are close to the experimental datum of
Fischeret al.36 at room temperature,'144 kbar, but not to
that of Ducloset al.37 '180 kbar. Recently, Ludwiget al.38

have measured the isothermal bulk modulus of the C60 ful-
lerite at 70, 170~sc phase!, and 300 K. Their result for the
fcc modification,BT5134 kbar, differs from the value cal-
culated using the Girifalco potential by only about 2.5%.
Comparing with our previous results39 one can see that the
intramolecular vibrations provide the dominant contributions
to the specific heats, being one to two orders of magnitude
greater than the contribution of the lattice vibrations and mo-
lecular rotations. The excepton isCp near the spinodal point.
Owing to rather high values of the characteristic tempera-
tures for the intramolecular vibrations, the specific heats in-
crease considerably with temperature. Our results forCp are
in good agreement with experimental data available below
300 K.40,41Note also that there are experimental indications
about the orientational-dependent part of the intermolecular
forces in the fcc phase,42 but the available data do not enable
us to estimate their contributions to thermodynamic proper-
ties.

It is known43,44that a given phase is stable~or metastable!
when its stability determinant and its principal minors are
positive. For cubic crystals, the stability conditions take the
form

BT.0, C11
T .0, C112C12.0, C44.0, T/Cn.0.

~25!

In Fig. 1 the stability coefficients of the fcc phase of C60 are
plotted versus the temperature. One can see that all isody-
namical stability coefficients, but the last@values given by
~25!#, decrease with increasing temperature, most notably
near the spinodal pointTs at whichBT goes to zero. As this
takes place, the thermal expansion coefficienta and the iso-
baric specific heat tend to infinity. Unlike the case of familiar
van der Waals crystals with the fcc lattice, the elastic con-
stantC44 goes to zero as well. Other stability coefficients
remain finite and positive.

Thus we have calculated the complete set of thermody-
namic properties for the fcc modification of the C60 fullerite
at normal pressure up to the instability point. Our results are
in good agreement with available experimental data. We
hope that the present work can provide the incentive for fur-
ther measurements, especially at high temperatures.
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