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1. INTRODUCTION

Numerous studies associated with the investigation
of the properties of fullerene systems (molecular forms
of carbon Cn (n ∈ [20; 720])) are reduced to the con�
sideration of single�component systems [1–3]. Sys�
tems consisting of C60 and C70 molecules are probably
the most studied [4–7]. For example, the authors of
[8] experimentally studied electrical conductivity of
fullerene crystals C60 as a function of the pressure act�
ing on the system. It was found that, as the pressure
increases from 100 to 200 kbar, electrical conductivity
of the crystal increases by several orders of magnitude.
Detailed investigations of the energy spectrum of
fullerene C60 were recently performed in [9]. An anal�
ysis of discrete absorption and emission spectra of
fullerene molecules C70 in single�crystal toluene was
presented in [10]. Numerical and theoretical investi�
gations of the glass transition in C60, C70, and C96 sin�
gle�component fullerene systems were performed
using the pair�additive potential of the interatomic
interaction in [11]. The authors of [12] performed a
comparative analysis of the simulation results for the
system of fullerenes C60, where the atomistic model
potential of the intramolecular and intermolecular
interactions and the Girifalco effective potential of the
intermolecular interaction (monatomic model) were
used. The investigation was performed for a wide
region of pressures (above 200 kbar) in the tempera�
ture range from 300 to 1900 K. Good agreement of
simulation results with the experimental data for the
equilibrium structural characteristics, particularly for

the radial distribution function of molecules, equation
of state, and series of thermodynamic properties was
achieved. This investigation showed the efficiency of
the monatomic model of the Girifalco potential when
describing the structural characteristics of fullerene
systems. Phase diagrams for two different single�com�
ponent fullerene systems C60 and C70, which were cal�
culated based on six model short�range potentials,
were presented in [13]. The authors established that
binodal curves (liquid–vapor) for these systems are
correctly reproduced by calculations performed based
on the Girifalco potentials. The effective monatomic
Girifalco model was generalized to the case of the
C60/C70 binary fullerene mixture in [14]. The results of
investigations of the microscopic properties of
fullerene mixtures C60/Cn (n = 70, 76, 84, 96) depend�
ing on the concentration of C60 molecules were pre�
sented in [15].

Despite intense experimental and theoretical
investigations of the molecular forms of carbon, the
features of the microscopic molecular dynamics in
fullerene mixtures in the amorphous phase were
almost undisputable in scientific publications.

This paper is devoted to the investigation of the
glass transition and microscopic mechanisms of for�
mation of collective excitations in C60x/C70(1 – x)

fullerene mixtures (at equimolar concentration x =
0.50).
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2. SIMULATION DETAILS

The system under study consisted of 19652 mole�
cules (by 9826 molecules of fullerenes C60 and C70 at
equimolar concentration x = 0.50) arranged in a cubic
cell with periodic boundary conditions. The interac�
tion between the molecules was performed using the
effective Girifalco potential of the interatomic inter�
action [14–17]

(1)

Here, sαβ = r/σαβ, σαβ = ( ) is the effective size of

the fullerene molecule, δαβ = (aα – aβ)/(aα + aβ), and
coefficients ηαβ and λαβ are determined by relation�
ships 

(2)

where ε is the magnitude, which characterizes the
depth of the potential well. Figure 1 shows the inter�
molecular interaction potential for the C60x/C70(1 – x)

fullerene mixture.

For convenience, all quantities will be measured in
reduced units: lengths—in units of σ, energy—in
units of ε, temperature—in units of kBT/ε, and

time—in units of τ = , where m is the mass of
the fullerene molecule C60 and kB is the Boltzmann
constant.

Molecular dynamics simulations were performed
in the NpH ensemble under pressure p* = 0.07 (p =
3.5 MPa) in temperature range T* = [0.400–0.625]
(T = [1287–2011] K). The cooling rate of the system
was γ* = 0.0016 (γ = 1012 K/s). Equations of motion
for molecules were integrated using the velocity Verlet
algorithm with time step dt* = 0.001 (dt = 5.0 fs) [18].
To bring the system into the state of the thermody�
namic equilibrium, 50000 time steps were performed.
To reduce the computational time, the interaction
between the particles at distances rcut = 2.5σ was not
taken into account.

3. SIMULATION RESULTS

One quantity, which describes the structure of the
system under study, is the radial distribution function
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(3)

Here, gαβ(r) are partial components of the radial distri�
bution function of molecules [21, 22]

(4)

which determine the probability density for the
arrangement of a pair of molecules in a range from r to
r + Δr. Quantity njβ(r) determines the number of mol�
ecules of sort β in a spherical layer with thickness Δr at
distance r from the jth molecule, L is the edge length
of the modeled cell, and Nα and Nβ are the numbers of
molecules of sorts α and β, respectively. Quantities
xA = nA/(nA + nB) and xB = nB/(nA + nB) are the con�
centrations of fullerene molecules C60 and C70, respec�

tively;  = bj/(xA  + xB )1/2 is the normalized
scattering length for the molecule of the jth sort (bA

and bB are scattering lengths of molecules C60 and C70,
respectively). We consider the scattering length as a
quantity commensurable with the size of the Cn
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Fig. 1. Interaction potential between fullerene molecules.
(1) Interaction energy between fullerenes C60, (2) interac�
tion energy between molecules C70, and (3) interaction
energy between molecules C60 and C70. Fullerene mole�
cules C60 and C70 are denoted by symbols I and II, respec�
tively.
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fullerene molecule: an = a60 , where a60 is the
size of the C60 fullerene molecule [17].

Figure 2 shows the temperature dependence of the
radial distribution function of C60x/C70(1 – x) fullerene
molecules (at equimolecular concentration x = 0.50)
under pressure p* = 0.07. It is seen from Fig. 2 that as
the temperature lowers, the peaks in the distribution
function become more pronounced and the second
peak splits. It is known that such features in the behav�
ior of the radial function point to the formation of
local structures being characteristic of amorphous
materials [23]. To evaluate the transition temperature
from the liquid state into the amorphous phase, we
calculated the Wendt–Abraham order parameter [24]
rWA = gmin(1)/gmax(1). Here, gmax(1) and gmin(1) are the val�
ues of the first maximum and first minimum of the
radial distribution function of the particles, respec�
tively. The temperature dependence of the Wendt–
Abraham parameter is presented in inset to Fig. 2. We
determined the critical glass�transition temperature of
the C60x/C70(1 – x) system (at x = 0.50), which was  =

0.481 (  = 1548 K), by the intersection of interpola�

tion lines in order parameter rWA.
It should be noted that the authors of [25] found

the critical glass�transition temperature for the system
of fullerenes C60, which was  = 0.342 (Tc = 1100 K)

n/60

Tc*

Tc*

Tc*

under pressure p* = 0.07 (p = 3.5 MPa). Thus, the crit�
ical glass�transition temperature of the C60x/C(1 – x)

fullerene mixture (at x = 0.50) turns out considerably
higher than Tc for a single�component C60 system. It is
evident that an increase in the glass�transition temper�
ature can be associated with the presence of nonspher�
ical molecules C70 (nonsphericity parameter S0 =
0.0033) in the C60x/C70(1 – x) system, which introduces
the additional structural disorder. In turn, the latter
can also affect the microscopic collective dynamics of
the particles.

To analyze the collective properties of the amor�
phous fullerene mixture, we calculated the spectral
density of the time correlation functions of longitudi�
nal (L) and transverse (T) currents

(5)

as well as the vibrational density of states of molecules
[26]

(6)

Here,

(7)

where α = {L, T} are the partial components of the
spectra of the longitudinal and transverse currents and
φ(t) is the velocity autocorrelation function of mole�
cules,

(8)

angle brackets 〈…〉 point to averaging over molecular
configurations and vj(t) is the velocity vector of the jth
molecule in the moment of time t. Current variables,
which characterize the propagation of collective exci�
tations in a multiparticle system, are determined by
relationships [27, 28]

(9)

Here, parentheses and angle brackets denote scalar
and vector products, respectively. It should be noted
that the spectral density of the time correlation func�
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Fig. 2. Temperature dependence of the radial distribution
function of fullerene molecules for the C60x/C70(1 – x) sys�
tem (x = 0.50). T, ε/kB: (1) 0.625, (2) 0.600, (3) 0.575, (4)
0.550, (5) 0.525, (6) 0.500, (7) 0.475, (8) 0.450, (9) 0.425,
and (10) 0.400. The inset shows the temperature depen�
dence of the WendtAbraham parameter.
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tion of the longitudinal current (k, ω) is associated
with the experimentally measured quantity—dynamic
structure factor S(k, ω)—by the relationship [29, 30]

(10)

Here, S(k) is the static structure factor and (k) =

 is the frequency relaxation parameter having

dimensionality of the frequency square.

Figure 3 shows spectral densities of the time corre�

lation function of longitudinal (k, ω) and transverse

(k, ω) currents for the C60x/C70(1 – x) fullerene mix�
ture with the equimolar concentration (x = 0.50) at
temperature T* = 0.40 for a wide range of wave num�
bers (0.02 Å–1 ≤ k ≤ 0.21 Å–1). These spectral charac�
teristics were calculated based on the obtained results
of molecular dynamics simulation. Spectral densities
of the time correlation functions of the longitudinal
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and transverse currents were determined according to
expressions (9), (7), and (5).

It is seen from Fig. 3 that propagating collective
acoustic excitations are observed in the spectra of the

longitudinal current (k, ω) at k < 2π/σ, where σ is
the effective size of the fullerene molecule [31]. At the
same time, collective acoustic�like excitations, similar
to that manifest themselves in water [32, 33] and other
liquids (for example, SiO2 and GeO2), the short�range
order in which is characterized by tetrahedrality [34,
35], are observed in the spectra of the transverse cur�

rent (k, ω).

Figure 4 shows dispersion curves (k) and

(k) for the fullerene mixture, which were obtained
based on the analysis of corresponding spectral densi�
ties (Fig. 4a) in comparison with the vibrational den�
sity of states (Fig. 4b). It is seen from Fig. 4 that the
features of the spectra of the longitudinal and trans�
verse currents are also contained in the vibrational
density of states (VDOS). In addition, the results pre�
sented in Fig. 4 point to the absence of the optical�like
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branch in the dispersion law for the amorphous
fullerene�like mixture.

The interpretation of the results presented in Fig. 4
in comparison with the results [36], where character�
istics that describe the VDOS for supercooled water
were analyzed, seems to be quite appropriate. Particu�
larly, it was established in [36] that the VDOS for
supercooled water has two pronounced peaks. In this
case, the VDOS shape can be described/reproduced
by the linear combination of three Lorentzian func�
tions. According to [36], they can be associated with
vibrational degrees of freedom responsible for deform�
ing the molecules (bending, twisting, and tension).
The data of Fig. 4 approach us to a somewhat another
interpretation of the features, which manifest them�
selves in the vibrational density of states. For example,
in the region of high wave number k (in the case under
consideration, at k > 0.25 Å–1), dispersion curves char�
acterize the single�particle collective dynamics. It is
seen from Fig. 4 that the molecular motions, which are
associated with the formation of acoustic�like waves of
the transverse polarization, determine the features of
the right (low�frequency) VDOS wing, while molecu�
lar vibrational processes, which contribute to the for�
mation of the waves of the longitudinal polarization,
form the left (high�frequency) VDOS wing.

Both longitudinal and transverse sound waves can
propagate in the crystal [27]. One longitudinal sound
wave propagates in the same direction, while two

transverse sound waves should be present [28, 29].
Then the average velocity of sound in the solid�state
approximation will be determined by the relationship
[7, 37]

(11)

where 

(12)

Values of v
α
 calculated for the C60x/C70(1 – x)

fullerene mixture (where x = 0.25, 0.50, 0.75) at tem�
perature T* = 0.40 and pressure p* = 0.07, which were
calculated according to (11) and (12), are presented in
the table.

The tabulated results indicate that an increase in
the concentration of molecules C60 (in the range x ∈
[0.25; 0.75]) leads to a decrease in the propagation
velocity of the acoustic�like wave in this system. For
example, the average velocity of sound v decreases
more than twofold.

4. CONCLUSIONS

Using molecular dynamics simulation based on the
effective model of the intermolecular interaction
potential, numerical investigations of the features of

3

v
3

���� 2

vT
3

����� 1

vL
3

�����,+=

vα xAbA*
2
vα

AA xBbB*
2
vα

BB 2 xAxBbA*bB*vα

AB
,+ +=

α L T,{ }, A C60, B C70.= = =

Fig. 4. (a) Dispersion of collective excitations (k) of (1) longitudinal {α ≡ L} and (2) transverse {α ≡ T} polarizations. The

slopes of interpolation straight lines to dispersion dependences in the region of small wave numbers determine velocities of sound
with longitudinal vL and transverse vT polarizations. (b) Vibrational density of states of fullerene molecules.

ωc
α( )

0.2 0.4 0.6 0.80

4

6

8

10

12

ωc
(α)(k), ps−1

T* = 0.40

p* = 0.07

1

2

L�mode

T�mode

k, Å−1

(a)

2

0 0.02 0.04 0.06 0.08

g(ω)

(b)

vL = 2.380 km/s

v
 

= 1.249 km/s

vT = 1.109 km/s



PHYSICS OF THE SOLID STATE  Vol. 57  No. 2  2015

MICROSCOPIC DYNAMICS 417

the microscopic dynamics of the C60x/C70(1 – x)

fullerene mixture (at equimolar concentration x =
0.50) are performed below the critical glass�transition
temperature. Based on the analysis of the spectra of
the transverse current, the presence of acoustic�like
collective excitations in the amorphous fullerene mix�
ture was established. Propagation velocities of acoustic
waves in amorphous C60x/C70(1 – x) fullerene mixtures
are calculated were calculated at different concentra�
tions of C60 molecules (x = 0.25, 0.50, 0.75). It was
found that an increase in the concentration leads to a
noticeable decrease in the propagation velocity of
sound in the system.
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