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We have investigated the fragmentation of Cgo, C7o carbon clusters using molecular-dynamics
simulation combined with the empirical-tight-binding total-energy-calculation method. The frag-
mentation process is studied by considering the heat capacity, binding energy, and the average
number of neighboring atoms in terms of temperature and the relation to the formation process is

further discussed.

I. INTRODUCTION

An extensive study of carbon clusters has recently been
carried out both experimentally and theoretically. These
clusters have shown great potential for application in
new materials since Kriatschmer et al.! generated Cgq
molecules from various fullerenes by chemical treatments.

One of the fundamental questions is the following:
What is the formation mechanism of the special ball-
like shapes of the various fullerenes? It is still difficult
to clarify this question since there exist various experi-
mental conditions which are not easy to control. A the-
oretical study of the nucleation process of Cgo has been
done.? However, disordered Cgo has been obtained by
slow quenching of random carbon clusters, implying that
more complicated experimental situations are involved
during the formation process. The fragmentation phe-
nomenon is very interesting, and is related to the for-
mation mechanism since this may give some clues for the
formation process. Various fullerene structures are found
from mass spectroscopic measurement. It will be, there-
fore, worth comparing the fragmentation phenomena of
CGO with that of C70.3

It is difficult to treat theoretically the melting phenom-
ena of many-electron systems. We adopt a molecular-
dynamics (MD) simulation combined with the empirical-
tight-binding (TB) method for electronic band-structure
calculation. The validity of this scheme is, therefore,
the correct choice for empirical tight-binding parameters.
Recently, Wang et al.* have determined these parameters
for the carbon system which can reproduce the univer-
sial binding energy curves of various phases from first-
principles calculations. This potential has been success-
fully applied to many different systems.

II. THEORY

In the TB MD scheme, the total Hamiltonian is rewrit-
ten as
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The first term is the kinetic energy of atoms, and the
second term is the electronic energy calculated from a
parametrized tight-binding Hamiltonian Hrg. The or-
thogonal sp® basis involves the following parameters: &,
and €, are on-site s and p energy levels, respectively,
and Vss0, Vspo, Uppoy and Upp, are overlap integral pa-
rameters as a function of separated distance. The third
term is a short-range repulsive energy in the form of
Urep = L1 f[Z5¢(r1s)] where ¢(rry) is the pairwise po-
tential function. The above parameters and functions
were fitted to first-principles calculation results of elec-
tronic band structure and binding energies from various
crystalline carbon phases. Details of this method have
been described elsewhere.*

Once the total energy calculational scheme is con-
structed via the TB method, the next step of TB MD is to
calculate the forces on each atom. This can be achieved
by taking the derivative of the total energy with respect
to each atom, i.e.,
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where the first term is called the Hellmann-Feynman
force, and the second term comes from the repulsive pair-
wise potential. These forces are supplied to molecular-
dynamics simulation and 3N-coupled second-order dif-
ferential equations are solved numerically via the Gear
algorithm.® Because this method utilizes valence elec-
trons of atoms only (in this case four electrons per atom),
its efficiency is greatly enhanced compared to ab initio
calculation, which is a very crucial factor for practical
dynamical calculation. Thus, with choices of minimal

18 230 ©1993 The American Physical Society



48 FRAGMENTATION OF C¢ AND C,, CLUSTERS

basis electrons both the efficiency and the accuracy are
achieved.®

The band structure energy of each cluster is calculated
at the I" point. The time step 7.08x107 18 s is used. The
total energy is conserved in 1072 eV in the microcanon-
ical ensemble energy surface at room temperature.

III. RESULTS AND DISCUSSION

Ceo is constructed by cutting 12 vertices of an icosahe-
dron. Cpg is constructed by inserting 10 more atoms
in the equator of Cgo. These configurations may not
be the equilibrium structures with our potentials. The
TB MD simulation was performed for a few thousand
time steps to equilibrate. The system was run again
for 1500 time steps at a given temperature with a typ-
ical temperature control method and run for 1000 time
steps in the microcanonical ensemble. Then the equilib-
rium structures, such as heat capacity, pair-correlation
function, binding energy, and the number of neighboring
atoms, are calculated by averaging over 1000 time steps.

Figure 1 shows the pair-correlation function of Cgg and
Cro at various temperatures. At ground states, two sharp
peaks at 1.39 A and 1.44 A are observed, which is char-
acteristic of single and double bonds of Cgy whereas Crg
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shows many intermediate bonds. However, the distinc-
tion in the first peak becomes obscure at 500 K due to
the lattice vibrations. The distinction between the sec-
ond and the third peak becomes blurred around 1500 K
for both Cgg and Crg. Around 4000 K one can clearly
see the third peak disappear and the first and the second
peaks start merging for both clusters. This indicates that
the cage structures have changed.

Shown in Fig. 2 are the heat capacity and the binding
energy of Cgo and Crg as a function of temperature. At
low temperature the values of heat capacity is very low
(this is not shown in the figure). This becomes maxi-
mum around 3000 K and decreases with further increase
of temperature and saturates at some constant values
around 5000 K for both cases. Similar temperature de-
pendence can be seen in the binding energy. The binding
energy of Crg is a little greater than that of Cgq. These
values become lower as the temperature increases, due to
the lattice vibration, and decrease sharply around 4000
K. This implies that the bond breaks around 4000 K.
This analysis shows that both Cgo and Cy¢ reveal struc-
tural changes within the range between 3000 and 4000
K.

One can also count a number of neighboring atoms
(Table I). Up to 3500 K the number of bonds are fixed
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FIG. 2. The heat capacity and the binding energy as a

function of temperature of Cgo and Cro.

at three for both Cgp and Cgz, indicating complete cage
structures. After 4000 K this number starts decreasing
and eventually drops to 2.83 and 2.66 for Cgo and Cprg,
respectively, around 5000 K.

Severe cage distortions are clearly illustrated in Fig.
3, which are the snapshots of Cgo and Cro at 3000 K.
Though the shapes of both clusters are severely distorted,
they still maintain complete cage structures, as expected
from the above analysis. The distortion ranges are 1.44
+ 0.39 A. The bonds start breaking around 5000 K, as
shown in Fig. 4. One notes that single bonds between
a pentagon and a hexagon break first for Cgo. Once the

TABLE I. Average number of nearest-neighbor atoms
with the cutoff distance 2.0 A in terms of temperature.
Temperature (K) Ceo Cro

3000 3 3
3500 3 3
4000 2.93 2.94
4500 2.87 2.83
5000 2.83 2.66
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FIG. 3.

Snapshots of Cgo and Cro at 3000 K. Depth
is identified by the brightness and the size of atoms. The
brighter and the smaller the atom, the deeper the eyes. The
bonds are artificial for views. We used 1.9 A for the bond
cutoff for the drawings.

single bond is broken, the stresses are accumulated near
that bond, and the bond breakings are further developed
to the neighboring bonds. This process occurs rapidly
within one picosecond. One also sees that even the dimer
can be formed during the fragmentation process. As time
evolves, the Cgo atoms are completely broken, forming
linear chains. It has been suggested that with atoms 5
< n < 10, the odd-numbered clusters prefer linear chain
structures, whereas the even-numbered clusters prefer a
ring structure.* Similar behaviors are shown in Crg (see
Fig. 5). The difference is that not only the single bonds
between a pentagon and a hexagon but also single bonds
between hexagons can be broken in Czg, contrary to the
case of Cgg. This is due to the fact that C7o has more
single bonds near the equator than Cgo does, which were
introduced with an additional 10 atoms in the equator of
Ceo.”

We observe that dimer breaking also occurs in Crp.
One can suggest that C,, clusters can be inserted when
two Cso caps® collide with each other during the forma-
tion process, making C,, clusters other than Cgo. With
this argument the yields of other clusters should be less
than that of Cgo, in good agreement with experimental
observation. This conjecture can be proved by colliding
Cyo or C3zg caps together with changing temperature of
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FIG. 5.

FRAGMENTATION OF C¢ AND C,, CLUSTERS

Time evolution of snapshots of Ceo at 5000 K for every 500 time steps.
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Time evolution of snapshots of C7o at 5000 K for every 500 time steps.




18 234
_5 T T
-5.5F Ceo n
_B - -
-6.51 J
_7 - -
E
g -7.5} .
<
X
> g . .
<z (] 2000 4000 6000
>
g
§ S T '
g -5.51 Cno .
=
_6 - -
-6.5 I
—.7 - -
-7.5 ]
-8 1 1
(o] 2000 4000 6000
Temperature (K)
FIG. 6. The total energy as a function of temperature of
Ceo and C7o.

the clusters.

Figure 6 shows the total energy changes as a function
of temperature. Starting from an ideal configuration for
given temperature, one can get average values of the total
energy. One can repeat this calculation from high tem-
perature, i.e., above melting temperature. The latent
heat, which is the energy difference at melting tempera-
ture, is 1.65 and 1.29 eV for Cgo and Crg, respectively.
We choose a melting temperature around 4000 K. (The
melting temperature of diamond is 4100 K.) The latent
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heat of graphite is 1.085 eV,® experimentally. Since Crq
has more hexagons near the equator, the electronic struc-
tures have more sp2-like orbitals than Cgo. We expect,
therefore, that this value gets closer to that of graphite
with the large size of clusters.

It is interesting to note that bulk Cgo in pellet form
reveals structural changes around 700°C to amorphous
carbon.l® Park et al. (Ref. 11) also report that py-
rolyzed pure Cgo at 1000 °C for ten hours shows struc-
tural changes to amorphous materials. These observa-
tions are in contrast with our theoretical results that Cgo
and Cyo form cage structures stably up to 3000 K. The
characteristics of individual clusters might be different
from those of the bulk. It is generally believed that the
cage structures in the bulk interact via van der Waals
forces and hence these interactions should not affect the
temperature of structural changes. The severe lattice
distortions may vary the structural changes in the bulk
properties. This will be further investigated.

IV. SUMMARY

We have investigated the fragmentation process of
Ceo and Cyo using a tight-binding molecular-dynamics
method. The melting temperature of Cgp and Crg is
between 3000 and 4000 K, lower than that of diamond.
Single bonds between a hexagon and a pentagon break
first around 4000 K in Cgo, whereas single bonds between
not only a pentagon and a hexagon but also a hexagon
and a hexagon break in Cr¢. A dimer molecule is formed
during the fragmentation process in both Cgo and Cro.
Once the bonds start breaking, the fragmentation pro-
cess occurs very rapidly, within a picosecond. The latent
heats of Cgp and Cyo are 1.65 and 1.29 eV, respectively.
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FIG. 3. Snapshots of Cgo and Cqo at 3000 K. Depth
is identified by the brightness and the size of atoms. The
brighter and the smaller the atom, the deeper the eyes. The
bonds are artificial for views. We used 1.9 A for the bond
cutoff for the drawings.



FIG. 4. Time evolution of snapshots of Cgo at 5000 K for every 500 time steps.



FIG. 5. Time evolution of snapshots of Co at 5000 K for every 500 time steps.



