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Structure and dynamics of liquid carbon
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Structural, dynamical, and electronic properties of liquid carbon are studied by molecular-
dynamics simulation with the use of a well-tested tight-binding Hamiltonian. We demonstrate
that tight-binding molecular dynamics has su%cient efFiciency and accuracy for a realistic simu-

lation study of complex carbon systems. Our extensive simulation results show that liquid carbon
at low density is metallic and dominated by twofold and threefold atoms. On the other hand, the
high-density liquid is found to exhibit considerable diamondlike tetrahedral bonding.

I. INTRODUCTION

The liquid phase of carbon has attracted interest in
the fields of condensed-matter physics, geology, and as-
trophysics over many years. The extraordinary ability of
carbon atoms to form strong chemical bonds in twofold,
threefold, as well as fourfold coordinations makes the liq-
uid phase of carbon complex and interesting. Unlike the
case of liquid silicon, where the coordination number is
higher than 4 (about 6.5), the average coordination of
atoms in liquid carbon is less than 4. Because the melting
temperature of carbon is extremely high (about 5000 K
under normal conditions), it is very difficult to prepare
equilibrium samples of liquid carbon in the laboratory.
There has been no measurement which determines di-
rectly the structure of liquid carbon, but only indications
of structural changes as graphite and diamond melt.

In the last several years, there has been rapid progress
in the study of this complex system with realistic
simulation techniques. Molecular-dynamics (MD) and
Monte Carlo (MC) studies have been performed using
either the Car-Parrinello scheme4 s or empirical classical
potentials. The Car-Parrinello method can treat the in-
teratomic interactions accurately within the framework
of 0,6 initio density-functional theory with local-density
approximation (LDA). However, simulation for carbon
systems demands a huge plane-wave basis set in order
to obtain converged results, which makes the method
rather expensive for extensive simulations. The classical-
potential simulations, on the other hand, can handle a
larger number of atoms and longer simulation periods,
but the interatomic interactions are ad hoc and less ac-
curate. Also, they do not a priori yield information on
the electronic structure of the system.

Recently, we have developed a molecular-dynamics
scheme7 that incorporates electronic structure eKects into
MD simulations through a tight-binding parametrization.
In this "tight-binding molecular-dynamics (TBMD)" ap-
proach, the covalent bonding of the material enters the
calculations in a natural way from the underlying elec-
tronic structure rather than through ad hoc N body po--
tentials. Unlike the Car-Parrinello approach which relies
on expansion of the electronic wave functions by plane

waves, 4 the tight-binding electronic calculations require
only a few atomic orbitals for each atom, allowing a larger
number of atoms and longer simulation periods to be
tackled within the present computer capabilities.

In this paper, we report an extensive simulation study
of structural and electronic properties of liquid carbon
using the TBMD scheme. We Grst tested our TBMD
scheme by performing simulation of liquid carbon under
similar conditions as those in Ref. 4. While obtaining
very similar results, the TBMD simulation is found to be
about 200 times faster than the Car-Parrinello scheme.
With such an accuracy and efficiency, we performed fur-

ther simulations to study the structure of the liquid at
various densities. We also investigated the efFects of the
size of the unit cell used in the simulations. We found
that while the structure of the liquid is less sensitive to
the size and orientation of the unit cell, it is very sensitive
to the density of the sample. Our study provides insight
into the structure of liquid carbon and suggests that the
"carbyne" phase may be stable in the high-temperature
and low-density regime, while tetrahedral-bonded liquid

may exist at high densities. Our study also demonstrates
that the TBMD scheme can bridge the gap between the
Car-Parrinello and classical-potential approaches and has
sufficient accuracy and efficiency for a realistic simulation
study of the structural and electronic properties of com-
plex carbon systems.

II. TIGHT-BINDING ENERGY MODEL FOR
CARBON

In our tight-binding molecular-dynamics scheme, 7 the
system is described by a Hamiltonian of the form

2 occupied

H(&,})=)., + )
n

+E-.(f"H,
where fr, ) denotes the positions of the atoms (i
1, 2, . . ., N) and P, denotes the momentum of the ith
atom. The first term in (1) is the kinetic energy of the
ions, the second term is the electronic band-structure en-
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pulsive energy. In this scheme 1 t '
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e, e ec roruc degrees of
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u no in t e dynamics. The former feature places th
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latter allows thee simulation to use time steps about 10
times larger than that used in the Car-Par '
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consists of an orthogonal sp b
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eV] is a pairwise repulsive interaction and f is a func-
tional with argument x = P.P(r ). Th
and th

r,~ . e function t(r)
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Ref. 8. The accur
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principles-calculated energy versus volume curves for var-
ious coordinated crystalline structures of carbon. In par-
ticular, the energy curves of the linear chain (twofold),
graphite (threefold), and diamond (fourfold) structures
are excellentl den y escribed, as one can see from Fig. 2.
The model also describes well th l t',
and an

e e as ic, vibrational,
an anharmonic properties of diamond and ra h'

e properties of more complex systems such as

atoms.
carbon clusters with sizes ranging from 5 atoms to 100

III. SIMULATIONS AND RESULTS

A. Low-density liquids

Using the tight-binding model as described in the re-
vious section we, we "rst performed a simulation with a 54-
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atom unit cell and with fcc periodic boundary conditions.
The density of the sample was chosen to be 2.0 g/cm .

These conditions are the same as those used in the ab
initio MD study of Ref. 4. Our simulation was ini-
tiated with all atoms arranged in the diamond lattice.
The equations of motions of the atoms were solved by
the fifth-order predictor-corrector algorithm with a time
step of 0.7x10 is s. Stochastic temperature control
was used to thermalize the system. The temperature
of the system is increased at a rate of 300 K every
Tx10 s after Ref. 4. The expanded diamond crystal
at such a low density was found to be unstable towards
lower-coordinated structures already at low temperature
(T ( 500 K). We heated the system up to about 5000
K and studied the liquid properties at that temperature.
After 0.21 ps of thermalization at 5000 K, statistical av-
erages for the structural properties were computed for
every picosecond over a total of 7 ps. In Fig. 3, the dis-
tributions of various coordinated atoms obtained from
these seven runs are plotted. We found that the liquid
structure at this density regime is dominated by twofold
and threefold atoms. We also noted that the fluctuation
in the atomic distributions is quite large (about 10%).
With such a small unit cell, a statistical average per-
formed over more than 5 ps is necessary to get converged
results. By taking the statistical average over 7 ps of
simulation time, we estimated that the liquid carbon at
this density contains 5.1+1.5% of onefold, 44.4+5.2% of
twofold, 46.9+4.7% of threefold, and 3.6+0.5% of four-
fold atoms, respectively. We have tested and found that
the above results are not sensitive to the details of the
simulation (e.g. , different thermalization steps, different
ensemble averaging, etc. ; see also Table I). The pair-
correlation functions g(r) obtained from our simulation
is compared with that from the ab init, 'io MD of Ref. 4 as
plotted in Fig. 4. Our simulation results are in general
similar to the ab initio MD results of Ref. 4. However,
there are some subtle difFerences in the distribution of
the various coordinated atoms in the liquid structure. In
particular, we found more twofold atoms and fewer four-
fold atoms. We also found the presence of onefold atoms,
which indicates the presence of dimer and trimer species
in the liquid phase in this density regime. No detailed
experimental data on the structure of the liquid carbon
are available for comparison with the theoretical results.

We have also performed simulations under the same
density (2.0 g/cms) but using 64-atom and 216-atom unit
cells, respectively, with cubic periodic boundary condi-
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FIG. 5. Comparison of pair-correlation functions of liquid
carbon obtained by using diferent sizes of unit cells. The
density of the samples is 2.0 g/cm .

tions, in order to test the effects of size and orientation
of the unit cell on the liquid structure. The results of
pair-correlation functions and atomic distributions ob-
tained from different sizes are compared in Fig. 5 and
Table I. These results show that the size effects on the
liquid structure are small.

To further characterize the structure of the liquid, we

have plotted in Figs. 6 and 7 the partial radial distri-
bution functions and the bond-angle distribution func-

tions of various coordinated atoms, respectively. The re-
sults show that the average bond length between twofold
atoms is slightly smaller than that between threefold
atoms. There are considerable numbers of threefold
atoms surrounding the twofold atoms as indicated by
the peaks of g2s(r). Our results also show that while

the bond angles between threefold atoms are centered at
120, those of the twofold atoms favor a linear arrange-
ment. We note that the bond-angle distribution of the
twofold atoms, A22, is also different from that of Ref. 4, in

which A22 is basically uniformly distributed over a very
wide range of angles. 4

We have also studied the dynamical properties of the
liquid by calculating the atomic diffusion constant, which

is estimated from the time dependence of the mean-

square displacement, (R (t) ) = (N i Q, i i
R, (t + v )—

R, (w)i ) . The result of (R (t)) as a function of time t
obtained from the 216-atom sample is plotted in Fig. 8.

TABLE I. Ratios of various coordinated atoms of liquid carbon under density of 2.0 g/cm .
The TBMD results obtained by using 216-atom (TB-216), 64-atom (TB-64), and 54-atom (TB-54)
unit cells are compared with the results of ab initio MD simulation of Ref. 4 (CP-54). n, is the

average coordination number. D is the diffusion constant.

Sample Onefold (%)
TB-216 4.6+0.5
TB-64 4.0+0.5
TB-54 4.8+0.5
CP-54 0.0

Twofold (%)
43.2+2.5
42.2+2.5
43.2+5.5

32.0

Threefold (%)
48.1+2.0
50.0+2.2
48.0+5.0

52.0

Fourfold (%)
4.1+0.5
3.8+0.5
4.0+0.7

16.0

n, D(10 cm s ')
2.4 2.05
2.4 1.70
2.4
2.9 2.40
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By using the Einstein relation D = limq ~[(R~(t))/Gtj,
we deduce the diffusion constant to be 2.05x10 4 cm2/s.
This value is close to but slightly smaller than the value
of 2.40x10 cm /s estimated by Galli et al.4

In the last two decades, there has been consider-
able debate about whether chainlike structures (so-called
"carbyne" phase) exist at high temperatures and low
densitiest and whether the liquid phase in this regime
is insulating or metallic. " From our simulation as dis-
cussed above, we already see that the liquid structure
contains many twofold atoms. To further clarify the is-
sue, we performed simulations at even lower densities
(from 2.0 to 1.2 g/cms). We found that as the density be-
comes lower, the percentage of the twofold and onefold
atoms increases rapidly. This tendency is clearly seen
from Table II. Snapshot pictures of the atomic configu-
rations as a function of density (Fig. 9) also show that
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FIG. 7. Angular distribution functions of liquid carbon.
3The unit cell size is 216 atoms and the density is 2.0 g/cm .

FIG. 9. Atomic configurations (snapshots) of liquid car-
bon at difFerent densities.
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TABLE II. Ratios of various coordinated atoms of liquid carbon as a function of density. n, is
the average coordination number.

Density (g/cm )
2.68
2.44
2.0
1.8
1.6
1.2

Onefold (%)
0.8
1.6
40
5.5
7.6
11.0

Twofold (%)
16.9
26.3
42.0
50.8
56.9
68.0

Threefold (%)
69.1
62.1
50.0
41.8
34.0
20.0

Fourfold (%)
13.2
10.0
3.8
1.9
1.5
0.7

Qc

3.0
2.8
2.4
2.4
2.3
2.1

chainlike structure becomes more and more dominant as
the density is lowered. The liquids at all these densities
exhibit metallic behavior as one can see from Fig. 10,
where considerable electronic states are present at the
Fermi level.

B. High-density liquid

The simulation for high-density liquid carbon is car-
ried out with a 64-atom cubic cell at a fixed density of
4.4 g/cms. The simulation is initiated with all atoms
arranged in the diamond lattice. We found that the dia-
mond structure at such a high density is very difBcult to
melt. In Fig. 11, the total energy of the system during
the heating and cooling process is plotted. Each point is
an average value of 2000 MD steps after 2000 MD steps
of thermalization at a given temperature. Because of the
superheating and supercooling associated with the finite
size and finite simulation time, we did not attempt to
estimate the melting temperature. The liquid proper-
ties are studied at about 8000 K on cooling from the hot
liquid. After very long thermal equilibrium runs (about
20000 steps) at this temperature, 8000 MD trajectories
are used for the statistical average. We found that the

structure of liquid carbon at high density is qualitatively
different from that of a low-density liquid. The radial
distribution function as plotted in Fig. 12 shows a st, rong
second-neighbor peak in addition to the nearest-neighbor
peak. This feature is similar to the ab initio MD result of
Ref. 5. Detailed analysis shows that the high-density liq-
uid carbon obtained from our simulation is dominated by
fourfold atoms (59%) and threefold atoms (38%). There
are also some twofold and fivefold atoms. The average
coordination number is about 3.6. In comparison, the ab
initio MD simulation of Galli et al. is reported to have
many more fivefold atoms (about 25%) under the same
density. Our results are in qualitative but not quantita-
tive agreement with the results of Ref. 5. In Fig. 13, the
angular distribution functions of the threefold and four-
fold atoms in the high-density liquid are plotted. The
results show that there is a considerable amount of di-
amondlike tetrahedral bonding in the liquid. The elec-
tronic density of states as shown in Fig. 14 indicates that
high-density liquid carbon is also metallic, although a
shallow valley starts to appear at the Fermi level. Finally,
from the mean-square displacement versus time plot of
Fig. 15, we deduce the difFusion constant at 8000 K to be
0.3x10 cm /s, which is about an order of magnitude
smaller than that of the low-density liquid.
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FIG. 14. Electronic density of states of high-density (4.4
g/cm ) liquid carbon. The result is obtained by using a 64-
atom unit cell. The average is performed over 8000 trajecto-
ries,

IV. CONCLUDING REMARKS

We have shown that the TBMD is a very efBcient
scheme for studying the structural, dynamical, and elec-
tronic properties of complex systems such as liquid car-
bon. Our simulation results in general agree well with
the ab initio MD results. The origins of some small dis-
crepancies are not yet clear. We note that our tight-
binding model as discussed in Sec. II describes very ac-
curately the energies of linear carbon chain, diamond as
well as graphite structure in comparison with converged
first-principles LDA calculation results. It is possible
that the discrepancies may be partially attributed to the
slightly different simulation conditions (starting configu-
ration, simulation steps, temperature, etc.) and possible
different ways of data analysis between the two simula-
tions. Another factor that should not be overlooked is
the convergence of the ab initio MD simulation with re-

spect to plane-wave basis set used in the calculations. We
hope this issue can be clarified in future studies.

The existence of the "carbyne" structure has been
speculated for many years. Our simulation results
suggest that the "carbyne" structure may be stable at
very high temperatures and very low densities (about
1.0 g/cms). In fact, our recent simulation study on car-
bon fullerenes also observes chainlike structures when
fullerene molecules disintegrate at high temperatures.

Carbon is a unique element of interest in many fields
of science. Nevertheless, the phase diagram of carbon is
still not completely determined despite considerable sci-
entific efforts over more than 100 years. In particular, the
structure of carbon in the very-high-pressure and very-
high-temperature regime is still poorly understood. Our
study shows that the liquid structure of carbon in this
regime is very different from that at low density. With
its eKcieney and accuracy, our TBMD scheme is expected
to play an important role in investigating various inter-
esting yet complicated properties of carbon.
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FIG. 15. Mean-square displacement of carbon atoms in
the high-density liquid carbon (4.4 g/cm ) is plotted as a
function of time. The result is obtained by using a 64-atom
unit cell.
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