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Carbon: The Nature of the Liquid State
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The liquid state of carbon at low pressure is investigated with a first-principles molecular-dynamics
simulation. Its controversial electronic properties are elucidated in terms of density-of-states and con-
ductivity calculations, showing that the system is a metal, in agreement with experiments reported last
year. Furthermore, an accurate analysis of the atomic structure indicates that the liquid is composed of
twofold, threefold, and fourfold coordinated atoms, which display different bonding properties.

PACS numbers: 61.20.Ja, 61.25.Mv, 71.25.Lf, 72.15.Cz

The carbon phase diagram has been investigated in
different fields of science, such as condensed matter phys-
ics,! astrophysics,? and geology>* for nearly a century.
Nevertheless, outstanding questions concerning its prop-
erties at high temperature, especially the liquid state (I-
C), remain unanswered. The phase diagram originally
proposed by Bundy,*® and experiments of the 1960s
and 1970s,*® indicate the occurrence of a triple point in
the high-temperature, low-pressure regime, suggesting
that /-C does not exist at atmospheric pressure. Howev-
er, recent reports®~’ of graphite surface melting by
high-energy laser pulses show that there is at least a
small range of T for which /-C may be obtained at low P
and, in particular, that carbon undergoes a solid-liquid
phase transition’® at T =4450 K and P < 4 bars.

There have been no measurements which determine
directly the atomic properties of the liquid, but only indi-
cations of structural transformations as graphite or dia-
mond melt.>®5-7 Speculations*©® based on thermo-
dynamics data depict /-C in the low-P regime as a mix-
ture of C, chains, similar to those found in carbon va-
pors. According to spectroscopic investigations at high
T, several authors® have proposed that, at 7= 2600 K,
graphite transforms to a so-called “carbyne” solid, com-
posed of chainlike structures containing triple bonds. If
so, this would support the picture that /-C is low coordi-
nated, with sp-bonded carbon atoms. However, the ex-
istence of the carbyne region of the phase diagram has
been often questioned in the literature'® of the last de-
cade.

The electronic properties of /-C have also been the
subject of many controversies. One proposal that /-C is
a semi-insulator at low P has been supported by pi-
cosecond reflectivity studies.® However, more recent op-
tical and dc conductivity measurements’® lead to the
conclusion that /-C is metallic, with a low, nearly
temperature-independent, electrical resistivity (p=30-
70 pQcm). In other experiments, pulse heating of
glassy carbon under pressure (4 kbar) has been shown'!

to yield a melt with a roughly constant p around 1
mQ cm, for T up to 6000 K.

In this Letter we discuss the atomic and bonding prop-
erties of /-C at low pressure, as well as its electronic
structure, which we have investigated with a first-
principles molecular-dynamics (MD) simulation.'? In
our calculation, we have used a supercell containing 54
carbon atoms and 216 valence electrons, with fcc period-
ic boundary conditions. The ions and electrons have
been described in the local-density approximation
(LDA), within the pseudopotential framework.!? The
single-particle orbitals at the I' point of the Brillouin
zone have been expanded in plane waves with a cutoff of
32 Ry, corresponding to 12000 basis functions. Time
evolution has been simulated with a time step of 10 !¢
sec and a fictitious mass parameter for the electronic de-
grees of freedom of 200 a.u.

Melting and the equilibration of the system at high
temperature have been achieved with a constant-
volume-constant-temperature (CVT) MD technique,
originally proposed by Nosé!# for systems described by
classical potentials. To this end, a Lagrangian appropri-
ate for an interacting system of electrons and ions, with
the ions in thermal equilibrium with an external heat
reservoir of fixed temperature, has been defined and
equations of motion consistently derived. This procedure
is different from that used before in first-principles
MD, 516 including our previous work on amorphous car-
bon (a-C),'® and is necessary to overcome the problem
of energy transfer to the electronic degrees of freedom,
which may occur in the simulation of metallic systems
with the original method of Ref. 12. Within the present
scheme, a correct computation of time averages in the
canonical ensemble is accomplished, if quenches of the
electronic coordinates to their Born-Oppenheimer sur-
face are periodically performed. Statistical averages for
the liquid state have been computed as time averages
over about 10000 steps (corresponding to 1 psec); the re-
sults obtained from averaging over a shorter interval
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(6500 steps) have been found to be nearly identical, thus
confirming that a reliable equilibration of the system had
been achieved.

The liquid has been generated by heating up an a-C
structure, previously obtained!®> with ab initio constant-
volume MD runs, at a fixed macroscopic density (ps) of
2 gem 3. According to the (py,T) diagram proposed in
Ref. 8, this is possibly a reliable density for the liquid at
low P.!7 As the initial a-C structure is heated up in our
procedure, changes in both the structure and electronic
properties are first observed at 7 =2500-3000 K. The
main characteristic of this transformation concerns the
appearance of twofold coordinated sites (their concentra-
tion increasing almost continuously with increasing T up
to 5000 K), accompanied by the onset of metallic
features, as a result of 7 and z* states merging. At tem-
peratures around 4000 K, the system begins showing a
diffusive behavior, possibly to indicate that a melting
transition is taking place. Above 4500 K, the continuous
increase of the atomic mean-square displacement as a
function of simulation time shows that a liquid state has
been generated. Temporal averages to compute electron-
ic and atomic properties have been taken at 7 =5000 K:
At this temperature the self-diffusion coefficient of the
system is calculated to be 2.4%10 ~* cm?sec ™.

The liquid state at 5000 K is composed of 32% two-
fold, 52% threefold, and the remaining fourfold coordi-
nated atoms; the total coordination of the system is 2.9,
compared, e.g., with that of 3.2 computed for a-C. As
indicated by the peak positions of the radial distribution
function g(r), shown in Fig. 1(a), the average first- and
second-neighbor distances in /-C are found to be 2.72
and 5.18 a.u., respectively. The analysis of the partial
correlation functions g;(r), and g;;(r), and of the angu-
lar distributions A4; [i,j=2,3,4], displayed in Figs.
1(b)-1(d), provides a description of the differently coor-
dinated sites present in the system. g4 and A44 indicate
that fourfold coordinated atoms have a wide range of
preferred bond lengths, spread over an interval of about
1 a.u., as well as of bond angles, ranging from 90° to
115°. In particular, each of these atoms are found to
have four bonds of different length, quite unlike an sp?
diamond site. The threefold coordinated atoms may be
regarded as distorted graphitic sp? units: The first max-
imum of g3 is indeed at a distance slightly larger (4%)
than the computed'® bond length for graphite at 7=0,
and the peak of 433 lies between 110° and 125°. When
linked to each other, twofold sites have the shortest bond
lengths, suggesting that they are mostly triple bonded.
Their average bond distance of 2.55 a.u. is a few percent
larger than that obtained!® for C, (2.43 a.u.) and C;
(2.50 a.u.) molecules. Their angular distribution, A2,
shows that angles between 180° and 110° are almost
equiprobable, whereas those smaller than 100° are very
unlikely. This is consistent with the small bending fre-
quencies!® found for C3 and Cj linear clusters. The ratio
Jdrgis/fdrgsa=3.0 (where the integrals are extended
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FIG. 1. Radial distribution functions (a) g(r), (b) gi(r),
and (c) gi;(r), and (d) angular distribution A4;(v). g(r)
=Y. gi+2Xi= gy i,j=2,3,4. (a) Arrows indicate first- and
second-nearest-neighbor distances; (d) v indicates bond angles.

from zero up to the first minimum of the correlation
functions) indicates that twofold sites are preferably con-
nected to threefold rather than fourfold ones, and the
peak of g»3, between 2.55 and 2.80 a.u., suggests a possi-
ble alternation of sp-sp? bonds, differing in their propor-
tion of n character. We finally notice that the second
peak of g(r) arises mainly from the second-neighbor dis-
tribution of threefold coordinated atoms.

From a ring statistic analysis we find that N-fold rings
with N larger than 9, i.e., chainlike structures, are the
great majority in the liquid, although fivefold, sixfold,
and sevenfold membered units are also present; in con-
trast, the low-7 (300 K) a-C was found to have essen-
tially no rings with N larger than seven. '®

The computed electronic density of states N(E),
displayed in Fig. 2(a), shows that /-C at low P is a met-
al, in agreement with reflectivity and resistivity measure-
ments reported last year,”® and in apparent disagree-
ment with the conclusions of earlier®® reflectivity stud-
ies.?® The average participation ratio?!
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fwhere p; =[fdr|w;(r)|*] ™! and y; are single-particle
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FIG. 2. (a) Electronic density of states and (b) electrical
conductivity o, computed as averages over ten atomic
configurations; these have been chosen among the total number
generated in our computed simulation, one about every 1000
steps. The accuracy has been checked by computing the densi-
ty of occupied states using all 10000 configurations, which
turns out to be nearly identical to that shown here. Note the
similarity to the free-electron density of states, shown by the
dashed line in (a). The extrapolated conductivity at zero
[6(w— 0)] gives a dc value (o4.) of about 0.007 u@ ~'cm 1.

wave functions normalized in the volume V, with corre-
sponding eigenvalues ¢;} is found to have values between
0.06 and 0.09 for all energies ¢, indicating that no mobil-
ity edges are revealed in our calculation. Figure 2(b)
shows the electrical conductivity (o) as a function of fre-
quency (@), computed from the following formula:?!

2,2
G-@‘E(ﬂ'_ﬁ)lM;,,"l26(6i’_6i_h60), (1)
3Im“Vo i,
where |M,-,,<'| is the momentum-operator matrix element
between states i’ and i, whose occupation numbers are f
and f;. In the range hw < 12-13 eV, o can be approxi-
mated by a Drude-type function, whereas its falloff at
higher frequencies is much more rapid, mainly because
of the width of the conduction band considered in our
calculation. From the limit of Eq. (1) for o — 0, an es-
timate of the dc electrical conductivity (c4c) and of the
resistivity (p=1/04.) of the system can be extracted.
The main contribution to o4 comes from electrons with
energies close to the Fermi level (Er). Indeed, the re-
sults obtained from Eq. (1) and from the approximate
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expression 22

3,2
oae=2E T 4 IN(ERI?,
m

a being the average nearest-neighbor distance, agree
within 10%. The computed?® value of p is 140+ 28
pQcm, larger than that measured by Heremans et
al:’® p=30-70 uQcm, but much smaller than the
value reported in Ref. 11 (p=1000 x 2 cm). Uncertain-
ties upon the calculated resistivity are introduced by
finite-size effects and inaccuracies can possibly derive
from the LDA of density-functional theory used in our
calculation; but other reasons may be responsible for the
discrepancy with experiment. The macroscopic density
of the liquid obtained in Ref. 7(a) is not known, neither
is the extent of justification of the assumption of the au-
thors of no volume change as graphite fibers are melted.
(Shaner,!! for example, reported a 100% expansion of
highly disordered graphite, upon melting). Furthermore,
the comparison between the data of Refs. 7(a) and 11
suggests that the resistivity of /-C might be significantly
dependent upon pressure.

In summary, we have presented a detailed analysis of
the electronic and structural properties of liquid carbon
at low pressure, showing that the system is a metal com-
posed of differently coordinated atoms (twofold, three-
fold, and fourfold), which display a variety of bonds,
from single to triple. Work in progress includes investi-
gation of the dependence upon pressure and temperature
of the properties of the liquid, as well as of the slope of
the solid-liquid phase boundary.
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