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Ab initio calculation of properties of carbon in the amorphous and liquid states
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We have carried out a detailed investigation of liquid carbon (l-C) at T=5000 K, and quenched
amorphous carbon (a-C) at room temperature, using a first-principles molecular-dynamics method.
In this paper we report calculations performed for a fixed density corresponding to low pressures.
From our results, which agree well with the limited experimental information available, we analyze
the short-range order, particularly the fractions of sp, sp', and sp' sites, and the electronic proper-
ties of the two systems. In addition, we discuss new features of a-C and l-C, predicted by our calcu-
lation, and present an analysis of some models proposed in the literature to account for their elec-
tronic and bonding properties, as well as of recent controversial experiments.

I. INTRODUCTION

The ability of carbon to have twofold, threefold, and
fourfold coordination leads to a variety of bonded forms
in both solid and liquid states, relevant to diverse fields of
science and technology. ' In recent decades, a
widespread effort has been devoted to the understanding
of the structural and electronic properties of metastable
disordered carbon, ' and systematic investigations
have been carried out to characterize the nature of the
liquid state ' ' and the melting mecha-

Nevertheless, outstanding questi
concerning the physics of noncrystalline and liquid
carbon(1-C) remain unanswered. Indeed, large uncertain-
ties are involved in the experimental techniques and exist-
ing measurements have often led to controversial inter-
pretations; furthermore, the ability of theoretical models
and calculations to account for the complicated bonding
properties of disordered carbon has so far been rather
limited.

In this paper, we present detailed analyses of the
structural and electronic properties of both amorphous
and liquid carbon, which we have investigated with a
computer simulation based on a first-principles
molecular-dynamics (MD) method. ' Unlike conven-
tional MD and Monte Carlo approaches, the interatomic
potential is explicitly derived from the electronic ground
state, which is treated with accurate density-functional
techniques. This scheme, which has successfully been
used for the simulation of a variety of systems (crystal-
line and disordered materials, and microclusters ), al-
lows for the ab initio investigation of thermodynamical
quantities and can account for the correlation between
electronic and bonding properties, and atomic dynamics.

Since density-functional (DF) theory has proven to be a
valuable tool for the investigation of different forms of
C—such as diamond, graphite, high-pressure metallic
phases, ' and carbon molecules '—we propose that our
calculations of the thermodynamic properties accurately
treat the complex bonding characteristics of carbon, and
give realistic predictions of unknown properties in the
liquid and solid states.

A. Properties of disordered carbon

The field of disordered C covers a very wide range of
systems: Carbon grains, composed of long-chain mole-
cules and solid carbonaceous particles, present in inter-
stellar molecular clouds and in certain cool old stars;
graphitic and diamond cluster mixtures, such as those re-
cently found to be the main constituents of carbon de-
tonation products in soot formation; carbon fibers,
chars, and cokes, involved as intermediate species in the
pyrolisis of carbonaceous materials into graphite; "'
glassy carbon (g-C), formed by heating organic poly-
mers;5 amorphous carbon (a-C), produced by sputtering
or evaporation in an electron bean or carbon arc [Ref.
4(a)]; "diamondlike" films, obtained, e.g., by vapor depo-
sition.

The solid disordered materials g-C, a-C, and diamond-
like phases may be classified according to their macro-
scopic densities (p„).That of g-C ranges from 1 to 1.5
gcm, whereas estimates of pd for a-C indicate values
between 1.8 and the graphic density (2.27 gcm ). "'
Diamondlike films have, in general, densities intermedi-
ate between that of graphite and diamond (3.52 g cm 3);
however, some investigations indicate that superdense
phases (pd ——4 gem ) may also be present in these ma-
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terials. ' Among the many disordered forms of C, we re-
strict here our attention to a-C, and, in particular, to its
local atomic structure and electronic properties.

From a technological point of view, this is a particular-
ly attractive material: It combines semiconducting prop-
erties in some respect similar to graphite with a much
higher hardness, and it exhibits characteristics distinct
from those of other amorphous semiconductors, e.g. , sil-
icon, germanium, and chalcogenides, such as a higher
electrical conductivity which increases as a function of
temperature. a-C films have been widely used as sup-
ports in electron microscopy, and have potential applica-
tions as tunneling barriers in electronic components and,
in general, in the technology of switching and memory
devices.

A question of primary interest regards the atomic
structure of a-C; the determination of the fraction of
sp:sp sites is, in particular, a problem greatly debated in
the literature and yet controversial. Estimates of sp sites
concentration ranging from 5 to 50% have been obtained
from radial distribution function analyses. In very re-
cent near-edge (NEXAFS) and extended (EXAFS) x-ray-
absorption fine-structure studies, ' a "graphitelike" frac-
tion ranging from 60%, at T=30'C, to 90%, at
T=1050'C, has been reported. These results are con-
sistent with those of electron energy loss and (e, 2e ) spec-
troscopy, " which indicate a sp concentration of
85—100% in evaporated a-C, and of 75—100% in ion-
sputtered a-C, at room temperature.

The knowledge of the liquid-state properties is less
complete than that of the amorphous materials, despite a
variety of investigations carried out in different fields,
such as condensed-matter physics, ' astrophysics, and
geology. ' The key problem, of course, concerns the ex-
treme temperatures (T 4~000 K) required to melt car-
bon. The phase diagram orginally proposed by
Bundy, ' " and investigations of the sixties and
seventies, ' ' ' indicate the occurrence of a triple point in
the high-T, low-pressure (P) regime, suggesting that 1-C
does not exist at atmospheric pressure. However, recent
reports of graphite surface melting by high-energy laser
pulses' ' have shown that there is at least a small
range of T for which I-C can be obtained at low P. In
particular, carbon has been shown to undergo a solid-
liquid phase transition at T=4450 K and P ~4 bar. ""
The high melting temperature of C is possibly related to
the large defect formation energies (usually associated
with a high enthalpy of fusion ) in both graphite and
diamond, and to the large energy differences between
graphite and diamond, and higher coordinated metallic
phases, ' compared, e.g. , with the case of silicon.

The high-pressure and high-temperature regions of the
C phase diagram, whose characterization is of the
greatest importance in astrophysics and geology, are
largely unknown. For example, whether carbon in outer
planets such as Uranus and Neptune (where it is known
to be at P =6 Mbar and T=7000 K) is solid or liquid
and which phases of C are present in the earth mantle (of
crucial relevance to the understanding of mantle
dynamics ")are still open questions.

There have been no measurements which determine

directly the structure of I-C, but only indications of
structural transformations as graphite and diamond
melt. ' " 2' Speculations "" based on thermo-
dynamics data depict the liquid in the low-P regime as a
mixture of C„chains, similar to those found in carbon
vapors, with the simpler species C, and C2 tending to
gain in relative importance with raising T. According to
the results of several spectroscopic investigations of
graphite at high T, Whittaker and other authors ' have
proposed that graphite is not stable above 2600 K, at any
pressure, but transform to the so-called "carbyne" solid,
composed of chainlike structures containing triple bonds.
If so, this would support the picture that liquid carbon is
low coordinated, with sp-bonded carbon atoms. Howev-
er, the existence of the carbyne region of the phase dia-
gram has been often questioned in the literature of the
past decade. According to a model based on the empir-
ical determination of graphite and diamond melting
curves, Korsunskaya et al. suggested that the melting of
graphite is accompanied by the breaking of short-range
covalent bonds and that, at low P, l-C consists mainly of
neutral particles interacting via van der Waals forces.
Ferraz and March proposed a phenomenological
description based on the Landau theory of phase transi-
tions, which suggests that both an insulating and a metal-
lic phase are present in the liquid, and, in particular, that
at P =2 kbar a nonmetal-metal transition takes place be-
tween an sp-hybridized nonmetallic system with coordi-
nation 2 and a highly correlated liquid metal.

The electronic properties of l-C have also been the sub-
ject of theoretical and experimental controversies. One
proposal that the liquid at low P is a semi-insulator has
been supported by time-resolved reAectivity studies of
graphite samples irradiated by intense laser pulses.
However, more recent optical and dc conductivity
experiments ' indicate that I-C is metallic, with a
nearly temperature-independent electrical resistivity
(p„=30—70 pQcm). In other experiments, pulse heat-
ing of g-C under pressure (4 kbar) has been shown to lead
to a melt with a roughly constant p„around 1 m 0 cm,
for Tup to 6000K.

Evidence has been cited '" to show that the density of
I-C is less than that of the solid at the triple point. An
extrapolation from thermodynamical data of the graphite
density at the triple point, and the somewhat arbitrary as-
sumption of a volume expansion of 20%, gives an esti-
mate of pd=1. 6 gcm for I-C. " A lower density,
pd = 1.37 g cm ', has been obtained from measurements
of the void fraction and density of the recristallized
graphite melt. ' On the other hand, the hypothesis
that carbon behavior upon melting parallels that of the
other group-IV elements, would indicate a density larger
than that of graphite in the liquid phase at low P. A
value of pd =2.7 g cm, for example, has been proposed
in the literature. ""' As far as the liquid at high P is con-
cerned, recent shock waves experiments and transmis-
sion electron microscopy investigations of carbon
melts' ' ' seem to indicate that the diamond-liquid phase
boundary has a positive slope, contrary to what has long
been believed, and therefore a carbon liquid which is less
dense than diamond.
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B. Status of theoretical work

The ability of theoretical calculations to clarify the
properties of amorphous and liquid carbon has been lim-
ited. Random network models (RNM) (Ref. 12) have
been developed in order to understand the structure of
noncrystalline carbons and tight-binding Hamiltonians'
constructed to get insight into their electronic properties.
Although useful, these approaches suffer the basic limita-
tions of relying upon experimental inputs and a priori as-

sumptions on certain characteristics of the network.
Empirical potentials have recently been proposed, '

which have a partial success in reproducing some
structural properties of a-C and I-C. For example, in
Ref. 14 the average coordination of the amorphous ma-
terial is calculated to be less than 4.00, in agreement with
experiment, whereas the liquid is found to have a coordi-
nation less than 3.00, which decreases as the temperature
is raised in the range 6000—8000 K. The density of the
liquid is determined to be 1.8 g cm at T =6000 K and
to decrease as well, as a function of T, indicating that the
slope of the diamond-liquid phase boundary is positive.
However, these empirical models fail to account for basic
features of the physics of carbon, such as the layered
structure of graphite and for the important interrelation
between local atomic order and electronic structure. A
realistic description of the different aggregation states of
C appears to be crucial to the understanding of the prop-
erties of the disordered and liquid phases, for which
atomic coordination plays a key role.

The rest of the paper is organized as follows: In Sec. II
we describe our computational procedure; Secs. III and
IV contain a discussion of our results for a-C and I-C, re-
spectively. Finally, our conclusions and a brief descrip-
tion of work in progress are presented in Sec. V.

II. CALCULATION

A. Method

The key point is the first-principles MD method of Ref.
31 is the definition of a fictitious dynamical system whose
potential energy surface is an appropriate functional of
both ionic and electronic degrees of freedom: The former
are the ionic (or ionic cores) coordinates ( [RI j ) and the
latter the single-particle orbitals of DF theory ([g; j),
treated within the local-density approximation (LDA).
When this functional is minimized with respect to ( [f; j ),
one recovers the Born-Oppenheimer (BO) energy surface,
to be used in MD simulations of the physical trajectories
of the nuclei.

In more detail, a generalized classical Lagrangian is in-
troduced:

X,l =K, +K~ E[ [ g, j, [ RI j ]—
+ g Aj fdr&;(r)gj(r) —

6;J
V

which yields the following coupled equations of motion
for [RI j and [f, j:

iMP;
= — + g A;.Qj,fil j = I, N

MIRI= —VR E, (3)

X=L,l+ —,'Q — —gks T,„,ln(s ),
S

(4)

where X,l is given by Eq. (1). s is the degree of freedom
associated with the external reservoir in thermodynami-
cal equilibrium with the JV ions of the system; Q is a pa-
rameter of dimension energy times time squared, which
plays the role of a mass for the motion of s. The second
and third terms on the right-hand side of Eq. (4) are, re-
spectively, the kinetic and potential energy for the vari-
able s, where g is equal to the number of ionic degrees of
freedom (3JV) and ks is Boltzmann's constant. Since the
ions only are coupled to the external system, the equa-
tions of motion for [g; j are the same as those derived
from the Lagrangian (1); the equations of motion for
[RI j and s are

K, =p f dr~1(t~ is a classical kinetic energy term associat-

ed with the [P;(r) j, where )Li, is a parameter of dimension
mass times length squared; Kl = gl ,'MI—R z is the kinet-

ic energy of the ions of masses Ml. A; are Lagrange
multipliers that impose the orthonormality constraints
between the X occupied single-particle orbitals.
E[[g, j, [RI j ] is given by the sum of an electronic part,
the Hohenberg-Kohn energy functional, and of an ionic
part corresponding to the direct Coulomb interaction of
the ions in a uniform negative background.

For arbitrary values of the parameter p and of initial
conditions [f; j p [ P; j p, thermal equilibration between the
classical degrees of freedom [RI j and [g; j will be
achieved, after some time, by equipartition. If p and

jp[g jp can be chosen so that the two sets of degrees
of freedom are only weakly coupled, the transfer of ener-

gy between them is small enough, to allow the electrons
to follow adiabatically the ionic motion, remaining close
to their instantaneous BO surface. In such a metastable
situation, the time for thermal equilibration is consider-
ably larger than characteristic ionic relaxation times, and
therefore meaningful temporal averages can be comput-
ed. ' In the case of metallic systems, we have
found that the time scales of the electronic and ionic
motion may become comparable and thermal equilibra-
tion occur within fairly small-time intervals. In particu-
lar, metals at high temperature present special problems
due to the broad spectrum of ionic characteristic frequen-
cies. Statistical averages can still be computed if the elec-
tronic coordinates can be kept close to their BO surface.

We have developed a suitable scheme for the computa-
tion of thermodynamical properties of metals, in which a
constant-volume-constant-temperature (CVT) MD tech-
nique is used. Following the formulation suggested by
Nose for conventional MD, we define a Lagrangian X
for an interacting system of electrons and ions, with the
ions only in thermal equilibrium with an external heat
reservoir of fixed temperature T,„,:

2
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dM —(sR )= —sV E,I R

Q—— = QMIR I —gk~T,„,.s

(5)
TABLE I. Equilibrium lattice constant (a,q) of diamond,

computed as a function of plane waves cutoff (E,„,), and num-
ber of k points used for BZ integrations (Nk). A fcc cell with
two atoms has been used or this calculation. The experimental
value for a„,is 3.57 a.u.

This computational scheme makes it possible to keep the
average temperature of the ionic system constant during
the MD runs. In addition, the electronic coordinates
must be periodically quenched, in order to keep them
near their proper BO states and thus accomplish a
correct computation of time averages. We notice that,
unlike other CT techniques proposed in the literature, the
Nose approach allows us to reproduce the canonical
probability density in the phase space of the nuclei.

B. Computational details

We have computed statistical averages for a-C within
the microcanonical ensemble, e.g., by solving the coupled
equations of motion (2) and (3); the calculation for 1-C,
which turned out to be a metallic system, has instead
been performed within the canonical ensemble, e.g., by
solving Eqs. (2), (5), and (6). We have carried out the MD
simu1ations for 54 carbon atoms with periodic-boundary
conditions, corresponding to a fcc supercell with macro-
scopic density pd fixed to be 2 g cm . The chosen densi-

ty is appropriate for an amorphous form of C at low T
(whereas glassy states have lower density), and, according
to the (pd, T ) diagram of Ref. 24(a) and the results of Ref.
14, it is possibly a reliable density for the liquid as well, at
low P. The electronic Kohn-Sham orbitals at the I point
of the Brillouin zone (BZ) have been expanded in plane
waves, with a cutoff (E,„,) of 32 Ry, implying the use of
about 12000 plane waves. At k=0, one can choose the
single-particle orbitals to be real, since the phase factor of
the wave function is arbitrary. Thus, for each reciprocal
lattice vector G, the Fourier components c(G) of the or-
bitals satisfy the symmetry relation: c( —G) =c*(G). In
our computational procedure, we have explicitly taken
advantage of this property, and used it to reduce the size
of the basis set of a factor of 2.

The interaction between valence and core electrons has
been described by the pseudopotential derived in Ref. 51
[Bachelet, Hamann, and Schliiter (BHS)], expressed in
the form suggested by Kleinman and Bylander (KB).
The explicit form of the core-valence potential ( V) is

~
b voto) (gob vo ~

Po indicates a projection operator. go o =go Yo o is the s
eigenfunction of the atomic pseudoHamiltonian, in which
the core-valence interaction has been replaced by the
pseudopotentials '

Uo and v, , for s and p states, respec-
tively. DUO is a short-ranged term given by the difference
(vo —v, ). Only the 1=0 potential has been treated as
nonlocal; potentials for l ~2 have been assumed to be
equal to U, . V is a fully nonlocal operator, since it acts in
a different way on different angular and radial com-
ponents of the wave function. The ground state of the
carbon atom, s p, has been considered as reference

Ut (Ry)
20 35 50 90

2
10

3.73
3.69

3.65
3.65

3.56
3.55

3.52
3.52

TABLE II. Bond length (R,q) and vibrational frequency (co)
of the C~ molecule, computed for the singlet 'X state, as a func-
tion of plane waves cutoff (E,„t).A cubic cell with an edge of
16.0 a.u. has been used for these computations. The values for
R,„and co obtained from local-density —all electron (LDA-AE)
calculations are from Ref. 41(b). In our calculations we have
not included spin efects, and therefore only the state 'X has
been considered here.

Ec„,(Ry)

20.0
27.5
35.0

R,„(a.u. )

2.52
2.47
2.42

cu (cm ')

1467
1671
1779

LDA-AE 2.43 1750

configuration. The transferability of the KB pseudopo-
tential to diverse atomic (e.g. , sp ) and ionic (e.g. , s p and
sp ) configurations has been found to be as good as that
of the BHS pseudopotential. No spurious solutions of the
KB-pseudo-Hamiltonian (e.g. , of the kind pointed out in
Ref. 52) have been found for the carbon atom. The fully
nonlocal form for V considerably improves the efficiency
of the computational technique with respect to the use of
a semilocal one, leading to a 35% reduction of the com-
puter time needed for each MD step. Indeed, it allows
plane-waves matrix elements to be written in a complete
separable fashion, in Fourier space.

Several tests have been performed in order to establish
the accuracy of the chosen basis set, pseudopotential, and
cell size. In Table I, we report the computed values of
the equilibrium lattice constant of diamond at T=O, as a
function of E,„,and the number of k points (Nk ). Table
II displays the equilibrium bond length (R,q) and vibra-
tional frequency of Cz, obtained with different choices of
E,„,. The trends observed, as well as the comparison of
our results with those of other LDA computations and
experiment, indicate that a cutoff of about 35 Ry gives a
reliable description of the bonding properties of these sys-
tems. Analogous results have been found for the C3 mol-
ecule. Our calculation with E,„,=35 Ry correctly pre-
dicts a linear ground-state geometry, and R, =2.495
a.u. , to be compared with the value of 2.46 obtained in
all-electron I.DA computations. ' Typical bond lengths
are 3—4 % longer than fully converged results. For
Cq, C3, and diamond, we have also explicitly checked
that the semilocal ' and fully nonlocal forms of the



7474 GALLI, MARTIN, CAR, AND PARRINELLO 42

pseudopotential give the same results for their bonding
properties.

In order to test the accuracy in computing Fourier
space sums with only the I point, we have calculated the
total energy (E„,) of two-dimensional (2D) graphite as a
function of Xk and of the number of atoms in the cell:

Etpt has been computed in one case for a four-atoms or-
thorhombic cell, with 1, 4, 8, and 16 special points, and in
the other case with I only, for 4, 8, 16 and 24 atoms
cells. The comparison between the results obtained in the
two cases is displayed in Fig. 1. This shows that a calcu-
lation for 3D graphite with a cell of 48 atoms and the I
point is approximately as accurate as a computation for
an elementary cell and 32 k points. It has been shown in
Ref. 38(a) that a calculation with only 6 k points gives
reliable structural properties of graphite (in-plane lattice
constant, interlayer spacing, and isotropic bulk modulus
in good agreement with experiment), and correctly pre-
dicts graphite to be more stable than diamond, when

E,„,=35 Ry is used. We note that for disordered systems
the choice of the I point is a natural one, since k=O is
the sole high-symmetry point for their charge density.

The structural properties of a-C and I-C have been
determined by occupying the lowest lying electronic
states, without considering thermal broadening effects.
This amounts to the neglect of fairly small corrections on
most properties, since even for the highest T considered
in our simulation (5000 K) T/Tf ———,'„where Tf is the
Fermi temperature. We have checked (see Sec. IV B) that
even in the case of resistivity, which is mostly affected by
the electronic states around the Fermi surface, the in-
clusion of thermal broadening does not affect qualitative-
ly our results.

In the simulation runs a time step (6 t ) equal to 4 a.u.
for a-C and 3 a.u. for the high-T liquid has been used and
the fictitious mass parameter p set at 200 a.u. An op-
timal value of Q has been determined to be 1.2 X 10 a.u.
In the simulation of a-C, the initial atomic positions have
been chosen by randomly displacing the atoms from the
positions in a perfect diamond lattice and the evolution in
time followed for about 3000ht, using E,„,=20 Ry. The
configuration thus obtained has been heated up to 5000

K, evolved for another 3000ht, and finally cooled down
to a rate of 10' K/sec. After an equilibration of about
3000ht at room temperature, a new annealing has been
repeated with a higher cutoff, 32 Ry, and another a-C
structure generated. The results obtained in the two
cases are largely similar, the main difference being the
overestimation of bond distances (about 6%) when using
E,„,=20 Ry. This is consistent with the results obtained
for carbon molecules and diamond (see Tables I and II).

The liquid was obtained by heating up the final equili-
brated a-C structure. As already mentioned, melting and
the equilibration of the system at high T have been
achieved with a CVT-MD technique. The temperature
was raised of 300 K every 700 steps, corresponding to a
heating rate of 10' K/sec, up to 5000 K. Quenches of
the electronic coordinates to their BO surface were per-
formed every 400—500 MD steps; in general, 200—300
steepest descent steps were suScient to minimize the to-
tal electronic energy. Statistical averages have been com-
puted as time averages over about 10000 steps, at
T=5000 K. The average macroscopic temperature was
constant within 1%. The results obtained from averaging
over a shorter interval (6500 steps) have been found to be
nearly identical, thus confirming that a reliable equilibra-
tion of the system had been achieved.

III. AMORPHOUS CARBON

A. Structure

We first describe the structure found for a-C, which
was generated as described above, by quenching from a
liquidlike (but not fully equilibrated liquid) state.

The structure of the computer-generated network at
300 K is found to be predominantly graphitic. It consists
of 85% threefold and 15% fourfold coordinated atoms,
where coordination is defined by our considering neigh-
bor atoms to lie at distances less than the first minimum
(r ) of the particle-particle correlation function g(r).
This is shown in Fig. 2 by the dotted line. Threefold

p —C

-5.2

O
O

LLI

-5.5— 4kP

l6 at.

8kp

24at. —

lekP

~ ~

~ ~ ~

'~

FIG. 1. Total energy per atom (E) of two-dimensional
graphite computed as a function of number of k points used for
BZ integrations (Nk ), and of the number of atoms (at. ) included
in the cell (see text). A plane-wave cutoff of 18 Ry has been
used for this calculation.

r (a.u. )

FICx. 2. Computed radial distribution functions g(r ) for a-C
(dotted line) and I-C (solid line).
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0-C (a)
--—A33

Agp

(b)
——A22

atoms can be regarded as nearly ideal sp sites: Their
nearest-neighbor distance, as computed from the first
maximum of the partial correlation function g33 is
equal to the calculated bond length in graphite at T=O,
and their average bond angle is 117, slightly smaller than
that of graphite [see Fig. 3(a)]. On the other hand, four-
fold atoms occur in distorted sp structures. Indeed, the
position of the first peak of g44 is at a distance 6%%uo larger
than the computed first-neighbor distance in diamond at
T=O, and the angular distribution of sp structures,
shown in Fig. 3(a), has a peak at 105'.

RNM calculations' are consistent with ours, since the
results for networks containing 91% sp sites fit the ex-
perimental radial distribution functions (RDF's) better
than those containing 50% or 100% sp sites. Also the
computer simulation with empirical potentials reported
by Tersoff' yields a concentration of fourfold coordinat-
ed atoms (c 3), 9%, in qualitative agreement with our

SP

findings.
Experimental estimates of c 3 ranging from 5 to 50%

SP

have been obtained from the analyses of RDF's, de-
rived from Fourier transforms of structure factors mea-
sured by x-ray scattering. The large proportion of sp
sites first proposed by Kakinoki et al. (50%) has later
been questioned, since their imposition of an estimated
macroscopic density to normalize the experimental data
may not be strictly valid. An upperbound value of 12%
for c 3 has been extrapolated from the sum rule on the

SP

complex dielectric function of a-C;' however, this pro-
cedure for the determination of the sp:sp concentration
does not appear to be completely reliable, according to
the very recent investigation by Gao et al. '"' The
(e, 2e) data reported by these authors indicate that the
sp sites concentration (c 2) is 0.85—1.0 in evaporated

SP

films, and 0.75—1.0 in ion-sputtered materials. These re-
sults are consistent with those of NEXAFS and EXAFS
studies, ' where c 2 of sputtered films is estimated to vary

from 60%%uo at T=30'C, to 80%%uo and 90%%uo at T=720 and
1050'C, respectively. This increasing graphitic character
of a-C films, as the temperature is raised, has also been
found in other experiments ' and is confirmed by our

computer simulation. Indeed, the number of sp sites in-
creases when the system is cooled down in our annealing
procedure, while the twofold coordinated atoms present
at T ~ 2500—3000 K disappear. Experimentally, an indi-
cation of the absence of significant sp component in a-C
for T ~ 1000 C comes, e.g. , from the peak positions and
width of the NEXAFS spectra reported in Ref. 10.

Our calculation reveals that sp sites show a tendency

to cluster. Indeed the ratio f dr g44I f dr g3~=0. 33
is considerably larger than the value N4 /N3 =0. 17,
which one would obtain for randomly distributed four-
fold coordinated atoms (N3 and N4 indicate the number
of sp and sp sites, respectively). The clustering of sp
sites may be important in understanding both electronic
and hardness properties of a-C films.

In Table III we report the calculated positions of the
first and second peak of the RDF
J(r) [J(r)=4rrpdr g(r)] and the first-shell coordination
number, together with the corresponding quantities ob-
tained from different measurements. In addition to the
good agreement with experiment for the features listed in
the table, the overall characteristics of J(r) are nicely
reproduced in our computer simulation. This can be seen
from Fig. 4, where we compare the computed J(r) with
the one obtained from electron diffraction (ED) by Kaki-
noki et a/. RDF's derived in different ED experiments
have similar characteristics; the one we have chosen here
is perhaps the most accurate, i.e., obtained from measure-
ments performed with the largest cutoff' wave vector (27
A '). The theoretical J(r ) has been convoluted with the
experimental resolution function, but has not been scaled
for different theoretical and experimental densities, due
to large uncertainties on the latter. We note that the
convolution affects not only the width of the peaks but
their position as well: A convolution function appropri-
ate to the cutoff wavelength adopted in Ref. 8 (8.8 A '),
for example, gives a first-neighbor distance larger than

Noncrystalline C r l (A) n] r2 (A) pd (g cm ')

TABLE III. Positions of the first (r
&

) and second (r2 ) peak of
the radial distribution function J(r) of a-C, and first (n] } shell
coordination number, as obtained from different experiments
and from theory. pd is the macroscopic density of the system.
Theoretical results corresponding to both the unconvoluted (~ )

and convoluted ( t')J(r ) (see text) are shown.

Glassy carbon'
Evaporated a-C
Evaporated a-C'
a-C from PTFE
Plasma deposited a -C'
a-C (theory)'

1.42
1.50
1.43
1.46
1.44
1.44*

(1.48 )

2.99
3.45
3.30

2.45
2.53
2.53
2.54
2.54

3.20 2.56*
3.20 (2.64 }

1.49
2.40
2.10

2.00

-0.5
costs )

0 -I.O -0.5 0
cos( v )

0.5

FIG. 3. Computed angular distributions [A, , (v)] of (a) a-C
and (b) I-C, for differently coordinated sites. A2 p pl A3 3 and

A44 are represented by the dashed, dotted, and solid line, re-
spectively. v indicates bond angles.

'Reference 5.
Reference 7.

'Reference 8.
Reference 9. [a-C films prepared by reduction of polytetra-

fiuoroethylene (PTFE) with alkali-metal amalgams. ]
'Reference 10.
Present work.
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FIG. 4. Theoretical (solid line) and experimental (dotted line;
Ref. 7) radial distribution functions J(r ) of a-C.

that of Fig. 4 by 4%. It has been argued' that the pres-
ence of threefold and fourfold coordinated atoms in a-C
should be revealed by the existence of a double first peak
in the particle-particle correlation function. We instead
find that the first maximum of g(r ) is unique but the
presence of sp sites is revealed by a very weak shoulder,
which could be detected only by experiments using ex-
tremely high wavelength cutoff (q ~ 70 A ').

From our calculation we can determine individual
atomic positions of our system, from which a detailed
picture of the network can be extracted. Although the
computer generated a-C is a truly three-dimensional
structure, the atoms may be viewed as arranged into
several "thick planes": Two labeled a and b in Fig. 5(a),
are roughly parallel to each other, with a stacking se-
quence reminiscent of that of graphite (a, b, a ). They are
connected by orthogonal planes [indicated by c and d in

Fig. 5(a)], whose distance is much smaller than that be-
tween graphite planes. Although most of the bonds
formed by sp atoms tend to lie nearly on the same plane,
as in graphite, substantial buckling can occur locally, giv-

ing these planes a finite thickness of about 1.0—1.2 a.u.
A ring statistic analysis shows that a-C is mainly com-

posed of fivefold, sixfold, and sevenfold rings, with
several coupled (5+7) ones similar to those found in car-
bon azulene molecules [see Fig. 5(b)]. The presence of
pentagonal rings in sputtered carbon films has been first
proposed by Nelson, ' "' based on the energetics of car-
bon bonds in the film surface, during growth. Other indi-
cations of the presence of odd-membered rings in a-C,
and, in particular, of C, and C7 units, come from the elec-
tron diffraction study of Weissmantel et al. ' ' ' and the
EXAFS measurements reported by Cornelli et a/. ' Very
recently, scanning tunneling microscopy (STM) has been
used to unravel the structure of a-C surfaces '" Several
patterns consisting of interconnected sixfold- and
fivefold-membered units have been observed, consistent
with our findings [see Fig. 5(b)].

B. Electronic properties

Figure 6(c) displays the computed electronic density of
states (EDOS) together with the peak positions of the ul-

traviolet photoemission spectra (UPS) and x-ray-
absorption near-edge structure spectra (XANES) report-

FIG. 5. Microscopic structure of the computer-generated
a-C network: (a) the entire set of atoms belonging to one MD
cell and (b) several fivefold, sixfold, and sevenfold ring struc-
tures the system is composed of are displayed (see text). Black
and grey spheres indicate threefold and fourfold coordinate
atoms, respectively.

ed in Refs. 15(a) and 15(b), respectively. The description
of the electronic states, which are the result of the same
self-consistent procedure from which the atomic posi-
tions were derived, is in good agreement with experiment.
In the valence band, the split s peak around —16 eV and
the broad o. peak centered at about 7 eV are correctly
reproduced, as we11 as the m. state shoulder near the Fer-
mi level (E~ ), present in graphite and a-C but, of course,
not in diamond [see Figs. 6(a) and 6(b)]. The
conduction-band spectrum shows a sharp m* peak and a
broader 0.* peak, in agreement with experimental
findings. A comparison of our results with the measured
intensities for the various peaks appears to be quite
difficult. Indeed, the effect of cross-section (o., ) modula-
tion in the photoemission intensity for the valence band
of carbon has been found to be particularly large, ' ' ' due
to the large ratio cr, (2s ) /cr, (2p ) deriving from the
different nodal properties of the 2s and 2p wave functions.
Furthermore, a different relative intensity of the ~* and
o.* peaks in the conduction band is reported in different
experiments' ' ' (XANES and Auger-ANES), to indicate
strong effects from both core-hole interaction and matrix
elements.

As shown in Fig. 6(c), we find a deep minimum in the
EDOS of a-C, near E~. Within the finite resolution of
our calculation, this is consistent with the experimental
observation of a small gap of about 0.4—0.4 eV. Tight-
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forms of carbon, and/or inadequacy in a simple scaling
law such as that chosen here. We note that the d scal-
ing is expected to be valid for bond lengths close to those
of graphite and diamond, e.g. , for the characteristic dis-
tances of the structures whose properties have been fitted
in the derivation of the TB interactions. The minimum
of a-C g(r ), used as first-neighbor cutoff' in our model, is
instead much larger (about 30%). Furthermore, the pp-rr
interactions between ~ and o orbitals have been shown to
be strongly structure dependent also for diamond and
graphite.

IV. LIQUID CARBON

0
CO
O
Cl
LLI

(c)
Our simulation for I-C has been performed at the same

fixed density (pd=2 gem ) as that considered for the
amorphous material. According to the (pd, T) diagram
of Ref. 24(a), this is possibly a reliable density for the
liquid at T=5000 K. Furthermore, the results of the
simulation with empirical potential by Tersoff, ' indicate
a liquid density of about pd=1. 8 gem in the low-P re-
gime. A posteriori we can calculate the pressure of the
liquid state that has been generated: the value which we
have estimated suggests that our investigation of I-C
properties is relevant to low-P experiments.

-20 —IO 0 10 -20 - lO 0
Energy (eV) Energy (eV)

lo

FIG. 6. EDOS of (a) rhombohedral graphite, (b) diamond, (c)
a-C, and (d) 1-C, as computed within LDA. The zero of the en-

ergy scale corresponds to the Fermi energy. The results
displayed in (a) and (b) are from Ref. 38(b) whereas those in (c)
and (d) have been obtained in the present work. In (c) the ar-
rows indicate positions of experimental peaks (Ref. 15).

binding (TB) models' developed for the networks pro-
posed in Ref. 12 show instead metallic features in the
EDOS of all the structures containing sp sites. In order
to understand this discrepancy (that is, if due to assump-
tions on the atomic structure or to inadequacies of the
TB picture), we have computed the EDOS for the net-
work generated in our ab initio simulation with a TB
Hamiltonian. An sp basis set in which rr, and (n„,m~)
orbitals are treated equivalently has been adopted, and
only first-neighbor interactions included. In the TB mod-
el by O'Reilly and Robertson, ' ~ -m. interactions have
instead been treated differently from those involving m;
electrons. This is probably motivated by their RNM
structures, which are composed of warped graphite layers
with a preferred z direction. ' Interaction parameters
have been taken from Chadi's model for carbon, and
their scaling law chosen to be d for all first-neighbor
distances d. Our results show a metallic behavior for
a-C, the ratio between EDOS at the valence-band peak
and at E„being very similar to that found in previous
models. 4(') 13. This seems to indicate difficulties of apply
ing the TB picture to a-C; i.e., lack of transferability of
TB parameters between differently coordinated bonded

A. Structure

As we already mentioned, the liquid was obtained by
heating up the a-C structure generated at room tempera-
ture. The main transformation as the temperature is
raised concerns the appearance of twofold coordinated
atoms at T=2500—3000 K (their concentration increas-
ing almost continuously with increasing T up to 5000 K),
accompanied by the onset of metallic features, as a result
of ~ and m.* states meging. At temperatures around 4000
K, the system begins showing a diffusive behavior, possi-
bly 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. Tem-
poral averages to compute electronic and atomic proper-
ties have been taken at T=5000 K: At this temperature
the self-diffusion coefficient of the system is calculated to
be 2.4X10 4cmzsec

The structural modifications observed at
T=2500—3000 K are consistent with the model proposed
by Heinman et al. , ' ' in which high-T treatment of
graphite is supposed to lead to carbon polytypes with sp
configuration and carbon-carbon chains. This model sup-
ports the hypothesis that graphite is not stable at high T,
but transforms to the carbyne allotrope of carbon. How-
ever, several authors have questioned the existence of a
carbyne region in the C-phase diagram. In particular, it
has been pointed out that the diffraction patterns and the
results of spectroscopic measurements which seem to in-
dicate structural transforrnations in high-T graphite may
have been misinterpreted, in that they may not belong to
pure carbon but to sheet silicates.

In our calculation, we find that the liquid state as 5000
K is composed of 32% twofold, 52%%uo threefold, and the
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FIG. 7. The number of twofold (solid line), threefold {dotted
line) and fourfold (dashed line) coordinated atoms (N„)present
in the liquid state at T=5000 K, as a function of simulation
time. N„indicates the number of MD steps. Arrows indicate
the average number of differently coordinated sites.

remaining fourfold coordinated atoms. Atomic coordina-
tion as a function of simulation time is shown in Fig. 7.
This shows (i) the constantly changing coordination of
each site and (ii) that our simulation time is long enough
to compute meaningful averages. Unlike what has been
found for silicon, " ' ' the average coordination of the
system decreases upon melting; we calculate it to be 2.9
in the liquid, against the value of 3.2 computed for a-C.
As indicated by the peak positions of the radial distribu-
tion functions g( r ), shown in Fig. 1 for both l-C and a-C,
the average first-neighbor distance slightly decreases in
the liquid, whereas the second-neighbor distance becomes
larger. This behavior is again opposite to that observed
in the amorphous to liquid transition in silicon.

A description of the differently coordinated sites
present in I-C is provided by the analysis of the partial
correlation functions" g, , (r ), and g, (r ), displayed in Fig.
8, and of the angular distributions 3;, [i,j =2, 3,4],
shown in Fig. 3(b). Fourfold coordinated atoms, found to
be distorted sp structures in a -C, appear to have
different bonding properties in the liquid. Indeed, g44

and A44 indicate that these sites 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 viewed as
distorted graphitic sp units: The first maximum of g33 is
at a distance slightly larger (4%) than the computed bond
length for graphite at T=O, and the peak of A33 lies be-
tween 110' and 125'. When linked to each other, the
average bond distance of twofold sites is 2.55 a.u. , a few
percent larger than the bond lengths obtained for C2
(2.430 a.u. ) and C3 (2.495 a.u. ) molecules. This suggests
that these atoms are mostly triple bonded, according to
the classification of carbon bonds given, e.g. , by Coul-
son. The angular distribution A2z shows that angles
between 180' and 110 are almost equiprobable, whereas
those smaller than 100' are very unlikely. This is con-
sistent with the geometries of C3 and C4 molecules detect-
ed in C vapors: They have a linear structure, but very
small bending frequencies. ' The ratio
( f dr g23 Ifdr g24 ) =3.0 (where the integrals are extend-
ed from zero up to r ) indicates that twofold sites are
preferably connected to threefold rather than fourfold
ones, and the peak of gz3, between 2.55 and 2.80 a.u. , sug-
gests a possible alternation of sp-sp bonds, differing in
their proporation of m character. A bond alternation of
the kind —C=C—has been proposed, for example, for
the ground state of infinite carbon chains. We finally
notice that the second peak of g(r) arises mainly from
the second-neighbor distribution 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 T (300 K) a-C was found to have essentially
no rings with N larger than seven. A "snapshot" of the
system, showing its differently coordinated sites and
characteristic rings, is displayed in Fig. 9; in this picture
we have plotted several atoms of a representative instan-
taneous configuration, chosen so that the atomic coordi-
nation be close to the average one.
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FIG. 8. Radial distribution functions {a) g, , and (b)

g, , (i' ) of I-C, i,j=2,3,4.

B. Electronic properties

Figures 6(d) and 10 show the computed electronic
EDOS and electrical conductivity (o ) of I-C, respective-
ly. These have been obtained as averages over ten atomic
configurations, chosen among the total number generated
in our computer simulation, one about every 1000 steps.
The accuracy of the calculation has been checked by
computing the density of occupied states using all 10000
configurations, which turns out to be nearly identical to
that displayed in the picture.

Our results show that the liquid at low pressure is a
metal. The electronic properties of l-C have been greatly
debated in the literature. Bundy' has shown that l-C is
metallic in the pressure regime 10 ~ P ~ 110 kbar,
whereas an earlier investigation suggested that molten
graphite is insulating in the pressure range of 120 to
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FIG. 9. Several atoms of a representative configuration of I-C
are displayed (see text). White, black, and grey spheres indicate
twofold, threefold, and fourfold coordinated atoms, respective-
ly. Bonds with length close to the first minimum of the correla-
tion function g(r ) (see Fig. 2) have been represented as dotted
lines.

thors find an increase in the reAectivity, as well as resis-
tivity, of highly oriented pyrolitic graphite upon melting,
and they measure a nearly temperature independent resis-
tivity for the liquid phase, whose low value
(p„=30—70 {ttQ cm) is certainly characteristic of a metal.
A discussion of the possible diferences in the experimen-
tal results of Refs. 20 and 21 is given in Refs. 21 and 23.
Melting of graphite and diamond in anvil apparatus, at
pressures ranging from 2.5 to 18 kbar, has been reported
very recently by Togaya. The melt formed in both
cases is found to be metallic or semimetallic, with a resis-
tivity estimated to be lower than 400 pQ, cm. We finally
note that in the femtosecond laser melting of graphite of
Reitze et al. , graphite is found to exhibit metallic opti-
cal properties (i.e. , sharply increased reflectivity) for
several picoseconds after excitation above the critical
melting fluence, but then to develop insulating properties
(i.e., reduced reAectivity). These results might indicate
that the equilibrium state of the liquid is nonmetallic, or
that I-C can form in either insulating or conducting form,
depending on excitation conditions.

In our calculation, the electrical conductivity as a func-
tion of frequency (ru) has been obtained from the Kubo-
Greenwood formula

2vh e g(f, f, )lM, ,
l'&—(E, —

E,
—trtru),

3m Vco, ,

several hundred bars. More recently, Malvezzi et
al. "have reported time-resolved optical measurements
of laser-excited graphite, where the reAectivity of the
high-temperature phase, assumed to be a liquid, is found
to be lower than that of the starting material. This would
indicate that I-C is a semi-insulator. These results are
consistent with the resistivity studies by Chauchard
et aI. ' '—who observed a large decrease of graphite
samples resistivity under laser illumination —but in
disagreement with optical and dc conductivity measure-
ments reported by Heremans et a/. "' Indeed, these au-
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FIG. 10. Electrical conductivity (o) of I-C, computed as
average over ten atomic configurations (see text). The extrapo-
lated conductivity at zero [o{co~0)]gives a dc value of about
0.007 pA cm

2~% e
od,=, a[N(EF)]

m
(9)

a being the average nearest-neighbor distance, agree
within 10%%u~. The computed value of p„ is
140+28 pAcm; this is compared with the available ex-
perirnental results in Table IV. We note that uncertain-
ties upon the calculated resistivity are introduced by
finite-size effects and inaccuracies can possibly derive
from the LD approximation of density-functional theory.
The comparison with experiment shown in the table can
only be qualitative: Indeed, the macroscopic density of
the liquid obtained experimentally is not known, neither
is the volume change that carbon undergoes upon melt-

where ~M, , is the momentum operator matrix element
between states i' and i whose occupation numbers, f,' and
f„aretreated as Fermi-Dirac distributions. It is essen-
tial to carry out such a calculation to make definite con-
clusions about the conductivity of I-C. Indeed, localiza-
tion effects due to disorder are properly accounted for in
Eq. (8), which can therefore distinguish between metallic
and insulating properties in disordered systems. We find
that in the range Aco~12 —13 eV, o. can be approximated
by a Drude-like function, whereas its fall off at higher fre-
quencies is much more rapid: This feature is at least par-
tially an artifact, due to the finite range of energies con-
sidered in our calculation. From the limit of Eq. (8) for
co~0, an estimate of the dc electrical conductivity (crd,).
and of the resistivity (p„=I /crd, )of the s.ystem can be ex-
tracted. The main contribution to o.d„.comes from elec-
trons with energies close to the Fermi level (E„).Indeed,
the results obtained from Eq. (8) and from the approxi-
mate expression
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TABLE IV. Electrical resistivity (p„)of l-C, and correspond-
ing pressure (P ) of the system, as obtained from different exper-
iments and from theory. The theoretical results have been ob-
tained by treating the occupation numbers f; entering Eq. (8)
(see text) as Fermi-Dirac distributions. If we consider the f, the
electrons would have at T=O, the computed value for p, turns
out to be 100+20 pQcm.

Bundy'
Shan er
Heremans et al. '
Togaya
Theory'

'Reference 18.
Reference 27.

'Reference 21.
Reference 23.

'Present work.

p, (pQcm)

150
1000

30-70
~ 400
140+28

P (kbar)

~10
4

=0
2.5—18

ing. For example, Heremans et al. ' assumed no volume
changes as graphite fibers are melted, whereas Shaner
reported a 100%%uo expansion of highly disordered graphite,
upon melting. Furthermore, the comparison between the
data displayed in Table IV suggests that the resistivity of
l-C might be significantly dependent upon pressure.

V. SUMMARY AND CONCLUSIONS

We have presented detailed analyses of the structural
and electronic properties of amorphous carbon at room
temperature, "and liquid carbon at low pressure,
which we have investigated with a first-principles
molecular-dynamics method. ' The simulation of a-C
has been carried out within the microcanonical ensemble.
The liquid has been studied with a CVT technique: This
approach has been found to be particularly appropriate
to overcome the problem of energy transfer between elec-
tronic and ionic degrees of freedom, which may occur in
the simulation of metallic systems with the original
method of Refs. 31 and 32.

In our calculation, we find a-C to be predominantly
graphitic, with a concentration of sp -diamondlike sites
of about 15%, in agreement with most experiments and,
in particular, with very recent (e, 2e ) spectroscopy" and
EXAFS (Ref. 10) studies. A new feature revealed by our
computer simulation regards the tendency of fourfold
coordinated atoms to cluster: This may be relevant to the
understanding of both electronic and hardness properties
of a-C films. The network that we have generated results
to be a three-dimensional structure, with the atoms ar-
ranged into thick planes, as shown in Fig. S, and com-
posed of even- and odd-membered rings, consistently
with the findings of EXAFS (Ref. 10) and STM' "' inves-
tigations. In our description of the electronic properties
of a-C, we find that the peak positions of the computed
EDOS are in good agreement with those of UPS' "and
XANES' ' ' spectra. Furthermore, the deep minimum of

the density of states close to the Fermi energy is con-
sistent with the experimental observation of a small gap
for a-C films. However, the finite resolution of our calcu-
lation does not allow us to establish whether the system is
a small-gap semiconductor or a semimetal.

The liquid state has been obtained by heating up the
a-C structure generated at room temperature. The main
transformation which we observe, as the temperature is
raised, is the appearance of twofold coordinated atoms at
T=2500—3000 K, accompanied by the onset of metallic
features. At T=5000 K and low pressure, l-C is found to
have an average coordination less than 3.0 and to be corn-
posed of differently coordinated atoms (twofold, three-
fold, and fourfold), which display a variety of bonds,
from single to triple. These are mainly arranged into
chainlike structures: Indeed, N-fold rings with N ~ 9 are
the great majority in the system, although fivefold, six-
fold, and sevenfold membered rings are also present.
From the calculated electronic density of states and opti-
cal conductivity, we determine the liquid to be a good
metal: This is in agreement with very recent reflectivity
and resistivity experiments on laser-excited graphite, '

and with resistivity measurements of diamond and graph-
ite molten in anvil apparatus. On the other hand, it is
in apparent disagreement with the conclusions of earlier
reflectivity studies, and with the results of femtosecond
time-resolved measurements of melting dynamics of
graphite.

In order to resolve these controversies and fully under-
stand the nature of the liquid state, the dependence of its
properties upon pressure and temperature should be in-
vestigated. Since the stable form of carbon at low T
changes greatly, from graphite to diamond, with pres-
sure, the nature of the liquid may be expected to change
as well, as a function of P. Although it has long been
believed that the liquid is more dense than the solid, as it
is the case for the other group-IV elements, recent experi-
ments' ' indicate that the diamond-liquid phase bound-
ary has a positive slope and therefore that the liquid is
less dense than diamond. This may have relevant impli-
cations for the understanding of carbon phases in the
earth mantle and in outer planets. These issues have
been investigated by carrying our first-principles studies
of liquid carbon and the melting of diamond at high pres-
sures; our results are planned to be discussed in a
separate report.
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