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Liquid-Liquid Phase Transformation in Carbon
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Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 7 October 1998)

A first order phase transition is found in liquid carbon using atomistic simulation methods a
Brenner’s bond order potential. The phase line is terminated by a critical point at 8801 K
10.56 GPa and by a triple point on the graphite melting line at 5133 K and 1.88 GPa. The phase ch
is associated with density and structural changes. The low-density liquid is predominantlysp bonded
with little sp3 character. The high-density liquid is mostlysp3 bonded with littlesp character. This
is the first nonempirical evidence of a liquid-liquid transition between thermodynamically stable flu
[S0031-9007(99)08961-9]

PACS numbers: 61.20.Ja, 05.70.Fh, 64.60.– i, 64.70.Ja
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Ferraz and March [1] suggested the existence of a liqu
liquid phase transition (LLPT) for the phase diagram
carbon in 1979. The first quantitative theory that explor
the LLPT was a semiempirical equation of state model
of carbon by van Thiel and Ree [2] in 1993. Howeve
it was not until 1997 that the first experimental, thou
indirect, evidence for the LLPT in carbon was publish
[3]. This careful work on the melting of graphite b
Togaya suggests that the slope of pressure-tempera
sP-T d melting line is discontinuous at the temperatu
maximum, and hence at least three stable phases coex
this point. The most likely conclusion is that this point is
triple point and the carbon phase diagram exhibits a LLP

Though somewhat exotic, LLPT’s have been sugges
in liquid S, Ga, Se, Te, I2, Cs, and Bi [4]. Recent experi
ments [5] and molecular dynamics (MD) calculations [
have shown evidence of a first order transition betwe
metastable phases of supercooled water.

The purpose of this Letter is to report the findings o
MD simulation of liquid carbon showing clear evidenc
of a LLPT. The LLPT line in carbon is mapped ou
including the critical point at highT and the triple point at
low T . The low-density liquid (LDL) phase has differen
local structure than the high-density liquid (HDL) phas
An order parameter sensitive to this local order chang
defined and examined as a function ofT andP. This is the
first time that atomic simulations have directly observed
first order LLPT between twodistinct thermodynamically
stableliquid phases in carbon or any other material.

To describe the carbon-carbon interaction, the hydroc
bon potential model developed by Brenner [7] is used. T
Brenner potential falls in a class of empirical potentia
known as bond-order potentials having the simple form

C ­
X

ij[hbondsj
hfRsrijd 2 bijfAsrijdj , (1)

wherefR andfA are exponential functions representin
the repulsive and attractive terms, respectively, in the bo
energy. Although a sum over bond energies (hbondsj is the
set of all bonds), this is not a pair potential. The so-cal
bond-order factorbij is a many-body factor and depend
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on bond angles, torsional angles, bond lengths, and ato
coordination in the vicinity of the bond. This many-bod
nature ofbij allows bond energy to depend on the loc
environment in such a way so as to produce the corr
geometry and energy for many different carbon structu
including graphite and diamond.

The simulations are performed mostly on 512 partic
systems using a constant (cubic) volumesV d and tem-
perature MD. A number of calculations were done wi
4096 particles to check for finite-size effects. The equ
tions of motion are integrated using a velocity-Verlet alg
rithm [8] with temperature controlled via the Nóse-Hoov
thermostat [9]. To control integration errors, we ha
made the time-step variable by choosing it to be the les
of 10215 sec or the time to ensure that the largest parti
displacement is less than 0.1 Å. In practice this resu
in 1200 to 2000 time steps per picosecond forT between
5500 and 9000 K.

TheP isotherms are generated forT between 5500 and
9000 K at 500 K increments. Each isotherm is calculat
at 61 volumes by varying the side of the computation
box in 0.1 Å increments from 14 to 20 Å. The pressu
is averaged over 1 ns of simulation. In total, this
about 8 3 108 time steps or 0.5ms of simulation. To
check for metastability or slow convergence, the volum
is increased in small increments froms14 Åd3 to s80 Åd3

and then decreased back tos14 Åd3. For each volume
the simulation was run for 1 ns. No hysteresis loop
the isotherms was observed within the statistical accur
of the calculation. This is fairly strong evidence that th
simulation is sufficiently long to sample all relevant pha
space and is not being plagued by metastability.

The pressure isotherms are shown in Fig. 1. The clas
van der Waals loop associated with a first order pha
transformation is observed. The equal-area construc
on the van der Waals loop is used to determine the ph
coexistence region and theP-T phase line, which are
shown in Figs. 1 and 2, respectively. The numerical valu
are listed in Table I. The vanishing of the positive slop
region of the isotherm with increasingT locates the critical
point at 8802 K, 10.56 GPa, and8.70 Å3yatom.
© 1999 The American Physical Society 4659
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FIG. 1. P-V isotherms are drawn as solid lines. The dash
line denotes the coexistence boundary. For comparison,
isotherms with torsion term removed are drawn as dotted lin
Error in theP is less than 0.05 GPa.

The dependence on system size was tested at 600
by increasing the number of particles, by a factor of
to 4096 particles. In the single-phase region the press
and energy differences between the 512 and 4096 part
systems were less than 5% and 0.2%, respectively.
the coexistence region there was, as expected, signific
changes with system size. The difference between
pressure maximum and minimum of the van der Waa
loop decreased dramatically. However, the transition pr
sure and densities did not change significantly. In t
4096 particle systems the phase separation is easily
served in the coexistence region, further supporting t
conclusion of a first order LLPT for molten carbon.

FIG. 2. Carbon phase diagram: dash-dotted line­ experi-
mental graphite-diamond line [11]; dashed line­ experimental
graphite melting line [2]; solid lines­ simulation results using
Brenner potential. The diamond melting line was calculat
previously [10].
4660
ed
the
es.

0 K
8,
ure
icle
In

ant
the
ls

es-
he
ob-
he

ed

The locations of graphite-liquid-liquid (GLL) triple
point and the graphite-melting line are estimated in the fo
lowing way. At an initial guess for the GLL triple point,
the volume and energysEd of graphite and both liquids are
found by iteratingV until obtaining the targetP. At this
point, dPydT ­ DSyDV ­ sDEyDV 1 PdyT is evalu-
ated, whereDS, DE, andDV are the change of entropy,
energy, and volume across the phase line. Under the
sumption that the graphite-melting line has little curvature
which is consistent with experiment [2], the estimate o
the triple point is improved by shifting the straight-line ap
proximation for the graphite-melting curve to pas
through the graphite-diamond-liquid triple point (4522 K
13.42 GPa). This process can be iterated to impro
the accuracy. In practice, the slopes change little fro
the initial estimate, and one iteration was sufficien
The initial guess for the triple point was at 5500 K an
2.69 GPa. For the liquid phases, see Table I forE andV .
For graphite, a constantT and V simulation at 5500 K
and 7.644 Å3yatom yieldedP ­ 2.62 6 0.02 GPa and
EyN ­ 6.633 6 0.001 eVyatom. Slopes of the graphite-
HDL, graphite-LDL, and HDL-LDL lines are20.0189,
0.00585, and 0.00224 GPayK, respectively.

The results of these calculations are shown in Fig.
It clearly shows that the predicted LLPT lies within the
thermodynamically stablefluid phase range. For refer-
ence, the diamond-melting line [10] based on the Bre
ner potential and Bundy’s experimental results [11] fo
the graphite-diamond phase line and Togaya’s experime
tally determined graphite-melting line [2] are also shown
There is remarkably good agreement between Togay
work and the present calculation, in particular, the slop
of the high-P part of the graphite-melting line. Togaya
measured a value of20.0258 GPayK and we estimate a
slope of20.0189 GPayK for the graphite-HDL phase line.
This procedure locates the GLL triple point at 5133 K an
1.88 GPa. The experimental value is at4786 6 38 K and
5.7 GPa. Although the temperature agrees well with e
periment, the calculated pressure is small by a factor
3. The underestimation of this pressure is not surprisin
and likely due to the absence of the longer-range van d
Waals force in the Brenner potential. The net attractive n
ture of this force would stabilize the LDL phase to highe

TABLE I. T , P, VyNsÅ3d, and EyNseVd for the HDL and
LDL phases on the LLPT (6n denotes1-s error in the last
digit). The critical point temperatureTc ­ 8802 6 21 K.

T (K) P (GPa) VHDLyN VLDIyN 2EHDLyN 2EHDLyN

5500 2.696 6 4 6.418 6 7 14.78 6 2 5.818 6 2 5.3202 6 7
6000 3.795 6 5 6.532 6 3 13.487 6 7 5.678 6 1 5.2477 6 4
6500 4.912 6 3 6.660 6 3 12.617 6 5 5.551 6 1 5.1686 6 3
7000 6.051 6 3 6.805 6 5 11.917 6 5 5.431 6 1 5.0875 6 3
7500 7.240 6 3 6.996 6 6 11.284 6 7 5.313 6 1 5.0071 6 3
8000 8.454 6 3 7.29 6 1 10.66 6 1 5.186 6 2 4.9329 6 3
8500 9.731 6 3 7.73 6 2 9.85 6 4 5.049 6 3 4.877 6 1
8802 10.56 6 6 8.70 6 3 8.70 6 3 4.906 6 4 4.906 6 4
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P, in particular, at lowerT , thereby reducing large density
differences between the two fluid phases. Most likely, i
cluding a van der Waals term in the potential model wou
raise the calculated triple point pressure, decrease the s
of LLPT, and reduce the density difference between t
HDL and LDL phases at the transition.

It is of interest to understand the structure of the two liq
uid phases. One measure of structure is the local coo
nation of each atom. For this discussion we use the sa
definition of coordination as used by Brenner [7]. Th
definition counts neighbors with weight 1 within 1.7 Å ra
dius and with weight 0 outside a radius 2 Å. For neigh
bors with separation between 1.7 and 2 Å the weighti
factor smoothly varies from 1 to 0 with separation. Th
present simulation shows that the coordination is high
correlated with the geometry of the local structure, an
hence the hybridization state of the atom. Namely, t
fourfold coordinated atoms are the centers of nearly tet
hedral structures, while the threefold coordinated atom
are the centers of planar structures with the neighbors
angles close to 120± and the twofold coordinated atoms
tend to be linear. Therefore, twofold, threefold, and fou
fold coordinated atoms will besp, sp2, and sp3 hy-
bridized, respectively.

Figure 3 shows “snapshots” of both the LDL and HD
phases at densities on the phase boundary. The co
coding highlights coordination and, as discussed abo
the hybridization. Each configuration is from a simulatio
at 5500 K and 2.7 GPa. The LDL phase is dominate
by chainlikesp structures with very littlesp3 hybridized
atoms, while the HDL phase contains mostlysp3 bonded
atoms with very littlesp hybridized atoms, similar to an
amorphous “diamondlike” solid. Of course, both of thes
phases are liquids and the covalently bonded structu
are continuously changing with time; however, the gene
character remains.

The order parameter,C ­ sr4 2 r2dysr4 1 r2d,
where r2 and r4 are the number densities of twofold
and fourfold coordinated atoms, is used to measure
local order. For instance, ifC ­ 1 there is no twofold
coordination, whereas forC ­ 21 there is no fourfold
coordination. The order parameter is plotted in Fig. 4 as
function of pressure. The first order nature of the tran
tion is clearly seen forT below the critical temperature
sTcd. For T ø Tc the onset of the singular behavio
associated with a second order transition is observ
Furthermore, although there is a significant number
threefold coordinated atoms in the coexistence region
stable phase dominated by such a phase is not observe

A natural question to ask is “Where is thesp2-liquid
phase”? To answer this question it is important to consid
the entropy of the various fluid phases. At lowP it is
clear that the linear chain structures are stabilized ov
sp2 or sp3 structures by entropy. At higherP the sp
phase must give way to higher density phases domina
by either sp2 or sp3 bonding. Thes bond in thesp3

liquid allows for almost free rotations about the bond o
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FIG. 3(color). Snapshots of a 512-particle MD configuratio
at 5500 K near the coexistence limits.

the local tetrahedrals, leading to many nearly equal ene
conformations and high entropy. However,sp bond in
the sp2 liquid has a large rotational energy barrier, an
it forces the structure to be planar, and of much low
entropy than thesp3 dominated phase. This low entrop
destabilizes thesp2-liquid phase relative to thesp- or sp3-
liquid phases. This is consistent with some unpublish
work on amorphous carbon, where we found an intima
interplay between the relative stability ofsp2 dominated
amorphous carbon and the torsional energy about thesp2

bond. For example, without Brenner’s torsional ener
term the system would quench to an almost all threef
coordinated structure, even at densities as high as diam
The fourfold (orsp3) structures formed under quenchin
only when the torsional energy was turned on.

To further investigate the role of the torsional ener
in the liquid we performed a series of calculations on t
liquid state without the torsional energy term. As wit
quenching without torsion, the relative fraction of threefo
coordinated atoms increased dramatically. Furthermo
the character of the isotherms also changed. The 6000
7000 K isotherms of the potential model without torsion
4661
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FIG. 4. C vs P. At 9000 K the discontinuity vanishes.

term are shown in Fig. 1 (dotted lines) along with the s
of isotherms calculated for the full potential model (soli
lines). The van der Waals loop vanishes at 7000 K and
greatly reduced at 6000 K over the corresponding isothe
of the full potential model. It clearly shows the importanc
of thesp bond’s torsional energy.

A number of tight binding (TB) calculations have bee
performed on the liquid state of carbon [12,13]. At low
density they predict, in agreement with this paper, twofo
or chainlike structures. At higher densities, however, th
TB predicts a much larger fraction of threefold coordinate
atoms than predicted by this paper. This is due to t
inability of the two-center approximation used in these T
calculations to model the torsional energy of rotation abo
thesp2 bond correctly. In fact, the twofold, threefold, and
fourfold coordinated atom densities of the TB calculation
are very close to our results without the torsional energ
term. This may also explain why the TB results fa
to predict a first order transition in the liquid region
Recently, the TB model for carbon has been extended
include three-center terms [14]. In studies of amorpho
carbon [15], the use of the improved TB model is show
to greatly reduce the threefold coordinated atoms dens
This new model has not yet been applied to the liquid sta
of carbon, but we expect that similar reductions should al
occur in liquid carbon.

In both the empirical bond-order potential and the T
approximation, the van der Waals interaction has be
neglected. The van der Waals attraction of about 100
per carbon pair [16] is much smaller than the meltin
temperature of carbon (approximately 4500 K) and for th
most part does not have a significant effect on the predict
phase diagram. An exception to this may be for the LD
phase. At lowP, even at highT , the density of the
LDL phase is sensitive to the long-range van der Waa
forces. The inclusion of these forces should significant
increase the density of the LDL phase at a givenP.
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This change in the equation of state of the LDL woul
increase the transition pressure to the HDL phase. W
are currently extending the bond-order potential model
include nonbonded interactions.

This paper strengthens the case for a first order LLP
as inferred by the experiments of Togaya. Furthermore,
lends insight into atomic structure, which has eluded e
perimental probing, namely, thesp3 character of the HDL
and thesp character of the LDL. Although quantitative
differences exist between this work and experiment, n
tably the low triple point pressure and the large density di
continuity, the existence and general features of LLPT
carbon have been shown. Comparison to experiment c
be improved with refinements to the potential, especial
with the inclusion of a van der Waals term. However, suc
refinements will not likely change, in a qualitative way, th
findings of this paper.

The authors would like to thank M. van Thiel, G. Galli,
C.-S. Yoo, H. Lorenzana, and M. Togaya for useful con
versations. This work was performed under the auspic
of the U.S. DOE by the Lawrence Livermore Nationa
Laboratory under Contract No. W7405-ENG-48.

[1] O. A. Ferraz and N. H. March, Phys. Chem. Liq.8, 289
(1979).

[2] M. van Thiel and F. H. Ree, Phys. Rev. B48, 3591 (1993);
J. Appl. Phys.77, 4804 (1995).

[3] M. Togaya, Phys. Rev. Lett.79, 2474 (1997).
[4] K. Tsuji, J. Noncryst. Solids 117-118, 27 (1990);

K. Yaoita et al., ibid. 156-158, 157 (1993); 150, 25
(1992); V. V. Brazhkinet al., High Press. Res.6, 363
(1992); Phys. Lett. A154, 413 (1991).

[5] O. Mishima and H. E. Stanley, Nature (London)392, 164
(1998); M.-C. Bellissent-Funel, Europhys. Lett.42, 161
(1998).

[6] S. Harringtonet al., Phys. Rev. Lett.78, 2409 (1997).
[7] D. W. Brenner, Phys. Rev. B42, 9458 (1990);46, 1948

(1992); D. W. Brenneret al., Thin Solid Films 206, 220
(1991).

[8] H. C. Andersonet al., Report of the CECAM Workshop
(CECAM, Orsay, France, 1984).

[9] W. G. Hoover, Phys. Rev. A31, 1695 (1985).
[10] J. N. Glosli and F. H. Ree, J. Chem. Phys.110, 441 (1999).
[11] F. P. Bundy, J. Chem. Phys.38, 618 (1963); 38, 631

(1963).
[12] J. R. Morris, C. Z. Wang, and K. M. Ho, Phys. Rev. B52,

4138 (1995).
[13] O. Sugino, inThe Review of High Pressure Science an

Technology, 1997,edited by M. Nakahara (Japan Society
of High Pressure Science and Technology, Japan, 199
Vol. 7, p. 181.

[14] M. S. Tang and C. Z. Wang, Phys. Rev. B53, 979 (1996).
[15] C. Z. Wang and K. M. Ho, Symp. Proc. Mater. Res. Soc

498, 3 (1998).
[16] W. L. Jorgensen and D. L. Severance, J. Am. Chem. So

112, 4768 (1990).


