PHYSICAL REVIEW B VOLUME 61, NUMBER 13 1 APRIL 2000-I

Explicit Gibbs free energy equation of state applied to the carbon phase diagram
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We provide a simple explicit form for the Gibbs free ene@yP,T) of diamond, graphite, and liquid
carbon. The Gibbs free energy function is shown to reproduce the known equation of state properties of carbon
up to pressures of 600 GR& MBar) and temperatures of 15000 K. Recent experiments on graphite melting
suggest the presence of a first-order liquid-liquid phase transition at roughly 6 GPa. We show that such a
transition is consistent with shock compression data at higher pressures. We reanalyze experiments on the
diamond-liquid melting line with our equation of state. Our analysis suggests that the diamond-liquid melting
line may have a more positive slope as a function of pressure than previously estimated. A maximum in the
diamond melting line is predicted by the model, in agreement with resemitio simulations.

[. INTRODUCTION experimenta® work has suggested that liquid-liquid phase
transitions may occur in common materials, such as water.
Carbon is one of the most abundant elements in the uni- Rapid pulsed laser heating of carBbff has suggested
verse. Its properties are essential in understanding organtbat two different liquid phases of carbon may exfsTo-
chemistry, biochemistry, and life on earth. The equation ofgaya recently reported accurate measurements on the melting
state of elemental carbon under high pressure is of greatf graphite under pressure that suggest a first-order liquid-
importance in geology, planetary science, and shockiquid transition?’ Finally, shock compression data by
physics! Despite this, the phase diagram and equation ofShaneret al?® and other experimentgive evidence that the
state of carbon under extreme conditions is still not welldiamond-liquid melting line has positive slope. This result
understood. Diamond is an extremely hard material, so thavas unexpected and required the re-evaluation of the carbon
compressing it substantially under static load is very diffi-phase diagrarf->
cult. The elastic limit of diamond complicates the analysis of ~Several attempts have been made in generating analytical
shock datd. Quantitative data on the melting of diamond equations of state for carbon that match all of the known
under high pressure still do not exist. data. Gustafsoh proposed a simple extended Murnagtfan
The study of graphite’s high pressure equation of state ig¢quation of state for three phases of carbon. The simple form
also quite difficult. Graphite occurs in a wide variety of mul- used for this equation of state, based on a factorization of
ticrystalline forms. The equation of state properties of thesgressure and thermal effects, is not applicable to states of
forms vary somewhat, complicating the reproducibility of combined high pressure and temperattiréinfortunately,
experiments. The melting of graphite, and the location of théhese states are precisely the ones of most interest in plan-
graphite-liquid-vapor triple poift® have been the subject of etary physics and shock physics.
great controversy in the literature. Experiments are compli- There have also been Mie-Gruneisen equations of state
cated by the very high melting temperature of graphiteproposed for carbol.*®3#3The equations of state correctly
(about 4600 K, finite experimental time scales, and transportmatch shock compression data, unlike Gustafson’s form.
effects. Recentb initio simulations may help explain the These equations of state use volume and temperature as the
qualitative properties of graphite melted via laser excitation. independent variables. In most applications this is somewhat
Finally, very little is known about liquid carbolf. The  less convenient than using the pressure and temperature as
very high temperatures involved makes the isolation andhe independent variables. Thermal effects in the equation of
study of liquid carbon difficult. What is known about it sug- state are included by postulating a functional form for the
gests that it may be a quite unusual material. Recent atomigsruneiseny=VJP/JE|,,. Complicatedy functions are nec-
tic simulations suggest a shift from two center to four centeressary to match experimental data®**It is difficult to test
bonding as pressure is increaséd-® Experiments have the appropriateness of the chosgnsince this parameter is
shown that the graphite-liquid melting curve has a maxi-rarely measured directly.
mum. Rapopotf pointed out in 1967 that such a maximum  In the present paper we propose an equation of state for
can be modeled as a mixture of two species. Korunsleya carbon that attempts to combine the convenience of
al.’® explained the melting of graphite in terms of a two-stateGustafson’s P,T) representation with a high degree of ac-
model of liquid carbon. Ferraz and Mar€hproposed a curacy. We find that an appropriately modified Murnaghan
metal-nonmetal phase transition in liquid carbon. More re-equation of state is sufficient to match all known experimen-
cently van Thiel and Ree proposed a model of liquid carborial data on carbon. Thermal effects in the equation of state
based on a mixture of diamondlike and graphitelikeare included through the dependence of the coefficient of
liquids’~*° They showed that depending on the magnitudethermal expansion on temperature, which can be directly
of interaction between the liquids, a first-order liquid-liquid compared to experiment. We provide a closed form for the
transitiorf® is possible. Recent theoretithf> and  Gibbs free energ@(P,T) from which all other thermody-
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namic properties may be readily derived. 2
The introduction of a new carbon equation of state is par- CpYO(T)zE a;E(0;/T)+as,T, 4
ticularly appropriate at the present time. Experiments regard- =1
ing the compression of diamorifithe temperature depen- where we use the Einstein form
dence of the bulk modulus of diamorithe melting line of

graphite under pressufé?® and the heat capacity of liquid 2eX
carbori® have appeared in the last several yed\s.initio E(X)E—z_ (5)
calculations of the equation of state of liquid carbon are also (e*-1)

used in the present studyOur equation of state is shown to

be consistent with the more recent literature. Simple integration yields

The qualitative properties of liquid carbon are of great 2 X;

scientific mtergsf. Our liquid equation of state is shown to Ho(T):AHo+E a6 —— +ay(T2-T2)/2, ()
match Togaya’s recent experiments closely, in addition to i=1 e'—1],
i0

high pressure shock compression data. We reanalyze shock
experiments on the melting of diamofftiand conclude that here,x;=0,/T, and x;,=0;/T,. We can also analytically
the experimental boundary on the melting line may be nearlyetermineSy(T):

1000 K higher at 1.4 MBar than previously thought. The fact

that a simple equation of state can match independent experi- 2 Xi
ments on liquid carbon over a wide range of presstiresn So(T)=AS,+ Z aj| ———In(1—-e"| +az(T—To).
1 to 600 GPaargues for the consistency of the experimental =1 let-1 Xio

data. Our model predicts a maximum in the diamond melting (7
line at a pressure of roughly 300 GPa, in accord with recent
ab initio simulations!® A possible way to test this prediction ~ This completes the definition @(T). We next consider
experimentally is suggested. AG(P,T). SincedG=VdP-SdT, AG(P,T) is defined by

In the next section, we present our form for the Gibbs fregpostulating a form fol(P,T). We then have
energy. The application of the functional form to diamond, o
graphite, and liquid carbon is considered next in Secs. lll, _
IV, and V. Finally in Sec. VI, we briefly discuss the impli- AG(P,T)= fPOV(P,T)dP. ®)
cations of our model for the phase diagram of carbon.

The Murnaghan form uses the relation

Il. GIBBS FREE ENERGY EQUATION OF STATE
V(P)=V[nkoP+1]" M. 9
Our equation of state is based on an explicit functional
form for G(P,T). It is more often the case that the pressureThis form is derived by assuming that the bulk modulus is a
of a system is known than its volume. This makesPaT) linear function of pressurd8=B,+nP, whereBy=1/kq. In
equation of state very convenient in practical application@ generalized Murnaghan equation of state, a temperature
The form considered here is simple and numerically well-dependence is added to this form. GustatSaised the form
defined for all pressures<OP<<~ and temperatures 9T i
<. We show below that it yields accurate results in the V(P,T)=Vo(T)[nkoP+1]" . (10
range G=P<600 GPa and 300 K T<15000 K.
We separate the Gibbs free energy into a “reference
portion [ Go(T)] describing properties &,=1 ATM, and
an “equation of state” portion describing pressure effects:

.As discussed by Plymate and Stdtithis form is not accu-
rate for conditions of simultaneously elevated pressures and
temperatures.

In the present work, we generalize the Murnaghan form to

G(P,T)=Go(T)+AG(P,T). (1)

We first consider Go(T). Since G=H-TS, we have i ) )
Go(T)=Hy(T) = TSy(T). The functionsHo(T) and S(T) We find below that this form is much more accurate for

are conveniently expressed in terms of the constant pressu?gnd't'_ons of elevateq pressures and temperatures, ,SUCh as
heat capacity at 1 ATMC,,o(T): found in shock experiments. The functional formfdf) is

chosen to reproduce the thermal expansion of the material at
T zero pressure. We also demand th@t) =0 for all T, so the
Cpo(T)dT, (2)  equation of state remains well defined for all conditions.
0 We find that the following form works well for carbon:

V(P,T)=V[nkoP+f(T)] " (11)

Ho(T):AHo+ fT

s =as+ [ 4 gt @ f(T)=exif ~n(@(T) - 0(To))] 12

where

In the present study we takig,=298.15 K, soAH, is the

standard heat of formation adS; is the standard entropy. T* )

We show below that experimental and calculated heat ca- ~ 9(T)=aoT+ay| T— —-{exg ~T/T*]-2}7]. (13
pacities for graphite and diamond are well represented by the

sum of two Einstein oscillators and a linear term: With this equation of state, we find that
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TABLE |. Equation-of-state parameters for carbon.

VO BO ao al T*
Phase (cc/mo) (GPg n (10°K™1) (10°K™ Y (K)
Graphite 5.286  33.8 8.9 2.5 1.2 1000
Diamond 3.417 4415 35 -0.1 1.8 450
Liquid 1  6.000 33.8 8.9 0.0 4.0 500
Liqud2 3950 337.8 20 -0.1 2.4 450
Vo
— n-1_ _n-1
AG(PT)= gyl g 'l (14
where
Vo 1/
7=~ =[nxoP+ (I, (15

and o= 7(T,Py). This completes the definition &(P,T)
used in the present study.

We will now discuss the physical motivation of our
choice off(T). First we note thaf(Ty)=1, so that a simple
Murnaghan isotherm is produced wh&r=T,. The coeffi-
cient of thermal expansion is found to be

19V

VT P=g’(T)7;‘”f(T). (16)

a=

For small expansions and whén<1l/a, n~1, and f(T)
~1. The thermal expansion is thus dominated diyT).
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FIG. 1. The calculated constant pressure heat capacity of dia-
mond (solid line) is compared to experimentRef. 4]) (crossek

experiment is obtained within this range. As seen in Fig. 1,
the Einstein oscillator model provides a reasonable extrapo-
lation to higher temperatures.

Several experiments have been performed on the static
compression of diamond. These experiments provide a good
test of the choice of bulk modulus, its pressure derivative,
and the applicability of the Murnaghan isotherm to diamond.
In Fig. 2 we compare experimental isotherm measurements
to our model. The model agrees closely with the recent ex-
periments of Fuijihis@t al® on pure ¢? diamond. We also
show older experiments by Lynch and DrickarffeiThese
experiments indicate a lower degree of compressibility than

Below we show that the thermal-expansion coefficient ofmore modern experiments. The bulk modulus and pressure
diamond and graphite are well represented by an initialerivativen used here are in good agreement with ultrasonic
value, followed by an increase to a final value at high tem-measurements so we accept the more modern results of
peratureg’(T) was thus chosen to have the form Fujihisa et al. Aleksandrovet al** reported the cold com-
pression of diamond up to 70 GPa. Unfortunately, they found
that the ruby pressure scale employed was unreliable for
. . . pressures above 40 GPa.
This function increases fromy, to a;+ag asT increases We next consider the treatment of thermal effect in the
from O to . The rate qf increase is controlled BY . Thl§ diamond equation of state. Reeber and Warigve pro-
form extrapolates to high temperature better than a S'mplﬁosed a semiempirical quasiharmonic model matching a
polynomial form, such as that employed by Gustaffon. ige range of thermal expansion data on diamond. The
g(T) was then found by integration ¢f (T). quasiharmonic model provides a physically motivated ex-
trapolation beyond the experimental range of 0-1200 K,
while closely matching experiment within this range. In Fig.
3 we compare the thermal-expansion coefficieniredicted

In this section we compare the thermodynamic propertiepy the present model to Reeber and Wang’'s model. Close
of diamond calculated with our equation of state to experi-agreement is found, validating the postulated formffQr)
ment. Parameters for the diamond equation of state are listethd g(T) in Egs.(12) and (13). We note that we chose,
in Tables | and II. In Fig. 1 we compare the calculated con-<0, although the expansion coefficient at temperatures less
stant heat capacity to experimefitE€xperimental results for than 100 K has been measured to be very nearly Yefoe
diamond are only available up to 1200 K. A good fit to present model produces a somewhat more accurate fit for

9" (T)=ap+ay(1—e )2,

17

Ill. DIAMOND

TABLE Il. Reference state parameters for carbon.

AH, AS, az/R
Phase (kJ/mol) (J/mol K) a; /R 6, (K) a,/R 6, (K) (1073 K™
Graphite 0.00 5.74 1.115 597 1.789 1739 0.116
Diamond 1.82 2.70 2.594 1238 0.783 3390 0.000
Liquid 1 65.5 3.9 4.5 1280
Liquid 2 112.0 25 35 1400
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FIG. 2. The calculated room-temperature isotherm of diamond FIG. 4. The calculated isothermal bulk modulus of diamond at 1
ATM (solid line) is compared to a fit based on elastic constant

solid line) is compared to experiments of Lyn¢Ref. 42 (starg,
( ) P P yn 2 (stary measurementéRef. 37 (dashed ling

more recent experiments of FujihisRef. 36 (crosses

have applied this approximation to carbgrt®343%

at temperatures above 298 K, where we intend the equation In Fig. 5 we compare the predictions of the present EOS

of state to b.e used. . . to experiments at differing initial density. Experiments on
Another independent test of the model is found in the ingle-crystal diamond up to 600 GPa were performed by

dependence of the bulk modulus on temperature at 1 AT aviovskit” and Kondo and AhrersThe points of Kondo

pressure. Zouboulist at®” have recently measured the elas- and Ahrens at 190 and 217 GPa aré sho?/vn alona with Pav-

tic constants of diamond in the range of 300-1600 K. Theﬁovskii’s results at 310 and 585 GPa ' g

provide a recommended function fit to their data for the bulk Good agreement with experiment.is seen. even under the

;noudetjt:gz' ()Ifr]s't:;?éééoge Wénf?ﬁéeatr;zgr:;l:I\t;ittr?in”:ﬁepéiz_enﬁigh compressions attained in these experiments. This is
qt d : tal ' taint gf hiv 1%. This | OI._strong evidence that the simple Murnaghan form employed
?aa':ees tﬁ;ptehrémsg; f:rr:ﬁei; agl?/n?otir\(/):tge d}(/vithioﬁ thiésrellr; 'ehere suffices to match the behavior of diamond even under

9€conditions of extreme pressure. The discontinuity in the cal-

of 'temperatures, since no additional parameters were "®ulated curve over 560 GPa is caused by the formation of
quired to matchB(T).

4 . . liquid carbon. More discussion of this is given below.
Shock compression experiments provide data on the equa- The shock Hugoniot of pressed diamond at an initial den-
tion of state of diamond at higher pressures than attainablgity of 3.19 glcc(Ref. 48 is also shown in Fig. 5. The

by current static compression experiments. Also, shock COMealculations predict that results should lie on almost the same

pression tests the equation of state under conditions of simu urve as single crystal diamond. The experimental resuilts

taneously elevated pressure and temperature. In the fOIIO\’\<€¥gree with this prediction, within the scatter of the data. A

ing calculations, we apply ourthree_ phase Cf?“bo” equation uch larger dependence on initial density is found in the
state to porous .sar_nplles at dlffer|ng densny_ befor.e_shoc xperiments of PavlovsKii on porous diamond at 1.90 g/cc
compression. This is justified if the shock is sufficiently ' '

strong that the material response is plastic. Previous works

700 T T T T T T
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500

P(GPa)
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0
0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
V (cc/gm)

500 1000 1500 2000 2500 3000 . . A
T(K) FIG. 5. The calculated shock Hugoniot of diamond at initial

densities of 3.51 g/c¢solid line), 3.19 g/cc(dotted ling, and 1.90
FIG. 3. The calculated volumetric thermal-expansion coefficientg/cc (dot-dashed lingis compared to experiments performed at
of diamond at 1 ATM(solid line) is compared to calculations per- 3.51 g/cc(Refs. 47 and R(+), 3.19 g/cc(circle) (Ref. 48, and
formed with a quasiharmonic modéRef. 45 (dotted ling. 1.90 g/cc(Ref. 47 (stars.
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FIG. 6. The calculated constant pressure heat capacity of graph- FIG. 7. The calculated room-temperature isotherm of graphite
ite (solid line) is compared to experiments of HultgréRef. 47  (solid line) is compared to experimental results by Lyrétef. 42
(crossel and Cezairliyar(Ref. 49 (circles. (circles and more recent experiments by Hanflatdal. (Ref. 5J)

(stars.

In this case the shock Hugoniot lies ConSiderably above thqhe phase of carbon was fixed to be graphite, and the other
of single crystal diamond. The calculations are in goodwhere the equilibrium phase of carbon was used. In Fig. 9
agreement with experiment. The kink in the shock HUgOﬂiORNe compare experiments on pyr0|yt|c grapFﬁttD calcula-
at roughly 80 GPa is caused by a transition to the liquid stat&jons. Calculations in the graphite phase agree well with the
We note that the experimental scatter is somewhat larger fQixperiments up to roughly 35 GPa. Above this pressure, a
porous diamond than for the other cases. For example, noteansition occurs from the graphite phase to the diamond
the points at 15 and 40 GPa. This is typical of experimentphase. Since kinetic effects are doubtless important in the
on porous materiaf’ The inhomogeneous nature of the ma- transition regim&>**the present equilibrium calculations do
terial on macroscopic length scales increases experimentgbt match the data in this region. Above 60 GPa the graphite
scatter. is entirely transformed to diamond, and good agreement is
seen between the calculations in the diamond phase and ex-
periment. Experiments on lower density forms of graphite
and carbon foams have also been perforftéd We have

In this section we compare the thermodynamic propertiesompared our model to these shock Hugoniots and found
of graphite calculated with our EOS to experiment. Paramthat it matches within the spread of the experimental data.
eters for the graphite equation of state are listed in Tables The experimental scatter increases with decreasing density,
and II. In Fig. 6 we compare the calculated constant heafiowever, so that little new information is gained by the study
capacity to experiments:* The model agrees closely with Of these shock Hugoniots.
the values of Hultgreétt and Cezairliyaf? up to 1800 K.
Above 1800 K Cezairliyan and Hultgren disagree. Values V. LIQUID CARBON
close to Cezairliyan’s were chosen as most consistent with
other heat-capacity measurements in the JANREf. 50
thermochemical tables, so we accept Cezairliyan's value

IV. GRAPHITE

Due to the high temperatures involved, the study of liquid
(S:arbon is very difficult. Dependences of experimental data

here. 0.49 . T T : : :
We next consider the behavior of graphite under pressure.

In Fig. 7 we compare the room-temperature isotherm of 0.481

graphite to experimental results. As in the case of diamond,

Lynch’s result8? seem to be higher in pressure than more 047}

modern experiments. We use the values givenBgandn 3

by Hanflandet al. in the present equation of stateOur §’ 0.46

equation of state shows close agreement with Hanfland’s >

measurements. It is also in good agreement with a calculated 0451

all-electron compression curvé Graphite may be prepared

in differing polycrystalline morphologies, such as pyrolytic 0.44F

graphite. The thermal expansion of pyrolytic graphite is de-

scribed in Touloukian and Buycdin the range of 300—3400 0.43 . . . . . .

0 500 1000 1500 2000 2500 3000 3500

K. In Fig. 8 we compare this data to the present equation of TK)

state. Good agreement is found.

We next consider the behavior of graphite under shock FIG. 8. The calculated thermal expansion of graphite at 1 ATM
conditions. Since graphite is metastable to diamond at higlsolid line) is compared to experimental results for pyrolytic graph-
pressures, we performed two sets of calculations: one wheliig (Ref. 53 (crosses
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FIG. 9. The calculated shock Hugoniot of graphite at an initial
density of 2.21 g/cc in the diamond pha@®lid line) and in the

FIG. 10. The calculated phase diagram of carbon is compared to
measurements of graphite melting by TogdRef. 27 (starg and

graphite phaseédotted liné is compared to experiments on pyro- the graphite-diamond phase boundary measured by Betay.

lytic graphite(Ref. 59 (+).

on the time scale of heating have been ndtdthese diffi-
culties have led to widely varying estimates of the melting
temperature of carbon, the location of the solid-liquid-vapor

(Ref. 59 (crosses

AS, dP
AV, dT|

elt

(18

triple point, and other properties. In the present paper, we
accept the most recent measurements of Togapaevious whereAV,, is the volume change upon melting, aA&,, is
experiments’-*® indicated a more pronounced maximum in the entropy change. For the graphite-liquid 1 transition, we
the graphite melting curve under pressure. Togaya reporgaveAV,,>0, while for the graphite-liquid 2 transition, we
the melting temperature of graphite under pressure with highave AV,,<0. Figure 10 also shows that we predict the
accuracy (=50 K). Togaya's low pressure melting data diamond-graphite phase boundary in good agreement with
agrees within experimental error with laser heating experiBundy et al>°
ments of Musellaet al*® The dependence of the enthalpy of melting on pressure, as
Togaya explains the maximum in the melting temperaturéneasured by Togaya, helps to further constrain the liquid
as a function of pressure in terms of a first-order liquid-liquidequation of state. In Fig. 11 we find that we are able to
phase transition. This is in agreement with previous theoretaccurately reproduce Togaya's data on the enthalpy of melt-
ical work*~'®*9We employ the same functional form for ing. Togaya's enthalpy data was used to determift and
the two liquid carbons as that used for diamond and graphiter s, for the liquid 1 and liquid 2 states. The enthalpy of
van Thiel and Re¥ have suggested that the low-pressuremelting allows us to obtain quantitative information on
liquid phase(referred to as liquid 1 hejeshould be graph-  Av,_ | since AH,,=TAS,,, which can be related t&V,,
itelike, while the high-pressure phageferred to as liquid 2  through Eq.(18). Although this helps to constrain the liquid
here should be diamondlike. The equation of state of theparameters, we find that the melting line is fairly insensitive

graphitelike and diamondlike phases was derived by scalingy the choice oB andn. For the liquid 1 phase, we simply
of the graphite and diamond equations of state. We use van

Thiel and Ree’s suggestion as a rough guide in determining
appropriate parameters for the equation of state; where there
is not enough data to determine the equation of state param-
eters uniquely, we take parameters from either graphite or
diamond.

The constant pressure heat capacity of the liquid 1 phase
is set in accordance with a recent experimental estimate of
roughly 4 J/K g*° The heat capacity of the liquid 2 phase is
set to a value appropriate to diamond at high temperatures. A
single Einstein oscillator is used, with frequencies appropri-
ate to graphitgliquid 1) and diamondliquid 2).

In Fig. 10 we show the predicted phase diagram of carbon
in the range 0—20 GPa. The graphite melting line shown is

116 T T T T T T

114

112

Hm (kJ/mol)

110

108

composed of two nearly linear segments joining at the liquid-
liquid phase transition, as found by Togaya. Note that the
slope of the melting line as a function of pressure determines

106
0

2 4 6 8
P (GPa)

10

12

14

the volume change of melting through the Clausius-Clapyron FIG. 11. The calculated enthalpy of melting of graphite is com-

equation:

pared to measurements by TogdfRef. 27 (crosses
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FIG. 12. The measured Hugoniot of graphiief. 61 at 1.85
g/cc shocked into the liquid staterror bar is compared to the
present mode{line).

FIG. 13. An isotherm of the liquid 2 phase of the present model
at 6000 K(line) is compared tab initio simulation result$Ref. 40
(stars.

use theB, n, and « appropriate to graphite. Future experi- |arger volumes than the liquid 2 model. Their predicted vol-
ments may help to more uniquely determine these paramimes are inconsistent with experimental measurerfette’

eters. o _ _of a negative slope of the graphite-liquid melting line over 5
For the liquid 2 phase, however, more data is availablespg.
from shock compression experiments. SeRirteas recently Shanetet al?® measured the sound speed of release waves

made the observation that useful information can be gainegh shocked graphite in the range of 0.8—1.4 MBar. The lack
on liquid carbon by examining high-pressure shock experiof any decrease in the sound speed with increasing shock
ments. Pavlovskii and Drakihreport the shock compression pressure indicates that the sample was in a solid phase.
of graphite initially at a density of 1.85 g/cc to pressures ofgphaneret al. calculated P, T) points along the shock Hugo-
155 and 325 GPa. In Fig. 12 we compare the predictions ofjiot with a simple diamond equation of state. These points
our model to this data. The shock Hugoniots of low densityhaye served as a lower bound of the diamond-liquid melting
forms of carbon have higher error bars than higher densityine in several studie¥ '83°We have recalculated the(T)
carbon. We have estimated error bars for Pavlovskii angysints with the present equation of state. The results are
Drakin’s experiment by analysis of the shock Hugoniot ofhown in Fig. 14. We predict that temperatures in the experi-
pressed graphite at a density of 1.88 gﬁ:Our model pre-  ment are almost 1000 K higher than those calculated with the
dicts that the first point is a mixture of diamond and liquid 2, j,odel of Shaneet al. This means that the experiments place
while the second point is entirely liquid 2. These points placey higher bound on the diamond to liquid melting line than
an important additional constraint on the equation of state of.)reviously thought. Although the calculation of the,T)
liquid 2. This helps to determine the bulk moduBsnd its points is not extensively discussed by Shagieal, we note
pressure derivative. We calculate a temperature of roughly a4t the bulk modulus of 5 MBar used is higher than current
15000 K at 325 GPa. This is the highest temperature dat@xperimental estimatd$3® When used in our model, this

considered here. We also note that the shock Hugoniot @bk modulus lowers the calculated shock temperature by
porous diamond shown in Fig. 5 contains states containing

pure liquid 2 (single-crystal diamond shocked to 600 GPa
and mixtures of liquid 2 and diamon¢porous diamond
shocked to 150 GPa

Grumbach and Martf recently performedab initio
simulations on several phases of carbon at pressures up to 50
MBar. In particular, they calculated an isotherm of liquid
carbon at 6000 K. In Fig. 13 we compare the results of their
simulations with the equation of state model for liquid 2
carbon. We find good agreement with the simulations up to
pressures of roughly 6 MBar. At pressures above this, Grum-
bach and Martin find a transition to sixfold coordination in
the liquid. This is beyond the scope of the present model, e
although the model could be extended by adding additional
phases of liquid carbon, or by a mixture mo&&Morris ol 1 ' !
et al%? report isotherms for liquid carbon at 6000 and 7000 100 200 300 400 500 600
K calculated with tight-binding molecular dynamics. They P (GPa)
caution that these isotherms are not fully quantitative. We FIG. 14. The calculated melting line of diamofsblid line) and
find that their calculations over 50 GPa are consistent witltalculations of Shaner's shock experimerit®ld line and the
the liquid 2 model. Under 50 GPa they predict significantlyshock Hugoniot of diamond crystébold dash-dotted line

-
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roughly 400 K. The other 600 K probably occurs from thethe diamond to liquid melting line. We concluded that the
differing treatments of thermal expansion in the two modelsmelting line is higher in temperature than other equations of
Thermal factors are included in the equation of state oftaté”*®3> or recent classical molecular-dynamics
Shaneret al?® through the choice of the Gruneisgrat stan-  simulation$® have predicted. The model of the liquid 2
dard conditions. We note that the appropriate Gruneisephase was shown to match recett initio calculations on
v(y=VaBI/C,) at standard conditions is very uncertain for liquid carbon®® This shows that the simulations are consis-
diamond, given the relatively large error bars on the coeffitent with shock compression data on liquid carbon, thus in-
cient of thermal expansioa at room temperatur®. Galli et  creasing our confidence in the applicabilityadf initio tech-
al.}? estimated on the basis ab initio molecular-dynamics niques to other high-pressure phd@8esuch as simple
calculations that the melting line of diamond lies betweencubic®* BC8 (Refs. 65,40 or SC4%¢ where no experimental
6500 and 8000 K at pressures of approximately 1 MBar. Thelata exist. Based on matching the available experimental and
current model is 400 K lower than this estimate. We foundsimulation data, we found that liquid 2 carbon has a zero-
that the parameter changes necessary to raise the melting lipeessure bulk modulus close to that of diamond, and that the
of diamond furtheressentially, increasing the bulk modulus pressure derivative of the bulk modulus is close to 2.
of liquid 2 at high pressujeled to results that were not We have also demonstrated that a simple equation-of-
consistent with the shock data in Fig. 12. We conclude thastate model of carbon predicts the existence of a maximum
Shaner’s experiment at 1.4 MBar comes very close to thén the diamond melting line, in accordance with the latdst
diamond-liquid melting line. initio simulations’® In our model the maximum is caused by

In Fig. 14 the diamond melting line has a maximum as athe rather low-pressure derivative of the bulk modulus of
function of pressure at roughly 3.1 MBar and a temperaturdiquid 2. We have suggested that sound speed measurements
of 7400 K. Ab initio simulations by Grumbach and Martth  of shocked single-crystal diamond may provide experimental
led them to predict the existence of a maximum at roughlyconfirmation of the melting maximum.
3.5 MBar and 8000 K. They attributed the maximum to a
transition from a fourfold coordinated liquid to a sixfold co-
ordinated liquid. This is in disagreement with earlier calcu- ACKNOWLEDGMENTS
lations by Young and GrovéF.In our model, the maximum .
occurs because the pressure derivative of the bulk modulus is The authors acknowledge helpful comments in the prepa-

lower for liquid 2 than for diamond. Thus, the relative vol- ration of Fh's manuscript from F. H. Ree, M. van Th'e_l’ and
J. Viecelli. This work was performed under the auspices of

ume of diamond and liquid 2 changes sign as pressure in; -
creases. Since it is not clear whether the transition from foulrll\rl]gtigr'gi Bgﬁg{;ﬁ?ntﬂdﬁ:e&%ﬁggﬁ ?\I‘I)_ avvv\;-e7nA?OeS|—_IIEVI\(Ia(r'5n—]:ée
fold coordination to sixfold coordination is continuous or a y ) :

first-order phase transition, the relationship between the tWEI)—h'.S Work_ was supported by the Accele_rated Strategic Com-
uting Initiative (ASCI) at Lawrence Livermore National

mechanisms is not completely clear. We show the calculateﬁaborator
(P,T) shock Hugoniot for diamond crystdbensity 3.51 Y.
g/co in Fig. 14. We predict that shocked diamond crystal
should begin to melt at a pressure of roughly 5.8 MBar. We
also predict that the temperature of diamond crystal shock
melting should be slightly less than that of pyrolytic graph-
ite. The melting should be observable in an experiment simi- Other thermodynamic properties may be obtained from
lar to that of Shaneet al,?® and thus could provide direct derivatives of the Gibbs free ener@y(P,T). Formulas are
experimental evidence of the maximum in the diamond meltgiven here for completeness. Given the voluehe Gibbs
ing line. free energyG(P,T), and the enthalpy (P, T), other ther-
modynamic potentials can be found through simple addition.
V is specified in Eq(11) and G(P,T) is specified in Eq.
VI. CONCLUSION (14). H(P,T) is determined by
In the present paper we have presented a simple explicit
model for the Gibbs free energy of carbon as a function of

APPENDIX: FORMULAS FOR OTHER
THERMODYNAMIC PROPERTIES

pressure and temperature. The model should be applicable to H(P.T)=Ho(T)+AH(P.T), (AD)
a wide variety of high-pressure applications. We have com-
pared the model to all of the known equation of state propwhere
erties of graphite and diamond. The model matches the data
to within experimental uncertainty. The same model was
then applied to liquid carbon. We have shown that Togaya’'s Vo ho1 one1
data on the melting of graphite under presélrean be AH(P’T):m[W —7 ]
matched very well with a simple equation of state model, as
long as a first-order liquid-liquid transition is assumed. VoTf'(T) .,
We have also shown that our model of the liquid 2 phase + nkg -7 o I (A2)

is consistent with high-pressure shock data, in the sense that
the same model can match both types of data. This lends
further credence to Togay&’sexperiments. We then applied ~ We now determine thermodynamic derivatives. These can
our model to the experiments of Shartral®® determining  be expressed through standard relations in terms of the coef-



8742 LAURENCE E. FRIED AND W. MICHAEL HOWARD PRB 61

ficient of thermal expansion, the isothermal bulk modulus The constant pressure heat capacy(P,T)=C,T)
B, and the constant heat capac@y . The relation fora is +AC,(P,T). We have
given in Eq.(16). The bulk modulus is given by

Vof (T)?T _
ACH (P, T)=————[5 ("1 =y (" 1)]
n Ko
oP Vof"(T)T
B=—V—| =7%"«. (A3) B SRE A4
V| g (7 "= m ] (A4)
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