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We have made a systematic study of solid and liquid phases of carbon over a wide range of pressures and
temperatures using first-principles molecular dynamics. Our simulations elucidate three aspects of the phase
diagram:(1) the melting of the simple cubic phase at 35—-40 MHKay;structural changes in the liquid in the
range of 4—10 Mbar; an@B) the melting of the BC-8 phase at22 Mbar. We combine the results of these
three investigations to construct a proposed phase diagram for carbon. In particular, we find that &bove
Mbar the liquid state has approximately sixfold coordination, and, consequently, that the melting temperatures
of the solids in this pressure range tend to decrease with increasing pr¢SQir@3-1826)07642-4

I. INTRODUCTION region of the phase diagram are open to question. Does the
melting point of diamond ever reach a maximum? What is
Carbon is unigue among the elements in the diversity ofhe nature of the melting of the metallic phase? Does carbon
its different phases? The diamond phase is a three- really form simple cubic and BC-8 phases at high pressure,
dimensional tetrahedral network of fourfold coordinated at-2s has been proposed from previous calculations on a few
oms and is the hardest known material. The graphite phase §ructures? Does the liquid at high pressure differ substan-
made up of planes of threefold coordinated atoms and is thially from the liquid examined previously at 1 Mbar? If so,
strongest two-dimensional material known, but behaves as @uld there possibly be a liquid-liquid phase transition at
lubricant because of the weak bonding between planes. TH®me intermediate pressure? _
vapor consists of chains of twofold coordinated atdrithe In order to answer some of these questions, we have per-
properties of other phases, such as the liquid or the proposd@rmed a series of first-principles molecular dynamics simu-
high-pressure metallic solid, are unknown because of the exations on carbon at a variety of temperatures and pressures.
treme conditions of temperature and pressure that are needer methods, described in Sec. Ill, include improvements
to study them experimentally. Although there has often bee®ver the methods used in prior work of Gadli al, however,
theoretical speculation about these phases, predictions ha@&r overall strategy has been to streamline the calculations in
been hampered by the lack of a comprehensive model foprder to investigate several different areas of the phase dia-
covalent liquids. gram. Since no experimental work and very little theoretical
Density-functional based molecufaf dynamics provides Work has been previously reported for the phases that we are
just such a comprehensive model. The density-functionanvestigating, we need to consider a large range of conditions
treatment of the electronic degrees of freedom allows an ac@@nd investigate many cases. Therefore we have employed a
curate description of all the types of bonding that might oc-minimal basis set in order to reduce the computation time
cur in carbon, while molecular dynamics offers a means td'éeded. Since this is the most significant approximation
simulate various thermodynamic states. One of the most imMade in this work, we have performed extensive tests in
pressive applications of this method has been to help estagrder to assure that it is physically reasong#ppendix. In
lish the nature of the melting of the diamond phase of carSec. IV we study the melting of the simple cubic crystal at
bon. This has led to a revision of our understanding of the35—40 Mbar. In Sec. V we investigate a pressure-induced
phase diagram of carbon. Prior to about 1980, the proposegiructural change in the liquid in the range 4-10 Mbar, in
melting curve of the diamond phase was based on earlpec. VI the melting of the BC-8 crystal at22 Mbar. Finally
experimentgrB and theoretical WorR’and on a Simp|e anal- In Sec. VIl we combine our results to obtain a new piCtUre of
ogy with the phase diagrams of silicon and germaniumthe carbon phase diagram at high pressures.
which exhibit melting curves with a negative slope in the
T-P phase diagram. Recent experimental Work’ together
with density-functional molecular dynamicshas clearly in-
dicated that the slope of the line is positive. This has impor- The thermodynamic properties of carbon have been stud-
tant consequences for theories of the Earth’s interior, implyied for many decades. The current picture for the phase dia-
ing that any free carbon within the earth’s interior will exist gram of carbon for low pressurégss than 1 Mbaris shown
as diamond and not liquid. in Fig. 1. The only well-known phases are the diamond and
The goal of this work is to investigate possible new graphite solids and the vapor. Very little is known experi-
phases of carbon at very high pressures. Many aspects of thisentally about the liquid and the boundaries drawn with

Il. SURVEY OF THE CARBON PHASE DIAGRAM
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10° : : . . . . . fold coordination. This resembles the known vapor phase
Diamond which consists of chains of various lengths. Since the low-
100000 pressure region is not the subject of this work, we will not
_ 10000 | discuss this conjectured phase further.
& Two attempts to measure the entire melting curve have
g 1000 | been madé?? These two experiments give similar results,
&

but differ in detail, most notably in the position assigned to
the graphite-diamond-liquid triple point. Both of these in-
volve heating by discharging a large electrical current
through the carbon sample, which is contained inside a high-
1 . . . : : . : pressure apparatus. The resistance of the sample is monitored
O e Ky 000 7000 8000 directly and the sudden drop observed when the applied en-
ergy goes beyond a threshold value is taken to signal a phase
FIG. 1. Phase diagram of carbon at low pressures. Solid line§ransition. In the first experimeffttemperature is calculated
indicate phase boundaries for which some experimental evidendgom the amount of power delivered to the sample, while in
exists(Ref. 14. Dashed lines indicate theoretically proposed phase¢he second experimétittemperature is evaluated from the
boundaries: liquid insulatorL(-1) to liquid metal (-M) (Ref. 15 ratio of observed intensities of spectral lines. Measurements
and graphitelike liquid I(-1) to diamondlike liquid {-2) (Ref. 16.  were taken at pressures of 10—100 kbar.
Motivated by a theoretical predictibhthat two phases of
dashed lines in Fig. 1 are theoretical speculations, as didiquid carbon, one insulating and one metallsee Fig. 1,
cussed below. may exist, more recent experiments have focused on estab-
Ever since it became known that diamond and graphitdishing the electronic nature of the liquid at low pressures.
are polymorphs of the same material there has been greaigain, due to the difficulties in performing experiments un-
interest (both scientific and commercjain observing the der extreme conditions, many contradictory results have
phase transition between them as pressure is applied. Begibeen reported. Sharféhas applied electrical discharge heat-
ning at the turn of this century each development of a newng to glassy carbon rods up to temperatures of 6000 K at 4
technique for high-pressure research was soon followed blgbar pressure and observed a slawereaseof resistivity
an application to graphite. All attempts to observe the conwith temperature. A similar experiment with similar results
version to diamond under pressure at room temperature haves been performed by Baitet al.? In contrast, Heremans
failed, leading one investigator to conclude, “graphite is na-et al.?® have applied electrical pulses to pyrolytic graphite
ture’s best spring.” The difficulty is explained by the dra- fibers and find a definitelrop in resistance. They estimate
matically different bonding present in the two structures. that the local pressure of their sample was less than 40 bars
In the 1950s conversion was successfully obtained by usand that the resistivity of the liquid state was in the metallic
ing a combination of pressure, temperature, and catalystsange.
The use of transition-metal catalysts to lower the activation Another experimental method uses a high intensity laser
barrier will allow conversion at temperatures between 120Qulse to heat a small area of a carbon sample. A second
and 2800 K and pressures between 50 and 90 kbar. This hasobe beam then measures the reflectivity of the heated area.
given rise to an entire industry devoted to the manufacture oAn experiment of this kind was performed by Venkatesan
industrial grade diamond products. The direct conversioret al?” who reported that material ejected from the sample
without catalysts was achiev&in the 1960s by applying following the laser pulse fouled the optical equipment. In
temperatures greater than 3000 K to a sample under hydrerder to complete the measurement before this happens, pi-
static pressures greater than 100 kbar. Shock compressiaosecond pulses were then used. Malvestzal 28 found a
experiments have also been reported to effect thelecrease in resistivity following the pulse, while Heremans
conversion® et al?® found an increase. This contradiction has been re-
The graphite-diamond equilibrium line is the best under-cently explained by Reitzet al,?° who have used 90-fs laser
stood part of the phase diagrdfFor T< 1200 K the bound-  pulses followed by optical measurements of 10 fs time reso-
ary is evaluated from measured thermodynamic data of thiition. They find that the reflectivity increases during the first
separate phases. For 1208:K <2800 K the transition pres- 1-2 ps after the pulse but then after about 10 ps decreases to
sure can be directly observed from the catalyzed experibelow initial reflectivity (prior to the pulsg They argue that
ments, while forT>2800 K the uncatalyzed experiments the initial increase in reflectivity is due to a phase change to
provide the information. The phase boundary ends in a tripl¢he liquid, while the decrease is due to hydrodynamic expan-
point at a well established pressure of 120 kbar and a lession of the surface. They estimate a moderate resistivity for
well established temperature of 4000°K. the liquid phase from the reflectivity data, for which the title
In contrast to the graphite-diamond phase line, the behav-metal” is barely applicable.
ior of graphite at high temperatures has been A difficulty of the laser-pulse approach is that it is diffi-
controversial*® This stems primarily from the difficulty of cult to estimate the temperature and pressure of the excited
performing experiments under such extreme conditions andtate of the sample. The experiments are done on such a short
interpreting the results. One controversy has concerned thame scale that there is very little expansion of the volume of
existence of a carbyne form of solid carbon which might bethe heated material. Thus the pressure of the sample must be
thermodynamically stable at high temperatuis. The pro-  estimated from the temperature, which itself is also inferred.
posed carbyne form is characterized by triple bonds and twoFhe final conclusion is that the nature of the liquid state is
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still not fully established by experiment. Weathers and Bassdt987,! who used pulsed laser heat-
Recently there has been speculation by van Thiel anihg to melt carbon particles placed inside at diamond anvil
Red® that there is a phase transition between two liquidcell at pressures between 50 and 300 kbar. Following the
phasegsee Fig. 1 A model was developed which includes pulse, the samples were removed from the anvil and the
two liquid phases in addition to graphite and diamond soligstructure of the quenched phases was analyzed. They infer
phases_ |_|qu|d_]_ has mosﬂy graphmc Charameefcﬂd that the melt must contain a Significant amounSp‘F bond-
coordination while liquid-2 has mostly tetrahedral character g and is therefore less dense then the coexisting solid
(fourfold coordinatiop. Free energy formulas are estimated Phase. This would imply a positive slope for the melting
for each phase, as well as a strain energy to describe tHe!'Ve: L _
mixing of the two liquids. Needless to say, in view of the __Finally, a positive slope for the melting curve was also
controversial nature of experimental work on liquid carbon,found by Galli, Martin, Car, and Parrinell990,™ who

there has not yet been any experimental confirmation of thi imulated melting and freezing' using firs_t—princ_:iples molecu-
intriguing proposal. ar dynamics methods. Despite the difficulties associated

The location of the graphite-liquid-vapor triple point was with the persistence of metastable superheated or super-

disputed for a number of years, but both experirifeand cooled states, they were able to estimate that the melting
theory’ seem to be converging on 4700 K and 100 bars. Thidemperature at pressures of approximately 1 Mbar is between

contradicts the experimental work cited above that finds tha?SOQ and 8000 K. They also showe_d conclusively that upon
graphite liquifies at pressures less than 40 bars. melting the pressure of the system increases. Thus, from the

The nature of carbon at high pressutgeeater than 100 Clausius-Clapeyron relation, they concluded that the slope of

kban has also been the subject of debate owing to the diffithe melting curve is positive.

culty of attaining experimentally the extreme conditions
needed to observe the phase changes and to the lack of a . METHOD
comprehensive theory able to describe the complex bonding
behavior of carbon. The melting curve of the diamond phase The total energy of the system of interacting ions and
was based on early experimental wérguantum dielectric  valence electrons is given by the Kohn-Sham total energy:
theory of electronegativity in covalent systefhand simple
analogy with the phase diagrams of silicon and germanium, N 1
which exhibit melting curves with a negative slope in the E[{llfi},{R&]:Zz f z,//i*(r)< ——Vz)z//i(r)errU[n],
PT phase diagram. The existence of a dense metallic solid at i=1 2
pressures around 600 kbar was also postulated by analogy (3.9
with silicon and germaniurf.
This picture was brought into question by Yin and Cohen

(1983.3! Using theab initio pseudopotential method, they U[n]=f drve{(ryn(r)

compared the energetics of the diamond crystal structure to

several possible closer-packed metallic structures at zero 1 n(r)n(r’)

temperature. They predicted that among the structures they +§f f drdr’ WJrExc[n], (3.2

studied, diamond would first transform to simple cubic at a
pressure of 23 Mbar. This work was extendfed* to con-
sider complex tetrahedral structures. It was found that a dis- N
torted diamond structure called BC-8 was found to be stable n(r)=22 | i(r)|?, (3.3
versus diamond at pressures above 11 Mbar. This phase was =1
also demonstrated to be semimetallic. These calculations all
agreed that diamond was stable at much higher pressur#gere; are the one-electron staté®, are the positions of
than previously expected. It should be noted, however, thahe ions,n(r) is the electronic charge densityS(r) is the
these studies were all done at zero temperature and onlyelectron-ion interaction, andE,{n] is the exchange-
few possible structures were examined. correlation energy computed within the local density
The experiment of Shanet al. (1984 also cast doubt approximatior?>°
on the conjectured diamond melting curve. In this experi- Most of the simulations were carried out using 125 or 128
ment a graphite sample was shock compressed to a seriesatbms in a cubic cell, although a few of the first simulations
high-temperature, high-pressure states. The sound velociig the simple cubic pressure region used 64 atoms in an fcc
within the shocked material was monitored for possible dis-cell. Only thel” point was used to sample the Brillouin zone,
continuous changes that would signal a first-order phaswhich allowed the use of real-valued wave functions and
transition. From previous work it was known that graphitetherefore a decrease in computation time by a factor of 2.
collapses to diamond when sample pressures reach the range interaction between the wave functions and the ionic
300-600 kbar. However, beyond this no further phasecores was modeled wusing the  Troullier-Martins
changes were detected up to 1.4 Mbar and 5600 K. This wapseudopotentidf with the p channel being treated as local.
interpreted to mean that diamond is in a solid state at thidhe Kleinman-BylandéP form was used to treat the nonlo-
phase point. Since this temperature is higher than the tripleal s channel. We have used a cutoff of 20 Ry for the plane
point temperature, the slope of the phase boundary must beave basis set.
positive. Our molecular dynamics simulations are based on a ficti-
Further experimental evidence has been provided byious Lagrangiar:
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N
1 . 1 . M~
ngli(sz dr|z,/;i(r)|2+2| EM,R,Z—E[L,/;i,R,] Ekin:4kBTtargetME (W(=392)| ). (3.8
The mass associated with this thermostat is then assigned a
+2 Ajj f drgf (r)(r)— & | (3.4  value that will result in oscillations with period 75At.
ij

The instantaneous pressure of the system is obtained from

The condition of orthonormality is a holonomic and station- JE
ary constraint. The resulting equations of motion are P=——y trkeT, (3.9
3 SE wheredE/JV is given by an analytic expressiéhlt is well
uii(r,t)y=— m+2 Aii(r,1) known that this analytic expression contains a systematic
v K error when a reduced basis set is used. In the Appendix we

derive a systematic correction which we have applied to all
= —fini(f,t)Jr; Ayn(r,t), (3.5  pressure estimates reported here.

IV. MELTING POINT OF THE SIMPLE

JE
MR, = — = (3.6) CUBIC STRUCTURE
! Our first goal is to establish the melting point of the
simple cubic phase. As described in Secal,initio pseudo-
potential calculations af=0 have indicated that the simple
h%ubic phase will be stable at pressures greater than 27 Mbar.

In order to achieve pressures of this order we have chosen to

The size of the time stepAt, was 7.5 atomic units. The

fictitious massu, assigned to the electrons was 490 The

physical mass of the ions was 12.01 atomic mass units. T

constraint of orthonormality of the wave functions was main- . ;

tained using standard methods for holonomic constrdts. ufsetha vo_Iumle/t(VO—Oil?,OO,d\;vherex]ls th? volume petr atomf
Several means were used to assign initial conditions to the. € simufation cell andvo IS the volume per atom o

various degrees of freedom. The initial values for the wav lamond at equilibrium.

- - e The first series of simulations used 64-atom simulation
functions were obtained by minimizing the free enéfgy
with the conjugate gradient meth8HOnly those orbitals cells at temperatures between 4000 and 36 000 K. For tem-

needed to describe the ground state were retained for dyna eratures 9000__36 000. Kf the |n|_t|al conditions were ob-
ics, which was performed using the total energy formalism.a'n.ed by.extrac.tlng the ionic ceordmat_es and.velocm.es from
The wave functions were given an initial velocity of zero. a simulation using a Yukawa interaction. This provides an

The initial conditions for the ions were most often taken unbiased starting point, since for fixed volume the resulting

L : 12-fold-coordinated fluid structure populates the simulation
from a prior simulation. In some cases a perfect crystal struc ol in a uniform fashion. The 4000 K simulation used the

ture was used to start the simulation, in which case the ion§ ) . i - "
were assigned zero initial velocity. In other cases, the initiagyd point of the 9000 K S|mu_lat|0n as the mmel condltlene.
positions and velocities were generated by equilibrating e also performed a simulation at 2009 K.Wh'Ch was initi-
liquid simulation of particles interacting through a Yukawa ated by quenehmg out of the 36 000 K liquid. At 'the start of
potential. each simulation the external temperatures associated with the
Nose thermostats were altered instantaneously to the new

The simulations are all constant-volume, constant- | Th ¢ I qt ilibrate for 1000
temperature dynamics. This means that the volume of th alues. 1he systems were allowed 1o equilibraté for

simulation cell was held fixed and that the Lagrangian dy_|me steps, _then statistical averages were collected for typi-
namics was modified using the method of N34 to gen- caI_Ithlol(_)O _t(ljme lstelpst_more._ 8000 K 2rdl 25 "
erate configurations representative of the canonical ensemble € liquid calculations T= and aboveequili-

at a given temperature. Note that due to the finite size of th%rated very quickly. This was easy to detect, since the coor-

cell, fluctuations in temperature occur. The mass associate hation of the mmal configuration was .12 atoms while _the
with the thermostat variables, has been chosen so that equilibrated liquids all showed substantially lower coordina-

oscillates on approximately the same time scale as the physﬁ'—.on' _The average coerdlnatlon and the constants of self-
cal system. This period of oscillation is given by diffusion are reported in Fig. 2. We also show in Fig. 3 the
radial distribution functions. We find that as the temperature

is increased the first minimum of the radial distribution func-
period=2—7T i 3.7) tion becomes Iess well defined. We interpret this to mean
At V Eg, ' that the system is becoming more like a perfect gas as the
temperature increases.
We have chosen Q to give a period ©60At. When the temperature is lowered to 4000 K, we find that
We have also used a Nosfeermostat to maintain a con- the system shows signs of nondiffusive behavior after 800
stant temperature for the fictitious dynamics of the wavetime steps, as can be seen from the plot of the average square
functions. This is necessary because the metallic nature afisplacement of the ions from their initial positions, Fig. 4.
the systems studied here creates an adiabatic coupling bafter 4000 time steps the atoms in the system are no longer
tween the electronic and ionic systefig? The target tem- diffusing, and so we regard the system to be solid. Thus we
perature assigned to the Nosgermostat for the wave func- conclude that 4000 K is a lower bound for the melting tem-
tions is given(in terms of the total kinetic energypy:*° perature.
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at 4000 K. Initially, the ions were in a liquid configuration. After

FIG. 2. Average coordinatiofcircles and coefficient of self- 4000 time steps diffusion ceases, which is interpreted as the forma-

diffusion (squarey versus temperature for simple-cubic and liquid tion of a solid.

carbon at fixed volum&//Vy=0.300. Filled(open symbols indi- . . . . . .
cate simulations obtained by heatit@poling a prior simulation.  diffusive). The simulation at 4000 K initially began to dif-
fuse, but after 800 time steps reverted to nondiffusive behav-

More details of the solid phase were obtained from theOr, at which point we began accumulating statistical data.
2000 K simulation which was initially quenched from the The 6000 K sample showed diffusion from the start, and so
36 000 K simulation. The radial distribution function and We can conclude this is an upper bound for the melting tem-
bond angle distribution function are shown in Fig. 3 and Fig.perature. _ o
5. We find an average coordination of 5.4 neighbors and the The radial distribution function and the bond angle distri-
bond angles have a preference for 90° and 180°. This redution function for the liquid at 6000 K are displayed in
sembles a simple-cubic structure, as can be seen by compargs. 6 and 7. We find that the liquid is similar to the solid,
ing Fig. 3 and Fig. 5 with Fig. 6 and Fig. 7, which contain having coordination 6.9 and bond angles that strongly favor
the corresponding functions for the crystalline simple cubic?0° and 180°. We believe that this sample is well equili-
structure. Since we obtained a simple-cubic-like structurdrated, since the measured pressure falls squarely on the
following a rapid quench, we conclude that simple cubic isequation of state for the liquid obtained in the previous series
the stable phase at these pressures. This is an important res@itcalculations, which were all initiated from liquid configu-
in itself since no previous work has proven that simple cubidations. . _ _
is even a metastable structure. By combining the information from the two series of cal-

To simulate melting, another series of calculations wereculations, we can clearly establish that the melting tempera-
performed by starting from th&=0 perfect simple cubic ture must be in the range 4000—-6000 K._ We found_ that the
crystal structure and heating up in staged to 2000, 4000, Samples were very easy to melt or to solidify, showing very
and 6000 K. As in the above series, at each stage the exterrl§fle of the hysteresis effects which often beset investiga-
temperatures of the Noskermostats were readjusted instan-tions of this kind. Furthermore, by examining the equations
taneously. We used a simulation cell twice as large as abov&/ state for the liquid and solidFig. 8 we see that in the
this one containing 125 atoms. temperature range which we have established for melting,

The simulation at 2000 K was observed to be s¢fidn-  the pressure of the liquid is always greater than that of the

3 — 450 —— —
2000K — 400 | 200K —
»ro L 18000K ] 2 350 I ]
2t 5 300 - i
- g 250 | -
1t % 150 | _
= 100 | _
03 50 + ‘
0 0L A

35 4 45 5 55 -1 -08 -06 -04 -02 0 02 04 06 08 1
r (bohr) cos(bond angle)

FIG. 3. Radial distribution functions for liquid carbon at high FIG. 5. Bond angle distribution function foF=2000 K. This
temperatures. Also shown is the radial distribution function forsample was obtained by quenching out of the 36 000 K liquid, for
solid carbon afl =2000 K, which was obtained by quenching out which the bond angle distribution function is also shown for com-
of the 36 000 K liquid. parison.
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FIG. 6. Radial distribution function for simple cubic melting. FIG. 8. Equations of state for simple cubic carbon and liquid
Crystal atT= 2000 K and 4000 K, liquid at 6000 K. carbon for volume fixed a¥/V,=0.300. * symbols represent liquid

simulations. Error bars represent statistical fluctuation in the pres-
solid at fixed volume. Using arguments based on thesure.
Clausius-Clapeyron equation

cient of self-diffusion(shown in parenthesgwe find that the
d_P: S—Ss , (4.1) onset of fourfold coordination &= 3.79 Mbar corresponds
dT  V|—Vs to a simulation which exhibitetiquid behavior.

A fuller representation of the structural change is shown
in Fig. 10, where we have plotted the radial distribution
Rinctions obtained from the six simulations. In order to com-
pare the distribution functions obtained at different volumes,
we have measured the radial coordinates in units of a length,
V. EVIDENCE FOR A STRUCTURAL CHANGE $/VIN, characteristic of each volume. We find that the simu-

IN THE LIQUID lations at higher pressure exhibit a nearly identical structure,

This series of simulations began with the liquid Configu-WhiIe the ones at lower pressure are C"?a”y distinguished as
ration obtained at the end of the 6000 K simulation discusse@ selpaégte_gtrgctu][e. A_S|m|le;]r beh?"'of is shown by the bond
above. That simulation used a unit cell of volumeangle distribution function, shown in Fig. 11. =
V/V,=0.300 (corresponding to a pressure of 39.2 Mbar Simulations by Galliet aI._ at ~ 1 Mbar and simulations
with 125 atoms. The final ionic coordinates and lattice con-reporteOI below on the_meltlng O.f the BC-8 structure _suggest
stant were multiplied by a scale factor, resulting in a newthat the fourfold coordinated sqlld phases have melting tem-
volume. Simulations were performed at a series of succedleratures greater Fhat 6000 K in t.he pressure range of 1-20
sively larger volumes, in each case the end point of the pre¥Par. This would imply that the simulations presented here
vious simulation was scaled to obtain the initial conditions2'® N0t in equilibrium, but instead are supercooled liquid
for the next. For the volum¥/V,=0.600, we performed an states. To firmly e_stal_allsh that ';he two phases are thermody-
additional simulation by starting from a simulation at |argernam|cally stable, liquid s!mglap|ons should be perfor_meq at
volume and decreasing the volume. temperatures where thell|qu|d is _known to be_ the equilibrium

The measured coordination numbers are presented in Fi _hage. Th|s_wou_ld require knowing the meltmg temperature
9. As can be seen, at low enough pressures a fourfold coo )f diamond in this pressure range. Lacking such knowledge,
dinated phase appears. However, by examining the coeffi-

we conclude that the slope of the phase line in Bedia-
gram must be positive. This also means that at constant pre
sure the liquid is less dense than the solid.

40 T T B33 T
1800 [—————— T 2 |
1600 TR - 1 ol SIMPLECUBIC
- 1400 T=2000K -~ _ e 72044)
£ { g 25
3 1200 & =] 67.3(45)
g 1000 i 2 Sl
= 1 H 15 | 27.9(38) |
= { g
E ! 10 06.1(66) *6.1(154) |
& i +6.6(90)
5T DIAMOND 446 *50012)
; 0 . . Y . ,LIQUID
0 2000 4000 6000 8000 10000 12000

Temperature (Kelvin)

cos(bond angle)

FIG. 9. Average coordination obtained from simulations. Coef-
FIG. 7. Bond angle distribution function simple cubic melting. ficient of self-diffusion is shown in parentheses, in units of 10
Crystal atT=2000 K and 4000 K, liquid at 6000 K. cm?/seg.
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FIG. 10. Comparison of(r) for liquid carbon at various pres- FIG. 12. Equation of state for liquid carbdi=6000 K. The
sures. Two distinct structures are clearly exhibited. The radial coupper point atV/V,=0.600 was obtained by increasing the cell
ordinate for each graph has been scaled By/N. At volume from a previous simulation, the lower point by decreasing
V/V,=0.600 simulations were performed both tg) increasing the cell volume.
and (b) decreasing the cell volume from prior simulations.

close to sixfold, andb) the next larger volume where the

we have further investigated only one more temperatureSoordination is approximately fourfold. In cass we con-
8000 K, at the two pressures which straddle the transitiodinué to find a simple-cubic-like structure, but with an
range,P= 3.79 and 10.25 Mbar. The end points of the cor-&nomalously high pressure. In ca$p we find an interme-
responding 6000 K simulations were used as the initial condiate type of coordination, indicated by the intermediate ra-
ditions. We are able to show that the structures found remaiffial distribution function in Fig. 10. This difficulty to equili-
stable up to 8000 K. brate the atomic configurations is much more severe than at
Although the above results indicate the existence of twdny other volume, where analogous calculations led to very
distinct phases, the existence of a first-order phase transiticimilar distributions. Since this is a behavior often seen in
has not been proven. In order to demonstrate this, a discosimulations near phase transitions, these results suggest there
tinuity must be found in the equation of state. The phasdndy be a first-order phase transition n&ély=0.6; how-
points that have been determined by the above simulatior@/€r. more definitive evidence for a true first-order phase
are shown in Fig 12. In order to show a discontinuity thefransition must await further studies.
equations of state of the two phases must be extended into
the region where the transition is expected to occur. How-
ever, we are not able to study nonequilibrium states of each . .
of the two liquids, because of the fast time scale upon which 'Our study of the melting of the BC-8 structure be.g'”s
the liquids can change their local structures with the perfect crystal structure. The volume of the unit cell
In order to search for anomalies in the transition regionv.vas chosen to bV/V0=0.375: We then performed simula- .
nearV/V,=0.6, we have carried out two different simula- tions at a series of progressively higher temperatures until
tions at this volume with different starting configurations de_dlffuswe behavior was observed.

rived respectively by scaling the coordinates of the atomsI The B(t:'S StI’UCEUI’GTIS fckl}argc:erlzgd ?%/ an |r1te|rntzzll dis-
from (a) the next smaller volume where the coordination jgPracement parametex, 10 Tully determine the crystal struc-
ture, the total energy must be optimized with respect to this

parameter. We did not perform this optimization on our ini-
tial structure, but instead estimatgddy linearly extrapolat-

VI. MELTING POINT OF THE BC-8 STRUCTURE

400 —————————————————

350 1 E vAEoa ing from the values reported by Fahy and Lotfi@his gives

300 | 277%038.2883 — | x=0.105, which corresponds to bond angles of 97.4° and
VINV0.680 - 118.4°. This structure was used as the initial condition for

230 50 - the first finite-temperature calculation at 2000 K. During this

Y/Vo=0.7

. simulation we observed the bond angles to relax to values
] even more distorted from tetrahedral, the averages being
93.4° and 120°. Further study would reveal whether this
structural relaxation is the result of the applied pressure, or
] the result of the finite temperature, or an artifact of the re-
duced basis set being used.

Simulations atT= 2000, 4000, 6000, and 8000 K all
remained nondiffusivésolid) throughout the simulation. The

FIG. 11. Comparison of bond angle distribution function for computed pressures are plotted as a function of temperature
liquid carbon at various pressures. Two distinct structures ardn Fig. 13. We find the usual linear equation of state which is
clearly exhibited. A\/V,=0.600 simulations were performed both €xpected for classical systems. Melting was not induced even
by (a) increasing andb) decreasing the cell volume from prior When a vacancy and an interstitial atom were introduced into
simulations. the 8000 K simulation. The system first becomes diffusive at

probability (arb. units)

0 L 1 1 1 1 1 RVl
-1 08 -06 04 02 0 02 04 06 08 1
cos(bond angle)
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FIG. 13. Equation of state for BC-8 and its melt. Simulations  FIG. 15. Lindemann ratio versus temperature for the BC-8
marked with * are in the liquid phase. structure.

10 000 K, which is therefore an upper bound to the meltingthe melting of the simple cubic structure. Because of this, we
temperature at this volume. Although the radial distributionpredict that the phase boundary is nearly vertical in e
function, shown in Fig. 14, does not show a well-defineddiagram. This implies that at constant pressure the liquid and
second minimum, it is consistent with the fluid found atthe solid have similar density.

higher pressures. We estimate that the coordination is 8.6

neighbors. . _ VII. DISCUSSION
We computed the pressure during the 10 000 K simula- ) ) ) )
tion and compared it to the equation of state for the Sl We have performed an extensive series of simulations on

Fig. 13. The results indicate that there is little change in€lemental carbon using the first-principles molecular dynam-
pressure as the system transforms from solid to liquid. Tdcs method, result_ing in significant additional information on
ensure that constant pressure is not an artifact of the initidh€ phases at high temperatures and pressures. Previous
conditions of the simulation, we have simulated the liquidwork’>**** has studied the simple cubic structure at zero
beginning from a completely different ionic configuration. temperature, but has not established that it is even meta-
This configuration was obtained by scaling the simulationstable. Our simulations provide strong evidence that simple
cell and ionic velocities of the liquid simulation done at cubic is the thermodynamically stable structure for carbon in
T=6000 K andV/V,=0.350. We find that the initial condi- the range 35-40 Mbar. When the perfect crystal is heated,
tions have no effect on the results, and in particular that théhe structure is dynamically stable. This indicates that the

same pressure value is obtained. This shows that the liquigtructure is a local minimum of the Born-Oppenheimer sur-
simulations are well equilibrated. face. When the liquid is quenched to form the solid, we

An estimate of the memng temperature can be found usObtain a disordered solid with features that resemble the
ing the Lindemann melting critericH. For each of the solid Simple-cubic structure. Since the quenching procedure tends
simulations we have Computed the ratio of the root_meanto find structures that are close to the glObal minimum, this
squared displacement of the atoms to the nearest-neighbgffers some evidence that simple cubic is tlebal mini-
distance. The results are shown in Fig. 15. Assuming a critimum of the Born-Oppenheimer surface and would therefore
cal Lindemann ratio of 0.15, we estimate that the meltingbe the thermodynamically stable structure. To test this con-

occurs at about 4000 K. clusion rigorously would require a long and costly simulated
The pressure change that we observe is smaiD.Q ~ annealing procedqf’é‘. _ ,
Mbar) compared to what was observed abovel(Mbar) for At 20 Mbar we find that the BC-8 structure is dynamically

stable, and is therefore at least metastable thermodynami-
cally. When the perfect crystal is heated, we find that the

simulation retains the BC-8 structure with bond angles of
35 about 95° and 120°, which are consistent with internal dis-
3} placement valuex=0.125. This value is much greater than
”s that found by earlier work at lower pressurés* This result
= may be due to the effects of finite temperature or of high
% 2 pressure. It is also possible that this finding may be due to
15} the reduced basis set being used. Further investigation is
b needed.
os | We have performed molecular dynamics simulations on
) liquid carbon at pressures above 11 Mbar, where diamond is
0

no longer expected to be stable. Previous theoretical work on
t (bohr) the liquid in this pressure regime was the work of Young and
Grover?® which was based on estimations of the free ener-

FIG. 14. Radial distribution functions for the melting of BC-8. gies of the various phases and made no predictions of struc-
Temperatures as indicated. ture. We find that the solid and liquid phases equilibrate
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quickly, showing very little hysteresis across the phase 100 : : : : ,
boundary. We predict that the liquid has simple-cubic char- SIMPLE CUBIC....—
acter, with approximately sixfold coordination and bond BRCS b  LiouD®=67)
angles which prefer 90° and 180°. This is in contrast to the _ 10§ 3
liquid at pressuress1 Mbar, which is known to have four- & *DAClmit
. R .. .- . = geophysical .~

fold coordination'® but similar to silicon and germanium, 5 1L conditions
which are known experimentally to have sixfold z - Tupiter
coordinatior®®! We find this basic structure in the liquid = & DIAMOND
over a wide range of pressures, 10—40 Mbar. As the liquid is 0g E
heated, the average coordination increases and the bond CrApHITE LIQUID(N=2-3)
angle distribution becomes more uniform. 001 R ; . .

Transitions between several of the phases discussed above 0 2000 4000 6000 8000 10000 12000

. . . . T Kelvi
have been investigated. We find very clear evidence that the emperature (Relvin)

_meltlng temperature of the simple CUb'_C SOI'dﬂss Mbar FIG. 16. Proposed phase diagram for carbon compared to other
is between 4000 and 6000 K. We also find a definite increasgermodynamic data. Boundaries for which some experimental data
in pressure upon melting at constant volume, which impliegyist are shown with solid lines. Theoretical predictions are shown
that the slope of the phase boundary in iE phase plane is  ith dashed lines. “DAC limit” indicates highest pressure attained
positive. Our study of the BC-8 structure yielded less definitao date with a diamond anvil cell. The Jupiter adiabat continues to
results due to the strong hysteresis effects which made the&s 000 K and 32 Mbar.

study difficult. We were able to determine that the melting
temperature at-22 Mbar is between 6000 and 10 000 K and
that the slope of the phase boundadyf/dP, is very near to
zero.

gether with several physical landmarks. The conditions we
have been studying are intermediate between the conditions
We have also found that the character of the quuiolthat occur inside the Earth and the ones that occur inside

changes from about fourfold to about sixfold coordination inJUPiter and so are primarily of interest to the planetary sci-
the pressure range 4—10 Mbar. This could occur either as §1¢€s:- We have also compared our prediction of the
rapid but continuous change of a single phase or discontinudiamond-liquid phase boundary with that made by Young
ously at a first-order phase transition. Due to the difficultiesand Grover(1987.* In their model the free energy of the
of finding a discontinuity in the equation of state and to thesolid (derived from a lattice vibration models compared to
lack of knowledge of the melting temperature of diamond athe free energy of the liquidderived from a nearly-free-
these pressures, we are unable to directly identify a firstelectron modglto obtain the equilibrium curve. They predict
order phase transition. Determining this would be of greathat the melting temperature continues to increase with in-
interest, since phase transitions between amorphous phasgeasing pressure beyond 6 Mbar. We speculate that the dis-
are uncommon?~>*However, we do find two distinct liquid crepancy from our results at high pressures is due to the fact
structures among the metastable simulations which we pethat their model does not include the change in the nature of
formed. We conclude from this that sixfold structures arethe liquid that we find at 4—10 Mbar.
unstable at pressures below6 Mbar. We further predict Some of the earlier theories of the melting of diamond
that this change in characteristic coordination of the liquid iswere based on the belief that phase relations of carbon would
associated with a change in slope of the diamond meltindgpe analogous to those of silicon. This led to teeroneous
curve. This is based on the fact that the sixfold liquid is moreprediction that the slope of the melting curve was negative at
dense than the fourfold liquid, and so we expect that thell pressures. However, in view of our proposed phase dia-
slope of the phase boundary between diamond and the sigram, we would like to revive the notion of an analogy be-
fold liquid will be algebraically less than the slope of the tween the phase diagrams of the two elements. The phase
diamond—fourfold boundary. diagram of silicon exhibits the following basic features: the
The features that we can add to the phase diagram are tiséructure at low temperatures and pressures is tetrahedral; the
simple-cubic-like structure of the liquid at high pressure, thetetrahedral structure transforms under pressure to a sixfold
position and the sign of the slope of the simple cubic crystacoordinated metallic structure; both solid structures melt to
to liquid transition, structural change in the liquid in the pres-give a sixfold coordinated liquid; the melting temperature of
sure range 4-10 Mbar, and the position and the sign of thtéhe tetrahedral structure decreases with increasing pressure;
slope of the BC-8 to liquid transition . the melting temperature of the metallic structure increases
Features which we infer are the following: change in thewith increasing pressure. Based on the results of our simula-
slope of the diamond-liquid phase boundary in the pressurons, we believe that each of these statements can also be
range 4—-10 Mbar, and negative slope for the diamond-liquicdapplied to carbon at pressures abové Mbar, if we take
phase boundary near the diamond—BC-8-liquid triple point:‘tetrahedral” to signify both the diamond and BC-8 struc-
This last feature can be inferred from our knowledge thatures. The key to this proposal is the sixfold coordinated
BC-8 is denser than diamond at zero temperature and thdijuid which we find to exist over a wide range of pressures.
BC-8 has about the same density as the liquid at 22 Mbar. [The existence of this liquid structure at high pressures has
we can assume that these relations also hold true near tm®t been previously proposed and so has not been included
diamond—-BC-8—liquid triple point, then it follows that dia- in previous models such as that of Young and Grover. Thus
mond is less dense than the liquid. we conclude that the phase diagram of carbon, in the pres-
We have drawn a proposed phase diagram in Fig. 16 tosure and temperature regime relevant to planetary physics,
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has significant similarities to that of silicon at lower pres- 4
sures and temperatures.
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at volumeV/Vy=0.300, as predicted by the three pseudopotentials.
APPENDIX: TESTS OF THE PSEUDOPOTENTIAL curate results than TM-smooth for systems at pressures so

The primary approximation that is made in this work is high that the TM-smooth core radii are overlapping. Thus
the use of a minimal basis set, determined by the plane waveur purpose in examining TM-sharp is to make accurate pre-
cutoff energy of 20 Ry. Here we will demonstrate that thisdictions against which we can compare the predictions of
cutoff is sufficient to provide quantitative results. TM-smooth.

For comparison, we have generated three pseudopoten- The crystal calculations were performed using a program
tials, two using the method of Troullier and MartihsTM)  based on direct and iterative techniques for the diagonaliza-
and one using the method of Hamann, Sty and tion of the Hamiltonian. Only the channel of the pseudo-
Chiang® as modified by Vanderbiit (HSC-V). The refer- potential was treated as nonlocal. Both the diamond structure
ence configuration used for the full atomic calculation was(2 atoms per unit celland the simple cubic structufé atom
15%2s%2p%23d®°. The cutoff radii used for the first TM per cel) were examined at/V,=0.300. For the simple cu-
pseudopotential were s=1.50, r,,=1.54, andr,y=1.60 bic structure this results in an interatomic distance of 2.3
Bohr. This potential will be referred to as TM-smooth and isBohr. Brillouin zone summations were computed using ten
the one that is used in all the simulations. Another pseudospecialk points in the irreducible zone for diamond, and four
potential was generated using the same method but withoints for simple cubic.
r.s=0.80,r¢,=0.80, and' ;4= 1.00 Bohr. This potential will For a series of cutoffss,, we evaluate the force on a
be referred to as TM-sharp. Finally we have used the HSC-\displaced aton(Fig. 17), the value of the pressure for the
prescription with core radiir.s=0.80, r;,=0.80, and perfect crystalFig. 18, and the energy difference between
r.¢=1.00 Bohr to generate a third potential. The TM-smoothsimple cubic and diamond at high press(Fag. 19. In these
and HSC-V potentials are both good candidates for use itests we see that the TM-sharp potential converges much
large scale calculations since they are both smooth, i.e., trglower than the other two, as expected. We also find that the
potentials and wave functions are well described by a modesionverged values of the various energy differences using the
number of Fourier components. This will be demonstrated by M-smooth potential are very close to the converged values
the crystal calculations below. The TM-sharp potential, be-using the TM-sharp potential. This implies that the large core
cause of the small core radii used to define it, requires largeiadii that define TM-smooth and result in overlap of the ionic
Fourier expansions. However, when a large enough basis se@res do not significantly affect the results.
is used, we expect the TM-sharp potential to give more ac- Our choice ofE.,~=20 Ry for use in our simulations is

22 T T 7 PR T T T T
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FIG. 17. Restoring force on displaced atoms as a function of FIG. 19. Difference in energy per atom as a functionEf;
E.. for simple cubic carbon at volumé/V,=0.300, as predicted between diamond and simple cubic phases at high pressure as pre-
by the three pseudopotentials. dicted by the three pseudopotentials.
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FIG. 20. Ene_rgy dlﬁgrence bet_ween S|_mple cubic and d_|amo_nd FIG. 21. Pressure correction for 20 Ry cutoff, obtained by tak-
structures. Obtained using Troullier-Martins pseudopotential Wlthin the difference of 50 and 20 Ry data sets
20 Ry cutoff for basis set. Also shown is a linear fit of the data. 9 y )

diamond to simple cubic. We therefore conclude that the
motivated by Fig. 17. We see that the use of this value inapproximation introduced by using a 20 Ry cutoff is accurate
troduces errors in the force of 10%. As the cutoff is re- enough to predict phase transitions.
duced below this the error grows rapidly. To demonstrate As shown in Fig. 18, a 20 Ry cutoff will introduce a
that this cutoff can give reasonable results, we have comsignificant systematic error in the calculated value of the
puted the energy difference between the simple cubic angressure. Since an accurate measurement of the pressure is
diamond structures for a 20 Ry basis set cutoff. This time teimportant to our work, we have devised a volume-dependent
k points were used to sample the irreducible Brillouin zonecorrection term to account for the error. We have calculated
for both the simple cubic and diamond structures. The resultsvo equations of state for the diamond structure, one with a
are shown in Fig. 20. The noise in the data results from using0 Ry cutoff for the basis and the other with a 20 Ry cutoff.
a fixed value for the cutoff, which causes the number of basi®\s demonstrated above, using the Troullier-Martins pseudo-
functions to change discontinuously as the volume igpotential with a 50 Ry cutoff will give well-converged values
changed. The effects of these discontinuities can be eliminafer the total energy and pressure. We have tabulated the size
ing by averaging or performing a linear fit of the data. Forof this error as a function of volume in Fig. 21. These values
the hypothetical diamond to simple-cubic transformation wewill be used as a correction to the pressures recorded during
find a transition volume o¥//Vy=0.354 under constant vol- the simulations according to the following formula:
ume conditions. This is consistent with the results reported
by Yin and Coher! who predicted a change in volume from _ JE

; " P=— — + pkgT+ Pcorrection (A1)

0.367 to 0.347 during a constant pressure transition from v
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