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Pressure Dependences of the Melting Temperature of Graphite
and the Electrical Resistivity of Liquid Carbon
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The melting line of graphite and the electrical resistivity of liquid carbon are investigated along the
melting line by a flash-heating experiment under high pressures. The melting temperature of graphite
increased from 4650 K at 1.4 GPa to a maximum of 4790 K at 5.6 GPa, then decreased to 4640 K
at 9.4 GPa. The electrical resistivity of liquid carbon along the melting line decreased from 900 to
600 Q) cm with an increase of pressure of 1.4 to 9.4 GPa. Changes in slopes of the melting line and
of the electrical resistivity at about 5.6 GPa suggest a possibility for a first-order phase transition in
liquid carbon. [S0031-9007(97)04140-9]

PACS numbers: 62.50.+p, 64.70.Dv, 64.70.Ja, 72.15.Cz

Since Bundy’s work [1] on the carbon phase diagram indensity liquid is dominated by two- and threefold coor-
1963, only two experimental studies on the melting line ofdinated atoms and that the coordination changes continu-
graphite have been reported to date, namely, by Fateevausly to high-density liquid with considerable tetrahedral
and Vereshchagin [2] and by Togagtal. [3]. The com- diamondlike bonding with increase in pressure. However,
mon feature among these three experimental data is th#tey could not detect a phase transition in the liquid phase
the melting temperature increases with pressure to a maxit temperatures above 6000 K.
mum at~5-6 GPa and then decreases with an increase So far there is no direct measurement on the structure
in pressure toward the triple point of graphite/diamond/of the liquid carbon to experimentally resolve this issue.
liquid. However, these data predict very different curva-Namely, it is difficult to verify the presence or absence
ture of the melting line. Temperature differences betweemf the liquid-liquid phase transition from the melting
the maximum and the triple point of graphite/liquid/vapor data of graphite obtained by Bundy [1] and Fateeva and
are 1200 K in the data of Fateeva and Vereshchagin [2)Vereshchagin [2], as their data contain large experimental
600 K in the case of Bundy [1], and 200 K in recent datauncertainties. A possible discontinuous change in the

by Togaya [3]. electrical resistivity of the liquid is also difficult to detect
Rapoport [4] proposed a “two-species model” to inter-from the resistance data of Bundy.
pret the maximum melting temperature in thel' phase It is worthwhile to mention that phase changes in the

diagram in terms of a structural change in the liquid stateliquid state have been reported for sulfur [9] and other
In this model the melting can occur either by a continu-substances (e.g., Bi, Ga, Se, ktc.) [10-12], without
ous change of structure or by a first-order phase transtoncrete connection to the maximum of the melting line
tion, depending on the magnitude of the mixing energy obf the corresponding solid phases.

two liquids consisting of different species. Korunskaya The purpose of this Letter is to report (i) an accurate
et al. [5] predicted, from their thermodynamic calculation analysis of the melting line of graphite obtained previ-
using the melting data of Bundy [1], that the critical point ously by us [3] and (ii) measurements of the electrical
on the metastable equilibrium line between two kinds ofresistivity of liquid carbon along the melting line. These
liquid occurs inside the stabje-T region of graphite, and data are next used to test the possibility of a first-order
that the liquid-liquid phase transition is not realized, un-phase transition in liquid carbon.

less the liquid is supercooled. On the other hand, van We used rods of spectroscopic graphite with high purity
Thiel and Ree [6] could reproduce Bundy's melting lineas specimens and melted them directly using a method
by a model, which is based on a mixture of graphitic andof flash heating by discharging current from a bank of
diamondlike liquids whose parameters are fixed by usingapacitors in a 6-8 anvil-type high pressure apparatus.
recent thermodynamic equation of state data for graphit&he current was measured acrosd(®m() shunt and
and diamond. They predicted that constraints on the straithe voltage across the graphite rod was recorded with
energy of mixing two kinds of liquid clusters can allow a two channel digital memory. These data were used
liquid-liquid phase transition. With respect to the struc-to calculate the inserted energy (integration of heating
ture of liquid carbon, Galliet al.[7] indicated, by their power) and the resistance. The experiments were carried
first-principle molecular-dynamics simulations using theout at six points of pressure from 1.4 to 9.4 GPa. Other
Car-Parrinello method, that the liquid at low pressure isexperimental details are described elsewhere [3].
composed of two-, three-, and fourfold coordinated atoms. Figure 1 shows three typical plots of resistance vs
Also Morris et al. [8] suggested, in their simulation by inserted energy at 2.5, 5.6, and 9.4 GPa. These data
the “tight-binding molecular-dynamics” method, that low- were obtained using the capacitor voltage of 120 V and
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75 T T TABLE I. Melting enthalpy(AH,,) and melting temperature
—.—25GPa (T,,) of graphite vs pressuré”). Conversion of the enthalpy
. —— 5.6 GPa to the melting temperature was made using the enthalpy—
a 5 T 9.4 GPa temperature relation obtained by Sheindlin and Senchenko [13].
£ 1 If the data from JANAF were used, the temperatures need to be
= 50 ~ N Jo . revised upward by 100 K at 4600 K and 140 K at 4800 K.
~
* ) P (GPa AH,, (kJ/mol) T, (K)
0]
8 1.4 1104 = 1.1 4651 = 36
o 2.5 111.2 £ 1.5 4678 = 46
‘3 4.0 113.4 = 0.6 4747 = 20
S 5.6 1149 = 1.4 4786 * 38
7.4 111.5 = 0.8 4686 + 25
9.4 110.0 = 1.3 4640 = 39
1 1
0 100 200 300
Inserted Energy J  (kJ/mol) The difference of inserted energy, — J, between

the start and the end of fusion represents the fusion

-énthalpy (latent heat) of graphite. The fusion enthalpy
5.6, and 9.4 GPa. The graphite rod starts to mel awvhile J, . -
represents the energy when the entire graphite rod melts. Tl.gecreases slowly and linearly with pressure and shows

energy difference/, — J, corresponds to the fusion enthalpy NO discontinuous change within experimental uncertainty
of graphite. of +5 kJ/mol [14]. This is not inconsistent with the

possibility of a liquid-liquid phase transition, since the
i i i i enthalpy difference between two liquid phases is similar
the wall material of pyrophyllite. The maximumy in 5 the corresponding difference in the enthalpy of solid

the resistance curve signals the start of fusion .and thﬁhases. The latter is likely very small compared to the
shoulderJ, represents the end of fusion, at which thefusion enthalpy of graphite.

entire graphite rod completely melted. These assignments The volume change in the possible liquid-liquid phase

were based on the optical microscope observations qfansition is estimated to be abouts cm?/mol from
texture of samples which were quenched at differenfhe apove two slopes of the melting line and the fusion
inserted energies and recovered at room pressure. T'%‘?]thalpy of about 100 Kinol at 5.6 GPa [14]. This value

inserted energy at the start of fusion is related to the g gjightly less than.97 cm’/mol predicted theoretically
melting enthalpy and, after correcting for the heat Iossby van Thiel and Ree [6]. In this regard, one way to

the enthalpy was converted to the temperature by applyinghain 4 direct evidence of the liquid-liquid transition is
the enthalpy vs temperature relation derived by Sheindling measure the volume change of liquid phase, near the

and Senchenko [13] near the melting point at 0.1 GPa. lfelting line around 5.6 GPa, since the volume change at
is assumed that the temperature dependence of enthalpy is

insensitive to pressure and that the sample, as it is heated
rapidly, is under an isobaric condition without an increase 5000
in thermal pressure.

Table | summarizes the melting enthalpy and the melt-
ing temperature of graphite obtained in this work. As
shown in Fig. 2, the melting temperature tends to increase
from 4650 K at 1.4 GPa to a maximum of 4790 K at ok - R |
5.6 GPa, then decreases to 4640 K at 9.4 GPa. In the 470 ‘?')( ¢\<{l
strict sense, it is difficult to verify the presence of a dis- - .
continuous change in the slope of the melting line around )
5.6 GPa, although such a proof will provide an indirect 4500 - Graphite 7
evidence for a first-order phase transition in the liquid I i
carbon. This is so because we cannot continuously mea-
sure the melting temperature by increasing the pressure in 4300 v v 0 Lt a )i
the present experiments. However, our discrete measure- 0 5 10
ments on the melting temperature at different pressures , Pressure P (GPa)
show that the melting temperature increases with pressure _ )
up to 5.6 GPa with a slope of 33.4/KPa, then decreases FIG. 2. Melting temperature of graphite vs pressure. The

. dashed line shows a possible melting line. The melting line
to 9.4 GPa with a slope of-38.7 K/GPa, and that the is represented by the least squares fit, by a line with a slope

melting line can be best described if its slope has a disof 33.4 kK/GPa below 5.6 GPa, and another line with that of
continuity at about 5.6 GPa. —38.7 K/GPa above 5.6 GPa.

FIG. 1. Resistance vs inserted energy at the pressures of 2

4900 ]

Temperature T (K)

2475



VOLUME 79, NUMBER 13 PHYSICAL REVIEW LETTERS 29 BPTEMBER1997

the liquid-liquid transition is predicted to be more thanmay result from a change in the electrical state accom-
10% of the volume of liquid carbon, and, if so, it would panied by the structural phase transition in the liquid car-
be easily detected. bon, i.e., a discontinuous slope of the melting line at about
Figure 3 shows the change in electrical resistivity of5.6 GPa, as discussed earlier.
liquid carbon with pressure along the melting line of Our resistivity data agree with other experimental
graphite. The resistivity data were obtained from valueglata, i.e., 1000 x{) cm at 0.4 GPa, and25 () cm at
of resistance at the end of fusion shown in Fig. 1, by30 GPa, obtained by Shaner [15] and Reitzeal. [16],
assuming a constant ratio of cross-sectional area to lengtiespectively. The resistivity of liquid carbon is about
in the sample. The resistivity data are almost the sameen times higher than those of other Column IV liquid
for three different kinds of wall materials: pyrophyllite, metals (e.g.,~80 xQ cm for Si [17] and~75 w cm
MgO, and z-BN. This fact shows that there is little for Ge [18]). Its magnitude is similar to those found
contamination between the wall materials and the moltein a poorly conducting metal [19]. Liquid carbon may
carbon during the fusion. Although the exact causebe in a “resistively saturated” state [19] with mean free
of the temperature dependence is still unknown, Fig. Joath comparable to the nearest neighbor atomic distance,
shows that the resistance (hence, resistivity) depends veas shown by Reitzeet al.[16]. On the other hand,
weakly on the inserted energy (hence, temperature). Ithe resistivity of 150 ) cm evaluated by Bundy [1]
comparison, there is a much more pronounced dependeni much lower than our data, and Heremans's value
of resistivity on pressure as shown in Fig. 3. of 30-70 uQ) cm [20] is too low, although they are
The resistivity of liquid carbon decreases with pressureonsistent with the simulation results by Gadli al. [7]
from 900 ) cm at 1.4 GPa t®00 w{) cm at 9.4 GPa, and Dharma-wardana and Perrot [21] under the local
except at 4 and 5.6 GPa, where the resistivity data ardensity approximation. It should be mentioned that the
approximately equal. This minor irregularity suggests toexact origin of the resistivity of liquid carbon will require
signal a phase transition between a liquid phase below further study.
4 GPa and another liquid phase with higher resistivity The higher resistivity of liquid carbon may arise from
above 5.6 GPa. The irregularity of the resistivity curvethe facts that its structure basically exhibits covalent char-
acter such as two-, three-, and fourfold bonding [7] and
1500 that three of the four valence electrons of carbon are in-
LI R B SRS S R B B B R . . .
volved in covalent bonding and the conduction electron
N 1 tends to be strongly localized [16]. Hence, it is very dif-
. ferent from liquid Si and Ge which are quadrivalent met-
i \‘\ ) | als and have an average coordination number exceeding 6
| \.._ Graphite within the high pressure metallic phases [22]. It suggests
~. that liquids with covalent bond character may be respon-
5 \-\ . sible for the liquid-liquid immiscibility.
‘\.\ One can give a qualitative explanation on the resistivity
1000 [ ook 7 drop with pressure. The use of the “nearly free electron”
kN | model and the resistively saturated state provide an
[ \k\ 680K Liquid Carbon expression for the resistivity « a/g> (a = average
4750 K . nearest neighbor distance, = the ratio of density of
N/ 4790K state N(Ey) to that of free electrorV(Ey)s.. at Fermi
- %4 Yt T level, andg = 1 for a free electron) [19]. The change of
TEL }1640'( ] resistivity of liquid carbon with distance is very small,
i %\ i.e., about a 3% decrease with the increase of pressure
5000 v v v 00 oo loa to 4 GPa, based on the compressibility of graphite.
0 5 10 Therefore, the resistivity drop of 30% in Fig. 3 is due
Pressure P (GPa) mainly to an increase of thg factor. This suggests that
) ) o o the pressure affects the resistivity by reducing the electron
FIG. 3. Changes in the electrical resistivity of liquid carbon |5-glization and populating the density of state near Fermi

with pressure along the melting line of graphite. The Wa”level namelv. the number of free electrons per atom
materials to enclose the graphite rod are pyrophyllite (triangle), ’ Y, p '

h-BN (circle), and MgO (square). Dashed line is a guideProduced by the breaking of covalent bonding. In this
to the eye. The upper long dash-dotted line shows thesense the irregularity of resistivity curve around 5.6 GPa
pressure dependence of the resistivity of graphite at roonmay arise from reformation of the covalent bonding by
temperature. Within the pressure range shown the temperatuffa’structural transition

is nearly constant (about 4800 K) and the observed behavior is h ' btained th i i f
qualitatively similar (except for the aforementioned transition In Ssummary, We have o talr-1e. _t e me t'ng Iné o
region) to that of graphite under isothermal room-temperaturd@raphite and the electrical resistivity of liquid carbon
conditions shown. along the melting line by performing flash-heating

(rQcm)

T

Resistivity o
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