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The melting curves of argon, helium 4, ice (H2O), and hydrogen (H2) have been measured from room
temperature up to a maximum temperature of 750 K. This extends the previous determination of the melting
lines of H2 and He by nearly a factor of 2 in pressure. The experiments were carried out with a resistively
heated diamond anvil cell. Improved accuracy with respect to previous determinations, when existing, was
achieved by the use of an optical metrology which gives anin situ measurement of both the pressure and
temperature of the sample. The melting lines of argon and H2O are found to be well represented by the
following Simon-Glatzel equations:P52.17231024T1.55620.21 ~argon! and P52.1711.253@(T/354.8)3.0

21# (H2O). But the Simon-Glatzel form was found inadequate to reproduce the melting data of4He and H2

over the whole temperature range. In the case of4He, this deviation from a Simon law is explained by the
softening of the pair interaction with density. A Kechin equation is proposed for H2: T514.025(1
1P/0.0286)0.589exp(24.631023P). This form is in excellent agreement with all published experimental data
for H2 and interestingly predicts a maximum on the melting curve at 128 GPa and 1100 K.
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I. INTRODUCTION

Melting is an important phase transition because it se
rates two different states of matter, solid and liquid. It is ea
to observe and it covers the widest range of pressure
temperature among the first-order phase transitions. He
melting is certainly the first measurement to be performed
explore the newP-T range now accessible with resistively
laser-heated diamond anvil cell~DAC!. Change of slope
cusps, maximum on the melting curve can reveal su
changes in the interactions of the system or differences
tween the properties of the fluid and the solid. Also, desp
a vast literature on melting, fundamental questions such
the microscopic mechanisms of melting~surface melting, in-
stability of the solid, importance of defects!, the difficulty of
calculations of the melting curve of real systems~the case of
ideal systems interacting through simple pair potentials
been solved in the 1960s! or the evolution of melting to very
high pressure are still actively debated.

He, H2, and H2O have already been the focus of gre
interest at high pressure for various reasons:1 ~1! Their elec-
tronic simplicity makes them the most amenable systems
theoretical description and therefore they make reference
perimental data to testab initio calculations;~2! a very in-
teresting evolution with pressure, respectively to a metal
hydrogen and to a ionic system for water, has been predic
~3! their highP-T properties are essential input in the mod
of the jovian planets and their satellites. Up to now, t
PRB 610163-1829/2000/61~10!/6535~12!/$15.00
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determination of the properties in the solid phase, at ro
temperature or below, has been achieved in DAC’s wher
those in the liquid phase at high temperatures were obta
from shock waves. To bridge theP-T gap between these tw
methods of investigation and try and understand import
differences in the properties of the dense solid and de
fluid phases of these simple molecular systems, it is imp
tant to couple high static pressures with high temperatu
and obtain accurate data under such thermodynamic co
tions. Few such attempts have been published in the lit
ture because of the difficulty to perform accurateP-T deter-
minations, or to keep the mechanical stability of the DAC
high temperature that is necessary to observe the me
equilibrium, or to limit the chemical reactivity of H2 and
H2O under such conditions.

We present here extension in theP-T range and in the
accuracy of the measurements of the melting curves of
H2O, and H2. Their presentation in the same article shou
give a better confidence in the accuracy of our procedure
the analysis of their deviations from a regular evoluti
should appear more meaningful. The techniques used
these experiments are briefly presented in the experime
section ~Sec. II!. The melting curve of Ar is presented t
validate our experimental procedure. Then the melt
curves of the various systems are presented in different p
graphs of Sec. III and compared to the other determinati
and calculations for He, H2O, and H2. The discussion of the
data, Sec. IV, is focused on the validity of various melti
6535 ©2000 The American Physical Society
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forms to reproduce the data and to extrapolate them. S
interesting trends are pointed out.

II. EXPERIMENTAL PROCEDURE

The present experiments used a diamond anvil cell
was specifically designed for high-temperature studies.2 The
body of this cell, including the diamond seats, is built out
ceramic materials that confine the high temperatures in
vicinity of the sample. A small resistive heater of spir
shape is attached to the metallic gasket~used to confine the
sample! to allow heating of the sample. A power of 50 W
typically needed to reach a sample temperature of ab
1000 K. The force on the moving piston is exerted by t
inflation of a membrane under a helium pressure. The m
advantage of this setup is to provide a very good mechan
stability while working at high temperatures: no drop
pressure is observed during heating, in contrast to othe
ported designs. Furthermore, the use of an external he
provides a good thermal stability, so that the conditions
pressure and temperature of the sample can be finely
trolled and made stable in a short time. This allows an e
and accurate detection of the location of a phase trans
such as melting.

Rhenium foils of 0.25-mm thickness served as gaskets
the experiments on H2 and H2O, the samples were isolate
from the rhenium gasket by a fine gold liner~other materials
were also used in the case of H2, as explained in Sec. III D!,
in order to prevent chemical reaction between the sample
rhenium. High-purity gases were loaded at room tempera
using high-pressure loading techniques.

In the case of Ar, H2O, and H2, melting could be detected
by direct visualization of the samples. The difference in
refractive index of the solid and fluid phase was lar
enough for a solid/fluid equilibrium to be observed up to t
maximum temperature. Starting from the solid phase
keeping the load constant, we slowly increase the temp
ture of the sample. At the onset of melting, one or seve
small crystallites appear in equilibrium with the fluid~Fig.
1!. When this equilibrium is stabilized, the measurements
pressure and temperature provide the location of the me

FIG. 1. Microphotograph of a H2O sample at melting at 400 K
Three holes were drilled inside the gold liner isolating the sam
from the rhenium gasket:~1! Large H2O sample with a ruby ball;
~2! SrB4O7:Sm21 powder in a smaller volume of H2O; ~3! ruby ball
in H2O. It can be observed that melting occurs simultaneously
the three holes.
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point. Pressure and temperature are then slowly raise
order to maintain the sample in this topology. This meth
allows a fine sampling of the melting line. In the case
helium though, the difference in the refractive index of t
two phases is too small~e.g., Dn/n;0.33% at 300 K!3 to
use this technique. Hence we carried out quasi-isoch
scans near the melting line~Fig. 2!: starting from the solid
phase, we increase the temperature by small steps. At m
ing, the pressure increases due to the volume discontin
up to the point where the solid phase has totally disappea
The midpoint of such an isochore defines the melting po

An important effort of this work was devoted to the im
provement of the accuracy of high-pressure–hig
temperature measurements in DAC’s. Whereas reliable
precise methods exist to measure the pressure in a DA
temperatures below 300 K, it is more difficult to precise
characterize both the pressure and temperature of the sa
at higher temperatures. For instance, the use of the w
known ruby gauge4 is made more and more difficult becau
of the fall in intensity and the broadening of theR1 line.
Besides, the exact knowledge of the sample temperatur
important since the wavelength shift of the ruby line has
large temperature dependence. The measurement of
sample temperature is not trivial because large tempera
gradients may exist in the DAC. For example, a difference
large as 160 K was observed in the present experiments
tween the temperature of the sample chamber~740 K! and
the one measured with a thermocouple in contact with
gasket, 1 mm away from the sample. Therefore it is v
important to perform anin situ measurement of both th
pressure and temperature. This was achieved here by u
the method described in a recent paper:5 we measure the
fluorescence of two optical sensors, ruby and SrB4O7:Sm21,
placed inside the sample; pressure is deduced from the w
length shift of the5D0-7F0 line of SrB4O7:Sm21 and tem-
perature from the one of the rubyR1 line. This is made
possible because~i! the temperature dependence of t
SrB4O7:Sm21 luminescence line is negligible,40 and ~ii ! the
temperature and pressure dependencies of the ruby line
uncoupled, as shown by numerous experiments. This me
was indirectly validated by the very good reproducibility o
served between different set of measurements obtained
different geometry of sample heating~see also Sec. III A!.

e

n

FIG. 2. Example of a quasi-isochoric scan in a4He sample at
melting. The volume discontinuity at the transition leads to a pr
sure jump.
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We used a 1.3-m focal length Jarell-Ash spectrome
equipped with a 1800-gr/mm grating and coupled to alN2

2

cooled charge-coupled device detector from Princeton
struments, that allowed measurements of the fluoresce
line positions with a precision of the order of 531023 nm.
The accuracy of ourT-P measurements is then usually bet
than63 K and60.05 GPa up to 600 K. At higher temper
ture, the fall in intensity and broadening of the lines ma
the measurements less accurate and we estimate our
uncertainty to be615 K and 60.2 GPa at 750 K. This
method is unfortunately limited to about 750 K because
the rapid quenching of the luminescence of the two sen
around this temperature.5 We want to stress that, althoug
our DAC would allow us to perform experiments at high
pressures and temperatures than those reported here, w
liberately limited our experiments to this temperature regi
in order to have good confidence and consistency in the
curacy of our measurements.

Figure 1 shows a microphotograph of a H2O sample at
melting near 400 K. As mentioned above, a gold liner w
used to isolate the sample from the rhenium gasket. Che
cally inert materials like Au are indeed required for H2O and
H2 because of the high chemical reactivity of these eleme
at elevated pressures and temperatures. H2O also reacted
with the SrB4O7:Sm21 pressure gauge, resulting in the tot
dissolution of the sensor above 650 K~8.5 GPa!. This was
resolved by drilling three separate holes as shown in Fig
a large one for observation of the water sample, a sec
smaller one with a borate sample in large relative amou
and a third one with a ruby ball. We checked that t
samples in the three holes were at the same pressure.
measurements could then be carried out at higher temp
ture. The case of H2 was more complicated, as discussed
Sec. III D.

III. DETERMINATION OF THE MELTING CURVES

A. Melting curve of argon: A test of the experimental method

Our main purpose in measuring the melting curve of
gon was to test the techniques developed in this study. Ar
was a good system because its melting pressure remains
tively low up to 1000 K (P,9 GPa), which presented n
risk of failure for our DAC. Argon is also chemically inert s
that reaction of the sample with surrounding elements~gas-
ket, diamonds! was unlikely. Besides, numerous works h
already reported determinations of the melting line of arg
which we could use as a test of our experimental proced

We carried out experiments on four different samples.
the first two experiments, a DAC made out of hig
temperature steel was used instead of the ceramic DAC.
DAC was externally heated by a specially designed furn
that wrapped the whole cell. The highest temperature
could be reached with this setup was 590 K. Using the
ramic DAC, the determination was extended to 740 K. T
importance of anin situ determination of temperature wa
well illustrated here, since for an identical temperature of
sample, the temperature measured with a thermoco
placed inside the gasket at about 1 mm away from
sample was very different, depending on the experime
r,
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setup used: it was only a few degrees larger with the la
external furnace but was up to 160 K larger at 740 K in t
ceramic DAC.

In total, over a hundred melting points were recorded
tween 1.28 GPa~296.5 K! and 6.3 GPa~739.5 K!, with large
regions of overlap between the different experiments.
clarity, only some of these points are gathered in Fig. 3 a
Table I. The reproducibility between the different measu
ments is very good as one can infer from the weak dispers
of our data.

Numerous groups measured the melting line of argon
the 1960s and 1970s, mostly from the zero pressure me
point ~83.78 K! up to 320 K.41 They usually agree within the
experimental uncertainties and are well represented by
Simon law fitted on Hardy, Crawford, and Daniels’s ve
precise data:6

P52.6734831024T1.522 9920.229 33. ~1!

Figure 3 shows this equation as well as the experime
data from Hardy, Crawford, and Daniels6 and from Stishov
and Fedosimov.7 It can be seen that our measurements ag
with those of Stishov and Fedosimov in the region of over
and lie well in the extrapolation of all the low-pressure da
points. At higher temperature, our data may be compare
those of Zhaet al.8 which approximately cover the sameP-T
range. These authors also used a resistive heating meth
a diamond cell. They measured pressure with the ruby
and temperature with a thermocouple ‘‘attached to the d
mond.’’ Up to 3.6 GPa, they could detect melting by visua
ization of the sample, but had to use an interference met
at higher pressure. We note that the contrast was g
enough in our experiments to visually detect melting up
the highest pressure studied~6.3 GPa!. The dispersion in Zha
et al.’s data is larger than in ours, indicating a poorer expe

FIG. 3. Melting curve of argon.(: this work; h: Hardy et al.
~Ref. 6!; .: Stishovet al. ~Ref. 7!; m: Zha et al. ~Ref. 8! : P
52.17231024T1.55620.21; ––: P52.6734831024T1.522 99

20.229 33~Ref. 6!.
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6538 PRB 61DATCHI, LOUBEYRE, AND LeTOULLEC
mental accuracy. They measured in average a lower me
pressure than we did but the two data sets show sim
slopes.

Equation~1! can be seen to represent our data quite w
except at the highest pressures where it stands slightly
side of the estimated error bars. A least-square fit to b
Hardy, Crawford, and Daniels’s and present data leads
slightly modified form, also plotted in Fig. 3:

P52.17231024T1.55620.21. ~2!

Melting of argon was recently studied by Jephcoat a
Besedin in a laser-heated DAC experiment.9 The five melting
points measured between 26 and 47 GPa are plotted in F
and compared to Eqs.~1! and ~2!. The error bars associate
to the laser heating data are larger than the difference
tween the two relations inside thisP-T range. However, this
experiment indicates that the melting line of argon sho
follow a Simon law at least up to 50 GPa. We also note t
calculations by Zhaet al.8 of the argon melting line based o
the exponential-6 pair potential agree very well with t
present data.

B. Melting curve of He:
Exploration of a large domain in reduced unit

The study of melting of helium is interesting in sever
aspects. First, helium is the atom with the simplest electro

TABLE I. Experimental melting points of argon determined
this work.Tm in K and Pm in GPa.

Tm Pm Tm Pm

296.5 1.28 532.0 3.54
326.9 1.61 538.6a 3.64a

335.6 1.67 538.7 3.64
347.4 1.77 555.7 3.84
354.1a 1.82a 555.8a 3.82a

354.2 1.82 564.4a 3.94a

362.6 1.89 577.2 4.12
375.6 1.99 578.4a 4.10a

375.9a 2.01a 586.2 4.16
385.7 2.08 589.0a 4.29a

392.6 2.14 589.5 4.23
397.1a 2.20a 589.9a 4.32a

399 2.20 601.6 4.35
406.6 2.27 612.8 4.50
414.8 2.35 615.2 4.53
418.2a 2.40a 616.1 4.55
421.7 2.41 619.8 4.67
430.3 2.47 642.7 4.82
442.6a 2.62a 643.0 4.82
446.2 2.61 651.5 4.96
459.2 2.74 657.2 5.04
472.8 2.92 657.5 5.05
476.5a 2.94a 660.2 5.04
489.1 3.05 662.4 5.22
500.2 3.25 683.1 5.38
506a 3.23a 739.5 6.30
514.3a 3.32a

aMeasurements that used the external furnace.
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structure, which makes it a model system for calculatio
Second, according to the law of corresponding states, he
is the system giving access to the largestP-T range in re-
duced units. Third, several calculations have predicted a
to bcc phase transition along the melting line.10 Previous
studies showed that cusps on the melting curve at 15 and
K corresponded to the fcc-hcp-liquid triple points, and it
expected that the hcp-bcc transition produces a similar a
dent.

A single experiment was performed on helium. The t
melting points obtained by the isochoric method described
Sec. II are gathered in Fig. 5 and Table II. They cove
pressure range from 13.8 to 41.2 GPa, corresponding
melting temperatures between 326.2 and 608 K. This exp
ment was prematurely stopped by the failure of the me
brane used to generate the force on the piston of the D
We also noticed a trend of He embrittlement of the diamo
anvils at highP-T which might make the extension of th
measurements of the melting curve more difficult.

The melting line of4He was previously investigated up t
the highest pressure of 24 GPa by Vos, van Hinsberg,
Schouten.11 Their data may be compared to the present o
in Fig. 5: the agreement is very good up to 400 K, whe
Vos, van Hinsberg, and Schouten measure a melting pres
slightly lower than we do. However, this difference remai
in the combined uncertainty of the two experiments.

It was found that the melting line of helium from th
lower fcc-hcp-liquid triple point up to 24 GPa could be we
represented by the Simon law:11

P51.606731023T1.565. ~3!

The present measurements show no evidence of a t
point on the melting curve. Figure 5 shows that Eq.~3! can-
not represent the melting data at high pressure. Furtherm
we were unable to fit the present and previous data wit
Simon equation that would respect the accuracy of the
ferent experiments. We show in the discussion that the

FIG. 4. Melting curve of argon, showing the data from the las
heating experiment by Jephcoatet al. ~Ref. 9!. The thick line shows
the melting line obtained in this work. The full and dashed lin
represent, respectively, the equationsP52.17231024T1.55620.21
~this work! andP52.673 4831024T1.522 9920.229 33~Ref. 6!.
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viation from the Simon-type behavior might be related to
exp(2ar) form of the repulsive part of the pair potential o
helium. A better fit is obtained when the form proposed
Kechin is used:12

T5T0~11DP/a!b exp~2cDP! ~4!

with DP5P2P0 , T0515.06 K, andP050.1135 GPa repre
senting the coordinates of the triple point. This form w
derived from a second-order development of the Claus
Clapeyron equation, whereas the Simon law is a first-or
approximation. A least-square fit of the helium melting da
gives a50.1259 GPa, b50.6672, and c53.931023

GPa21. We note, however, that this fit is not totally satisfa
tory since the low-pressure measurements of Crawford
Daniels13 are not reproduced within the accuracy of th
experiment.

It has been observed for a long time that the family of
rare ~noble! gases satisfies well the law of correspondi
states, that is to say, when expressed in reduced units
thermodynamic properties of the elements of this family
very similar. Application of this law requires that the sy
tems in comparison~i! obey classical statistics and~ii ! are

FIG. 5. Melting curve of helium 4.): this work;s: Ref. 11;n:
Ref. 13; ,: Ref. 37; : Kechin fit to this work T5T0(1
1DP/0.1259)0.6672exp(23.931023 DP) with T0515.06 K and
DP5P20.1135 GPa; ––: Simon fit to experimental data up to
GPa (P51.606731023T1.565) ~Ref. 11!.
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well modeled by a pairwise interaction of the formf(r )
5e f (r /s), where f (x) is a universal form. Whereas at low
density, helium~and in a lesser degree, neon! is very differ-
ent from the heavier rare gases because of the importanc
the quantum effects, at high pressure and temperature, q
tum effects are less important and can be treated as a pe
bation. Condition~1! is then satisfied. Furthermore, the the
modynamic properties of helium, neon, and argon are w
described at high density by an effective pair potential of
exponential-6 form whose stiffness parametera is very simi-
lar from one system to the other: 13.0,a,13.2. This indi-
cates that the properties of the three elements ‘‘correspon
In order to test this, the following relations may be used t
scales the presently measured melting points of helium o
the neon or argon temperature and pressure scales:

T~He→X!5THe~eHe/eX!, ~5!

P~He→X!5PHe~sHe/sX!3~eHe/eX!. ~6!

In the expressions above,X stands for Ne or Ar, ande, s
respectively, represents the energy and position of the w
minimum of the exponential-6 potentials.14 Their values are:
e510.8, 42, 122 K ands52.9673, 3.18, 3.85 Å, respec
tively, for 4He, Ne, and Ar. As an example, a temperature
600 K and a pressure of 40 GPa in4He correspond respec
tively to T52330 K andP5126 GPa in Ne andT56780 K
andP5207 GPa in Ar. The results of these calculations a
plotted in Figs. 6~a! and~b! and compared to the calculation
of the melting of Ne15 and Ar16 using the exponential-6 po
tentials. The agreement is good and thus supports the val
of the principle of corresponding states in this range of
duced densities.

C. Melting curve of H2O

The high-pressure properties of H2O have important is-
sues in geophysics, astrophysics, chemistry, and conden
matter physics. Certainly, the knowledge of the melti
curve is important for models of the interior of some plan
and satellites such as Ganimede. Also, it is predicted that
liquid and solid phases should exhibit an increasing ionic
with pressure. This change would be gradual and continu
in the liquid, as inferred from shock-wave experiments,17,18

whereas in the solid it could well be discontinuous, that is
say, related to some new high-pressure superionic phas
predicted by theoretical works.19 This hypothetical superi-
onic phase between the solid and the ionic liquid could p
the melting line to much higher temperatures.

We performed five runs to measure the melting curve
H2O, in the stability domain of ice VII. The first runs wer
limited to a temperature of 650 K along the melting cur
because the sample of SrB4O7:Sm21 ~the pressure sensor!
was dissolved by water around thisP-T range. This problem
was solved as explained in Sec. II. Eventually, we co
cover the range 356–750 K in temperature, correspondin
pressures between 2.2 and 13.1 GPa. In total, 150 me
8
.2
TABLE II. Experimental melting points of4He determined in this work~Tm in K, Pm in GPa!.

Tm 326.2 345.1 362.8 385.1 419.4 459 499 535.7 570 60
Pm 13.8 15.2 16.5 18.2 20.8 24.1 27.8 31.7 36.0 41
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6540 PRB 61DATCHI, LOUBEYRE, AND LeTOULLEC
points were measured, that are gathered in Fig. 7 and T
III. The reproducibility of these measurements is very go
as inferred from the weak dispersion of the data points. T
experimental uncertainty is estimated to be60.05 GPa and
65 K up to 600 K, increasing to60.15 GPa and610 K at
the highest temperatures.

The melting temperature of ice VII is a monotonic i
creasing function of pressure in the studied range. A le
square fit to a Simon equation gives

P52.1711.253@~T/354.8!3.021# ~7!

with a standard deviation of 0.05 GPa. This relation rep
duces our whole data set within the experimental uncertai

FIG. 6. Melting curve of neon and argon as obtained by app
ing the corresponding state principle to the present determinatio
the 4He melting points~dotted squares!. ~a! Neon; ~b! argon. The
straight lines represent calculations based on the exponential-6
tentials~Refs. 15 and 16!. The dashed lines are the Simon fits to t
experimental data.
le
,
e

t-

-
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The coordinates of the triple point VI-VII-liquid were take
as ~2.17 GPa, 354.8 K!, which represents an average of th
values given in the literature. We do not observe a variat
of the melting curve that could imply a change in the so
nor the liquid behavior, such as an increase of the ionic
discussed above.

In Fig. 8 we compare our results to previous determin
tions of the melting curve of ice VII. The first measuremen
dating back to 1937, were carried out by Bridgman up to
GPa.20 Melting was then detected by the displacement of
piston in the Bridgman press. Other experiments were p
formed by Pistoriuset al.21 with an opposed anvil apparatu
and by Mishima and Endo22 in a multianvil press. Pistorius
et al. detected melting of the sample by its change in res
tance, whereas Mishima and Endo monitored the resista
change of a manganin wire placed inside the sample. U
this work, only one experiment had been carried out in
DAC by Fei, Mao, and Hemley.23 They studied melting by
monitoring the disappearance of the 110 peak in the x-r
diffraction pattern. This way, they obtained the minim
melting temperatures at about 7, 9, and 15 GPa.

Up to about 550 K, the present melting line agrees v
well with those previous studies. However, our results s
nificantly deviate from those of Pistoriuset al. and of
Mishima and Endo above this temperature, the discrepa
increasing up to 8 GPa at 700 K. The samples used by
torius et al. were a mix of water,aFe2O3, and copper sul-
fate, in order to reduce the electrical resistivity of water to
value they could more easily measure. It has not been pro
that such a mix has the same electrical variation throu
melting as pure H2O. Furthermore, they estimated pressu
from the ratio of the applied load to the contact area betw
the anvils but the pressure distribution in the sample is
known and the deformation of the piston leads to an ove
timation of the pressure. Mishima and Endo estimated th
pressure from precalibrated applied load on the anvils t
few fixed pointsat room temperature. The authors do not
give any indications of the validity of this calibration at hig
temperature. Fei, Mao, and Hemley’s results agree pr

-
of

o-

FIG. 7. Melting curve of H2O ~ice VII!. The experimental data
are represented by circles, the line is a Simon fit to the d
P52.1711.253@(T/354.8)3.021#.
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TABLE III. Experimental melting points of H2O ~ice VII! determined in this work~Tm in K and Pm in
GPa!.

Tm Pm Tm Pm Tm Pm Tm Pm Tm Pm

355.9 2.18 427.1 3.15 490.0 4.20 556.2 5.71 624.5 7.73
358.3 2.21 427.9 3.14 490.7 4.25 556.5 5.71 628.2 7.82
360.6 2.23 431.0 3.27 491.6 4.28 560.0 5.81 628.6 7.95
362.7 2.26 436.6 3.34 492.1 4.24 561.2 5.83 632.5 8.03
364.8 2.29 437.3 3.29 494.1 4.30 562.0 5.89 636.1 8.16
366.9 2.31 437.7 3.32 495.2 4.32 562.6 5.85 636.5 8.18
369.2 2.33 440.5 3.38 499.1 4.40 564.1 5.95 641.9 8.44
374.4 2.39 444.0 3.41 500.5 4.44 564.5 6.00 644.0 8.32
376.5 2.42 448.1 3.49 501.1 4.45 566.8 6.03 645.5 8.53
377.8 2.45 449.1 3.53 504.5 4.56 568.6 6.06 651.6 8.58
381.7 2.51 450.9 3.52 505.0 4.52 568.8 6.12 655.5 8.74
386.7 2.55 452.6 3.59 506.1 4.58 571.8 6.20 657.5 8.90
390.5 2.61 452.8 3.58 507.4 4.58 577.0 6.29 658.1 8.86
392.3 2.64 455.4 3.60 511.3 4.66 577.8 6.29 663.4 9.12
396.9 2.70 458.3 3.68 513.2 4.66 579.8 6.39 668.2 9.32
399.1 2.73 462.4 3.70 515.8 4.74 581.2 6.47 668.7 9.20
403.6 2.79 463.1 3.77 516.3 4.78 585.0 6.55 669.2 9.26
405.3 2.81 465.1 3.76 517.8 4.80 588.9 6.57 674.9 9.42
407.3 2.85 467.3 3.83 521.0 4.87 591.3 6.81 684.1 9.70
408.0 2.82 467.5 3.81 525.1 4.95 592.4 6.67 687.4 10.06
409.8 2.87 467.8 3.85 527.1 5.00 594.6 6.78 696.5 10.30
410.4 2.85 743.9 3.94 528.5 5.06 597.1 6.89 705.5 10.70
411.4 2.91 474.5 3.92 530.8 5.06 599.4 6.92 714.5 11.09
412.6 2.88 476.6 3.98 534.1 5.15 601.4 6.97 720.1 11.49
413.1 2.94 478.8 4.03 537.4 5.32 602.4 7.05 733.4 12.08
415.9 2.96 478.9 4.03 538.8 5.23 607.1 7.25 741.7 12.44
419.8 3.00 479.8 4.02 544.0 5.40 609.5 7.30 751.5 13.09
420.4 3.03 484.1 4.11 545.9 5.50 612.2 7.43
423.2 3.08 485.5 4.12 549.1 5.57 616.3 7.54
425.2 3.11 486.9 4.13 549.7 5.51 616.9 7.53
426.7 3.11 487.6 4.20 552.8 5.60 623.3 7.78
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well with ours up to 650 K but at 700 K, the melting pre
sures differ by 4 GPa. One should, however, keep in m
that Fei, Mao, and Hemley’s experiment only provides
lower limit for the melting temperature.

On the other hand, it may be suspected that the pre
determination was made erroneous by the observed rea
between H2O and SrB4O7:Sm21 at highP andT. As a matter
of fact, this reaction could plausibly change the lumine
cence properties of the pressure sensor and thus chang
pressure reading. However, in that case, one would ex
that two measurements of the melting curve performed s
sequently on the same sample would give different resu
Such a test was carried out between 500 and 650 K, wh
revealed no significant difference in the two measureme
In summary, the pressure and temperature calibrations w
seriously checked in the present study, thus we believe
our results are more reliable than those of the previous wo
cited above.

D. Melting curve of hydrogen

Hydrogen presents a fascinating evolution with press
from a molecular quantum solid to a predicted quant
d

nt
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-
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b-
s.
h
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e

metal at low temperature or to a strongly correlated plasm
high temperature, as recently observed in dynamical exp
ments. Although it is the simplest element, there is at pres
a puzzling discrepancy between theory and experim
Shock-wave experiments can only study the liquid state
cause of the large temperature elevation inherent to th
experiments whereas the DAC studies have been limited
to now to temperatures below 300 K. Performing static m
surements at high temperature and hence reducing the
between static and dynamic experiments could help to
solve some theoretical issues in hydrogen. Also understa
ing the properties of hydrogen in its hot and dense state
important applications in planetary physics.

Achieving high pressure and high temperatures on a
drogen sample in a DAC is challenging because of the h
reactivity of this element. The major problem encounter
during the present experiments was the diffusion of hyd
gen into the gasket above certainP-T conditions. Gaskets are
usually made of metallic materials such as tungsten or r
nium, for their large yield strength and ductility are key i
gredients to reach high pressures. But in the case of hy
gen, the use of any metal is problematic because of
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embrittlement by hydrogen. This solubility is pressure a
temperature dependent but all metals are expected to
with hydrogen at high enough pressure and/or high eno
temperatures.

Although this phenomenon is well known in a gene
manner, few works are available that provide a detailed
scription of it. We have therefore adopted a trial-and-er
approach by testing several gasket materials that we belie
would be good candidates for our experiments. Table
gathers the tested materials and theP-T conditions at which
we observed a strong diffusion of the sample into the gas
We note that these conditions are just indicative as our g
was to select a material that would allow us to reach hig
pressures along the melting curve, not to characterize
process of embrittlement. The metal which appeared to
the most resistant is gold. We also tried to use NaCl whic
given in the literature as a hydrogen sealant. However,
gasket could only sustain 12 GPa at 470 K. Extension of
work is clearly dependant on the finding of a better hydrog
sealant gasket material.

FIG. 8. Comparison between present and previous determ
tions of the melting curve of H2O. Full line: this work; dashed line
Simon fit to this work@Eq. ~7!#; h: Ref. 20;d: Ref. 21;,: Ref. 22;
m: Ref. 23.

TABLE IV. Tested gasket materials for the H2 experiments. The
conditions at which strong diffusion of the sample into the gas
was observed are indicated.

Gasket materials P ~GPa! T ~K!

BeCu 11 450
Cu 24 300
Al 9 560
Pb 12 500
W 7 510

Re-W 10 550
Au 15 530

NaCl 12 470
d
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Figure 9 and Table V gathers the results of four runs, o
of them using a BeCu gasket and the three others usin
gold gasket. There is no observable difference in the res
obtained with either kind of gasket materials, showing th
the reaction of hydrogen with the gasket does not conta
nate the sample, at least in a measurable proportion.
measurements range from 6.4 to 15.2 GPa, correspondin
melting temperatures between 330 and 530 K. This alm
doubles the pressure range achieved by the latest repo
study.24 The several runs overlap on a wide range, and it c
be observed that the measurements were always reprod
within the experimental uncertainty, which is estimated to
better than63 K and60.05 GPa.

The present results agree very well with those
Diatschenko et al.24 in the overlap region (330,T
,373 K). These authors proposed the following Simon l
to fit their melting data:

P520.0514911.70231024~T19.689!1.8077. ~8!

This law is plotted in Fig. 9. It is seen to increasing
deviate from the experimental curve: the difference rises
to 0.6 GPa at 530 K, which is well outside the experimen
uncertainty. We attempted to fit our results and those
Diatschenkoet al.with a Simon equation and obtained as t
best fit

P51.6331024T1.824. ~9!

a-

t

FIG. 9. Melting curve of H2. Circles: this work; squares
Diatschenkoet al. ~Ref. 24!; full line: Kechin fit to this work,
T5T0(11P/0.0286)0.589exp(24.631023P) with T0514.025 K,
dashed line: Simon fit to Diatschenkoet al.’s data, P5
2.3131024T1.762720.0052; dotted line: Simon fit to this work an
to Diatschenkoet al.’s data:P51.6331024T1.824.
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TABLE V. Experimental melting points of H2 determined in this work.Tm in K and Pm in GPa.

Au gasket BeCu gasket

Tm Pm Tm Pm Tm Pm Tm Pm

330.5 6.42 425.3 10.02 469.3 12.10 373.9 7.98
334.6 6.58 426.7 10.18 470.0 12.13 375.0 8.01
338.6 6.71 426.8 10.12 470.2 12.13 376.1 8.04
342.0 6.86 429.4 10.31 470.4 12.17 376.9 8.07
346.3 7.02 430.2 10.37 470.7 12.16 377.4 8.14
360.3 7.45 430.5 10.33 471.3 12.17 378.8 8.15
366.9 7.69 432.9 10.43 473.9 12.31 379.3 8.17
367.7 7.72 433.2 10.42 474.4 12.44 379.4 8.19
367.9 7.74 435.4 10.56 475.2 12.39 382.2 8.27
369.1 7.81 435.6 10.56 476.6 12.39 384.0 8.35
370.0 7.84 437.1 10.61 477.0 12.49 385.7 8.43
371.8 7.90 437.8 10.63 478.9 12.58 388.8 8.54
372.6 7.94 438.3 10.66 480.6 12.65 391.3 8.67
374.5 8.00 440.8 10.77 481.7 12.76 393.4 8.78
379.0 8.18 442.2 10.82 482.9 12.76 395.6 8.82
382.4 8.27 443.3 10.89 484.3 12.80 399.1 8.92
385.4 8.41 445.0 10.91 484.4 12.86 401.8 9.03
385.7 8.44 446.0 11.05 487.5 13.00 404.3 9.15
390.4 8.59 448.9 11.11 489.1 13.14 407.0 9.25
391.3 8.65 449.4 11.19 491.1 13.16 408.6 9.30
392.5 8.63 451.0 11.17 495.0 13.41 410.6 9.40
407.9 9.30 452.4 11.31 499.9 13.61 412.2 9.46
411.3 9.47 452.9 11.20 501.7 13.71 416.1 9.64
412.6 9.55 456.7 11.46 503.7 13.89 420.1 9.89
413.4 9.57 458.5 11.59 508.2 14.10 424.1 10.03
416.4 9.67 461.0 11.71 508.4 14.09 424.4 10.07
418.7 9.81 461.5 11.74 511.7 14.27 425.9 10.10
419.1 9.81 462.5 11.68 514.4 14.45 427.9 10.20
421.3 9.92 463.6 11.86 524.6 15.07 429.4 10.23
425.1 10.05 467.5 11.93 526.3 15.16 440.1 10.80

441.6 10.87
442.5 10.89
457.6 11.53
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The use of a four parameter relation as in Eq.~8! does not
improve the results. Figure 10~a! shows the difference be
tween the experimental melting points and those calcula
with Eq. ~9!. The difference grows outside the experimen
uncertainty and shows systematic trends. Hence a Simon
is not adequate to represent the melting curve of H2. By
contrast, the use of the Kechin equation~see Sec. III B! gives
a very good fit:

T5T0~11P/0.0286!0.589exp~24.631023P!, ~10!

where T0514.025 K is the melting point atP50. The fit
reproduces very well all the published experimental melt
points, from aboutP50 to P515 GPa. As shown in Fig
10~b!, the difference between calculated and experime
points is always lower than the experimental uncertainty,
appears randomly dispersed around zero.
d
l
w
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d

IV. DISCUSSION: MELTING CURVES AT VERY HIGH
PRESSURE

As we mentioned above, the knowledge of the melti
curves of the systems presently studied, and especially o
and H2, is not only of fundamental interest but is also re
evant for the modeling of the interior of the giant plane
Unfortunately, the present extension in pressure and t
perature of the experimental determination remains far be
the conditions existing in these planets, and one has sti
rely on theoretical predictions. For each system stud
above, we have given the best fit to melting laws either of
Simon or Kechin forms. These equations give a conven
analytical form to represent the data and shoulda priori be
used only in theP-T range covered by experiment. But sinc
they are also often used for purpose of extrapolation of
experimental data, the question whether this extrapolatio
justified is an important issue. Several authors have tried
find a theoretical justification to these laws. It was shown
the 1960s that for systems interacting via a 1/r n interaction,
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the melting line was exactly of the Simon form~see, for
example, Ref. 25!. This accounts for example for the Simo
type behavior of the melting line of argon at low dens
since the interactions are then well modeled by a Lenna
Jones potential. However, with increasing density, the 1r n

potential turns out to be too stiff to represent the interact
of real systems and the melting line is expected to dev
from the Simon law. In the family of the rare gases, th
deviation should be observed in He at a lower pressure
in the others since, at a given pressure, helium probe
higher reduced density. Indeed, we observed such a de
tion here for4He, whereas the melting line of argon is st
well represented by a Simon law at the highest press
achieved so far~using the corresponding state principle
explained in Sec. III B, the deviation would be expected
Ar at about 6000 K and 150 GPa!.

To address semiquantitatively the behavior of the melt

FIG. 10. Residue plots of the fits to the melting data on H2. ~a!
Simon fit: P51.6331024T1.824; ~b! Kechin fit: T514.025(1
1P/0.0286)0.589exp(24.631023P). Dotted circles: Ref. 38, dot-
ted squares: Ref. 24; dotted line: Simon fit from Ref. 39; all ot
symbols represent the data obtained in this work.
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curve of He at very high pressure, we can use the follow
phenomenological model: as mentioned above, the repul
part of the pair potential of He is well modeled by the for
exp(2ar). Since at high density, the properties of the crys
are dominated by interactions among nearest neighbor
distanceR1 , it is possible, by neglecting the thermal effec
to relate the evolution of the melting curve to the one o
1/r n potential in whichn depends on the density. We s
define for a given densityd an effectiven by

n52S r
d ln f~r !

dr D
R1

5aR1 . ~11!

Pressure is then given byP52dU/dV, with
U5zAexp(2aR1), and z: number of nearest neighbors
Then,

P5
&

3
zAa

exp~2aR1!

R1
2 . ~12!

For a 1/r n interaction, the melting pressure is given by25

P5aT113/n, so thatdP/P5(113/aR1)dT/T. By integra-
tion, we obtain the system

H ln~T!52aR11 ln~aR113!1C

P5
&

3
zAa

e2aR1

R1
2 .

~13!

In the limit R1 goes to zero, i.e.,P goes to infinity, this
model predicts a maximum melting temperatureT5exp(C)
whereas the Simon equation leads to a divergence of
melting temperature. Hence for a sufficient variation ofR1 ,
the melting line should deviate from the Simon law, in co
respondence with the softening of the potential. Figure
compares the evolution of the melting curve as predicted
the Simon law and by the system~13!—for the calculation of
the system~13!, we use the effective pair potential derive
by Young, McMahan, and Ross26 from band structure base
calculations, which extend the exp-6 potential at very h
densities. This calculation is also compared to the one
Young, McMahan, and Ross26 using the same potential:

r

FIG. 11. Melting of4He at very high density. Full line: qualita
tive model described in the text; dashed line: Calculations from R
26; dashed-dotted line: Simon fit to experimental data to 24 G
~Ref. 15!.
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semiquantitative agreement is observed, the difference o
nating from the thermal effects being neglected in our mod

In the case of H2, a similar deviation from the Simon
behavior due to the softness of the potential is expec
However, this deviation is observed in the present exp
ments at a lower temperature~about 500 K! than expected.
Indeed, the pair potential of H2 is very similar to that of Ne,
and according to the corresponding state principle, the de
tion from the Simon law in Ne should occur around 1000
This may indicate that a different mechanism tends to st
lize the fluid phase at lower temperature. Some results
tained by recentab initio calculations are interesting in thi
regard. Alavi, Parinello, and Frenkel,27 on one hand, studied
the evolution of a system of 64 atoms atT51000 K, using
an extension of the Car-Parinello method at finite electro
temperature, and observed that the system is fluid
strongly diffusive over the whole range of studied densiti
i.e., 3.673<r<1.840 cm3/mol, corresponding to pressure
approximately between 30 and 300 GPa. On the other h
Hohl et al.28 performed a molecular dynamics simulation u
ing the density functional theory and the local-density a
proximation, and observe that their sample at 300 GPa
comes very diffusive between 500 and 1200 K. The value
the diffusion coefficient at the latter temperatur
1023 cm2/s, is characteristic of a liquid.

Figure 12 shows the extrapolation of the Simon a
Kechin fits to the present experiment on H2. It can be seen
that the melting temperature predicted by the Simon law
well above the estimation given by Hohlet al. at 300 GPa.
By contrast, the melting temperature given by the Kec
law is consistent with theab initio calculations. This ex-
trapolation extend way above the experimental range
may seem audacious but, still, the coincidence is interes
and, as we showed above, the Kechin law fits very well
the experimental data obtained so far on H2.

One can also see that according to the Kechin law,

FIG. 12. Melting curve of H2 according to the extrapolations o
the Kechin law@dashed line, Eq.~10!# and to that of the Simon law
@dotted line, Eq.~9!#. The full line represents the experimental
determined line. The double arrow indicates the interval wit
which Hohlet al.observed the melting of a H2 sample in aab initio
molecular dynamics simulation~Ref. 28!. The diamond represent
the point where Pfaffenzeller and Hohl observed a transition fr
the molecular to the dissociated fluid in a recentab initio molecular
dynamics simulation~Ref. 32!.
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melting temperature of H2 would present a maximum o
1100 K at 128 GPa. As we shall see, this point seems c
sistent with the results of theab initio calculations cited
above. Let us recall first that this phenomenon has been
served in several systems in which it can be qualitativ
explained by a simple model proposed by Rapoport.29,30This
model supposes that the short-range structure of the liq
present a similar order as that of the solid near the mel
line. Then, if a second structure appears in the solid a
high-pressure phase, a second structure, presenting a si
short-range order as that of the high-pressure solid ph
may also appear in the liquid phase at lower pressure.
liquid then consists of two phases corresponding to the lo
and high-pressure solid phases. Because of the disorder
transition to the higher density species occurs continuou
in the liquid as the density increases, whereas this transi
can only occur with a finite jump of volume and structure
the solid. The liquid may thus become denser than the s
in a certainP-T range, and the melting curve will then g
through a maximum.

This model seems reasonable for a number of spe
whose melting curve present a maximum. For example
Te, computer simulations have shown that around the m
mum ~1.2 GPa, 740 K!, the liquid is a mix of fragments of
helicoidal chains, reminiscent of the low-pressure so
phase, and of ‘‘metallic’’ atoms.31 With increasing pressure
and temperature, the chains dissociate and the proportio
the metallic component increases. At 4 GPa, a struct
phase transition occurs in solid Te to a metallic phase and
melting line slope becomes positive again above the tr
point.

A similar scenario could well occur in H2. Indeed, the
calculations of Alaviet al. show that the fraction of dissoci
ated molecules increases sharply in the fluid above 150
at 1000 K, and in a very recent simulation, Pfaffenzeller a
Hohl report a transition to a dissociated fluid phase at ab
150 GPa and 1100 K,32 which is strikingly close to the melt-
ing curve maximum predicted by the Kechin law. A numb
of studies have shown by now that solid H2 is still molecular
at 150 GPa, the molecular to atomic transition being m
likely to occur around 600 GPa.33 It is then reasonable to
think that with increasing density, the increasing fraction
dissociated molecules in the fluid may lead to a fluid ph
that is denser than the solid. This could also explain why
the calculations of Alaviet al., the calculated specific vol
ume of the fluid is systematically smaller than that of t
solid as measured at 300 K.27 We mention however tha
there is a strong disagreement today in the calculated va
of the fraction of dissociated molecules between theab initio
simulations cited above, and those based on the experime
Hugoniots and free-energy models of H2:

34 according to the
latter, the fraction of dissociated molecules is negligible
P5150 GPa andT.1000 K.

V. CONCLUSION

We have reported extended experimental determinat
of the melting curves of argon, H2, H2O, and 4He to tem-
peratures as high as 750 K. The experiments used a r
tively heated diamond anvil cell made out of ceramic ma
rials. Accurate measurements at high pressure and
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temperature could be achieved by the use of anin situ me-
trology based on two luminescence sensors, ruby
SrB4O7:Sm21. The precision of this method, of order of 1%
is comparable to the one at room temperature. Measurem
of the argon melting line between 300 and 740 K served a
test for these techniques. It was shown that the melting
of argon is still well represented by a Simon equation up
6.3 GPa. The melting line of4He was measured up to 41.
GPa ~608 K!, which almost doubles the highest pressu
achieved so far. We observed that the melting tempera
increases faster with pressure than the extrapolation of
Simon fit to the low-pressure data, which we qualitative
explained by the softening of the repulsive interactions w
increasing density. Our measurements of the H2O melting
line up to 13.09 GPa~751.5 K! showed large discrepancie
with respect to previous determinations at temperatu
higher than 550 K. Because we repeated these measurem
several times on different samples and because the cal
tions in this work were seriously checked and validated
d
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ra-
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other experiments, we came to the conclusion that those
vious works were erroneous. The melting temperature
H2O is a regular monotonous function of pressure in
studied range and can be very well represented by a Si
law. Finally, we almost doubled the pressure range achie
in previous measurements of the melting line of H2, and
extended it to 15.16 GPa~526.3 K!. Further extension was
prohibited by diffusion of the sample into the gold gask
which was the more resistant gasket among the several o
ones tested. However, because of the good precision of t
measurements, we were able to show that one need
higher-order approximation law than the Simon equation
fit the melting data. A fit to the Kechin equation gave a ve
satisfactory result. By comparing our results toab initio cal-
culations, we indicated the possibility of a maximum melti
temperature for H2 at about 128 GPa and 1100 K. Becau
these conditions are within reach of today’s technology, t
point should be a good motivation to carry on this work.
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