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The melting curves of argon, helium 4, ice {®, and hydrogen (5 have been measured from room
temperature up to a maximum temperature of 750 K. This extends the previous determination of the melting
lines of H, 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 givesrasitu measurement of both the pressure and
temperature of the sample. The melting lines of argon ap@ Hre found to be well represented by the
following Simon-Glatzel equationsP=2.172x 10 *T1%%6-0.21 (argon and P=2.17+1.253(T/354.8)°
—1] (H,0). But the Simon-Glatzel form was found inadequate to reproduce the melting d4te eihd H
over the whole temperature range. In the caséHd#, this deviation from a Simon law is explained by the
softening of the pair interaction with density. A Kechin equation is proposed for H=14.025(1
+ P/0.0286-°%%xp(—4.6x 10 3P). This form is in excellent agreement with all published experimental data
for H, and interestingly predicts a maximum on the melting curve at 128 GPa and 1100 K.

[. INTRODUCTION determination of the properties in the solid phase, at room
temperature or below, has been achieved in DAC’s whereas
Melting is an important phase transition because it sepathose in the liquid phase at high temperatures were obtained
rates two different states of matter, solid and liquid. It is easyfrom shock waves. To bridge the T gap between these two
to observe and it covers the widest range of pressure anuethods of investigation and try and understand important
temperature among the first-order phase transitions. Hendadfferences in the properties of the dense solid and dense
melting is certainly the first measurement to be performed tdluid phases of these simple molecular systems, it is impor-
explore the newP-T range now accessible with resistively or tant to couple high static pressures with high temperatures
laser-heated diamond anvil cglDAC). Change of slope, and obtain accurate data under such thermodynamic condi-
cusps, maximum on the melting curve can reveal subtldéions. Few such attempts have been published in the litera-
changes in the interactions of the system or differences bdure because of the difficulty to perform accur&d deter-
tween the properties of the fluid and the solid. Also, despiteminations, or to keep the mechanical stability of the DAC at
a vast literature on melting, fundamental questions such asigh temperature that is necessary to observe the melting
the microscopic mechanisms of meltitgurface melting, in-  equilibrium, or to limit the chemical reactivity of Hand
stability of the solid, importance of defegtshe difficulty of  H,O under such conditions.
calculations of the melting curve of real systeftige case of We present here extension in tReT range and in the
ideal systems interacting through simple pair potentials haaccuracy of the measurements of the melting curves of He,
been solved in the 196Psr the evolution of melting to very H,O, and H. Their presentation in the same article should
high pressure are still actively debated. give a better confidence in the accuracy of our procedure and
He, H,, and HO have already been the focus of greatthe analysis of their deviations from a regular evolution
interest at high pressure for various reasbfis Their elec-  should appear more meaningful. The techniques used for
tronic simplicity makes them the most amenable systems to these experiments are briefly presented in the experimental
theoretical description and therefore they make reference exsection(Sec. ). The melting curve of Ar is presented to
perimental data to testb initio calculations;(2) a very in-  validate our experimental procedure. Then the melting
teresting evolution with pressure, respectively to a metal focurves of the various systems are presented in different para-
hydrogen and to a ionic system for water, has been predictedyaphs of Sec. Il and compared to the other determinations
(3) their highP-T properties are essential input in the modelsand calculations for He, $#0, and H. The discussion of the
of the jovian planets and their satellites. Up to now, thedata, Sec. IV, is focused on the validity of various melting
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FIG. 1. Microphotograph of a 0 sample at melting at 400 K.
Three holes were drilled inside the gold liner isolating the sample FIG. 2. Example of a quasi-isochoric scan irftée sample at
from the rhenium gasketl) Large H,O sample with a ruby ball; melting. The volume discontinuity at the transition leads to a pres-
(2) SrB,O,:Sn?" powder in a smaller volume of J@; (3) ruby ball ~ sure jump.
in H,O. It can be observed that melting occurs simultaneously in
the three holes. point. Pressure and temperature are then slowly raised in
order to maintain the sample in this topology. This method

forms to reproduce the data and to extrapolate them. Som@llows a fine sampling of the melting line. In the case of

interesting trends are pointed out. helium though, the difference in the refractive index of the
two phases is too smalk.g.,An/n~0.33% at 300 K to
Il. EXPERIMENTAL PROCEDURE use this technique. Hence we carried out quasi-isochoric

scans near the melting lingig. 2): starting from the solid

The present experiments used a diamond anvil cell thgphase, we increase the temperature by small steps. At melt-
was specifically designed for high-temperature stutliese  ing, the pressure increases due to the volume discontinuity,
body of this cell, including the diamond seats, is built out ofup to the point where the solid phase has totally disappeared.
ceramic materials that confine the high temperatures in th&he midpoint of such an isochore defines the melting point.
vicinity of the sample. A small resistive heater of spiral An important effort of this work was devoted to the im-
shape is attached to the metallic gasketed to confine the provement of the accuracy of high-pressure—high-
sample to allow heating of the sample. A power of 50 W is temperature measurements in DAC’s. Whereas reliable and
typically needed to reach a sample temperature of aboyirecise methods exist to measure the pressure in a DAC at
1000 K. The force on the moving piston is exerted by thetemperatures below 300 K, it is more difficult to precisely
inflation of a membrane under a helium pressure. The maigharacterize both the pressure and temperature of the sample
advantage of this setup is to provide a very good mechanicalt higher temperatures. For instance, the use of the well-
stability while working at high temperatures: no drop of known ruby gaugkis made more and more difficult because
pressure is observed during heating, in contrast to other resf the fall in intensity and the broadening of tig line.
ported designs. Furthermore, the use of an external heat8esides, the exact knowledge of the sample temperature is
provides a good thermal stability, so that the conditions ofimportant since the wavelength shift of the ruby line has a
pressure and temperature of the sample can be finely colerge temperature dependence. The measurement of the
trolled and made stable in a short time. This allows an easgample temperature is not trivial because large temperature
and accurate detection of the location of a phase transitiogradients may exist in the DAC. For example, a difference as
such as melting. large as 160 K was observed in the present experiments be-

Rhenium foils of 0.25-mm thickness served as gaskets. liween the temperature of the sample cham@d0 K) and
the experiments on Hand HO, the samples were isolated the one measured with a thermocouple in contact with the
from the rhenium gasket by a fine gold lin@ther materials gasket, 1 mm away from the sample. Therefore it is very
were also used in the case of,Has explained in Sec. Il important to perform arn situ measurement of both the
in order to prevent chemical reaction between the sample angressure and temperature. This was achieved here by using
rhenium. High-purity gases were loaded at room temperaturthe method described in a recent papave measure the
using high-pressure loading techniques. fluorescence of two optical sensors, ruby and SBSnt ™",

In the case of Ar, HO, and H, melting could be detected placed inside the sample; pressure is deduced from the wave-
by direct visualization of the samples. The difference in thelength shift of the®D,-’F, line of SrB,0,:Sn?" and tem-
refractive index of the solid and fluid phase was largeperature from the one of the ruby,; line. This is made
enough for a solid/fluid equilibrium to be observed up to thepossible becaus€i) the temperature dependence of the
maximum temperature. Starting from the solid phase an®rB,O,:Sn?" luminescence line is negligibf@,and (i) the
keeping the load constant, we slowly increase the temperaemperature and pressure dependencies of the ruby line are
ture of the sample. At the onset of melting, one or severalincoupled, as shown by numerous experiments. This method
small crystallites appear in equilibrium with the fluifig.  was indirectly validated by the very good reproducibility ob-
1). When this equilibrium is stabilized, the measurements okerved between different set of measurements obtained with
pressure and temperature provide the location of the meltindifferent geometry of sample heatirigee also Sec. Il A
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We used a 1.3-m focal length Jarell-Ash spectrometer, 800
equipped with a 1800-gr/mm grating and coupled td\a

cooled charge-coupled device detector from Princeton In- 700
struments, that allowed measurements of the fluorescenc

line positions with a precision of the order o803 nm. 600
The accuracy of ouf-P measurements is then usually better :
than+3 K and +0.05 GPa up to 600 K. At higher tempera- 500
ture, the fall in intensity and broadening of the lines make &
the measurements less accurate and we estimate our wor—" 44,
uncertainty to bex=15 K and =0.2 GPa at 750 K. This
method is unfortunately limited to about 750 K because of
the rapid quenching of the luminescence of the two sensors
around this temperatureWe want to stress that, although
our DAC would allow us to perform experiments at higher
pressures and temperatures than those reported here, we d

300

200

ool |

liberately limited our experiments to this temperature region, L TP S S N
in order to have good confidence and consistency in the ac: 0 1 2 3 4 5 6 7
curacy of our measurements. P (GPa)

Figure 1 shows a microphotograph of g®isample at FIG. 3. Melting curve of argon®: this work; [I: Hardy et al.
melting near 400 K. As mentioned above, a gold liner wasRef. 6; ¥: Stishovet al. (Ref. 7); A: Zhaet al. (Ref. § —: P
used to isolate the sample from the rhenium gasket. Chemi=2,172< 107 4T15%6-0.21;: ——: P=2.67348<10 4T152299

cally inert materials like Au are indeed required fosHand  —0.229 33(Ref. 6.
H, because of the high chemical reactivity of these elements

at elevated pressures and temperature® Hiso reacted geoyp ysed: it was only a few degrees larger with the large
with the SrBO;:Sn?" pressure gauge, resulting in the total external furnace but was up to 160 K larger at 740 K in the
dissolution of the sensor above 650(8.5 GPa. This was  ceramic DAC.
resolved by dl’l|||ng three Separate holes as shown in F|g 1: In totaL over a hundred mel“ng points were recorded be-
a large one for observation of the water sample, a secongyeen 1.28 GP#296.5 K) and 6.3 GP#739.5 K), with large
smaller one with a borate sample in large relative amountsegions of overlap between the different experiments. For
and a third one with a ruby ball. We checked that theglarity, only some of these points are gathered in Fig. 3 and
samples in the three holes were at the same pressure. Th@ple I. The reproducibility between the different measure-
measurements could then be carried out at higher tempergents is very good as one can infer from the weak dispersion
ture. The case of Hwas more complicated, as discussed ingf our data.

Sec. lIID. Numerous groups measured the melting line of argon in
the 1960s and 1970s, mostly from the zero pressure melting
point (83.78 K) up to 320 K*! They usually agree within the

Ill. DETERMINATION OF THE MELTING CURVES experimental uncertainties and are well represented by the
Simon law fitted on Hardy, Crawford, and Daniels’'s very
precise dat&:

Our main purpose in measuring the melting curve of ar-

gon was to test the techniques developed in this study. Argon

was a good system because its melting pressure remains rela- P=2.67348<10 4T152299-0,229 33, (1)

tively low up to 1000 K P<9 GPa), which presented no

risk of failure for our DAC. Argon is also chemically inert so

that reaction of the sample with surrounding elemépess- Figure 3 shows this equation as well as the experimental

ket, diamondswas unlikely. Besides, numerous works haddata from Hardy, Crawford, and Daniland from Stishov

already reported determinations of the melting line of argonand FedosimoV.lt can be seen that our measurements agree
which we could use as a test of our experimental procedurevith those of Stishov and Fedosimov in the region of overlap
We carried out experiments on four different samples. Foand lie well in the extrapolation of all the low-pressure data
the first two experiments, a DAC made out of high- points. At higher temperature, our data may be compared to
temperature steel was used instead of the ceramic DAC. Thibose of Zhaet al® which approximately cover the sarfeT

DAC was externally heated by a specially designed furnaceange. These authors also used a resistive heating method in

that wrapped the whole cell. The highest temperature thea diamond cell. They measured pressure with the ruby line

could be reached with this setup was 590 K. Using the ceand temperature with a thermocouple “attached to the dia-
ramic DAC, the determination was extended to 740 K. Themond.” Up to 3.6 GPa, they could detect melting by visual-
importance of ann situ determination of temperature was ization of the sample, but had to use an interference method
well illustrated here, since for an identical temperature of theat higher pressure. We note that the contrast was good
sample, the temperature measured with a thermocouplenough in our experiments to visually detect melting up to
placed inside the gasket at about 1 mm away from thehe highest pressure studié@l3 GPa. The dispersion in Zha
sample was very different, depending on the experimentadt al's data is larger than in ours, indicating a poorer experi-

A. Melting curve of argon: A test of the experimental method
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TABLE |. Experimental melting points of argon determined in 300 T+ T T T T T T T
this work. T, in K and P, in GPa.
Tm P Tm P 2800 - 7
296.5 1.28 532.0 3.54 2000 ) _
326.9 1.61 538% 3.64 -
335.6 1.67 538.7 3.64 3
347.4 1.77 555.7 3.84 B 1800 1
354.F 1.82 555.8' 3.8%2
354.2 1.82 564% 3.94 1000 - -
362.6 1.89 577.2 4.12 !
375.6 1.99 578% 4.10° 500 |- 4
375.¢ 2.0% 586.2 4.16 |
385.7 2.08 58990 429 | I P NP NV BRI SEPU MU TER R
302.6 214 589.5 4.23 0 5 10 15 20 25 30 35 40 45 50 55
397.F 2.20° 589.9 4.32 P (GPa)
399 2.20 601.6 4.35 FIG. 4. Melting curve of argon, showing the data from the laser-
406.6 2.27 612.8 4.50 heating experiment by Jephcatal. (Ref. 9. The thick line shows
414.8 2.35 615.2 4.53 the melting line obtained in this work. The full and dashed lines
418.% 2.40 616.1 4.55 represent, respectively, the equatidhs 2.172< 10 4T15%6-0.21
421.7 2.41 619.8 4.67 (this work) and P=2.673 48< 10 4T15229%-0.229 33(Ref. 6.
430.3 2.47 642.7 4.82
442.6 2.62 643.0 4.82 structure, which makes it a model system for calculations.
446.2 2.61 651.5 4.96 Second, according to the law of corresponding states, helium
459.2 2.74 657.2 5.04 is the system giving access to the largBst range in re-
472.8 2.92 657.5 5.05 duced units. Third, several calculations have predicted a hcp
476.8" 2.94 660.2 5.04 to bcc phase transition along the melting IfePrevious
489.1 3.05 662.4 5.22 studies showed that cusps on the melting curve at 15 and 300
500.2 305 683.1 538 K corresponded to the fcc-hep-liquid triple points, and it is
506 323 7395 6.30 expected that the hcp-bece transition produces a similar acci-
514.3 3.32 GENES , _
A single experiment was performed on helium. The ten
3Measurements that used the external furnace. melting points obtained by the isochoric method described in

. . Sec. Il are gathered in Fig. 5 and Table Il. They cover a
mental accuracy. Th_ey measured in average a lower m_el'F'”Eressure range from 13.8 to 41.2 GPa, corresponding to
pressure than we did but the two data sets show similafe|ting temperatures between 326.2 and 608 K. This experi-
slopes. _ ment was prematurely stopped by the failure of the mem-

Equation(1) can be seen to represent our data quite wellane ysed to generate the force on the piston of the DAC.
except at the highest pressures where it stands slightly oU{ye 5150 noticed a trend of He embrittlement of the diamond
side of the estimated error bars. A least-square fit to bothiis at highP-T which might make the extension of the
Hardy, Crawford, and Daniels’s and present data leads 10 geasurements of the melting curve more difficult.
slightly modified form, also plotted in Fig. 3: The melting line of*He was previously investigated up to

P=2172x 10" 4T1556_0 21. 2) the highest pressure of 24 GPa by Vos, van Hinsberg, and
Schoutert! Their data may be compared to the present ones

Melting of argon was recently studied by Jephcoat andn Fig. 5: the agreement is very good up to 400 K, where
Besedin in a laser-heated DAC experim&fihe five melting  Vos, van Hinsberg, and Schouten measure a melting pressure
points measured between 26 and 47 GPa are plotted in Fig.glightly lower than we do. However, this difference remains
and compared to Eq$l) and(2). The error bars associated in the combined uncertainty of the two experiments.
to the laser heating data are larger than the difference be- It was found that the melting line of helium from the
tween the two relations inside thiz-T range. However, this lower fcc-hcp-liquid triple point up to 24 GPa could be well
experiment indicates that the melting line of argon shouldrepresented by the Simon Ia:
follow a Simon law at least up to 50 GPa. We also note that

calculations by Zhat al® of the argon melting line based on P=1.6067x 10 3T1565 (3)
the exponential-6 pair potential agree very well with the
present data. The present measurements show no evidence of a triple

point on the melting curve. Figure 5 shows that E&).can-

not represent the melting data at high pressure. Furthermore,

we were unable to fit the present and previous data with a
The study of melting of helium is interesting in several Simon equation that would respect the accuracy of the dif-

aspects. First, helium is the atom with the simplest electroniéerent experiments. We show in the discussion that the de-

B. Melting curve of He:
Exploration of a large domain in reduced unit
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650

well modeled by a pairwise interaction of the ford(r)
=ef(r/o), wheref(x) is a universal form. Whereas at low
density, helium(and in a lesser degree, neas very differ-

ent from the heavier rare gases because of the importance of
the quantum effects, at high pressure and temperature, quan-

600

550 tum effects are less important and can be treated as a pertur-
bation. Condition(1) is then satisfied. Furthermore, the ther-
500 modynamic properties of helium, neon, and argon are well
described at high density by an effective pair potential of the
exponential-6 form whose stiffness parameités very simi-
450 lar from one system to the other: 13X <<13.2. This indi-
< cates that the properties of the three elements “correspond.”
= 400 In order to test this, the following relations may be used that
scales the presently measured melting points of helium onto
the neon or argon temperature and pressure scales:
>0 T(He—X) = Toel epel ), (5)
300 P(He—X) =Py ope/ ox)*(€pel €x). (6)
In the expressions abovk,stands for Ne or Ar, and, o
250 respectively, represents the energy and position of the well
minimum of the exponential-6 potentidi$Their values are:
200 €=10.8, 42, 122 K andr=2.9673, 3.18, 3.85 A, respec-

tively, for “He, Ne, and Ar. As an example, a temperature of

600 K and a pressure of 40 GPa‘4He correspond respec-

tively to T=2330K andP=126 GPa in Ne and=6780K
FIG. 5. Melting curve of helium 421; this work; O: Ref. 11;A: ~ andP=207 GPa in Ar. The results of these calculations are

Ref. 13; V: Ref. 37; —: Kechin fit to this work T=To(1  Plotted in Figs. 6a) and(b) and compared to the calculations

+AP/0.12590%7%xp(~3.9x 10 3AP) with T,=15.06K and Of the melting of Né&® and Ar® using the exponential-6 po-

AP=P-0.1135 GPa; ——: Simon fit to experimental data up to 24tentials. The agreement is good and thus supports the validity

GPa P=1.6067 10 3T (Ref. 11. of the principle of corresponding states in this range of re-

duced densities.
viation from the Simon-type behavior might be related to the
exp(—ar) form of the repulsive part of the pair potential of C. Melting curve of H,O

hellum A bettezr fit is obtained when the form prOpOSEd by The high_pressure properties OfZ(BI have important is-
Kechin is used: sues in geophysics, astrophysics, chemistry, and condensed-
matter physics. Certainly, the knowledge of the melting
T=To(1+AP/a)®exp —CcAP) (4)  curve is important for models of the interior of some planets
and satellites such as Ganimede. Also, it is predicted that the
with AP=P—Pg, Tp=15.06 K, andP;=0.1135GPa repre- |iquid and solid phases should exhibit an increasing ionicity
senting the coordinates of the triple point. This form waswith pressure. This change would be gradual and continuous
derived from a second-order development of the Clausiusin the liquid, as inferred from shock-wave experimefts
Clapeyron equation, whereas the Simon law is a first-ordefhereas in the solid it could well be discontinuous, that is to
approximation. A least-square fit of the helium melting datasay, related to some new high-pressure superionic phase, as
gives a=0.1259 GPa, b=0.6672, and ¢=3.9x10"°  predicted by theoretical workS. This hypothetical superi-
GPa'. We note, however, that this fit is not totally satisfac- onic phase between the solid and the ionic liquid could push
tory since the low-pressure measurements of Crawford anghe melting line to much higher temperatures.
Daniels?® are not reproduced within the accuracy of their e performed five runs to measure the melting curve of
experiment. H,0, in the stability domain of ice VII. The first runs were
It has been observed for a long time that the family of thejlimited to a temperature of 650 K along the melting curve
rare (noble gases satisfies well the law of correspondingpecause the sample of S@,:Sn?" (the pressure sensor
states, that is to say, when expressed in reduced units, theas dissolved by water around tH#sT range. This problem
thermodynamic properties of the elements of this family areyas solved as explained in Sec. Il. Eventually, we could
very similar. Application of this law requires that the sys- cover the range 356—750 K in temperature, corresponding to
tems in comparisorti) obey classical statistics ar{d) are  pressures between 2.2 and 13.1 GPa. In total, 150 melting

P (GPa)

TABLE Il. Experimental melting points ofHe determined in this workT,, in K, P, in GPa.

Tm 326.2 345.1 362.8 385.1 419.4 459 499 535.7 570 608
Pm 13.8 15.2 16.5 18.2 20.8 241 27.8 31.7 36.0 41.2
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FIG. 7. Melting curve of HO (ice VII). The experimental data
are represented by circles, the line is a Simon fit to the data:
P=2.17+1.253(T/354.87°-1].

The coordinates of the triple point VI-VIl-liquid were taken
as(2.17 GPa, 354.8 K which represents an average of the
values given in the literature. We do not observe a variation
of the melting curve that could imply a change in the solid
nor the liquid behavior, such as an increase of the ionicity
discussed above.

In Fig. 8 we compare our results to previous determina-
tions of the melting curve of ice VII. The first measurements,
dating back to 1937, were carried out by Bridgman up to 3.9
GPa?® Melting was then detected by the displacement of the
piston in the Bridgman press. Other experiments were per-
formed by Pistoriugt al?! with an opposed anvil apparatus
and by Mishima and End8in a multianvil press. Pistorius
2000 t——~>L— Lt L et al. detected melting of the sample by its change in resis-
50 100 150 200 250 300 tance, whereas Mishima and Endo monitored the resistance

P (GPa) change of a manganin wire placed inside the sample. Up to
this work, only one experiment had been carried out in a
() DAC by Fei, Mao, and Hemle$? They studied melting by

FIG. 6. Melting curve of neon and argon as obtained by apply—'ﬁr?on'to_rlng the dlsappgarance of the 110, peak in thg x-ray-
ing the corresponding state principle to the present determination dfifiraction pattern. This way, they obtained the minimal
the “He melting points(dotted squards (a) Neon; (b) argon. The ~ Melting temperatures at about 7, 9, and 15 GPa.
straight lines represent calculations based on the exponential-6 po- UP t0 about 550 K, the present melting line agrees very

tentials(Refs. 15 and 16 The dashed lines are the Simon fits to the Well with those previous studies. However, our results sig-
experimental data. nificantly deviate from those of Pistoriust al. and of

Mishima and Endo above this temperature, the discrepancy
points were measured, that are gathered in Fig. 7 and Tabigcreasing up to 8 GPa at 700 K. The samples used by Pis-
lll. The reproducibility of these measurements is very good}orius et al. were a mix of wateraFe,O;, and copper sul-
as inferred from the weak dispersion of the data points. Théate, in order to reduce the electrical resistivity of water to a
experimental uncertainty is estimated to 16.05 GPa and Value they could more easily measure. It has not been proved
+5 K up to 600 K, increasing ta-0.15 GPa and-10 K at  that such a mix has the same electrical variation through
the highest temperatures. melting as pure BD. Furthermore, they estimated pressure

The melting temperature of ice VIl is a monotonic in- from the ratio of the applied load to the contact area between
creasing function of pressure in the studied range. A leasthe anvils but the pressure distribution in the sample is un-

square fit to a Simon equation gives known and the deformation of the piston leads to an overes-
timation of the pressure. Mishima and Endo estimated their
P=2.17+1.253(T/354.83%- 1] (7)  pressure from precalibrated applied load on the anvils to a

few fixed pointsat room temperatureThe authors do not
with a standard deviation of 0.05 GPa. This relation reprogive any indications of the validity of this calibration at high
duces our whole data set within the experimental uncertainttemperature. Fei, Mao, and Hemley’s results agree pretty
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TABLE lll. Experimental melting points of KD (ice VII) determined in this workT,, in K and P, in

GPa.

T Pm Th Pm T P Th Pm Tm Pm
355.9 2.18 427.1 3.15 490.0 4.20 556.2 5.71 6245 7.73
358.3 2.21 4279 3.14 490.7 4.25 556.5 5.71 628.2 7.82
360.6 2.23 431.0 3.27 4916 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 4941 4.30 562.0 5.89 636.1 8.16
366.9 2.31 437.7 3.32 4952 4.32 562.6 5.85 636.5 8.18
369.2 2.33 4405 3.38 499.1 4.40 564.1 5.95 6419 8.44
374.4 2.39 4440 341 500.5 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 6455 8.53
377.8 2.45 449.1 3.583 5045 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 6555 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 4554 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 6749 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 4675 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 5946 6.78 696.5 10.30
410.4 2.85 7439 3.94 528.5 5.06 597.1 6.89 705.5 10.70
411.4 291 4745 3.92 530.8 5.06 599.4 6.92 7145 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 7417 12.44
419.8 3.00 479.8 4.02 544.0 5.40 609.5 7.30 7515 13.09
420.4 3.038 484.1 4.11 5459 5.50 612.2 7.43
423.2 3.08 4855 4.12 549.1 5.57 616.3 7.54
425.2 3.11 486.9 4.13 549.7 551 616.9 7.53
426.7 3.11 487.6 4.20 552.8 5.60 623.3 7.78

well with ours up to 650 K but at 700 K, the melting pres- metal at low temperature or to a strongly correlated plasma at
sures differ by 4 GPa. One should, however, keep in minchigh temperature, as recently observed in dynamical experi-
that Fei, Mao, and Hemley's experiment only provides aments. Although it is the simplest element, there is at present
lower limit for the melting temperature. a puzzling discrepancy between theory and experiment.
On the other hand, it may be suspected that the presehock-wave experiments can only study the liquid state be-
determination was made erroneous by the observed reactiqfyyse of the large temperature elevation inherent to these
between HO and SrBO;:Snt" at highP andT. As a matter  experiments whereas the DAC studies have been limited up
of fact, this reaction could plausibly change the lumines-y, now to temperatures below 300 K. Performing static mea-

cence properties of the pressure sensor and thus change t\&ements at high temperature and hence reducing the gap

pressure reading. However, in that case, one would expeglyeen static and dynamic experiments could help to re-

that two measurements of the melting curve performed SUbs'olve some theoretical issues in hydrogen. Also understand-

sequently on the same sample would give different results

Such a test was carried out between 500 and 650 K, whichhg the propert_|es .Of hydrogen in its hot .and dense state has
iImportant applications in planetary physics.

revealed no significant difference in the two m rements. o : .
evealed no significant difference © tWo measurements Achieving high pressure and high temperatures on a hy-

In summary, the pressure and temperature calibrations wer o] DAC is challenaing b f the hiah
seriously checked in the present study, thus we believe th ogen sample in a IS challenging because ot the hig

our results are more reliable than those of the previous worke€activity of this element. The major problem encountered
cited above. during the present experiments was the diffusion of hydro-

gen into the gasket above cert®8nl conditions. Gaskets are
usually made of metallic materials such as tungsten or rhe-
nium, for their large yield strength and ductility are key in-
Hydrogen presents a fascinating evolution with pressurgredients to reach high pressures. But in the case of hydro-
from a molecular quantum solid to a predicted quantumgen, the use of any metal is problematic because of its

D. Melting curve of hydrogen
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FIG. 8. Comparison between present and previous determina: 150
tions of the melting curve of 0. Full line: this work; dashed line:

Simon fit to this worEq. (7)]; O: Ref. 20;@: Ref. 21;V: Ref. 22;
A: Ref. 23. 100

2 4 6 8 10 12 14 16
embrittlement by hydrogen. This solubility is pressure and P (GPa)

temperature dependent but all metals are expected to react
with hydrogen at high enough pressure and/or high er]OngBiatschenkoet al. (Ref. 24; full line: Kechin fit to this work,

temperatures. _ _ T=To(1+ P/0.0286)%%xp(—4.6x 10 3P) with T,=14.025K,
Although this phenomenon is well known in a general jaghed line: Simon fit to Diatschenket al’s data, P=

manner, few works are available that provide a detailed dey 31 10-4T17627_ 0052: dotted line: Simon fit to this work and
scription of it. We have therefore adopted a trial-and-errokg piatschenkeet al’s data:P=1.63x 10-4T-824
approach by testing several gasket materials that we believed

would be good candidates for our experiments. Table IV Figure 9 and Table V gathers the results of four runs, one
gathers the tested materials and Ehd conditions at which Of them using a BeCu gasket and the three Others using a
we observed a strong diffusion of the sample into the gaskefo|d gasket. There is no observable difference in the results
We note that these conditions are just indicative as our go@iptained with either kind of gasket materials, showing that
was to select a material that would allow us to reach highefnhe reaction of hydrogen with the gasket does not contami-
pressures along the melting curve, not to characterize thgate the sample, at least in a measurable proportion. Our
process of embrittlement. The metal which appeared to bgheasurements range from 6.4 to 15.2 GPa, corresponding to
the most resistant is gOld We also tried to use NaCl which |$ne|t|ng temperatures between 330 and 530 K. This a|most
given in the literature as a hydrogen sealant. However, thigouples the pressure range achieved by the latest reported
gaSket could Only sustain 12 GPa at 470 K. Extension of thl%tudy24 The several runs Over|ap on a wide range, and it can
work is clearly dependant on the finding of a better hydrogerhe observed that the measurements were always reproduced
sealant gasket material. within the experimental uncertainty, which is estimated to be
better thant3 K and +0.05 GPa.
The present results agree very well with those of
atschenko etal?® in the overlap region (330T
<373K). These authors proposed the following Simon law
to fit their melting data:

FIG. 9. Melting curve of H. Circles: this work; squares:

TABLE V. Tested gasket materials for the, ldxperiments. The
conditions at which strong diffusion of the sample into the gasketDi
was observed are indicated.

Gasket materials P (GPa T (K)
BeCu 11 450 P=—0.05149+1.702x 10" 4(T+9.68977  (8)
Cu 24 300
Al 9 560 This law is plotted in Fig. 9. It is seen to increasingly
Pb 12 500 deviate from the experimental curve: the difference rises up
W 7 510 to 0.6 GPa at 530 K, which is well outside the experimental
Re-W 10 550 urjcertainty. We a;tempt(_ad to fit our results ar_ld those of
AU 15 530 Dlatsghenkoet al.with a Simon equation and obtained as the
best fit
NaCl 12 470

P=1.63x10 411824 9
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TABLE V. Experimental melting points of Hdetermined in this workT ,, in K and P, in GPa.

Au gasket BeCu gasket
Tm P Tm Pm T Pm T 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 4354 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

The use of a four parameter relation as in B).does not IV. DISCUSSION: MELTING CURVES AT VERY HIGH
improve the results. Figure (& shows the difference be- PRESSURE

tween the experimental melting points and those calculated As we mentioned above, the knowledge of the melting

with Eq. (9). The difference grows outside the experimental o5 of the systems presently studied, and especially of He
gncertamty and shows systematic trend_s. Hence a Simon Ia\%d H, is not only of fundamental interest but is also rel-
is not adequate to represent the melting curve of By  eyant for the modeling of the interior of the giant planets.
contrast, the use of the Kechin equatisee Sec. IllBgives  ynfortunately, the present extension in pressure and tem-
a very good fit: perature of the experimental determination remains far below
the conditions existing in these planets, and one has still to
rely on theoretical predictions. For each system studied
T=To(1+P/0.0286%°%exp(—4.6x10 °P), (10)  above, we have given the best fit to melting laws either of the
Simon or Kechin forms. These equations give a convenient
) ) _ _ analytical form to represent the data and shaalgriori be
where To=14.025K is the melting point aP=0. The fit  sed only in theP-T range covered by experiment. But since
reproduces very well all the published experimental meltinghey are also often used for purpose of extrapolation of the
points, from aboutP=0 to P=15GPa. As shown in Fig. experimental data, the question whether this extrapolation is
10(b), the difference between calculated and experimentgustified is an important issue. Several authors have tried to
points is always lower than the experimental uncertainty, andind a theoretical justification to these laws. It was shown in
appears randomly dispersed around zero. the 1960s that for systems interacting via B"lihteraction,
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FIG. 11. Melting of*He at very high density. Full line: qualita-
Taxp (K) tive model described in the text; dashed line: Calculations from Ref.
(a) 26; dashed-dotted line: Simon fit to experimental data to 24 GPa
(Ref. 15.
? T e ' I curve of He at very high pressure, we can use the following
° o ] phenomenological model: as mentioned above, the repulsive
2T o 9 30 v 7 part of the pair potential of He is well modeled by the form
@ ° o @ “70% 1 exp(—ar). Since at high density, the properties of the crystal
_F e o e V# . are dominated by interactions among nearest neighbors of
X o® g © o g 408 - distanceR,, it is possible, by neglecting the thermal effects,
30 — o4 to relate the evolution of the melting curve to the one of a
- ;2 ° 8 m® @ A %o | 1ir™ potential in whichn depends on the density. We so
'\% L 8" 8%, % % | define for a given density an effectiven by
° 0] @ v A 8
o 1 dIn ¢(r)
sk o] ® i nz—(rT)RzaRl. (11)
o]
-3 et L L L Pressure is then given byP=-dU/dV, with
0 100 200 300 400 500 :
U=zAexp(—aRy), and z number of nearest neighbors.
Tsxp (K) Then,
®) V2 exp — aRy)
. , . P=—5zAa———. (12
FIG. 10. Residue plots of the fits to the melting data gn (d) 3 RI
Simon fit: P=1.63x104T*%4 (b) Kechin fit: T=14.025(1
+ P/0.0286f-58%exp(—4.6x 10 3P). Dotted circles: Ref. 38, dot- For a 1t" interaction, the melting pressure is giverfby
ted squares: Ref. 24; dotted line: Simon fit from Ref. 39; all otherP:aT1+3/”, so thatdP/P=(1+3/aR,)dT/T. By integra-
symbols represent the data obtained in this work. tion, we obtain the system

the melting line was exactly of the Simon for(see, for In(T)==aR;+In(aRy +3)+C

example, Ref. 2b This accounts for example for the Simon- V2 e R (13

type behavior of the melting line of argon at low density P= ?ZA‘” RZ -

since the interactions are then well modeled by a Lennard-

Jones potential. However, with increasing density, thé 1/ In the limit R; goes to zero, i.eP goes to infinity, this

potential turns out to be too stiff to represent the interactiormodel predicts a maximum melting temperatire exp(C)

of real systems and the melting line is expected to deviatevhereas the Simon equation leads to a divergence of the

from the Simon law. In the family of the rare gases, thismelting temperature. Hence for a sufficient variationRgf

deviation should be observed in He at a lower pressure thatme melting line should deviate from the Simon law, in cor-

in the others since, at a given pressure, helium probes @spondence with the softening of the potential. Figure 11

higher reduced density. Indeed, we observed such a devigempares the evolution of the melting curve as predicted by

tion here for*He, whereas the melting line of argon is still the Simon law and by the systefhd)—for the calculation of

well represented by a Simon law at the highest pressurthe system13), we use the effective pair potential derived

achieved so fafusing the corresponding state principle asby Young, McMahan, and Ro¥sfrom band structure based

explained in Sec. Il B, the deviation would be expected incalculations, which extend the exp-6 potential at very high

Ar at about 6000 K and 150 GRa densities. This calculation is also compared to the one of
To address semiquantitatively the behavior of the meltingroung, McMahan, and Ro&susing the same potential: a
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2100 ——— T T T T melting temperature of JHwould present a maximum of
. 1100 K at 128 GPa. As we shall see, this point seems con-
sistent with the results of thab initio calculations cited
above. Let us recall first that this phenomenon has been ob-
served in several systems in which it can be qualitatively
1300 T explained by a simple model proposed by Rapopbit.This
I : model supposes that the short-range structure of the liquid
900 | e i \\\\\ | present a similar order as that of the solid near the melting
v’ (128 GPa, 1100 K) - line. Then, if a second structure appears in the solid as a
4 ] high-pressure phase, a second structure, presenting a similar
500 f- T short-range order as that of the high-pressure solid phase
s ] may also appear in the liquid phase at lower pressure. The
100 e e liquid then consists of two phases corresponding to the low-
50 100 150 200 250 300 and high-pressure solid phases. Because of the disorder, the
P (GPa) transition to the higher density species occurs continuously
in the liquid as the density increases, whereas this transition
can only occur with a finite jump of volume and structure in
the solid. The liquid may thus become denser than the solid
in a certainP-T range, and the melting curve will then go

1700

T(K
é

FIG. 12. Melting curve of Haccording to the extrapolations of
the Kechin law{dashed line, Eq.10)] and to that of the Simon law
[dotted line, Eqg.(9)]. The full line represents the experimentally
determined line. The double arrow indicates the interval within .
which Hohlet al. observed the melting of at$ample in ab initio through a maximum. .
molecular dynamics simulatiofRef. 28. The diamond represents This model seems reasonable for a number of species

the point where Pfaffenzeller and Hohl observed a transition fromVh0S€ melting curve present a maximum. For example, in
the molecular to the dissociated fluid in a recebtinitio molecular 1€, computer simulations have shown that around the maxi-

dynamics simulatioriRef. 32. mum (1.2 GPa, 740 K the liquid is a mix of fragments of
helicoidal chains, reminiscent of the low-pressure solid
semiquantitative agreement is observed, the difference origPhase, and of “metallic” atomd! With increasing pressure
nating from the thermal effects being neglected in our modeland temperature, the chains dissociate and the proportion of
In the case of K a similar deviation from the Simon the metallic component increases. At 4 GPa, a structural
behavior due to the softness of the potential is expected?hase transition occurs in solid Te to a metallic phase and the
However, this deviation is observed in the present experimelting line slope becomes positive again above the triple
ments at a lower temperatufabout 500 K than expected. Ppoint.
Indeed, the pair potential of Hs very similar to that of Ne, A similar scenario could well occur in H Indeed, the
and according to the Corresponding state princip|e, the devid}&'CU'&tionS of Alaviet al. show that the fraction of dissoci-
tion from the Simon law in Ne should occur around 1000 K.ated molecules increases sharply in the fluid above 150 GPa
This may indicate that a different mechanism tends to stabiat 1000 K, and in a very recent simulation, Pfaffenzeller and
lize the fluid phase at lower ternperature_ Some results oU:'Ohl report a transition to a dissociated fluid phase at about
tained by recenab initio calculations are interesting in this 150 GPa and 1100 R which is strikingly close to the melt-
regard. Alavi, Parinello, and Frenk&lon one hand, studied ing curve maximum predicted by the Kechin law. A number
the evolution of a system of 64 atoms®t1000K, using Of studies have shown by now that solid id still molecular
an extension of the Car-Parinello method at finite electroni@t 150 GPa, the molecular to atomic transition being more
temperature, and observed that the system is fluid anlikely to occur around 600 GP&.It is then reasonable to
strongly diffusive over the whole range of studied densitiesthink that with increasing density, the increasing fraction of
i.e., 3.673<p=1.840cn¥/mol, corresponding to pressures dissociated molecules in the fluid may lead to a fluid phase
approximately between 30 and 300 GPa. On the other han#at is denser than the solid. This could also explain why, in
Hohl et al?8 performed a molecular dynamics simulation us_the calculations of Alavit al, the calculated Specific vol-
ing the density functional theory and the |oca|_density apJJme of the fluid is systematically smaller than that of the
proximation, and observe that their sample at 300 GPa besolid as measured at 300 °K.We mention however that
comes very diffusive between 500 and 1200 K. The value ofhere is a strong disagreement today in the calculated values
the diffusion coefficient at the latter temperature, Of the fraction of dissociated molecules betweenahenitio
10~3 cn/s, is characteristic of a liquid. simulations cited above, and those based on the experimental
Figure 12 shows the extrapolation of the Simon andHugoniots and free-energy models of:ff according to the
Kechin fits to the present experiment on. Ht can be seen latter, the fraction of dissociated molecules is negligible at
that the melting temperature predicted by the Simon law i =150 GPa and’=1000K.
well above the estimation given by Hoht al. at 300 GPa.
By contrast, the melting temperature given by the Kechin
law is consistent with theb initio calculations. This ex-
trapolation extend way above the experimental range and We have reported extended experimental determinations
may seem audacious but, still, the coincidence is interestingf the melting curves of argon, HH,0, and“He to tem-
and, as we showed above, the Kechin law fits very well allperatures as high as 750 K. The experiments used a resis-
the experimental data obtained so far on H tively heated diamond anvil cell made out of ceramic mate-
One can also see that according to the Kechin law, theials. Accurate measurements at high pressure and high

V. CONCLUSION
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temperature could be achieved by the use ofrasitu me-  other experiments, we came to the conclusion that those pre-
trology based on two luminescence sensors, ruby andious works were erroneous. The melting temperature of
SrB,0,:Snt*. The precision of this method, of order of 1%, H,O is a regular monotonous function of pressure in the
is comparable to the one at room temperature. Measuremengfudied range and can be very well represented by a Simon
of the argon melting line between 300 and 740 K served as gw. Finally, we almost doubled the pressure range achieved
test for these techniques. It was shown that the melting ling, previous measurements of the melting line of, Hnd

of argon is still well represented by a Simon equation Up taytended it to 15.16 GP&26.3 K. Further extension was
6.3 GPa. The melting line diHe was measured up t0 41.2 honibited by diffusion of the sample into the gold gasket,
GPa (608 K), which almost doubles the highest pressure, hich was the more resistant gasket among the several other

?‘Ch'eved so far. We observed that the melting temperaturges tested. However, because of the good precision of these
increases faster with pressure than the extrapolation of th

Simon fit to the low-pressure data, which we qualitativel Fﬁeasurements, we were able to show that one needs a
. pre ’ Ich we qua .yhigher-order approximation law than the Simon equation to
gxplalngd by the_ softening of the repulsive |nteract|or_15 Wlthfit the melting data. A fit to the Kechin equation gave a very
e up 01306 OPATS1.5 10 showed farge discrepanges SAUstactory result. By comparing our resutsoiniio cal-
with respect to previous determinations at temperature%;;'g:;hxefgd;Ztegbt:& plozsg"g '::')t;/ g‘;z ng;)m;mBrgf::;ge
higher than 550 K. Because we repeated these measureme - SO ) : ;
several times on different samples and because the calibri?€s€ conditions are within reach of today’s technology, this
tions in this work were seriously checked and validated byPoint should be a good motivation to carry on this work.
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