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High-pressure melting curve of helium and neon: Deviations from corresponding states theory
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The melting curves of He and Ne were measured up to 80 and 70 GPa, respectively, significantly extending
the pressure range of previous measurements. Melting was detected in situ by the laser speckle method using
the laser-heated diamond-anvil cell. Temperatures were measured in the visible as well as infrared range. Our
He melting curve differs considerably from earlier experimental data above 30 GPa. The present Ne melting
curve does not agree with the predictions from corresponding states theory in the range from 15 to 70 GPa.
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I. INTRODUCTION

The melting curves of the rare gas solids He, Ne, Ar, K,
and Xe are of fundamental interest as a test case for theoret-
ical melting models and because they are frequently used as
pressure transmitting media in laser-heated diamond-anvil
cell (LHDAC) experiments. Recent melting experiments on
the heavier rare gas solids,'"® Ar, Kr, and Xe showed a sig-
nificant flattening in the melting curves at high pressure (near
40, 30, and 20 GPa for Ar, Kr, and Xe, respectively),>® in
stark contrast to theoretical predictions based on correspond-
ing states. This melting behavior is most likely due to a
peculiar behavior in their structural properties: it was shown
that for these rare gas solids the transition from the fcc to the
hep phase has a very large pressure range,>>” and the bend in
the melting slopes of the heavier rare gas solids has been
attributed to effects of hybridization of the p-valence states
and d-conduction states due to band gap narrowing at high
pressures.® Earlier theoretical studies have suggested that the
stabilization of the hcp-phase in these rare gas solids is due
to such a hybridization process.*

Helium, the first member of the rare gas family, has been
studied extensively.32% At ambient pressure He crystallizes
in the hep structure at 0.95 K. Early specific heat measure-
ments on He showed the existence of an hcp-fce phase tran-
sition at P>1.12 kbar, with the hcp-fcc-liquid triple point
placed at 0.11 GPa and 15 K.® Melting experiments on He
using a diamond anvil cell (DAC) showed a small cusp at
11.6 GPa and 299 K that pointed to the existence of a triple
point and a new high pressure phase.'? Single crystal x-ray
diffraction measurements on He up to 58 GPa showed the
new phase to be hcp.'¢

The melting curve of helium has been experimentally de-
termined up to 24 GPa by Vos et al.,'” and up to 41 GPa by
Datchi et al.' using the quasi-isochoric scanning method.
Their results are in good agreement up to 19 GPa and 400 K,
where the measured melting temperatures start to deviate
slightly. However, the extrapolation of the fitted curves in
these studies gives a temperature difference of 200 K (about
20%) at a pressure of 80 GPa. Recent molecular dynamic
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calculations®® reproduced very well the experimental melting
curve of Vos et al. up to 23 GPa.

Neon, the second member of the rare gas family, crystal-
lizes to an fcc solid at 24.4 K at ambient pressure. Early
high-pressure experiments have shown that fluid neon
freezes to the above solid at about 4.7 GPa at room
temperature.?!>? Recent high-pressure x-ray diffraction stud-
ies on neon up to 110 GPa at room temperature do not show
any structural transition.”3 The electronic structure of neon is
also expected to behave differently from those of the heavier
rare gas solids as the energy band gap between the filled
2p-valence states to the 3d-conduction state is quite large.
Therefore, the physical properties of Ne including its melting
behavior at extreme pressures may turn out to be different
from the other heavy rare gas solids. In contrast to He, the
melting curve of neon was experimentally determined only
up to 5.5 GPa and 328 K using an externally heated diamond
anvil cell.>?* The melting curve of Ne at high pressures was
predicted by Datchi ef al.'® by applying the law of corre-
sponding states principle to the experimentally observed
melting curve of He up to 44 GPa. It was shown that the
predicted Ne melting curve agrees well with the calculations
based on the exponential-6 potential** and does not show any
anomalous behavior.

In this paper, we report new measurements of the melting
curve of He and Ne up to 80 and 70 GPa, respectively, using
the LHDAC technique. These measurements show that the
new melting curves do not agree with the previous theoreti-
cal calculations as well as the law of corresponding states.

II. EXPERIMENTAL

For the He experiments, diamond-cell used was of the
Boehler-Almax type* and for Ne standard piston-cylinder
type diamond cells were used with conical diamond anvils
having 270-300 wm culets. Tungsten disks of 4—-8 um
thickness were used as absorbers for the IR laser in the LH-
DAC. The tungsten disks were made by pressing small
grains (of 99.9+ % purity from Aldrich, Prod. Nr. 267511)
between the flat culets of two diamonds. The absorber disks
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FIG. 1. Schematics of the experimental setup used for the melting studies of He and Ne. The flip mirror M1 is used to observe the laser
speckle using an argon laser (488 nm). For temperature measurement using spectrometer 1 with PIXIS 100B CCD, M1 is removed. For
measurements using Spectrometer 2 with InGaAs CCD, AM2, and M2 are moved away.

were placed at the center of the 80—110 wm diameter hole
of tungsten gasket, preindented to a thickness of 40—50 um.
For the He experiments the diamonds were coated with
Al,Oj3 in order to thermally insulate the heater from the dia-
monds and to reduce diffusion of He into the diamonds at
high pressures. The coating with a thickness of about 300 nm
was applied after preindenting the tungsten gasket to a thick-
ness of 40 wm, using an etching/sputtering machine (Gatan
Inc., PECS, model 682). He and Ne gas of 99.99% purity
were loaded in the LHDAC at room temperature using the
0.3 GPa gas loading apparatus. Ruby chips for pressure mea-
surement were evenly distributed close to the W heater. Pres-
sures were measured before and after heating by the ruby
fluorescence method.?® A diode pumped YLR-100-SM series
(TIPG Photonics Corporation, USA) single mode cw ytter-
bium fiber laser (maximum power of 100 W) at the wave-
length of 1.07 um was used to heat the tungsten absorber.
The laser beam was defocused in order to obtain a large hot
spot with uniform temperature within an area with approxi-
mately 20 um in diameter. Initially, in each run, the laser
power was increased until a visible hotspot was created (T
~ 1400 K) in order to align the center of the hotspot with
the entrance pinhole of the spectrometer. A schematic sketch
of the experimental configuration, which was used to record
the incandescent light emitted from the hot sample in two
different wavelength ranges: 1250-1550 nm (for He) and
500-900 nm (for both He and Ne) is given in Fig. 1. For
temperature measurements, incandescent light from an area
of 2 um at the center of the hot spot was collected by an
aberration-free-reflecting objective (see Fig. 1) and detected
with spectrometers in the two different spectral ranges: (a) in
1250-1550 nm with a liquid nitrogen cooled InGaAs detec-
tor (2D-OMA 'V, Princeton Instruments) and (b) in 500-900
nm with a thermoelectrically cooled back-illuminated deep-

depleted charge-coupled device (CCD) (Pixis Model 100 B,
Princeton Instruments). This temperature measurement sys-
tem was calibrated with a tungsten filament light source
with-known intensity versus wavelength distribution. This
method was checked against a calibrated blackbody source
of our own design. At 750 K, the temperature difference
between the radiometric method and the blackbody is of the
order of £10 K for both spectrometers.
Planck’s radiation function,

_ecz/)\T_l’ (1)

was then fitted to the collected spectrum, where [ is the in-
tensity of the spectrum and C; and C, are constants. Fitting
was carried out with the emissivity € and the temperature 7
as free parameters, assuming constant emissivity as a func-
tion of wavelength across the recorded spectral range. A blue
laser (488 nm line of Ar-ion laser) was focused on the
sample (Fig. 1), which created an interference pattern on the
surface of the absorber, made visible with a video camera.
When the surface of the tungsten absorber reached the melt-
ing temperature of the rare gas solid, a thin layer of liquid
formed in contact with the heated absorber surface. Tempera-
ture gradients inside the cell produced rapid convection of
the liquid layer creating local changes in the refractive index
and showing up as a continuous rapid motion of the interfer-
ence pattern of the heating laser. At increasing laser power
the onset of continuous motion, due to molten gas, occurs
over a very narrow temperature interval and, equally, the
cessation of motion at freezing. Temperatures were measured
at the onset of the laser speckle motion (melting) while in-
creasing the laser power and at the disappearance of the mo-
tion (freezing) while decreasing the laser power. The re-
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ported melting temperatures are the mean value of
temperatures measured for five melting and freezing cycles
showing maximum deviations within +100 K. After each
experiment, the tungsten absorber was visually inspected to
check for signs of any chemical reaction. The above laser
speckle method for melting experiments in the LHDAC has
been used extensively and provided accurate results for other
heavier noble gas solids,’ alkali halides,”’ and nitrogen.”
Very recently we verified melting temperatures of Mo and Fe
obtained previously using the laser speckle method with new
x-ray diffraction measurements at over 100 GPa.?®

One notable observation was that during melting, tungsten
absorbers with very small dimensions moved around inside
the gasket hole even above 40 GPa. For Ne, above 55 GPa
the laser speckle motion gradually slowed down restricting
our melting curve measurement to about 70 GPa. The cause
of this observation is not entirely clear. It could be due to the
small volume change at melting, the change in surface ten-
sion, or the change in viscosity or any combination of those.
To check the consistency of Ne melting data we used both
loosely packed Ir-black powder and diamond in place of
tungsten absorbers to observe Ne melting. The diamond
heaters were laser cut from nanocrystalline chemical vapor
deposition (CVD) diamond with a thickness of 12—13 um
and diameter of about 60—50 wm with a central hole with
about 5 um in diameter. These diamond plates heated very
uniformly with a perfect circular glow and the laser speckle
pattern was observed near the central hole. However, since
Ne is highly compressible, we could not reach very high
pressures as the top anvil started touching the diamond
heater. For Ir pellets as absorber we could observe the laser
speckle motion only at lower pressures.

III. RESULTS AND DISCUSSION

In Fig. 2, we present our melting data on He together with
previous melting results obtained in a large volume multi
anvil apparatus up to 2 GPa>!! and in externally heated dia-
mond anvil cell up to 41 GPa.!”-! We have also included for
comparison the theoretical melting curve of He reported by
Ko&i et al.?® and Loubeyre and Hansen'* from molecular
dynamics calculations. The measured melting temperatures
increase continuously with pressure in the whole pressure
range studied. From the Fig. 2, it can be seen that our results
are close to the melting curve predicted by Vos et al.,!” who
used a Simon-Glatzel (SG) equation® to extrapolate their
data (dotted line in Fig. 2). Our experimental He melting
curve lies only slightly above this curve. Fitting the SG equa-
tion to our He experimental data, however, did not reproduce
the low pressure melting curves reported in literature.”!’
Therefore, we fitted a Kechin equation’! to our He melting
data

b
T,(K) = To[l + E} et (2)

yielding a=0.09(3), »b=0.61(5), and ¢=0.002(1), where P
=P-P, with Py=0.1135 GPa and T,=15.06 K are the co-
ordinates of the first triple point of He (hcp-fee-liquid).
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FIG. 2. Melting curve of He. The present data is represented by
(a) filled squares (taken with InGaAs CCD in the infrared range);
(b) filled circles (taken with PIXIS 100B CCD in the visible range).
Previous experimental data are represented by (a) triangles (Refs. 9
and 11), (b) open circles (Ref. 17), and (c) stars (Ref. 19). Dotted
and dashed lines represent the fittings to the Simon-Glatzel equation
reported by Vos et al. (Ref. 17) and the Kechin equation reported by
Datchi et al. (Ref. 19), respectively. Kechin equation fit to the
present data is represented as a solid line. The theoretical melting
points reported by (a) Loubeyre and Hansen (Ref. 14) are given by
crosses and (b) Koti et al. (Ref. 20) given by pentagons.

In Fig. 2, we compare our LHDAC results for He with
those of externally heated DAC measurements from Craw-
ford and Daniels,’ Mills ez al.,!' Vos et al.,'’ and Datchi ef
al.'® The extrapolation of our data to low pressures yield the
melting curve represented by the solid line, which agrees
well with the earlier experimental data and theoretical pre-
dictions up to about 30 GPa reported in literature.’!1-1417.20
This melting curve is in good agreement with the extrapo-
lated melting curve by Vos et al.'” The experimental data
reported by Datchi et al.'” start to deviate from our melting
curve above about 30 GPa. A closer look in the Fig. 5 of the
paper of Datchi et al.'® shows a clear deviation of melting
data starting from 20 GPa with respect to the work of Vos et
al.'” The difference between our data and the work of Datchi
et al.'® may be explained by the method of temperature mea-
surement of Datchi et al. Temperatures were measured indi-
rectly by the shift of the ruby fluorescence R1 line' and this
shift is both pressure and temperature dependent and not well
calibrated at high P-T conditions.

In Fig. 3, we show the results of the present Ne melting
measurements up to 70 GPa, using three different starting
conditions: (i) tungsten absorbers of 4—8 um thickness
(open symbols), (ii) loosely pressed pellet of very fine
iridium-black powder (filled triangles), and (iii) diamond
heaters (filled pentagons). We observed some difference in
melting temperatures depending on the starting conditions,
but the scatters in our melting data points lie within a band of
uncertainty of 200 K. A Simon-Glatzel fit to our experimen-
tal melting data yielded
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FIG. 3. Melting curve of neon. The open symbols belong to
melting data points using W absorbers of different thickness: (a)
open squares represent thickness of about 8 micron; (b) open circles
represent thickness of about 4—-6 micron; (c) open stars represent
thickness of about 6—8 um. Filled pentagons are data points ob-
tained using diamond heaters and filled triangles represent loosely
packed Ir black absorbers. The low pressure melting data repre-
sented by filled squares are taken from Vos ef al. (Ref. 24).

0.77
T,,(K) = To[l + 0'17] , 3)
where T, is the melting temperature, AP=P-P,, and
Ty(=24.4 K) is the melting temperature of Ne at atmospheric
pressure P,. The largest deviations of the experimental data
from this curve are within =200 K and all our data lay
within that band. As shown in the Fig. 3, extrapolation of this
fit to lower pressures yields good agreement with the low
pressure melting data points (Vos et al.>*). In the same figure
we have included the melting curve calculated by the prin-
ciple of corresponding states using the depth and location of
the exponential-6 potential energy minimum to scale the
melting curve of Ar to Ne.>* We have also included for com-
parison the theoretical melting curve of Ne recently reported
by Koti et al.* from first-principles and classical one- and
two-phase molecular dynamics simulations.

The large pressure-temperature range of the new helium
melting curve provides an excellent test to verify the validity
and the extension of the law of corresponding states for melt-
ing curve determination of other noble gases at very high
pressures. This law states that the rare gas solids can be
described by the same form of intermolecular potential and
should have the same reduced form of the equation of state.
High-pressure properties of noble gas solids are well-
described by an exponential-6 potential with a stiffness pa-
rameter (a) between 13 and 13.2.' In this way, the pressure
and the temperature at melting (P,,,T,,) of any noble gas
could be scaled from the P, and T, of other noble gas,
knowing the energy (€) and the position (r*) of the minimum
wells. These parameters are e=10.8, 42, 122, and 235 K and
r'=2.967, 3.18, 3.85, and 4.47, respectively, for He, Ne, Ar,
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FIG. 4. Dotted, dashed, dot-dash and solid lines represent the
predicted melting curves of Ne, Ar, Kr, and Xe obtained by corre-
sponding states scaling from our He melting curve. To compare, the
solid points corresponding to experimental melting data: filled stars
(Ref. 24) and open stars (present work) for Ne; filled triangles (Ref.
33) and open triangles (Ref. 5) for Ar, filled circles for Kr (Ref. 5)
and open squares (Ref. 5) and filled squares (Ref. 34) for Xe.

and Xe.'”?" The expressions to scale the pressure and the
temperature are

_ eX)/[r(X)]
and
_ X
T(X) = T(Y){ ) ] , (5)

where X and Y are two different noble gases. In Fig. 4, we
have plotted the predicted melting curves for Ne, Ar, Kr, and
Xe obtained from corresponding states scaling from our
newly measured He melting curve along with other experi-
mental melting curves. It can be seen that the experimental
data melting curves start to deviate from those predicted at
about 20, 30, and 40 GPa for Xe, Kr, and Ar, respectively.
For argon and xenon this deviation has been attributed to a
gradual transition from fcc to hep phase.>*>’ For Ne, how-
ever, the deviation is more pronounced throughout the pres-
sure range of this study except at very low pressures (up to
about 5 GPa). X-ray diffraction measurements on Ne up to
110 GPa (Ref. 23) show that it continues to remain in the
parent fcc phase ruling out any phase transitions to be re-
sponsible for the discrepancy between the experimental data
and the corresponding state scaling curve.

IV. CONCLUSION

In conclusion, we have carried out melting experiments
on He and Ne up to about 80 and 70 GPa, respectively,
measuring temperatures using spectrometers operating in
two different wavelength ranges (500-900 and 1250-1550
nm). The new experiments extend the earlier experiments by
a factor of two for He and more than a factor of twelve for
Ne in pressure. The present He melting curve is in good
agreement with previous measurements at pressures below
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2 GPa (Refs. 9 and 17) and with the data of Vos et al.'” and
differs significantly from the melting data of Datchi et al."®
above 30 GPa. For Ne, the new melting curve does not agree
with that predicted from corresponding states theory. How-
ever, the extrapolation of the new melting curve of Ne to low

PHYSICAL REVIEW B 81, 214101 (2010)

pressures reproduces the earlier experimental data. It seems
clear that the law of the corresponding states does not well
predict the behavior of the noble gases at extreme pressures.
Clearly, more studies both experimental and theoretical are
needed.
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