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We have measured the melting curve of neon to 54.5 kbar and 328 K using a diamond-anvil 
cell. The measured points together with earlier low-pressure data are fitted accurately with a 
Simon-Glatzel function. Theoretical calculations of the melting curve using lattice dynamics 
and variational fluid theory with exponential-six potentials fitted to solid isotherm data are in 
good agreement with the experimental data. The law of corresponding states is tested for the 
melting curves of He, Ne, and Ar, and is found to be obeyed. 

I. INTRODUCTION 

Melting is a phenomenon that is still under intensive 
investigation. 1-3 Although the thermodynamic basis of 
phase equilibrium is well understood, the accurate predic
tion of melting curves provides a severe test for statistical
mechanical theories and our knowledge of intermolecular 
potentials. Recent advances in the diamond-anvil cell meth
od have extended accurate measurements of isotherms and 
melting curves to higher pressures and have given a new 
impetus to the study of melting. 

Previous theoretical studies have shown that the inter
molecular potentials which are obtained by fitting solid iso
therm data can be used with theoretical models to correctly 
predict melting curves. 3

-
5 Th e interaction ofrare-gas atoms 

at high density is well described by an exponential-six poten
tial with a stiffness parameter a = 13.0-13.2. As a conse
quence, all of the properties of these elements may be scaled 
to universal functions and the melting curves can be placed 
on a reduced plot, with the exception of helium over the 
range in which quantum effects are significant. 

Thus from the point of view of melting, the most inter
esting elements are the rare gases and of these the most im
portant are helium and neon, which can achieve the highest 
reduced temperatures and pressures. In a recent paper, Vos 
et al. 6 reported measurements of the melting curve of helium 
up to 240 kbar and 460 K. The p-Tmelting curve of neon has 
been measured by Crawford and Daniels 7 up to 10 kbar and 
a single point at room temperature was obtained by Finger et 
al. 8 The melting curve of argon has been measured to 60 
kbar and 717 K. S 

In this paper we present new measurements of the melt
ing curve for neon up to 54.S kbar and 328 K. These mea
surements are in good agreement with theoretical calcula
tions using intermolecular potentials fitted to the various 
solid and fluid isotherm data. We also show that the ele
ments He, Ne, and Ar obey a corresponding states scaling of 
their melting curves over the classical regime. 

II. EXPERIMENTAL METHOD AND RESULTS 

The experiments were performed in a diamond-anvil 
cell (DAC) described previously.9 The well-known ruby 

pressure scale is used with a pressure coefficient taken as 
0.0366 nmlkbar. 1O Heating was accomplished through an 
electrical coil wound on a cold finger that is connected to a 
copper ring surrounding the cell. 

Two sets of experiments were performed with gaskets 
made of K monel. The temperature dependence of the ruby 
lines was measured at ambient pressure before and after each 
set of experiments and the average was taken. The ruby was 
illuminated with an argon-ion laser (SP-162) at beam pow
ers below 10 mW to prevent heating. We estimate the error 
in the absolute value of the pressure to be about 0.4 kbar, but 
the relative error is much smaller. The gas used was of re
search grade with a purity better than 99.998%. 

The sample space was loaded by mounting the DAC in a 
high-pressure vessel and pressurizing it with neon. The cell 
was closed at a pressure of a few kbar and placed in the main 
frame for further pressurizing the sample. The temperature 
was measured with a calibrated platinum resistance ther
mometer. We estimate the accuracy of the temperature mea
surement to be better than 0.5 K. The temperature range was 
limited because at the time of the experiment, the DAC setup 
was not suitable for temperatures above 330 K. 

The detection method used is quasi-isochoric scan
ning. 11 In this method, the temperature of the DAC is varied 
in steps of about 1 K and the pressure is measured at every 
temperature. We waited 15 min for temperature equilibri
um. In order to check that the equilibrium was obtained, 
some runs were performed with increasing as well as de
creasing temperature. No difference was observed. Al
though we were able to observe the phase equilibrium visual
ly, it was difficult, since there was hardly any difference in 
the refractive index of the solid and fluid phases. They could 
only be distinguished due to the presence of an interface. 
Therefore, all data points were taken with the quasi-iso
choric scanning method. An example of such a scan is shown 
in Fig. 1. At low temperature, the pressure is n.early constant 
in the solid phase. Then, the pressure increases due to melt
ing and, finally, it is again nearly constant in the fluid phase. 
The small jump at 283 K is caused by a slight undercooling, 
since this scan was taken with decreasing temperature. The 
undercooting was always small « 5 K), in contrast to our 
experience with other substances. 
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FIG. 1. A quasi-isochoric p--Tscan across the melting curve of neon. 

Since many data points were obtained, we have listed 
only the midpoints of the transition in Table I for clarity. 
The midpoints are plotted in Fig. 2. It can be seen that they 
are a smooth continuation of the data of Crawford and Dan
iels. 7 The datum of Finger, et al. 8 at 293 K lies about 0.8 
kbar higher than our data, which is within the combined 
error bars of both experiments (0.5 + 0.4 kbar). Our data lie 
close to the extrapolation of the modified Simon-Glatzel 
(SG) equation of Crawford and Daniels7 

p(kbar) = 0.015707 74X [T(K) - 11.685] 1.418 52 

- 0.587 70. ( 1) 

It was not possible to fit a normal SG equation to all data 
including those of Crawford and Daniels within experimen
tal accuracy. This can also be appreciated from the fact that 
an extrapolation of the unmodified SG equation fitted by 
these authors deviates about 2 kbar at our highest experi
mental point. Therefore, we followed the suggestion of 

TABLE I. The melting curve of neon. 

T(K) 

143.3 
177.4 
197.7 
270.6 
273.5 
288.4 
293.5 
294.2 
321.3 
327.9 

p(kbar) 

15.7 
21.8 
25.9 
4t".3 
41.8 
45.4 
46.4 
46.6 
52.8 
54.5 
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FIG. 2. The melting curve of neon. The earlier experimental data are shown 
together with this work. The Simon-Glatzel fit of Eq. (2) is shown as a 
smooth curve. The theoretical predictions from the a = 13.2 and a = 14.66 
exp-6 potentials are shown as points. 

Crawford and Daniels that a normal SG equation fits well at 
reduced pressures p* = pc? / E larger than 15, where a is the 
distance of the zero crossing of the potential. With neon, this 
corresponds to a pressure of about 3 kbar. Indeed, an unmo
dified SG equation can be fitted to all data points at pressures 
above 3 kbar, yielding 

p(kbar) = 0.012 062 X T(K) 1.4587 - 1.478 (2) 

with a standard deviation of 0.3 kbar. This curve is shown in 
Fig. 2. However, it should be observed that at high tempera
tures, a modified SG equation reduces to a normal SG equa
tion, since T becomes much larger than the accompanying 
constant term. 

III. THEORETICAL 

The theoretical calculation of the melting curve of neon 
was performed by the same method previously used in the 
study ofhydrogen3 

, helium4 
, and argon. 5 Here the solid free 

energy is computed as the sum of the quasiharmonic lattice 
dynamics and classical plus quantum anharmonic contribu
tions, and the liquid free energy is computed from the soft
sphere variational theory with a Wigner-Kirkwood quan
tum correction. The intermolecular potential used in the 
calculations is an exponential-six potential 

,per) = e{~xp[a(1 _ ~)] _ _ a (!.'!!-)6} , (3) 
a-6 rm a-6 r 

where E is the well depth, r m is the position of the potential 
minimum, and a is the stiffness parameter. The three adjus
table parameters E, r m' a are fitted to the available experi
mental isotherms.8

,12-14 There are data from three experi-
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FIG. 3. A comparison of experimental solid neon isotherms with theoretical 
predictions. The inset shows the low-pressure region. The units are the same 
in the main graph and in the inset. 

mental solid Ne isotherms: (1) piston cylinder at 4 K to 20 
kbarj l2 (2) DAC at 293 K to 150 kbarj8 and (3) DAC at 
room temperature (293 K) to 1.1 Mbar. 13 In addition, there 
is one fluid isotherm at 298 K to 10 kbar obtained by an 
expansion technique. 14 The experimental isotherms are 
compared with theoretical calculations in Figs. 3 and 4. 

The beost overall fit was obtained with Elk = 42.0 K, 
r m = 3.18 A, and a = 13.2, which is shown in Fig. 3. As can 
be seen, the fit predicts pressures which are too high for the 
low-pressure range and slightly too low for the high-pressure 
range. An accurate fit to low-pressure fluid p- Vand sound-
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FIG. 4. A comparison of experimental liquid neon isotherm with theoreti
cal predictions. 

speed data was given by Kortbeek and Schouten IS with 
dk = 36.486 K, r m = 3.121 A, and a = 14.660. This poten
tial gives a better fit to low-pressure Ne thermodynamic data 
and remains good even up to 250 kbar in the solid state, but 
deviates, as expected for a large value of a, from the highest
pressure isothermal data . 

The melting curves calculated using both potentials are 
compared with experimental data in Fig. 2. It is seen that the 
Kortbeek (a = 14.66) potential gives a better fit to experi
ment at low pressures, but that the overall fit (a = 13.2) is 
better at the higher melting pressures. It is clear from this 
that the accuracy of the predicted melting curves reflects the 
accuracy of the potential fits to the isothermal data. The 
solidus volume Vs has been measured up to 53.5 K and the 
liquidus volume Vf up to 33 K for Ne. 16 The a = 14.660 
potential is clearly better at low pressures. At the triple point 
(T= 24.55 K), the experimentally determined liquid and 
solid volumes l6 are 16.18 and 14.17 cm3 /mol, while the 
a = 14.660 potential yields 16.40 and 13.90 cm3 /mol and 
the a = 13.2 potential 17.71 and 14.77 cm3 /mol. The pre
dictions using the two potentials converge near 200 K. The 
theoretical melting results for the two calculations are listed 
in Tables II and III. 

The availability of high-pressure isotherms and melting 
data for He, Ne, and Ar provide an opportunity for testing 
the theory of corresponding states. The melting curves of 
these elements have now been calculated with exp-6 poten
tials with a varying between 13.0 and 13.2. The constancy of 
the stiffness parameter a indicates that the properties of the 
three elements "correspond." This can be checked by scaling 
the He and Ar data by ratios to bring them onto the Ne 
temperature and pressure scales. For example, the Ar melt
ing pressures and temperatures may be scaled to those ofNe 
by the expressions 

and 

Elr 3(Ne) 
p(Ar-+Ne) = peAr) x __ m __ 

drm 3(Ar) 

T(Ar-+Ne) = T(Ar) X dk(Ne) . 
dk(Ar) 

(4) 

(5) 

TABLE II. Predicted melting curve data for the exponential-six potential 
with a = 13.2 . 

T(K) p(kbar) V, (cm3/mol) Vr (cm3/mol) AS/R 

24.55 - 0.23 14.770 17.709 2.060 
60.0 2.87 12.599 13.608 1.330 

100.0 7.97 11.176 11.863 1.190 
200.0 25.51 9.286 9.731 1.089 
300.0 48.17 8.240 8.592 1.053 
400.0 75.06 7.530 7.827 1.032 
600.0 139.7 6.578 6.813 1.010 
800.0 217.2 5.941 6.139 0.997 

1000.0 306.6 5.469 5.642 0.988 
1500.0 578.0 4.660 4.793 0.971 
2000.0 914.0 4.126 4.235 0.960 
2500.0 1312.0 3.735 3.827 0.951 
3000.0 1772.0 3.430 3.509 0.943 
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TABLE III. Predicted melting curve data for the exponential-six potential 
with a = 14.66. 

T(K) 

24.55 
60.0 

100.0 
200.0 
300.0 

0.041 
3.34 
8.49 

25.44 
46.51 

13.90 
12.036 
10.806 
9.174 
8.265 

16.40 
13.032 
11.504 
9.656 
8.657 

!!.SIR 

2.010 
1.371 
1.219 
1.117 
1.078 

The scaled Ar and He melting curves are compared with the 
Ne data in Fig. 5. The scaled Ar experimental and theoreti
cal melting data coincide with the Ne data, showing that 
these two elements accurately obey a corresponding states 
relationship, at least over the range 0-60 kbar. The He melt
ing data ofVos et al.6 fall only slightly below the Ne and Ar 
data. 

The close agreement between the experimental He and 
theoretical Ar curves in Fig. 5 suggests that the predicted Ar 
melting curve is indeed accurate even at very high pressures 
and temperatures. This is consistent with the fitting of the Ar 
potential to high-pressure solid data to 800 kbar and high
temperature liquid shock-wave measurements to 12 000 K. 5 

IV. CONCLUSIONS 

The quasi-isochoric scanning method was successful in 
measuring the Ne melting curve up to 54.5 kbar. The new 
high-pressure data smoothly join the older data and a sa fit 
is found to be a good representation of the melting curve. 
The high-pressure data now available for He, Ne, and Ar 
provide a useful data set for testing melting theories and the 
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FIG. 5. Neon melting data compared with scaled helium and argon data. 

corresponding-states principle. 
The present theoretical results show that given an accu

rate representation of the rare-gas intermolecular potentials, 
the models of the solid and liquid phases used here are cap
able of predicting accurately the melting curves. The corre
sponding-states results suggest further that the melting
curve calculations may be extended to very high pressures 
and temperatures with confidence. 

Over the past decade, there has been considerable inter
est in the density functional theory (DFT) of melting. While 
this theory is intellectually appealing and has been applied 
successfully to the hard-sphere system, the application to 
real systems has been disappointing. 17 The present method 
of equating free energies accurately determined by well-es
tablished solid and liquid models is more reliable and much 
easier to use than the rigorous DFT with the necessary third
order corrections. 
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