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Understanding the phase behavior and properties of matter at
high-pressure conditions is of fundamental importance for
a great variety of applications!!! ranging from material
science!” to the chemistry and physics of the interior of
planets and stars.*¥ In Earth’s inner core boundary, for
example, pressures well exceed 300 GPa (about 3x10°
atmospheres).’! At these conditions, core and lower mantle
properties (for example, the melting temperature of iron,
a quantity decisive for our planet’s interior structure and
dynamics) have to be inferred by extrapolation from dia-
mond-anvil cell (DAC) experiments.®?) While the great
difficulties of this approach are very well exemplified by
substantial discrepancies in the melting curve of iron above
100 GPa,”! the situation is similar even for most simple
substances such as argon. Freezing to a face-centered cubic
crystal at 83.8 K and ambient pressure, the melting curve of
Ar has been established to follow a Simon law up to a few
gigapascals.* ! Beyond, however, lies a regime where data
sets and extrapolants diverge.'”

Modern computational chemistry enables a strategy dif-
ferent from extrapolation. Given a model of intermolecular
forces accurate and consistent over the relevant range of
compression, high-pressure phases can be simulated directly.
Herein we report the melting curve of argon predicted from
ab initio Monte Carlo simulations of the fcc crystal and liquid
phases. Employing accurate analytic many-body potentials
derived from rigorous relativistic electronic structure calcu-
lations, we observe corresponding-state behavior, that is,
a Simon law, up to 100 GPa in quantitative agreement with
a 2008 meta-analysis.”) As shown in Figure 1, our simulations
exceed the highest pressure experimentally achieved for
melting argon.

Modern DACs routinely achieve pressures in the giga-
pascal range, but accurate observation of high-pressure
melting remains extremely challenging. Broadly speaking,
problems can be classified in two categories: arising from the
difficulties to unambiguously identify melting of the sample,
and from the intricacies of temperature (and pressure)
measurement. First, although structural changes in samples
are readily observed, laser speckle methods™®!'!l cannot
reveal the nature of such changes. X-ray diffraction pat-
terns® probe for a periodic bulk structure only. Premelting
phenomena, which are amplified by shear stress in the
DAC!™** and use of pressure media,** further complicate
the situation. Second, temperature is usually measured by
fitting the sample spectral irradiance to a Planck law,*' often
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Figure 1. Melting temperature T, (P) of argon as a function of pressure
P up to 100 GPa. The ab initio melting curve reported herein is drawn
as solid black line; a gray band represents the estimated uncertainty of
+2.6%. The dashed black line is the melting curve obtained from the
pairwise-additive approximation (omitting many-body effects).

involving ad-hoc simplifications regarding the variability of
sample emissivity with wavelength, temperature, pressure,
and surface quality. Inaccuracies in temperature can easily
propagate to errors in pressure if optical pressure sensors are
used.™ Last but not least, high-pressure challenges chemical
intuition."” Not only may samples form carbides with the
actual diamond anvil at high temperatures and pressur-
es;P*1% near 25 GPa, tantalum, for example, even reacts with
argon!® Given these factors, the difficulties in measuring
high-pressure melting curves can hardly be understated.

Simulations of the melting transition face a different set of
problems. Thermodynamic integration requires anchors to
somewhat artificial reference states and stable, reversible
connecting paths.'® Molecular dynamics (MD) simulations of
periodic systems suffer from large hysteresis effects and
superheat to temperatures 7 > T,, in the absence of free
surfaces.' A class of “void methods” nucleates melt at lattice
defects to avoid superheating,!'® but generating the defective
initial configurations is generally unsystematic. Lastly, the
solid-liquid interface can be modeled explicitly,™*! but this
approach is computationally very demanding.

Herein we choose a different approach and infer the
melting temperature T, by considering the superheated solid
state. Within a parallel-tempering Monte Carlo framework,!”)
we perform constant-pressure simulations of a supercell of
256 Ar atoms for a range of temperatures from below T, to
beyond the solid-liquid transition temperature. As we employ
periodic boundary conditions, the solid superheats to temper-
atures 7> T, before structural collapse occurs at the “critical
superheating temperature” T" well above T,,. We observe this
transition as a distinct, sharp maximum in the heat capacity Cp
as shown in Figure 2. Judged by the pair distribution function
g(r;P,T), this maximum coincides with the breakdown of long-
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Figure 2. Top: Temperature dependence of the molar isobaric heat
capacity Cp of argon at 10 GPa. Also shown are snapshots of
configurations of the Ar,ss supercell below and above homogeneous
melting at critical superheating at T =1254 K. Bottom: Corresponding
pair distribution function g(r;P,T) between 913 and 1711 K. Near T*,
the fcc lattice breaks down to form a disordered fluid. The van-der-
Waals radius o and well minimum distance r, of the pair potential are
indicated.

range order and can thus be interpreted as latent heat of
homogeneous, that is, defect-free melting. Superheating and
homogeneous melting has been observed in shock heating
experiments!’? and MD simulations."’*¢!%! Moreover,
a microcanonical analysis!'’ suggests to relate the temper-
atures of melting and the solid-liquid transition at critical
superheating via Equation (1):

limp_ . T*/T,, =1+1n2'? (1)

Herein we use this connection to obtain the melting
temperature T, ~ T*/1.231 directly from the critical super-
heating temperature 7°. Although approximate in nature,!”
Equation (1) turns out to be of remarkable accuracy across
a wide range of pressures.

From simulations up to pressures of 100 GPa, we obtain
a smooth Kechin form:?"

T,.(P) = (80.4K)(P/0.201 GPa + 1)"/"*2 exp(~0.634kPa™' P)  (2)

with an estimated uncertainty of +£2.6% in T, At standard
atmospheric pressure, Equation (1) is expected to be least-
accurate. Yet we compute a bulk melting temperature of
80.4 +2.1 K, which is only slightly smaller than the NIST-
recommended value™ of 83.3 +0.3 K. Similar simulations of
finite Ary clusters provided an estimate of 86.3-87.0 K.**!
With rising pressure, our ab initio melting curve is in excellent
agreement with the measurements of Datchi et al.”! A bias of
the most recent DAC experiments!'” towards higher melting
temperatures becomes apparent at elevated pressures. At and
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above 40 GPa, our ab initio melting curve agrees with the
high-pressure data set of Jephcoat and Besedin,'"! but is at
variance with the observations of Boehler et al.l’! The small
Kechin exponent of only 0.634 x 107 GPa™' effectively ren-
ders our ab initio melting curve a Simon law on the gigapascal
scale. In fact, the deviations from corresponding-state behav-
ior as observed by Boehler et al.¥l have been suggested to be
an experimental artefact.['!

As shown in Figure 1, our ab initio melting curve agrees
with the smooth fit of Ferreira’s and Lobo’s meta-analysis!”’
over the entire pressure and temperature range. For example,
at 100 GPa, we compute T, to 4409+ 132 K; Ferreira and
Lobo extrapolate to 4357 to 4451 K.! It cannot be overstated
that here we do not achieve this level of agreement from
extrapolation of sufficiently accurate low-pressure data, but
from interpolation of high-pressure melting temperatures
simulated directly.

The interaction of noble gas atoms is usually described by
a Lennard-Jones potential, @,(r)=4e[(o/r)>—(0/r)?], with
well depth ¢ and van-der-Waals radius o. In contrast, we
attribute the success of our approach to the accuracy of the
ab initio many-body potentials employed,***! obtained from
highly accurate potential surfaces through relativistic wave-
function-based electronic structure calculations. No empirical
parameters enter these calculations. Simulation of high-
pressure melting illustrates both the requirements on the
interaction model as well as the predictive power of such an
ab initio approach. Clearly, as seen in Figure 1 for the melting
curve obtained by omitting the many-body potentials, many-
body effects are crucial for a quantitative picture even at
relatively moderate pressures. The importance of an accurate
repulsive branch r < o of the pair potential is even greater and
can be illustrated as follows: at 100 GPa and 4000 K, we find
a mean fcc lattice constant of 7.037a, as compared to the
(zero-temperature) minimum-energy value of 10.024 a,. This
corresponds to an almost three-fold compression in volume.
Integration over the pair distribution function g(r;P,T) up to
the van-der-Waals radius of the pair potential, 0 =6.345a,,
yields an average of more than 12 atoms within the repulsive
domain. Consequently, “squeezing out van-der-Waals space”
does require particular attention to the short-range, strongly
repelling interaction components.”! Using a Lennard-Jones
potential with its only qualitatively correct, repulsive 1/r'
term, we obtain a 100 GPa melting temperature of well over
7000 K.

Given the excellent agreement with a number of exper-
imental data sets for low to moderate pressures as well as the
first-principle, parameter-free nature of our interaction
model, we believe that our ab initio melting curve of argon
is quantitatively correct up to 100 GPa. We expect our
simulation procedure to be further refined by inferring the
melting temperature more rigorously and accurately than via
Equation (1), particularly near standard atmospheric pres-
sures, and by melting from hexagonal close-packed® and
body-centered cubic phases.'?*®! However, we do not expect
the hep and bee melting curves to be appreciably different.'??
Yet we feel that a definite prediction of solid-liquid coex-
istence must not be in ignorance of the solid phase behavior
across the pressure range of interest. The high-pressure phase
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diagram of argon (especially the precise location of a fcc—hcp-
liquid or fcc—bee-liquid triple point, if it exists) 1%*] remains
highly controversial.

In conclusion, having demonstrated that first-principle
computational chemistry can indeed challenge diamond-anvil
experiments of high-pressure melting, we acknowledge that
the case of argon is arguably the most simple. The lighter
noble gases, neon and helium, are difficult to near impossible
to be described by classical dynamics; the better part of the
remaining Periodic Table is made from electron-deficient
elements, forming strongly interacting semiconducting or
metallic bulk phases with rich phase diagrams. Although some
progress has been made, for the noble gases™* as well as for
mercury,® the real challenges for computational chemistry
still lie ahead.

Methods

We employ a parallel-tempering Monte Carlo scheme!' to sample
from isobaric-isothermal ensembles with periodic boundary condi-
tions,[" effectively allowing the supercell volume to fluctuate at
constant pressure and temperature. Typical production simulations
propagate 32 trajectories of Ar,s at temperatures geometrically
distributed over an interval including T, and T*. We use a many-body
decomposition of the total interaction energy truncated after the
three-body contributions @;, applying the minimum image conven-
tion and a spherical cut-off of 12.5a,, less than half the supercell
length at the largest compression achieved. We employ Patkowski’s
and Szalewicz’s pair potential®! with standard long-range correc-
tions!"® and our ab initio three-body potential™! for @;. The extended
Axilrod-Teller-Muto form of ¢; has been shown to perform
excellently for solid neon up to high pressures and temperatures.”"!
We obtained smooth Cp(7T) curves by accumulating histograms of the
isobaric-isothermal Boltzmann distributions and subsequent re-
weighting;®!! T* is taken as maximizer of C» Equation (2) has been
obtained from fitting to simulations at 1 bar and 1, 5, 10, 50, and
100 GPa. Our error estimate of +2.6% in T, is a two-standard
deviation over four statistically independent simulations. Within this
accuracy, our simulation procedure is robust with respect to the
number of equilibration and sampling cycles, interaction cut-off, and
supercell size.
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