VIEWPOINT

Hydrogen Hides Surprises at High
Pressure
Measurements of the melting curve of hydrogen at unprecedentedly high pressures call for a
refinement of the theories describing the material.
by Peter M. Celliers∗ and Jon H. Eggert†
ydrogen is the most abundant element in the Universe, comprising about 75% of visible matter.
Under ambient conditions on Earth, hydrogen is
a diatomic gas. But its behavior at high pressures and temperatures may be dramatically different. For
example, some extra-solar gas-giant planets may conceivably have a mantle of frozen hydrogen floating on a core
of liquid hydrogen. And extremely high pressures, according to a 1935 prediction, could turn hydrogen into a metal
[1] in which quantum effects may lead to superconductivity [2]. Experimental efforts, spanning decades, have aimed
at characterizing hydrogen’s phase diagram under extreme
conditions, but large uncertainties have remained.
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Now, Chang-sheng Zha at the Carnegie Institution of
Washington and co-workers [3] have carried out highprecision measurements of the melting curve of hydrogen,
which traces the melting temperature of solid hydrogen as
a function of pressure. Measuring such a curve in a range
of pressures extending up to 300 GPa, they found that it
is substantially lower and has a different slope than what’s
predicted by virtually all existing theoretical models. The
findings thus call for a significant revision of our theories
describing hydrogen under extreme conditions.
Previous research raised critical questions about the melting curve of hydrogen. Beginning in 2000, experiments
began to suggest that the melting temperature of hydrogen
reaches a maximum of ∼ 900 K at around 100 GPa [4–9]
and then decreases as the pressure is further increased. That
is, the melting curve has a negative slope. Such a behavior is unusual: For most materials, the melting temperature
increases with pressure [10]. Based on thermodynamic arguments, a positive slope of the melting curve implies that
solids sink in their melts. A melting curve with a negative
slope tends to be associated with anomalous behavior, of
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Figure 1: Zha et al. [3] have carried out high-precision
measurements of the melting curve of hydrogen (red solid circles),
covering a range of pressures extending up to 300 GPa. Earlier
experiments (gray open symbols) could not precisely characterize
hydrogen’s melting curve in this pressure range. The new results
differ substantially from existing theoretical models (shown in gray,
red, and blue lines) [3]. (Adapted from Ref. [3] by APS/Alan
Stonebraker)

which water is the most common example. The negative
slope of water’s melting curve (caused by the pressureinduced suppression of hydrogen bonding) is related to the
fact that ice is less dense than liquid water and floats on
it. Could hydrogen exhibit similar behavior? Unfortunately,
because of the challenges involved with high-pressure melting measurements, the data from the early experiments were
too noisy and did not cover a sufficiently large pressure
range to precisely characterize the negative slope of hydrogen’s melting curve.
High-pressure studies of hydrogen typically employ a diamond anvil cell (DAC) made of two diamonds holding
a few-micrometer-thick gasket containing a tiny sample of
hydrogen. The pressure on the sample can be raised up
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to hundreds of GPa by pushing the tips of the diamonds
against each other. In such a setup, researchers can heat the
samples using either resistive heating or high-power laser
beams and probe them with visible or x-ray light that passes
through the transparent diamonds.
Confining samples at high temperatures, however, is challenging because hydrogen becomes reactive and mobile,
diffusing into the diamonds and the gasket. This can lead to
sample loss and diamond anvil breakage. Because of these
problems, early studies of melting using resistive heating
were limited in both pressure and temperature. Laser-based
techniques overcame these challenges by using laser pulses
to rapidly heat a metallic absorber in contact with the hydrogen sample. This optimizes the heating geometry and
minimizes the time over which the hot hydrogen remains in
contact with the anvils and gasket. However, the data from
these experiments are difficult to analyze, mostly because
laser heating leads to nonuniform temperature distributions
that are hard to control and account for. Moreover, above 60
GPa, the melting point is difficult to identify because the signals typically used to reveal the melting transition, such as
shifts in intramolecular vibrational frequencies and changes
in the refractive index, are small and hard to detect.
Zha and co-workers bypassed many of the issues associated with laser heating by refining the older resistive-heating
approach. They achieved more accurate measurements with
an improved DAC design that provided better thermal isolation of the sample from the cell; careful repolishing of the
anvil surface to eliminate microscopic defects; and the use
of a tungsten gasket to limit hydrogen diffusion. To unambiguously detect the onset of melting, they deployed Raman
spectroscopy, which can measure both internal vibrations of
the H2 molecules (vibron modes) and vibrational modes associated with the collective motion of the solid lattice (lattice
modes). As the temperature was raised, melting was clearly
indicated by the disappearance of the lattice modes. These
advances allowed the authors to carry out an accurate determination of the melting curve between 20 and 300 GPa.
Below 140 GPa, the data, while less noisy, are in agreement
with previous measurements. However, in the 140–300 GPa
range, where few data points from previous experiments are
available, the melting line obtained by Zha et al. does not
match any of the recent theoretical predictions (see Fig. 1).
The peak temperature of the melting curve is lower than
predicted, and the slope of the curve, while negative as expected, is smaller than theorists had calculated. The data
also show that the melting line’s slope changes near 140 GPa.
This slope change usually indicates a triple point—a point
where the melt coexists with two different solid or liquid
phases. The researchers found other supporting evidence
for such a triple point, which was unexpected. Specifically,
the frequency and width of the vibron mode have a discontinuous shift around 135 GPa. A similar discontinuity at
230 GPa may point to another unexpected phase change at
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higher pressure.
While these findings are surprising, the discrepancies with
theory can be explained by the limitations and assumptions
of current theoretical tools. An accurate theoretical description of melting must capture the structure and thermodynamics of both the solid and the liquid phase. Typically,
researchers model such quantities using methods based on
density-functional theory (DFT), whose accuracy is sensitive to the parameters chosen to approximate the so-called
exchange-correlation functional. Such parameters are usually constrained by experimental data [11], which, prior to
this study, were too scarce in this part of the phase diagram.
What’s more, DFT methods cannot account for quantum effects associated with the ions’ zero-point motion—the residual motion in a particle’s lowest allowed energy state. The
new data will thus be essential to guide the refinement of
theories that describe hydrogen under extreme conditions.
An intriguing additional result of Zha et al.’s experiment
is the observation of a new high-temperature vibron mode
at 300 GPa, appearing at temperatures above 373 K. Theoretical analysis indicates that this mode may be consistent
with a metallic form of hydrogen. Could such a phase be
the recently reported, lower-temperature metallic phase of
hydrogen [12], and possibly be associated with superconductivity or superfluidity? Answering this question will
require additional measurements of the optical and electrical conductivity under these conditions.
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