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Metallic hydrogen is expected to exhibit remarkable physics. However, the pressures at which it is expected
to be stable are extremely high relative to current experimental capabilities (static conditions). For practical
(and terrestrial) significance, a key question is therefore whether it is metastable. In this work, this possibility
is investigated, using first-principles calculations. Particular attention is given to the atomic body-centered
tetragonal structures, predicted as being representative of the lowest-pressure stable metallic phase. The results
show that, of these, the Cs-IV structure is metastable upon decompression, from molecular dissociation (expected
to occur just below 500 GPa) to approximately 250 GPa. Results for structure prediction for metallic phases at
lower pressures are also presented. Together, these results suggest that below 200 GPa, metallic hydrogen has no
region of stability. All of the approximations used in the calculations are considered, and they are not expected
to qualitatively affect the results. Atomic metallic hydrogen is therefore expected to have a (pressure) region of
metastability, but the results strongly suggest that the metallic phase (more generally) is not so to zero pressure.
These results are expected to provide important information for experiments.
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I. INTRODUCTION

In 1935, Wigner and Huntington predicted [1] that suffi-
cient pressure would dissociate hydrogen molecules, and that
any Bravais lattice of such atoms would be metallic. (Al-
ternative metallization scenarios will be considered below.)
The problem of metallic hydrogen has received considerable
attention, as reviewed in Ref. [2]. Initial interest was pri-
marily related to astrophysical problems [3]. Subsequently
(and more recently), there has been significant interest in
it at relatively low temperatures. This can be attributed to
the remarkable properties that are expected. This includes,
for example, high-temperature superconductivity [4,5]. The
possibility of a zero-temperature liquid ground-state has also
been suggested [6]. In this case, hydrogen may have quantum
ordered states that represent novel types of quantum fluids
[7]. Applications of the (expected) remarkable physics could
revolutionize several fields. Possible scientific investigations
and technological uses (of metastable solid metallic hydrogen,
in particular) have been speculated on in Refs. [8,9].

The pressures required to dissociate hydrogen molecules
are expected to be significant [447(3) GPa according to com-
putation [10], consistent with experiment that shows [11] at
least above 440 GPa, possibly near 495 GPa [12]]. Particularly
important for practical (and terrestrial) significance is there-
fore whether metallic hydrogen is metastable. This problem
was noted by even by Wigner and Huntington [1]. It was not
until the 1970s, however, that it would be considered in detail.

The possibility of metastable metallic hydrogen was sug-
gested and most fully considered in 1972 [13,14]. (For
references to earlier studies, see Ref. [15].) However, an im-
proved analysis in 1977 [16] disagreed with these [13] results.
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Solid metallic hydrogen was soon after considered (by one of
the earlier [13] authors) in Ref. [17], again with expectations
of a metastable phase. However, somewhat different results
were again obtained by others [18] (the cause of which is dif-
ficult to judge with certainty). Note that, around the same time,
a possible zero-temperature liquid ground-state was also stud-
ied [6]. A further analysis [19] concluded that the possibility
of such a phase near the metastable zero-pressure point could
not be ruled out (conjectured on earlier, in Ref. [13]). Herein,
only the possibility of a solid phase will be considered.

The theoretical capabilities available limited early calcula-
tions (such as those discussed above) to perturbation theory,
incomplete treatment of exchange and correlation effects,
and/or consideration of only select (e.g., one- and a few
two-atom) crystal lattices. While some justifications were
given for both perturbation theory [20] and the approximation
of the electron—electron interaction [21], the disagreements
(discussed above) call into question the actual uncertainties
involved.

Theoretical capabilities have significantly progressed over
time. The properties of hydrogen can now be accurately
calculated from first principles [2], and crystal-structure pre-
diction plays an important role in materials discovery [22].
Reference [23], for example, confirmed the main part of
the results in Ref. [13], using density-functional theory [24].
This includes a minimum on the curve of total energy as a
function of volume near ambient pressure, with monoatomic
metallic hydrogen having a tendency towards crystallization
(at this point) in highly anisotropic structures, and stability
with respect to long-wavelength density disturbances at both
this and higher pressures. The problem of metastable metallic
hydrogen was also considered more recently in Ref. [25]. The
energetic stability of a set of candidate structures consisting
of (relatively-)recently proposed [25-28] ground-state and
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low-lying metastable phases of dense hydrogen at zero pres-
sure was studied, including their relationship (transition paths
and the associated energy barriers) to the molecular phase.
The results of this work are discussed in context below. The
answer to the question of whether or not the metastable phase
exists still remains to be answered in full.

The answer to this question presupposes a solution to
a series of interrelated problems. (1) Determination of the
minimum-energy crystal structure(s). This includes proof that
they lie at stationary points (with respect to all parameters).
(2) Proof of lattice stabilities. This includes with respect to
both homogeneous and all other infinitesimal deformations.
(3) Analysis of the relationship between the ground- and
metastable-state structure(s) (assuming that such exist), and
to the molecular phase. This includes an analysis of the pro-
cesses that are undergone during transitions between them,
and also when the pressure is removed. (4) Determination
of the lifetime. This includes stability with respect to both
quantum and thermal fluctuations.

In this paper, the possibility of metastable metallic hy-
drogen is investigated, using first-principles calculations. The
answer to the question of whether or not this phase exists is
answered in full, including both at relatively low (to zero)
pressures and higher. All approximations used in the calcu-
lations are considered.

The remainder of this paper is outlined as follows. A de-
scription of the methods used is presented next. Then are
the results. Particular focus is given to problems (1) and (2)
(discussed above), and problem (3) is indirectly considered. A
discussion follows. This includes a thorough consideration to
problem (4). Conclusions and an outlook end this discussion.
Reference [29] (see, also, Refs. [30—41] therein) accompanies
this work.

II. METHODS

A. Electronic-structure calculations

All calculations were performed using the QUANTUM
ESPRESSO (QE) density-functional theory [24] (see Ref. [29],
Sec. II C 1 for a justification for this approximation) code
[42]. The pseudopotential approximation (for a justification
for this, see Ref. [28]) based on the projector augmented-wave
method [43] was used [44] to replace the bare Coulomb poten-
tial of the protons. The Perdew—Burke—Ernzerhof generalized
gradient approximation exchange—correlation functional [45]
was used. QE is based on a plane-wave basis set, and
kinetic-energy cutoffs of 57.5 Ry for the wave function and
345.5 Ry for charge density and potential were used. For
Brillouin-zone sampling, at least 32x32x32 (unshifted)
wave-vector k points were used. (See Ref. [29], Sec. II D 1 for
a further discussion of convergence.) The smearing scheme
of Methfessel-Paxton [46] was used for Brillouin-zone inte-
grations, with a smearing width of 0.02 Ry. These choices
give a total convergence, in energy, for example, to better than
0.5 meV /proton.

B. Geometry optimizations

Stationary points of structures were found by perform-
ing constant-pressure geometry optimizations. These were

done using the Broyden-Fletcher—Goldfarb—Shanno algo-
rithm [47], as implemented within QE. Energies, forces, and
pressures were converged to 107> Ry, 10~* Ry/a.u., and
0.5 kbar, respectively.

C. Structure prediction

Searches for stable structures of metallic hydrogen were
performed using ab initio random structure searching [48].
This is a robust approach that has been used previously to
find structures of both molecular [27,49,50] and atomic [28]
hydrogen that are consistent with experiment.

Calculations were performed using electronic-structure
calculations and geometry optimizations, as described above.
For the former, the basis-set cutoffs were reduced to 46
and 221 Ry, respectively, and the Brillouin-zone sampling to
8x 8x 8 (shifted) k points. For the latter, the energy and force
convergence-criteria were relaxed by an order of magnitude.
These values are (essentially) the default ones, capable of
generating candidate structures for further analysis.

Random structures were constructed by first generating
random primitive (lattice) vectors, renormalizing the volume
(to the expected average), and then generating random proton
configurations. Searches were done over unit cells containing
1 to 10 atoms. Geometry optimizations (at zero pressure)
were performed. For each unit-cell size, 1000 trials were
considered. The symmetries of the (relaxed) structures were
determined using the FINDSYM program [51].

D. Lattice stabilities

Phonons were calculated using density-functional per-
turbation theory, as implemented within QE. (Section IV
provides a justification for the harmonic approximation, and
discusses the possible influence of nuclear quantum motion
on the calculated results.) Each (phonon) density of states
F (w) was calculated from the minimum to maximum phonon
energies, in steps of 1 cm~!. Grids of phonon wave vectors q
at least as dense as 4x4 x4 were used for these calculations.
(See Ref. [29], Sec. II D 2 for a discussion of convergence.)

III. RESULTS

It is unclear whether the first (lowest-pressure) metallic
phase (and as a good metal) of hydrogen will be molecular or
atomic. It was initially thought [1] that metallization of hydro-
gen would occur by molecular dissociation. Later calculations
[52] suggested that this may instead occur at lower pressures
(in the molecular phase). Neither scenario is yet agreed on as
correct.

Experiments suggest [53], however, that if the indirect
band gap closes, initially insulating and then semiconduct-
ing molecular hydrogen will first transform to a semimetal.
This suggestion appears consistent with behavior seen in
recent experimental measurements [11] of the temperature
dependence of the electrical conductivity above 350-360 GPa;
though, infrared (IR) spectroscopy measurements [54] suggest
a transition to a phase (called H,-PRE) near this pressure,
with reflected and transmitted light indicating that it is most
likely semiconducting. Other recent measurements [55] show
a discontinuous change to zero in the integrated transmitted
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FIG. 1. Body-centered tetragonal (BCT) structure (I4,/amd
space group) of atomic metallic hydrogen. Shown is a 2x2 x2 super-
cell. Note the tetragonal coordination of the atoms (the lower central
atom is highlighted). (Fictitious bonds are shown for clarity.) Note
also the square base (axa) and unequal height (¢ # a).

intensity over the IR range near 425 GPa (a result confirmed
by Ref. [54]). While this is a necessary condition for the
infrared observation of metal hydrogen though, it is not defini-
tive evidence (see the discussion in both Refs. [54,55]). Note
that if a semimetallic phase is confirmed (e.g., through ad-
ditional measurements), depending on the structure, such a
phase may not be a conventional semimetal [56]. Altogether,
it is still unclear whether molecular hydrogen will become a
good metal, prior to dissociation. Note that this discussion
does not include suggestions of (semi)metallization in rela-
tion to phases discovered at higher [e.g., room [57] (see also
Ref. [58]) and above [59]] temperatures.

There is little doubt that metallization will occur with
enough pressure though. And, as mentioned above, it has
been shown [1] that any Bravais lattice of hydrogen atoms
will be metallic. In considering metastable metallic hydrogen,
it therefore seems most reasonable to consider atomic and
mixed atomic—molecular structures.

A. Body-centered tetragonal structures

The most promising candidate structures for metastable
metallic hydrogen (at least at higher pressures) are the
most stable ones just above molecular dissociation. While
these are not known experimentally, first-principles calcu-
lations [28] suggest that they can be represented by a
body-centered tetragonal (BCT) structure (possibly including
lower-symmetry distortions [25]), as shown in Fig. 1.

In the BCT representation, there are five structures of note
(in atomic hydrogen), defined by the axial ratio c¢/a; three of
these have been considered before, those of -Sn (¢/a < 1),
diamond (c/a = ﬁ), and Cs-IV (¢/a > 1), and the other
two have ¢/a <« 1 and > 1. Their structural parameters are
reported in Ref. [29], Sec. I A 1. An analysis of (only) these

200 . , : , : , : , :

_
=
S ______
©
5 T '
-100 —
) b a
£ ]
N’
;‘.;f -200 —
g 6—o cla<<1 J
E =—a 3-Sn
-300 &% diamond 1
-- Cs-IV J
LA /g >> 1
-400 : : -
L 1 L 1 L 1 L 1 L
0 100 200 300 400 500
P (GPa)

FIG. 2. Phase diagram (at 0 K) of the BCT structures, below
molecular dissociation. Enthalpies (static) AHgy. [defined in a term
of Eguic in Eq. (1)] are shown relative to Cs-IV as a function of
pressure P (calculated every 50 GPa). Three (qualitative) regions of
stability are separated by dotted lines and labeled a, b, and c. Up
and down arrows are used to indicate where the 8-Sn and c/a < 1
structures, respectively, become the most stable. The latter arrow also
points to where the $-Sn, diamond, and Cs-IV structures become
degenerate in enthalpy.

structures reveals several general qualitative features about
metastable metallic hydrogen.

Consider the phase diagram (at 0 K) below molecular
dissociation, shown in Fig. 2. The pressure range can be
(qualitatively) divided into three regions.

(a) >300 GPa: the relative enthalpies of most of the struc-
tures remain relatively flat. The only exception to this is the
diamond structure (discussed in more detail below).

(b) 200-300 GPa: the enthalpies of the 8-Sn, diamond, and
Cs-1V structures become nearly degenerate, whereas those
with c/a < 1 and > 1 begin to decrease and increase, respec-
tively.

(c) <200 GPa: the B-Sn, diamond, and Cs-IV structures
become degenerate (precisely at 100 GPa), whereas those with
c/a < 1 and > 1 sharply decrease and increase, respectively.

This division is supported by the results of additional cal-
culations, presented and discussed below and in Ref. [29],
Sec.IB 1.

Additional insight (including into Fig. 2) is obtained by
considering the energy of the BCT structure over the entire
range of c/a, shown in Fig. 3.

As will be supported by the results of additional calcula-
tions (below), there are two especially important points that
are suggested by these results.

(1) There is a collapse of energy barriers in the potential-
energy surface (PES) of (atomic) metallic hydrogen, between
300 and 200 GPa. Consider the diamond structure. At rela-
tively high pressures, this structure forms an energy barrier
(a maximum) between those of 8-Sn and Cs-IV. Figure 2
shows that its relative enthalpy decreases continuously with
decreasing pressure. Between 300 and 200 GPa, its relative
energy decreases appreciably. By 100 GPa, it has collapsed
completely, leaving only a single minimum in this region of
c/a (%«/5). Note in Fig. 2 that the 8-Sn, diamond, and Cs-IV
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FIG. 3. Energies (static) E.g. [defined in Eq. (1)] of the BCT
structure as a function of the axial ratio ¢/a (calculated every 0.05).
A dotted line is used to indicate ¢/a = 0. Fixed volumes are shown,
calculated by the average of each structure at the pressure indicated
in parentheses. The ¢/a < 1, B-Sn (c¢/a < 1), diamond (c/a = V2),
Cs-1V (¢/a > 1), and c¢/a >> 1 structures are indicated with arrows
(in order of increasing c¢/a) at 500 GPa.

structures become degenerate in enthalpy at this pressure.
The stability of the diamond structure is further discussed in
Ref. [29], Sec. IC 1.

(2) There is a tendency towards the formation of molecules,
below 200 GPa. Consider the structures with ¢/a < 1 and
> 1. The sharp increases in energy as ¢/a — 0 and — oo
are due to the Coulomb repulsion between protons (in the
primitive cell and its images) that approach each other (as-
suming a homogeneous negative background). In the present
case (i.e., considering only the primitive cell), this leads to
one-dimensional chains of protons along c or a, respectively.
Considering only two protons (one in the primitive cell and a
single image) though suggests that the energy minima prior to
the sharp increases may be a result of a tendency towards the
formation of molecules. Note the sharp decrease in energy of
the ¢/a <« 1 structure, and the nearest-neighbor distance (at
zero pressure) of 0.9900 A. This suggestion is confirmed by
considering supercells (in which such molecule formation can
occur) of analogous atomic structures (Sec. III B), which are
found to relax to (completely) molecular ones (these results
are presented and discussed in Ref. [29], Sec. I C 2).

The ability of atoms to approach each other is the result
of the collapse of atomic energy barriers (discussed above).
While this occurs, so does a hardening of molecular ones.
Note the relative heights (and their trends with pressure) of the
maxima separating the c/a < 1 and >> 1 structures from the
atomic (c/a ~ +/2) region. These results are consistent with
those [25] for a set of phases of dense hydrogen (including
Cs-IV) in the limit of zero pressure, that there is no transition
barrier that can be detected along the transformation path to
diatomic molecular structures.

B. Structure prediction

While the BCT structures (discussed above) are the most
promising candidates for metastable metallic hydrogen at

pressures near molecular dissociation, there is no guarantee
that they are representative of those (potentially) so at lower
pressures.

Consider the lattice energy Ejgice of metallic hydrogen; in
the adiabatic approximation (for a justification for this, see
Ref. [29], Sec. 11 C 3):

Elattice = Estatic + EVibv (1)

where Egyc is the static (electronic ground-state energy, with
a fixed lattice) contribution and Ey;, is that resulting from
atomic vibrations. In metallic hydrogen (and unlike ordinary
metals), Eg,ic favors anisotropic structures; see Ref. [13] for a
discussion of this. E,j,, however, favors symmetric ones. The
subtle (and important) details of these terms, including their
relative magnitudes, depend on the pressure. At low pressures,
Elatice 18 determined largely by Egic. The relative magnitude
of E, is small, and it varies smoothly with changing ion
configuration (i.e., it depends little on the structure) [13]. (This
is verified in Ref. [29], Sec. I B 4, for the most stable atomic
structures considered below.) It is with increasing pressure
that Ey;, becomes (especially) important [28].

Searches were performed for metallic (atomic and mixed
atomic-molecular) structure(s) with the lowest values of Eic
at zero pressure. These revealed several candidate structures.
An analysis of the most stable ones over the entire pressure
range further supports the results above; details are provided
in Ref. [29], Sec. I B 1. For this discussion, it is relatively low
pressures that are of main interest.

Below 200 GPa, the structures found show a tendency
towards the formation of molecules. This is consistent with
Point (2), as suggested by Fig. 2 (discussed above). It is sup-
ported though by a detailed analysis (below) of the structures
themselves.

In searches with more than a few atoms, mostly molec-
ular or mixed atomic-molecular structures were found. In
addition, for the latter, as the number of atoms in the search
increased, a greater proportion of molecules to atoms were
found. This trend is also reflected in the relative enthalpies,
presented in Ref. [29], Sec. I B 1. That this trend occurs
indicates that such structures may not be at stable stationary
points.

The results above suggest that any metastable structure(s)
of metallic hydrogen are (completely) atomic. Such were
found in searches with a few or less atoms. The most stable
(and nearly degenerate in energy) ones are shown in Fig. 4.
Note that they are all very similar in their symmetries.

The tendency towards the formation of molecules can be
seen, even in these structures. Note the close proximity of
atoms (into the page), which is approximately 0.9914 A. This
is analogous to the results for the BCT c/a <« 1 structure
(discussed above). This also indicates that these structures
may not be at stable stationary points (confirmed, in results
presented below). Further results and discussion are provided
in Ref. [29], Sec. I B 3.

C. Lattice stabilities

A crystal lattice is stable if, for infinitesimal deformations,
atoms return to their assumed equilibrium positions. By solv-
ing the equations of motion for the normal modes of vibration,
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FIG. 4. Most stable candidate structures of metastable (atomic) metallic hydrogen, at zero pressure. Shown are 2x2x2 supercells. Their

space groups are specified in the subcaptions.

this is equivalent to the condition that their frequencies w
satisfy:

w;i(q,5)* =0

for all phonon branches j, where q is the wave vector and s is
a label denoting the polarization [60]. (In other words, they are
real; for an imaginary frequency means that the system, sub-
ject to a small displacement, will disrupt exponentially with
time.) This includes both homogeneous deformations (elastic
stability), described by long-wavelength (q — 0) phonons,
and all other infinitesimal ones (dynamical stability). The
stabilities were determined by calculating the phonon density
of states F'(w) over all @ (along both the real and imaginary
axes), for each structure.

Consider first the BCT structures; Fig. 5 shows the F(w)
of Cs-IV. Note that all other such structures are unstable; see
Ref. [29], Sec. I C 1, for results and a discussion about 8-Sn.

Figure 5(a) shows the F'(w) for pressures from 500 (down)
to 250 GPa. The absence of imaginary frequencies proves
stability (at least to approximately these pressures). Consider
also the (qualitative) changes in the spectra. Down to 350 GPa,
they (mostly) retain their shape, with frequencies simply shift-
ing to lower values. Such a behavior is expected for a structure
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g
s 0.003 —
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(=7
My
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-1
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(a) stable

that remains qualitatively the same (in terms of its underlying
PES). However, by 250 GPa, while there continues to be a
shift to lower frequencies, differences become apparent.

Figure 5(b) shows the F(w) for pressures below 250 GPa.
By 200 GPa, a small instability appears, which increases with
decreasing pressure. However, the spectra remain (qualita-
tively) similar (at least until zero pressure). This behavior,
along with that seen in Fig. 5(a) (discussed above), is consis-
tent with a transition region between 300 and 200 GPa, where
the underlying PES of hydrogen changes significantly.

Phonon dispersion relations and elastic constants of Cs-IV
near the (pressure) limit of metastability (250 and 200 GPa)
are presented and discussed in Ref. [29], Sec. I C 1. Con-
sidered together, the results show that the structure is near
the limits of both dynamic and elastic stabilities at 250 GPa.
By 200 GPa, both dynamical and elastic instabilities have
occurred.

Consider now the candidate structures; Fig. 6 shows F(w)
of those shown in Fig. 4. They exhibit very similar spectra (as
expected, given their similarities). Note though their tails that
extend to very high imaginary frequencies. Although these
have significantly smaller relative magnitudes, an expanded
view reveals peaks. Therefore, while these structures are at

I . | v I % I
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100 GPa :
— 50GPa
0 GPa
= 0.006| .
=
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(b) unstable

FIG. 5. Phonon density of states F'(w) of the Cs-IV structure. Several pressures are shown, and are separated by regions of (a) stability and
(b) instability. The dotted lines are used to separate the stable (real) from unstable (imaginary) phonon frequencies (shown as negative values).
Note that there are no imaginary frequencies in (a). The arrow in (b) highlights the increasing instability with decreasing pressure.
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FIG. 6. F(w) of the candidate (atomic) structures (Fig. 4), at zero
pressure. A dotted line is used to separate the stable from unstable
frequencies. The inset shows the imaginary-frequency region.

stationary points, they are unstable ones. This is further sup-
ported by additional results, provided in Ref. [29], Sec. I C 2.
Note that the stabilities of these structures at higher pressures
are also presented and discussed therein.

IV. DISCUSSION

The possibility of metastable metallic hydrogen was inves-
tigated in detail. This was considered from two approaches:
an analysis of the BCT structures (stable above molecular
dissociation), and the prediction and analysis of candidate
ones at zero pressure. The results obtained are self-consistent,
and provide strong evidence regarding this possibility.

The results are concisely summarized by the processes
undergone on the PES of hydrogen, as the pressure is removed
(following molecular dissociation). (a) At (relatively) high
pressures (>300 GPa): the PES of (atomic) metallic hydro-
gen is well defined. It remains qualitatively similar below
molecular dissociation. (b) At intermediate pressures (200—
300 GPa): the energy barriers of metallic hydrogen on the
PES collapse, whereas those of the (completely) molecular
phase harden. (c) At low pressures (<200 GPa): the PES of
molecular hydrogen is well defined. From these results, it is
concluded that (atomic) metallic hydrogen is metastable, but
only to 300-200 GPa. Below 200 GPa, metallic hydrogen has
no region of stability.

Because calculations were carried out with a focus on the
metallic phase, the relationship to the molecular one [problem
(3)] was not considered directly. In order to obtain insight into
this, it is necessary to consider whether any approximations in
the computational methods and approach would affect the two
phases differently. This is especially important at pressures
near and below the limit of metastability. Approximations
for the metallic phase were already considered in detail, and
justified above and in Ref. [29], Sec. II C. For the molecular
phase, and the relationship between the two though, there are
additional considerations.

The primary approximation (especially as would affect the
results) made in density-functional theory is the choice of

exchange—correlation functional. (Largely) because of self-
interaction errors [61], semilocal functionals (as the one used
herein) tend to underestimate band gaps. This should result
in a slight overestimate of the stability of the metallic phase.
However, as long as the calculated band gap does not close
while the true one remains finite, the accuracy is expected
to be reasonable. This is the case for the relevant molecular
phase, where the predicted [27] stable structure (C2/c) does
not become metallic until about 300 GPa.

The relationship between the metallic and molecular
phases is described by any energy barrier(s) separating them.
Consider first a (very) simplified description of the transition
between them, using the (simplest, and relevant) molecule
H;’ While functionals describe the chemical bond well, they
fail dramatically as the molecule is stretched. This is caused
by delocalization error (in this system, at the dissociation
limit, the hydrogen atoms are each assigned half of an elec-
tron, and the total energy is much too low). Returning to the
solid state: In the limit of zero pressure, calculations [25] do
not show any energy barrier between metallic and molecular
hydrogen (discussed above). And an insightful analysis [62]
into limitations of density-functional theory implies that, even
with delocalization error, it seems unlikely that an additional
energy barrier can be predicted by an exact theory when none
can be detected by the current one. Therefore it seems likely
that any energy barrier(s) of metallic hydrogen do (fully)
collapse between zero pressure and around the intermediate
range (where the theory describes the metallic phase well).

There is a range of pressures where this relationship may
also depend on quantum nuclear statistics. At low pressures,
anisotropic intermolecular interactions between hydrogen
molecules are weak. Because of this, the angular momentum
of an individual molecule remains a good quantum number.
(Para)hydrogen molecules freely rotate about their centers
of mass. As the pressure is increased to 110 GPa [63], the
rotational symmetry is broken, and hydrogen transitions to
phase II. Therefore the structure of phase II is determined by
the zero-point rotational energy (and thus depends on the total
spin) of the molecules.

A quantitative description (of phase II) is still lacking.
Relatively recent simulations even suggest that this phase can-
not be described in terms of a single classical structure [64].
Nonetheless, qualitatively consistent structures can be found
(e.g., the 24-atom P2, /c structure reported in Ref. [49]). This
suggests that static-lattice calculations can at least determine
reasonable energy barriers. Since the results (above) depend
on these, quantum nuclear statistics are therefore not expected
to significantly affect any conclusions drawn from them.

With the computational methods and approach consid-
ered in detail for both the atomic (Sec. II) and molecular
(above) phases, a final (significant) consideration is the influ-
ence of nuclear quantum motion. Lattice stabilities (presented
above and Ref. [29], Sec. I C) including vibrational energies
(Ref. [29], Sec. I B 4) were calculated within the harmonic
approximation [60]. Corrections to this as applied to lattice
stabilities could be important, because metastability is ulti-
mately determined by their consideration.

Corrections to the harmonic approximation (and as applied
to metallic hydrogen) have been studied in Ref. [65]. If the
phonon frequencies are well behaved (i.e., no modes with
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anomalously low or imaginary frequencies), then corrections
change them only quantitatively. This is consistent with re-
cent calculations [66] that considered anharmonic effects on
the lattice stability of the Cs-IV structure near 500 GPa. If
the phonon frequencies are not well behaved, however, it is
possible for corrections to raise them and stabilize the lattice.

These considerations narrow the range over which, and
provide insight into where anharmonic effects may be signifi-
cant. At higher pressures, the phonon frequencies of the Cs-IV
structure are well behaved [down to 250 GPa—Fig. 5(a)];
at lower pressures, there does not appear to be an energy
barrier for the metallic phase (discussed above). Therefore
these effects would (if at all) be most important at intermediate
pressures. For the Cs-1V structure though, calculations of the
elastic constants (Ref. [29], Sec. I C 1) show that it becomes
unstable due to an elastic instability between 250-200 GPa.
Therefore, if anharmonic effects are significant, they involve
a transition from this structure to one that is stabilized by
these.

The energy landscape including the Cs-IV structure pro-
vides insight into possible structural transitions. Note that the
static-lattice landscape is approximation free (in this context);
ions move on this (even at 0 K) as zero-point motion. Consider
(again) the landscape for the BCT structure as a function of
c/a (Fig. 3). The B-Sn, diamond, and Cs-1V structures are
connected over a region that can be described as one where
many local optima exist (the locations of these structures),
when viewed at a course level leads to a global optimum
(the diamond structure—which becomes an actual minimum
at lower pressures). This description is common in metals with
large electron—phonon coupling (expected for metallic hydro-
gen [4]), where structures are (in the absence of anharmonic
contributions) destabilized by this interaction [67]. When this
occurs in more symmetrical structures (such as diamond), it
can result in distorted (lower-symmetry) ones in which the
electronic density of states at the Fermi level is reduced.
When nuclear quantum motion is considered, the energy land-
scapes become smoother (closer to the “course level”) and
hence much simpler [68]; this result can be understood, us-
ing the path-integral formulation of quantum mechanics [69].
Therefore the diamond structure may have a narrow range of
stability over pressures near the limit of metastability.

Metastable metallic hydrogen, even at its stable pressures,
may have important practical significance. Such pressures are
much less than those for which hydrogen is expected to remain
molecular [10-12]. They are even less than those for which re-
cent electrical measurements [11] indicate insulating behavior
in the molecular phase (up to approximately 360 GPa).

Whether this phase is even realizable though depends on
its lifetime. The major question is the mechanism by which
the first few nucleations (from atoms in the atomic metal to
molecules) takes place, and the probable time that will elapse
before this occurs. Once this does occur, the transition to the
molecular phase is expected to be fast. There are two primary
sources of this nucleation, which are considered separately
below.

Crystal surfaces and (interior) defects are obvious re-
gions for this to occur. Evaporative recombination rates from
surfaces at zero temperature, due to quantum mechanical tun-
neling and also by thermal effects were studied in Ref. [70].

Lifetimes at zero pressure were estimated to be very short
(less than approximately 10~ s). Even a small amount of
pressure though increases this enormously. It has also been
suggested [13] that stability against this could be attained
by covering the sample with a specially chosen substance.
As for defects, it seems that a crystal of metallic hydrogen
free of such could be obtained at high pressures, and main-
tained throughout decompression. A method for calculating
the formation energy of localized defects in crystalline solids,
which permits relaxation of all particle positions and Ein-
stein frequencies, was proposed in Ref. [71]. For metallic
hydrogen, it was shown that dynamical relaxation does not
upset the stability of the system to vacancy formation, for
example.

Zero-point motion or thermal vibrations of the atoms in
the bulk must also be considered. Reference [72] suggested
that the former alone will lead to nucleation at zero pressure,
within the order of 107 s. Again under pressure though, the
lifetime is increased. Reference [73] noted that the former
result may not be completely reliable anyway, as the effects
of screening were not properly accounted for. Doing so leads
to speculation that three or more protons may be required in
order for recombination to occur (which is a more rare fluc-
tuation). Pair- and three-proton interactions were considered
more recently in Ref. [74]. It was found that the probability of
protons coming together depends essentially on the electron
gas density (or pressure). With this increasing, the probability
of multiproton tunneling sharply decreases. A more recent
consideration of nucleation in the bulk was in Ref. [75]. The
decay of the metallic phase as the pressure is relieved below
molecular dissociation was considered. It was found that the
metallic state is expected to be long lived down to about
10-20 GPa, and then it decays instantly at lower pressures.
The latter is (essentially) consistent with a result of Ref. [76],
that the Cs-IV structure (starting at only 10 K) has a lifetime
of order 40 fs at ambient pressure. The analysis in Ref. [75],
however, was based on the assumption that the state of the
system is completely determined with the density; as shown
herein, energy barriers for metallic hydrogen have already
collapsed at much higher pressures. In addition, the tunnel-
ing transition between phases was analyzed semiclassically
[77].

It seems that a quantitative determination of the lifetime
of the metastable phase remains an open question. Answering
this would require more sophisticated approaches than those
discussed above. Even with the more approximate methods
though, it is expected that the lifetime of this phase is signif-
icant (such that it is long lived) under pressure (also noted in
Ref. [13]). Based on the results presented herein, this is the
important region anyway.

The pressures at which metallic hydrogen has been pre-
dicted to be metastable can be achieved under static (diamond
anvil cell) conditions [78]. Since it is expected to be long
lived at these pressures (as just discussed), these results should
provide important information for, and be verified by experi-
ments. This is particularly timely, with recent claims [12] of
the realization of (ground-state) atomic metallic hydrogen at
low temperatures in static experiments.

The answer to the question of whether or not metastable
metallic hydrogen exists has been answered in full. There
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are still several important and open questions though.
Perhaps most so involve the properties of this phase. Such will
determine its possible scientific and technological uses [8,9].
Studying these and answering other such questions will be the
subjects of future work.
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