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The onset of metallization in highly compressed solid hydrogen and a corresponding discontinuity in
molecular vibrations have been linked in the literature to band-gap closure in an ordered hcp structure.
We performed extensive first-principles calculations on the energetics and the electronic properties of
solid hydrogen, and explored in detail variations in molecular orientations, bond lengths, and the ¢/a ra-
tio, within an hcp lattice. We find that the commonly assumed structure is energetically unfavorable,
and that lower-energy structures have wider band gaps to much higher density. Implications for the on-
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set of metallization are discussed.

PACS numbers: 71.30.+h, 61.50.Ks, 63.50.+x,

The physics of dense solid hydrogen has been the sub-
ject of theoretical inquiry for over half a century [1].
Static calculations predict that under pressure the insu-
lating molecular phase will undergo a band-overlap tran-
sition to a molecular metallic form, before ultimately
transforming to an atomic, metallic phase above about
300 GPa (3 Mbar) [2]. A large number of recent experi-
mental results have shed new light on this problem [3].
Experimental studies to ~300 GPa indicate that the
molecular solid is stable to at least 250 GPa but under-
goes a phase transition at 150 GPa (77 K) [4]. This
transition is characterized by a discontinuity in the in-
tramolecular vibrational mode (vibron) indicative of an
abrupt change in bonding, possibly related to the onset of
metallization [5]. Optical absorption and reflectance
spectra, which show features suggestive of metallic be-
havior [5,6], have also been measured in this pressure
range [7]. High-pressure diffraction studies have estab-
lished that solid hydrogen has a hexagonal-closed-packed
(hcp) structure to at least 38 GPa (relative density
p/po=5.6) [8], and spectroscopic measurements indicate
that the underlying hexagonal lattice persists above 150
GPa (p/po>9) [9].

Interpretation of these observations requires a detailed
understanding of the evolution of the electronic structure
under pressure, including information on the effects of
crystal structure and molecular ordering on the electronic
states [10]. Recent calculations by Raynor [11] and by
Barbee et al. [12] indicated that at high densities the hcp
structure with the molecules aligned parallel to the ¢ axis
(structure a) is more stable than previously proposed cu-
bic phases [2]. Ashcroft [10,13] has shown, however,
that the structure a leads to band-gap closure at lower
densities relative to other structures and that, in general,
the onset of band overlap is sensitive to the orientation of
the molecules. Garcia et al. [14] have attributed the
150-GPa vibron discontinuity to band-gap closure associ-
ated with an orientational ordering transition to structure
a. Chacham and Louie [15], using Hedin’s GW approxi-

mation [16] which gives accurate band gaps for semicon-
ductors, found that band overlap in structure a occurs at
151 GPa. These two studies [14,15] also showed that
band-gap closure is shifted to much higher pressures by a
spherical average over molecular orientations.

In this work we report extensive first-principles calcula-
tions on the energetics and electronic properties of solid
hydrogen at high densities. We investigated in detail a
wide range of molecular orientations at different densi-
ties, as well as variations in the molecular bond length
and the c/a ratio of the underlying hcp lattice. Our
study has lead us to conclusions that differ from previous
work. These are summarized as follows: (1) The ordered
structure a assumed in a number of previous studies is en-
ergetically unfavorable, compared to other molecular
orientations, over a wide range of pressures. (2) We find
a direct and consistent correlation between the energy of
a particular orientation and the band gap in the insulat-
ing phase: The lower the energy, the wider the band gap.
(3) The pressure at which the energetically favored
configurations exhibit band-gap closure in the static lat-
tice is much higher than that of structures considered
previously (i.e., structure a). (4) Calculations employing
spherical averages over all molecular orientations overes-
timate the gap-closure pressure and misrepresent essen-
tial features of the band structure. (5) The effect of
band-gap closure on the molecular bond is large and ap-
pears closely associated with the transition to a monatom-
ic, metallic phase.

Our work is based on density-functional theory in the
local-density approximation (LDA) [17]. The configu-
ration space associated with the molecular hcp structure
is spanned by eight independent variables: the two bond
lengths and the four orientational angles that determine
the exact arrangement of the two molecules in each hcp
unit cell, the ¢/a ratio, and the overall density. For a
given pressure the density is determined by the equation
of state [18]. Thus, in order to determine the optimal
structure, within the assumption of an hcp static lattice, a
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complete search over the remaining seven variables is
needed. This is clearly beyond the scope of first-
principles calculations, and only limited searches are
feasible. We have performed an extensive search for
low-energy structures, allowing for both symmetric and
asymmetric orientations of the two molecules. At densi-
ties that give insulating phases, with the bond length fixed
at 0.74 A (the experimental value in free hydrogen mole-
cules) and the c/a ratio fixed at 1.633 (ideal hcp struc-
ture), we find that configurations with the molecular axes
lying close to the a-b plane of the hexagonal lattice have
the lowest energy. This trend becomes more pronounced
with increasing density, but is eventually reversed at ex-
tremely high densities. For clarity, we shall concentrate
here on three different structures which are shown in Fig.
1: The first (a) has both molecules oriented along the ¢
axis; the second (b) has both molecules lying on the a-b
plane with the molecular axes bisecting the angles be-
tween lattice vectors; and the third (c) has the two molec-
ular axes tilted off the a-b plane by /5, while their pro-
jections on the a-b plane coincide with those of structure
b. In structures b and c the projections of molecular axes
on alternate planes form an angle of n/3. These struc-
tures were chosen because in the insulating phase they
correspond to the highest energy and smallest band gap
(a), an intermediate energy and band gap (b), and the
lowest energy and largest band gap (c) among the
configurations we considered. Interestingly, the lowest-
energy configuration for a pair of isolated hydrogen mol-
ecules resembles most closely the arrangement of mole-
cules in the unit cell of structure ¢ [19]. Ashcroft has ar-
gued that structures similar to b will have large band
gaps [13], which is consistent with our LDA results.

The configuration a has higher energy than either b or
c for the range of densities where all three structures have
a nonvanishing band gap (see Fig. 2). When the band
gap of configuration a closes, the energy differences de-
crease, and eventually configuration a becomes the low-
est-energy structure. Since the relative energy differences
are sensitive to the presence or absence of a band gap, we
attempted to estimate the effect on the energetics of the
approximations used in the calculation. It is well known
that LDA underestimates the band gap, whereas the GW
approximation gives accurate results for semiconductor
band gaps at normal pressure. The density dependence of
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FIG. 1. The three molecular orientations a, b, and ¢ dis-
cussed in the text. The arrows represent the lattice vectors of
the hcp lattice.

the band gap is very close to linear [14,15] in the range
5=<p/po=10. By expressing the band gap as &,
=¢,(p/po) + & and comparing our LDA results to the re-
sults of the GW calculation [15] for structure a we find
corrections to the LDA coefficients of Ag; = —0.2 eV and
Agy=4.0 eV. These corrections can be used as a “‘scissor
operator” applied to the antibonding states of our LDA
calculation. The correction affects both the single-
particle spectrum and the total charge density, providing
a simple and straightforward correction to the total ener-
gy. This total energy, however, is not based on a self-
consistent theory and further investigation of its validity
is necessary. A scissor operator can be obtained from ex-
isting calculations for structure a only (no GW calcula-
tions exist for structures b and ¢). With this correction
energetic comparisons can be made for densities up to
p/po=9.9, since the LDA band gaps for structures b and
¢ do not vanish up to this point. The corrected-LDA re-
sults indicate that structure a has higher energy than b or
c to pressures beyond that of the vibron discontinuity (see
Fig. 2).

We next consider the effect of relaxation of the ¢/a ra-
tio and the molecular bond length, which in the calcula-
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FIG. 2. Relative energy (in meV per hcp unit cell; bottom
panel), indirect band gap (in eV; middle panel), and c¢/a ratio
(top panel) as functions of relative density p/po. The circles
correspond to structure a, the squares to structure b, and the
triangles to structure c. Solid symbols are from the present
LDA calculations; open symbols include ‘“‘scissor” correction
(see text). The pressure range (top abscissa) is obtained from
the experimental equation of state (Ref. [18]). Lines are guides
to the eye. The dashed line indicates the experimental vibron
discontinuity pressure.
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tions described above were held constant. There is exper-
imental evidence that above ~20 GPa the c/a ratio de-
creases with increasing pressure. Our calculations indi-
cate that the optimal ¢/a ratio for structure a remains
close to the ideal value (+/8/3=1.633) but starts increas-
ing upon gap closure and eventually becomes larger than
1.633 at high densities. For structure b the optimal ¢/a
ratio decreases monotonically and is always lower than
the ideal value (see Fig. 2, top panel). Combining the in-
formation from the corrected-LDA relative energies and
the behavior of the ¢/a ratio, we conclude that config-
uration a is the least favorable representation of the insu-
lating phase. The calculated optimal bond length in all
configurations is larger than the experimental value for
free hydrogen molecules (ro=0.74 A) by approximately
(3-4)%. The optimal bond length decreases with increas-
ing density while the system is in the insulating phase,
but starts to increase abruptly and continues to increase
monotonically in the metallic phase (see Fig. 3). These
results indicate that the molecular bonds undergo a
significant weakening, akin to bond breaking, following
closure of the band gap. Moreover, small changes in the
bond length (of order few percent) give large variations
in the band gap and consequently in the gap-closure pres-
sure. Zero-point motion in free hydrogen molecules is of
order 10% of ro, and is even larger in the solid where the
intramolecular interaction follows more closely a Morse-
type rather than a parabolic potential [10].

Our final point concerns the effect of rotational motion
on the electronic structure. Spectroscopic results indicate
that up to at least 162 GPa the hydrogen molecules un-
dergo significant rotational or large-amplitude librational
motion [9]. Previous theoretical studies attempted to in-
clude the effects of rotational motion by considering the
limit of a uniform average of the core charge on the sur-
face of a sphere and calculating the bands of this average
crystal structure [14,15]. However, this order of taking
the limit is incompatible with the Born-Oppenheimer ap-
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FIG. 3. Band gap as a function of relative bond length r/r¢
and pressure for structure a. The crosses indicate the optimal
bond length. These results include the “scissor” correction (see
text). Uncorrected results exhibit similar behavior, with the on-
set of gap closure at lower pressure (approximately 90 GPa).
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proximation. In addition, a spherical average imposes a
symmetry on the electronic states that misrepresents
essential features of the band structure. In structure a
the minimum gap is in the I'K direction which lies on the
k, =0 plane of the Brillouin zone (BZ) [14,15]. For the
energetically favored structures b and ¢ the gap along 'K
opens considerably, but the breaking of axial symmetry
gives antibonding states of lower energy at the surface of
the BZ, with k, =n/c. The new minimum indirect band
gap is no longer along I'K. Similar effects on the band
structure were predicted by Ashcroft on the basis of a
two-plane-wave model [13]. The spherical average
preserves the axial symmetry of structure a and the
minimum indirect gap remains along the I'K direction
(see, e.g., Ref. [15]), which is unrealistic and leads to an
overestimate of the gap-closure pressure.

Based on the above discussion, we infer that if there ex-
ists a dominant orientation, it should be similar to the
structure ¢, with molecules tilted approximately n/5 out
of the a-b plane; confirmation of the predicted new class
of structures shouid be possible by measurement of super-
lattice reflections in the x-ray-diffraction pattern for hcp
[8,13]. The spectroscopic evidence for the persistence of
rotational motion to high pressure [9] can then be inter-
preted as arising from tunneling between low-energy
configurations with molecular axes close to the a-b plane
(with tilt angles between 0 and #/5), and formation of
near-planar rotors in an anisotropic hcp structure [8,10].
It is possible that any discrete ordering transition may
tend to increase the band gap, rather than decrease or
close the gap as previously suggested [14]. Lastly, we
conclude that zero-point motion, which affects both the
bond lengths and orientational distributions of the mole-
cules, is likely to have a profound effect on the band
structure.

Our detailed study of the structure and energetics leads
us to the following new insights concerning experimental-
ly observed changes in hydrogen at 150 GPa. The vibron
discontinuity may correspond to transitions among the
low-energy hexagonal structures examined here (ie., b
and c, or molecular superstructures based on these con-
figurations). Such transitions could give rise to a sudden
change in the vibron frequency, as individual molecules
sample a stronger effective intermolecular interaction
after the transition, without any change in overall lattice
topology. This would be consistent with the continuity of
low-frequency lattice vibrational modes in the range of
150 GPa [9]. This interpretation does not presuppose
metallic behavior, and it remains to be shown whether it
is also consistent with other aspects of the vibron transi-
tion, namely, the observed isotope effect [3,20], tempera-
ture dependence [21,22], and critical point [22]. Alterna-
tively, it is possible that the vibron discontinuity signals
the onset of metallization, which may be driven by disor-
der (e.g., merging of band tails in the gap) or associated
with a low-temperature excitonic phase [22]. This second
possibility does not require a change in either crystal
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structure or ordering. Both possibilities are related to the
range of molecular configurations that are allowed ener-
getically and are induced by zero-point rotational and vi-
brational motion.
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