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Structure of phase Il of solid hydrogen
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Hydrogen, being the first element in the periodic table,
has the simplest electronic structure of any atom, and the
hydrogen molecule contains the simplest covalent chemical
bond. Nevertheless, the phase diagram of hydrogen is poorly
understood. Determining the stable structures of solid hydrogen
is a tremendous experimental challenge'”, because hydrogen
atoms scatter X-rays only weakly, leading to low-resolution
diffraction patterns. Theoretical studies encounter major
difficulties owing to the small energy differences between
structures and the importance of the zero-point motion of
the protons. We have systematically investigated the zero-
temperature phase diagram of solid hydrogen using first-
principles density functional theory (DFT) electronic-structure
methods?*, including the proton zero-point motion at the
harmonic level. Our study leads to a radical revision of the DFT
phase diagram of hydrogen up to nearly 400 GPa. That the most
stable phases remain insulating to very high pressures eliminates
a major discrepancy between theory’ and experiment®. One of
our new phases is calculated to be stable over a wide range of
pressures, and its vibrational properties agree with the available
experimental data for phase III.

The low-pressure phase I of solid hydrogen, which consists
of freely rotating molecules on a hexagonal close-packed lattice?,
transforms at pressures of about 110 GPa to the broken-symmetry
phase II, in which the mean molecular orientations are ordered,
and then to phase III at about 150 GPa (ref. 1). However, even the
combination of X-ray and neutron scattering data and Raman and
infrared vibrational data has not so far yielded the structures of
phases II and III of hydrogen.

The theoretical prediction of stable crystal structures is very
difficult because of the need to search the very large space of
possible structures, and the necessity of obtaining accurate energies
for each of these structures. First-principles DFT methods have
proved an efficient means of calculating quite accurate energies, and
they have provided many insights into the properties of materials,
including solid hydrogen®’. At present, DFT offers the highest level
of theoretical description at which we can carry out searches over
many possible candidate structures.

Our approach is to relax many random structures to minima
in the enthalpy at fixed pressure®. This method does not rely on
previous theoretical or experimental results, and it allows for the
possibility of finding radically new structures. In some cases we
used the intuition gained from the random searches to build other
candidate structures. We then calculated the enthalpies of the most
stable phases at a larger number of pressures, generating the data
shown in Fig. 1. We refer to each structure by its short Hermann—
Mauguin space-group symbol, giving additional information where
an ambiguity might occur.
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The lowest-enthalpy structures found around 100 GPa were
those of space groups Pca2, and P2,/c, which were considered
in previous studies®, and a new structure of space group P6;/m,
which is marginally the most stable up to 105 GPa. The centres of
the molecules in these structures form a slightly distorted hexagonal
close-packed lattice, as is generally thought to occur in phase II
of solid hydrogen. The molecular bond lengths of the different
structures are very similar and the molecules are orientated so that
the atoms of neighbouring molecules are kept apart. The P6;/m
structure differs from the other two in that some molecules lie
perpendicular to the plane, whereas the others are arranged around
itin a ‘swirl’; see Fig. 2.

The most stable phase we found in the range 105-270 GPa is a
layered structure of space group C2/c, which is illustrated in Fig. 3.
We also found a layered molecular structure of Cmca symmetry
with a 12-atom primitive unit cell. We refer to this as Cmca-12 to
distinguish it from the Crmca structure discussed in earlier work®,
which was also generated by our searches. Cmca-12 is illustrated
in Fig. 4, and it is the most stable phase in the range 270-385 GPa.
From 385-490 GPa we found the Cmca structure to be the most
stable, and above 490 GPa the monatomic 4, /amd structure with
a ¢/a ratio greater than unity (which is also the structure of Cs-1V)
is most stable. Cmca-12 remains competitive up to about 500 GPa,
and a more closely packed version of Cmica, which we refer to
as high-Cmca (and is the same structure as black phosphorus), is
almost degenerate with Crmca-12 and I4,/amd at about 480 GPa.
A structure of Cmcm symmetry has been obtained by following
an unstable phonon displacement of the Pca2, structure’. We have
studied this structure but found it to be uncompetitive; see Fig. 1.
We found numerous less stable structures, including a particularly
intriguing family of ‘mixed’ structures consisting of alternate
layers of strongly bonded hydrogen molecules and less strongly
bonded atoms, which at higher pressures resemble graphene
layers. These mixed structures are described in more detail in the
Supplementary Information.

The small mass of the proton poses a significant problem
for theoretical descriptions of hydrogen; the zero-point (ZP)
motion of the nuclei is large enough to significantly affect the
relative stabilities of structures and their vibrational properties.
We have estimated ZP vibrational energies within DFT using the
harmonic approximation. The harmonic approximation is likely
to give useful estimates of the total ZP vibrational energy of the
candidate structures at low pressures, as the calculated harmonic
vibronic frequencies are similar to the measured values. There
are, however, noticeable anharmonic effects in hydrogen, even
at low pressures™'’. In monatomic structures, which are believed
to be stable at very high pressures, the harmonic approximation
fails completely"'.
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Figure 1 Enthalpy per proton as a function of pressure. Static lattice enthalpies
relative to the Crmca phase. Inset: Enthalpies including ZP motion, relative to the Pa3
phase. The solid lines indicate our new structures and the dashed lines those
considered previously.

Our calculated ZP energy of the free hydrogen molecule of
0.133 eV per proton is a little larger than the experimental value
0f 0.129 eV per proton'?, the majority of the error arising from the
harmonic approximation. The calculated ZP energies at 75 GPa are
roughly 0.25 eV per proton, rising to about 0.28 eV per proton at
150 GPa. The ZP pressures are quite small, being roughly 6 GPa
at a static lattice pressure of 75 GPa, rising to roughly 8 GPa at
150 GPa. The ZP enthalpies are large on the scale of Fig. 1. There
is a strong tendency for them to cancel between the different
phases, but the resulting changes in their relative stabilities are
significant. Comparing the main and inset graphs of Fig. 1, we see
that ZP effects favour the C2/c and Cmca phases and the mixed
C2 and Pbcn phases over the P2, /¢, Pca2, and P6;/m phases. The
predicted range of stability of C2/c then extends to lower pressures.
The ZP effects reduce the upper pressure at which C2/c is stable to
240 GPa, where it yields to Cmca-12, although Pbcn is very close in
enthalpy at this pressure.

Our results lead to a complete revision of the DFT phase
diagram of hydrogen. Within the static-lattice approximation, the
most stable phases are P6;/m (<105GPa), C2/c (105-270 GPa),
Cmca-12 (270-385GPa) and Cmca (385-490 GPa), followed by
I4,/amd. Of these phases, only Cmca and 14, /amd were known
previously. When ZP effects are included, C2/c becomes stable
below 240 GPa and Cmca-12 above. The enthalpies of some of
the phases are very similar, and small changes in their relative
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Figure 2 A layer of the hexagonal P6;/ m structure at 300 GPa. The layers are
stacked in an ABAB fashion, and the primitive unit cell contains 16 atoms, which
form two types of hydrogen molecule. Three-quarters of the molecules lie flat within
the plane, and one-quarter lie perpendicular to the plane. The centres of the
molecules lie on a slightly distorted hexagonal close-packed lattice. In this and

Figs 3 and 4, bonds are indicated between atoms closer than 1.05 A and close
contacts (pink dashed lines), if they exist, between atoms closer than 1.15 A,
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Figure 3 A layer of the monoclinic €2/ c structure at 300 GPa. The layers are
arranged in an ABCDA fashion, and the primitive unit cell contains 24 atoms. Each
layer consists of three inequivalent molecules whose axes are nearly parallel to the
plane and whose centres form a distorted hexagonal lattice. Note the asymmetry

between the two ends of the molecules, which leads to the strong infrared activity in
this structure.

enthalpies could significantly alter the stability regions of the
different phases.

The calculated densities of electronic states show that Cmca-12
becomes metallic at about 240 GPa, C2 at about 260 GPa and
the C2/c¢ and Pbcn phases at about 300GPa. Given that
standard DFT approaches normally underestimate bandgaps, the
true metallization pressures are likely to be significantly higher.
Exact-exchange DFT calculations indicate that the true bandgaps in
hydrogen solids are roughly 1-2 eV higher than the standard DFT
values". Increasing our calculated gaps by 1 eV and extrapolating to
the pressure at which the gap vanishes gives metallization pressures
of about 350 GPa for Pbcn and C2/c, whereas an increase of 2 eV
gives metallization at about 410 GPa. These pressures are consistent
with the experimental finding that hydrogen remains insulating up
to at least 320 GPa (ref. 6).
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Figure 4 A layer of the monoclinic Cmca-12 structure at 300 GPa. The layers are
arranged in an ABA fashion, and the primitive unit cell contains 12 atoms. The
arrangement of the molecules is similar to that in €2/ c, although the molecules lie
flat within the layer and the distortion from hexagonal packing is larger.

We have calculated the infrared intensities of the vibrational
modes and identified the Raman-active vibron modes of the
most significant structures; see Fig.5 and the Supplementary
Information. Phase II seems to have three infrared-active vibron
modes, but overall its infrared activity is low'. Pca2, has
three infrared-active vibron modes and a low overall infrared
activity, whereas P6;/m has only one infrared-active vibron and
a significantly larger overall infrared activity. P6;/m is therefore
inconsistent with the infrared data.

The structures formed by the heavier isotope deuterium are
expected to be similar to those of hydrogen. Recent experiments’
indicate that phase II of deuterium has an incommensurate
structure, although a periodic model of P3m1 symmetry was
suggested as having the same local ordering of molecules. We found
this molecular structure to be poorly packed, and relaxation with
the constraint that the symmetry is not lowered led to a structure
of higher P6;/mmc symmetry, which, however, is high in enthalpy,
as shown in Fig. 1. We therefore conclude that the even less stable
P3m1 structure is unlikely to be related to phase II. (A similar
conclusion was arrived at in ref. 14.) On the other hand, the
neutron data for deuterium of ref. 3 were found to be incompatible
with the Pca2, and P2, /c structures.

The very small volume change and apparently continuous
behaviour of the Raman vibron frequency across the I-II transition
suggests that phase II may consist of an arrangement of molecules
on a hexagonal, or nearly hexagonal, close-packed lattice. Although
the P2,/c, Pca2, and P6;/m structures are of this type, it is
possible that none of the structures suggested so far is compatible
with phase II of hydrogen or deuterium, and the level of theory
used may be inadequate. For example, our calculations do not
account for the differences between ortho and para molecules,
which plays an important role in phases I and II of hydrogen
and deuterium'. Although the mean molecular orientations are
ordered in phase II, very wide-angle librational motion occurs,
and the phase coherence between the orientations of molecules
is weak. Our DFT calculations show that a number of packings
of molecules (all on the basis of a slightly distorted hexagonal
close-packed lattice) have very similar enthalpies in the pressure
range appropriate for phase II, suggesting that several significantly
different local molecular configurations might contribute to the
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Figure 5 Vibrational frequencies of the G2/ ¢ structure compared with
experimental data for phase lll. Only the most strongly infrared-active modes are
shown; the intensities of all other infrared-active modes are at least an order of
magnitude smaller. The calculated infrared frequencies are shown as red solid lines,
with the line width being proportional to the intensity. The Raman-active vibron
mode is shown as a blue solid line. Experimental data from ref. 19 are shown as
dashed lines.

overall structure. A full understanding of phase II presents a
difficult theoretical challenge.

The distinction between ortho and para molecules is believed to
be unimportant in phase III because the molecules have much less
freedom to rotate in this compressed structure. Two of the most
notable characteristics of phase III are its much greater infrared
activity than phase IT and the appearance of a single intense infrared
active vibron peak'®. The Cmca-12 structure shows two fairly
weakly infrared-active vibron modes separated by between 200 and
250 cm™". The overall infrared intensity of Cmca-12 is calculated
to be just over twice that in Pca2, and is actually less than that in
P6,/m, and it seems likely that the infrared intensity of Crmca-12 is
too small to be consistent with phase III. The Cmica phase, found to
be stable over a very large pressure range in previous DFT studies®,
is ruled out as a candidate for phase III because it is metallic and
its vibrons are much softer than the observed ones, and we have
found considerably more stable phases over most of the relevant
pressure range.

Our new C2/c structure is a strong candidate for phase IIL
C2/c shows intense infrared vibron activity arising from the
increased charge asymmetry between the two ends of the hydrogen
molecules; see Fig. 3. Our calculations show an increase in overall
infrared activity in C2/c¢ over that in Pca2, by a factor of six.
The increase for the vibron modes is much larger, the infrared
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intensity of the vibrons in C2 /¢ being about 150 times larger than
in Pca2,. C2/c has six infrared-active vibrons, three of which are
strong and differ by less than 25cm™ over a very wide range of
pressures (see Fig. 5) and would therefore appear as a single peak in
the infrared absorption spectrum, in agreement with experiment.
The two strongest differ by less than 15c¢cm™, and account for
95% of the intensity of the combined peak. The intensities of
the other three infrared-active vibrons are each less than 1% of
the intensity of the strong infrared vibron peak. The infrared
activity of the strong infrared-active vibrons in C2/c¢ increases
with pressure, as is observed in phase III". Figure 5 shows the
variation with pressure of both the strong infrared peak and the
Raman-active vibron frequency of C2/c¢ to be in good agreement
with experiment'®. Figure 5 also shows a fairly strongly infrared-
active phonon mode between 1,600 and 2,000cm™', as seen in
experiment®. The Supplementary Information shows that the
calculated libron frequencies (those up to about 600 cm™') appear
in the correct frequency range and gently increase with pressure in
a similar fashion to those observed in experiment'®.

METHODS

We used the CASTEP plane-wave code!®, the Perdew—Burke—Ernzerhof
generalized gradient approximation density functional?® and ultrasoft
pseudopotentials?'. We carried out very extensive random searches at pressures
from 100 to 600 GPa in steps of 100 GPa, using unit cells containing eight and
12 atoms, and other searches using up to 48-atom cells at some pressures. We
calculated the phonon frequencies for the ZP energies using a finite-difference
method and the infrared intensities using density functional perturbation
theory??; see the Supplementary Information for more details.
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