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Spectroscopic data for the high-pressure phases of hydrogen together with the topology of the phase

diagram provide new insight on the behavior of the material at megabar pressure. Structural mechanisms

are proposed for the transitions to phases II and III. These mechanisms include a partially ordered

structure (possibly incommensurate) and an ordered isotranslational structure for the two phases,

respectively. The analysis supports the existence of an additional phase, isostructural to phase III, with

boundary that meets to form a second triple point with phases I and III.
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Despite important advances in our knowledge of solid
hydrogen over the last decades [1–3], the structures of the
high-pressure phases and features of the phase diagram are
not yet understood. At megabar pressures hydrogen exhib-
its at least three different solid molecular phases. The lower
pressure phase I consists of freely rotating molecules on a
hexagonal close-packed (hcp) lattice [1,3]. Between about
110 and 150 GPa the broken-symmetry phase II with
orientationally ordered molecules forms [4–6]. Above
150 GPa, phase III forms [7,8]; it has a distinct vibrational
spectrum [5] and remains stable up to at least 320 GPa
[9,10]. Numerous first-principles calculations have been
performed to describe the structures of phases II and III
[11–19]. Here we show that symmetry considerations pro-
vide important constraints on structural models for the
different solid phases. A Landau-type analysis of related
transition mechanisms yields a theoretical phase diagram
that provides new insight into the high-pressure behavior
of hydrogen.

Experimental observations and symmetry considera-
tions drastically reduce the number of possible structural
symmetries of phases II and III. The character of the
changes in vibrational spectra [7,20] and the reported
evidence for small discontinuities in d spacings at the I !
II and II ! III transitions [6,21] provide additional con-
straints. Specifically, the spectroscopic and diffraction data
exclude major reconstructive mechanisms, suggesting that
group-subgroup relationships are preserved between the
three phases, as is the case for many order-disorder tran-
sitions [22]. The distributions of Raman and infrared active
modes [5,9,23,24] indicate that the orientational order in
phases II and III are qualitatively different, with increasing
order in phase III [5,23]. The transitions leading to these
phases can thus be assumed to involve distinct symmetry-
breaking order parameters. We explore the consequences
of assuming that unifying ordering mechanisms from the
disordered structure of phase I lead to the structures of
phases II and III in which the hcp structure of the molecular

centers remains almost unaffected [5,24]. The vibrational
properties of phase II imply the presence of an inversion
center, and a multiplication by at least a factor of 2 of the
number of molecules in the primitive cell relative to phase I
[5]. The spectral changes observed in phase III indicate
that its primitive cell contains at least four molecules [5]. A
group-theoretical analysis of the structural mechanisms
induced by the irreducible representations of the
P63=mmc space group of phase I yields structures that
fulfill the above conditions.
To begin, we view the hcp structure of phase I as a

spherical distribution of H2 molecules containing seven,
energetically equivalent orientations at the experimentally
determined bond lengths [Fig. 1(a)] [1]. An ordering tran-
sition to phase II yields a partially ordered structure
[Fig. 1(b)] with symmetry Cmcm and eight molecules in
the primitive unit cell, the orthorhombic deformation
exx-eyy coinciding with the displacement of the E2g optical

phonon. The increased number of molecules per unit cell
relative to phase I is consistent with the low-frequency
librons and with the second Raman [5] and the sharp IR
vibrons observed in phase II [2]. Weak spectral changes
and the specific ordering in phase II could be affected by
ortho-para state or residual strain. The intensity decrease in
the Raman phonon and the main IR vibron in phase II [5] is
also naturally explained by specific selection rules arising
from the presence of molecules with different site symme-
tries in Cmcm structures. At the I ! II transition, the
molecules adopt one among the seven possible orientations
existing in phase I, and may order over two energetically
equivalent orientations in the basal plane of a trigonal
bipyramid, the molecular centers forming a slightly de-
formed hcp lattice. This may induce a topological frustra-
tion giving rise to the long-period incommensurability
along a, consistent with superlattice reflections observed
by neutron and x-ray measurements in phase II of D2 [6].
An incommensurate phase II would display the superspace
group symmetry Cmcmð�00Þ.
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Extending the above analysis to phase III leads to a
structure with space group Cmc21 with eight molecules
per unit cell [Fig. 1(c)]. The seven different orientations
with the molecular axes pointing to the midpoints of the
upper and lower tetrahedron of a trigonal bipyramid are all

realized in an ordered manner, the H2 molecules locking to
one of the two orientations available in phase II. The strong
IR vibron absorption observed in phase III relative to phase
II [5] then arises from the different crystallographic envi-
ronment of the atoms at the molecular ends in the corre-
sponding structures (e.g., Refs [2,23]). In both structures
the molecular ends differ; however, due to the quantum
disorder in phase II the symmetry-equivalent atoms have
all the same environment, whereas the atoms in phase III
have different surroundings in the second coordination
sphere [23]. Group-theoretical analysis for phase III pre-
dicts sufficient phonon, librational, and vibron modes to
match the observed Raman and IR spectra [2,5]. Figure 2
summarizes the orientational order of the H2 molecules
that follows from this approach. The molecular order in the
orthorhombically deformed hexagonal layers of phases II
and III matches that of the hexagonal layers of the Pa�3
structure of o-H2 [Fig. 2(d)] found below 3.8 K at ambient
pressure and in �-N2 [25].
The proposed structures of phases II and III are de-

scribed by two distinct irreducible representations of the
P63=mmc space group at the M point (4�=3a, 2�=3a, 0)
of the hexagonal Brillouin-zone surface, labeled Mþ

1 and
M�

2 , corresponding to three-component order parameters,
denoted (�1, �2, �3) and (�1, �2, �3). The Cmcm structure
for phase II is stabilized for �1 ¼ �2 � �3 [26]. It has the
basic translations (2a, 2aþ 4b, c) for the conventional C
cell. The Cmc21 structure is isotranslational to that of the
lower pressure phase and corresponds to �1 ¼ �2 � �3.
Accordingly, the effective Landau free-energy associated
with the transitions between these structures reads

F1ðT; P; �i; �iÞ ¼ F0ðT; PÞ þ a1ð2�2
1 þ �2
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2
1 þ �3�

2
3 Þ: (1)

FIG. 2 (color online). Orientational order for displacive tran-
sition models for phases I, II, and III and the cubic Pa�3 structure.
(a) Spherical electron density of phase I modeled by disordering
the molecules over seven energetically equivalent orientations
with the molecular axes directing towards the centers of the
upper and lower tetrahedrons of a trigonal bipyramid. (b) For
phase II, the molecules in the basal planes of the bipyramids
adopt one of two possible energetically equivalent orientations
that may result in a topological frustration giving rise to an
incommensurate structure. (c) Orientational order of phase III, in
which the molecules are fully ordered. (d) Pa�3-ordering in H2.
The four orientations correspond to the symmetry-equivalent
high-symmetry h111i directions in the cubic lattice.

FIG. 1 (color online). Symmetry considerations for structures
considered for phases I, II, and III of dense solid H2. (a) The
disordered structure of I. The hexagonal unit cell, shown by thick
lines, contains two molecules centered at the Wyckoff position
2d. The H atoms partly occupy one Wyckoff position 4f and two
positions 12k of space group P63=mmc. (b) A structural model
for the partially ordered broken-symmetry phase. In this model
the conventional orthorhombic unit cell contains 16 molecules
and the 32 H-atoms are distributed over one fully occupied 8f,
two half-filled 8f and two half-filled 16h positions. (c) The
Cmc21 structure with 16 molecules in the conventional unit cell;
in its fully ordered structure the H atoms would occupy four
Wyckoff positions 4a and two positions 8b.
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First-order transitions between the phases require trun-
cating F1 at the sixth and fourth degrees in the �i and �i

components, respectively. The c-coupling is necessary for
describing the Cmcm ! Cmc21 transition. Minimizing F1

with respect to �i and �i shows that the Cmcm structure is
stable for �i � 0, �i ¼ 0, whereas Cmc21 is stable for
�i � 0 and �i � 0. A consequence of this assignment of
structure for H2 is that full ordering of the molecules in the
latter cannot take place independently of the partial order-
ing mechanism in the former. Two different paths can be
distinguished: At the II ! III transition a rapid increase of
the full ordering process should be observed, since the
partial ordering represented by �i is almost achieved. By
contrast, at the transition from P63=mmc to Cmc21 the
symmetry-breaking mechanisms associated with the �i

and �i order parameters take place simultaneously and
the full ordering process should occur progressively. The
topology of the phase diagram associated with F1 remains
unchanged when assuming �1 ¼ �3 ¼ � and �1 ¼ �3 ¼
� . F1 then reduces to

F2ðT; P;�; �Þ ¼ F0ðT; PÞ þ �1

2
�2 þ �1

3
�3 þ �1

4
�4

þ �2

2
�2 þ �2

4
�4 þ �2

6
�6 þ ���2: (2)

Figure 3 shows the theoretical phase diagram deduced
from the minimization of F2 with respect to � and � , under
definite stability conditions for the coefficients �i, �i, �i,
and �. It differs from the experimental phase diagram of
hydrogen by the proposed existence of additional invariant
points along the I-III phase line [20]. Specifically, there is
evidence for an additional phase I0, separated from phase I
by a first-order transition line that merges with phases I and
III at a second triple point (T2). Phase I

0 was suggested in
D2 based on measured changes in slope of the I-III line and
a 10 cm�1 vibron discontinuity [20]; the proposal was
subsequently supported by first-principles simulations
[16]. More recently, evidence for I0 was reported by coher-
ent anti-Stokes Raman spectroscopy [27] (see also
Ref. [28]). The different symmetries of phases I and III
exclude passing continuously from phase I to III beyond a
proposed second invariant point, the critical end point C. If
we assume that phases I0 and III are isosymmetric, their
structures correspond to different equilibrium values of the
order parameters (�, �) and (�0, � 0), reflecting different
stages in the ordering process. Far from the critical point,
the proposed phase I0 is less ordered than phase III. At the
critical point (� ¼ �0, � ¼ � 0) the molecular order is fully
realized for the two phases.

Insight into the experimental phase diagram of hydrogen
can be obtained from the theoretical diagram by a linear
transformation that preserves its topological singularities.
If we assume a linear dependence on temperature and
pressure of the coefficients �1ðT; PÞ and �2ðT; PÞ, which
is valid close to the singularities, we can see why in the
theoretical phase diagram the I ! II first-order transition

curve corresponds to the straight line �1 ¼ 2�2
1

9�1
, whereas

experimentally for hydrogen the transition curve separat-
ing phases I and II decreases with temperature and pressure
far from the triple point T1. Close to the triple point the
I ! II transition line varies linearly in P-T, 140–162 GPa
for D2 [20]. The topology of theoretical phase diagram of
Fig. 3 thus reflects key features of the phase diagram of
hydrogen, i.e., the existence of a critical point ending a
first-order isostructural transition line, for example, at
Pc ¼ 192 GPa and Tc ¼ 265 K in D2 [20]. However, our
phenomenological Landau approach, which expresses the
macroscopic properties of the system, cannot account for
the mass dependence of the I ! II transition and mass
independence of the II ! III transition, which relate to
the quantum properties of hydrogen and require a micro-
scopic model, as proposed, for example, by Edwards and
Ashcroft [17]. By contrast, these properties are reflected in
the remaining positional disorder assumed in the structure
of phase II, which disappears in phase III.
A number of different structures of phases II and III have

been proposed on the basis of first-principles calculations
that display no direct group-subgroup relationship with the

FIG. 3. Theoretical phase diagram in the (�1, �2) plane de-
duced from the minimization with respect to � and � , of the free-
energy F2ðT; P; �; �Þ given by Eq. (2), for �1 > 0, �2 < 0, �1 >
0, �2 ¼ 1 and � > 0. Solid and hatched curves represent, re-
spectively, first-order transition and limit of stability lines. Phase
coexistence regions are in gray. The space group (number of
molecules in the primitive cell) and equilibrium values of the
order parameters � and � are indicated for each phase. Phase I is
stable for �1 > 0 and �2 > 0 and transforms into phase II across
the first-order transition line �1 ¼ 2�2

1=9�1, which merges with

phase III at the triple point T1. The equilibrium values of the
order parameter (�, �) in phases III and I0 are solutions of the
coupled equations: �ð�1 þ �1�þ �1�

2Þ þ ��2 ¼ 0 and �2 þ
�2�

2 þ �2�
4 þ 2�� ¼ 0. The I0 ! III isostructural transition

line ends at the critical point C, merging with phase I at the triple
point T2. The first-order transition curve II ! III corresponds to
a parabolic branch whereas the possible I ! I0 transition line
merges at T2 with phase III.
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structure of phase I. This is the case for the Pca21 (Z ¼ 8)
structure proposed for phase II [11–13], and for the related
Pca21 (Z ¼ 16) structure considered for phase III [14].
Both structures can be derived from the Pa�3 (Z ¼ 8)
structure of H2, which has been also considered in struc-
tural models of phase II [5,15]. The structure of phase II
may also depend on residual J ¼ 1 molecule concentra-
tion. Other structural symmetries have been considered
theoretically for phase II (A2=a (Z ¼ 64) [16], P21=c (Z ¼
8) [17]) and phase III (Cmc21 (Z ¼ 8) [18], Cmca (Z ¼
12) [19], C2=c (Z ¼ 24) [19]).

None of these structures is induced by an irreducible
representation of the P63=mmc space group, which implies
that they result from an indirect reconstructive mechanism.
Our proposed Cmcm and Cmc21 symmetries correspond
to the limited set of structures verifying the full set of
available experimental and topological constraints for con-
tinuous I ! II and II ! III transitions, although one can-
not exclude further lowering of the symmetries associated
with possible secondary displacements. Experimental sig-
natures of these structures are the fourfold primitive iso-
translational unit cells assumed for phases II and III, the
typical dielectric anomalies that should be observed at the
II ! III proper ferroelectric transition, or the existence of
three and six ferroelastic domains that should arise, re-
spectively, at the I ! II and I ! III transitions.

In summary, currently available experimental observa-
tions combined with topological considerations and a
Landau-theoretical analysis yield new constraints on the
structures of phases II and III. Landau treatments of the
transition have been considered previously but predate the
availability of spectroscopic data needed to constrain the
structures [29]. A partially ordered and possibly incom-
mensurate, structure with space group Cmcm, and a fully
ordered isotranslational ferroelectric structure with lower
Cmc21 symmetry follow naturally if the transitions occur
between symmetry related structures. An additional phase
line associated with I0 could merge to form a second triple
point with phases I and III. This intermediate phase is
required if the I-III line terminates at a true critical point.
Therefore, our theoretical work represents a significant
advance in relating organically detailed structures of
phases II and III to the actual phase diagram. It provides
a number of precise structural and topological indications
that should stimulate further experimental verifications.
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