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New High-Pressure Phase of Ice
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Based onab initio constant pressure molecular dynamics simulation, we predict a new p
transition in ice from ice X to a new phase (ice XI) at,3 Mbar and room temperature. Ice X
preserves the symmetric hydrogen bond and is a wide gap insulator up to and beyond 7 Mbar.
new phase is stable up to 2000 K at 4 Mbar, where the system shows large protonic diffusion.

PACS numbers: 62.50.+p, 64.30.+t, 64.70.Kb
s

n
h

n
u
e

r
i
e

t
-
r

h

c
ru
a

y
s
o
4
e

r
g

e

n
to
t
a

t

ons
am-

re of
ys-
oxy-
s sit
ing
the
n
w
be
.

nt

ns
e-
val-
ew

d
nsi-

12.
ithin
th
for
i,
rm

he
due

.
n

The study of the high-pressure region of the ice pha
diagram is very important for condensed matter and pla
etary physics [1–3]. Furthermore, it sheds light onto o
of the most important interactions in nature, namely, t
hydrogen bond. However, the behavior of ice at high pre
sure is still largely unknown. The highest pressure inve
tigated so far has been 1.28 Mbar [4]. Experimental a
theoretical evidence seem to indicate that in this press
range the crystal structure (ice X) is that of the cuprit
compatible with a symmetrized hydrogen bond [5–8]. A
to higher-pressure behavior there has been a numbe
intriguing proposals including metallization [5] and trans
tion into antifluorite structure [5,9,10]. Here we study th
high-pressure behavior of ice by usingab initio constant
pressure molecular dynamics [11,12]. We demonstrate
dynamical stability of ice X, thus lending further theo
retical support to the experimental conjectures, and we p
dict a phase transition from ice X to a new phase (ice X
at ,3 Mbar and room temperature. Ice XI preserves t
symmetric hydrogen bond and is a wide gap insulator up
and beyond 7 Mbar. In ice XI the oxygen atoms substru
ture becomes rather close packed in a distorted hcp st
ture. This new phase is stable up to 2000 K at 4 Mb
where the system shows large protonic diffusion.

Use ofab initio method is essential to describe the h
drogen bonding at these pressures, and constant pres
ab initio molecular dynamics method has proven to pr
vide reliable prediction of new crystalline phases [11–1
without any initial guess on the final structure. It is ther
fore ideally suited for the investigation of matter unde
these extreme conditions.

In the dynamical simulation we adopted gradient co
rections to local-density approximation for the exchan
energy part following Becke [15]. This choice has bee
shown to describe well the hydrogen bonding in wat
[16]. Ultrasoft Vanderbilt pseudopotentials [17] were use
for oxygen and hydrogen. The electronic wave functio
were expanded in plane waves up to a kinetic energy cu
of 40 Ry. This high cutoff turned out to be necessary
achieve convergence in the structural properties at 3 Mb
An integration time step of 5 a.u. was used. For technic
reasons we used the deuterium mass. This is uninfluen
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for the classical equation of state. Quantum correcti
have been evaluated with the hydrogen mass. The s
pling of the Brillouin zone was restricted to theG point of
a 16 H2O molecule supercell.

Starting from an ice VIII-like configuration [18], we
equilibrated the sample at the pressure and temperatu
1.5 Mbar and 290 K. In this thermodynamic state the s
tem assumed spontaneously an ice X structure. The
gen atoms form a bcc structure and the hydrogen atom
midway between two neighboring oxygen atoms, lead
to a symmetrized hydrogen bond. Further increase in
pressure at,3 Mbar induced a change in the simulatio
box, reflecting a phase transition from ice X into a ne
structure. The new phase (ice XI) was identified to
orthorhombic with four H2O molecules per primitive cell
The space group isPbcm with only one H2O molecule
in the asymmetric unit. In terms of the two independe
internal structural parametersu, y, the positions of the
atoms are O atsu, y, 1

4 d, H1 at s0, y 2
1
4 , 1

4 d, and H2 at
s 1

2 , 1
2 , 0d. In the Wyckoff notation these are the positio

4d, 4d, and 4b, respectively [19]. The structural param
ters change continuously with pressure. The average
ues obtained from the dynamical run, well inside the n
phase at 4 Mbar and 290 K, area  2.22 Å, bya  1.61,
cya  1.55, u  0.252, andy  0.434.

In ice XI the oxygen substructure is a distorte
hexagonal-close-packed (hcp) geometry, thus at the tra
tion the O-O coordination number increases from 8 to
The 12 nearest neighbors distances are spread w
0.13 Å due to the distortion. The transformation pa
observed in the simulation is similar to that proposed
the bcc! hcp transitions in many metals including Zr, T
and Li [20]. Namely, we found that the planes transfo
as s110dbcc ! s001dhcp and the directions asf11̄0gbcc !

f11̄0ghcp , where the hcp notation is used also for t
quasihcp structure of ice XI. These relationships are
to the fact that thef001gbcc axis contracts in order to
produce a nearly triangular lattice in thes110dbcc plane.
This is accompanied by the alternate sliding ofs110dbcc

planes which leads to theABABstacking of the hcp phase
In the X ! XI transformation both the contractio
along f001gbcc and the sliding ofs110dbcc planes are not
© 1996 The American Physical Society
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complete. The final result is a distorted hcp substruct
of oxygen atoms. The hydrogen atoms follow rigidly th
displacements of the oxygen atoms still sitting midw
between the two neighboring oxygen atoms. A project
of ice XI on the almost hexagonal plane is reported
Fig. 1(a). The anglef in Fig. 1(a) measures the slidin
of the originals110dbcc planes, and isf  23±. Chains
of oxygen atoms bonded by hydrogen atoms are appa
along the [010] and [001] directions (Fig. 1). The origin
tetrahedral coordination of oxygen in ice X is now di
torted. Nevertheless, the hydrogen bonding is preser
and the new phase appears as a compromise betwee
tendency towards close packing which would favor t
ideal hcp phase (withbya  1.733, cya  1.634, and
f  30±) and the conservation of hydrogen bonds wh
would favor the tetrahedral coordination of ice X (wi
bya  cya  1.414 andf  0).

The precise determination of the transition press
from the dynamical run is difficult, due to well-know
hysteresis effects and also to insufficient sampling of
Brillouin zone (BZ). For these reasons we perform
static calculations of the ice X and ice XI equations
state at zero temperature and at full convergence in the
integration. In these calculations, in order to further che
the sensibility of the results on the pseudopotential cho
we used a conventional norm-conserving pseudopote

FIG. 1. (a) Projection of ice XI structure on the orthorhomb
(001) plane. Black and grey atoms belong to different (0
planes. White hydrogen atoms lie in between those pla
The unit cell is marked by dashed lines. (b) Projection of
XI on the orthorhombic (100) plane.
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[21] and a plane wave expansion up to 100 Ry. We a
added the effect of zero point motion.

The equations of state of ice X and XI are repor
in Fig. 2. The antifluorite structure proposed in previo
works [5,9,10] is much higher in energy than either ice
or ice XI and foremost it is unstable with respect to so
phonons at theG point. Its equation of state is reporte
in Fig. 2 for the sake of comparison with ice X and i
XI. Indeed the antifluorite has a much higher Madelu
energy than the Cu2O structure of either ice X or ice
XI which is closely related to ice X. Furthermore, it
incompatible with the formation of a tetrahedral network
hydrogen bonds. The result of Ref. [10] is probably due
an overestimation of the O-O repulsion which would fav
the close-packed antifluorite structure and to the difficu
of modeling the hydrogen bond in this extreme regime

The structural parameters of ice XI as a function
pressure at 0 K are reported in Table I. Ice XI continuou
evolves from ice X towards ideal hcp upon increas
pressure, starting to be stable around,3.5 Mbar, close to
the transition pressure seen dynamically. We checked
dependence of the structural parameters on exchange
correlation functionals by computing the equation of st
of ice X and ice XI with the Becke exchange [15] and Le
Yang-Parr correlation functionals [22]. The effect of t
latter functional is a reduction of the pressure (,0.4 Mbar)

FIG. 2. Calculated equation of state at 0 K and full conv
gence in Brillouin zone integration of ice X , ice XI, and a
tifluorite. The antifluorite structure is unstable with respect
some phonons at theG point, and its energy is reported he
only for the sake of comparison. The zero point energy
computed from theG point phonons in 16 H2O molecule su-
percells of ice X and XI is added to the equations of state.
zero point energy further favors ice XI with respect to ice X
0.6 mRyyatom at 4 Mbar. The zero point energy of antifluor
is not defined and it is taken equal to ice X.
2935
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TABLE I. Pressure dependence of the volume and structural parametersa, bya, cya, u, and
y of ice XI along the equation of state in Fig. 2. The anglef [see Fig. 1(a)] is also reported
for comparison with the ideal hcp structure. These parameters are slightly different from th
obtained from the dynamical simulation due to finite temperature and limitedk point sampling
in the dynamical run. The orthorhombic unit cell contains four H2O molecules.

P sMbard V sÅ3yatomd a sÅd bya cya u y f

6.6 1.89 2.01 1.71 1.63 0.255 0.415 29±50

5.8 1.98 2.06 1.69 1.62 0.255 0.419 28±00

4.7 2.13 2.14 1.64 1.59 0.254 0.429 24±70

4.3 2.18 2.18 1.61 1.58 0.253 0.437 21±70

3.8 2.27 2.22 1.59 1.57 0.252 0.443 19±80
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at low densities in Table I. However, at a given volum
the structural parameters in Table I do not change.

The effect of the limited BZ integration is to favor ic
XI, the difference in energy between ice X and XI
4 Mbar beingDE  2.1 mRyyatom (332 Kyatom) withG

point only andDE  0.23 mRyyatom at full convergence
in BZ integration. Despite such a tiny energy differen
ice XI at 4 Mbar is stable up to 2000 K, as deduced fro
the dynamical simulation. Around 2000 K the hydrog
atoms start to diffuse among the available sites midw
between neighboring oxygen atoms (only 4 sites out of
are occupied in ice XI), still leaving the hcp substructure
oxygen stable [23]. The introduction of quantum tunneli
effects could reduce the temperature and pressure at w
the protonic diffusion sets in.

Ice XI is insulating up to and beyond 7 Mbar where t
electronic band gap is as large as 10.8 eV. The band
continuously increases in ice VIII and ice X up to,12 eV
at 3 Mbar. The gap widening is mainly due to Madelu
effects, the first excitation being a charge transfer fr
oxygen to hydrogen. The highest occupied molecu
orbital state is, in fact, a lone-pairp state of oxygen, and
the lowest unoccupied molecular orbital is an antibond
orbital betweens states of oxygen and hydrogen. Abov
3 Mbar the electronic gap decreases in ice XI due
increase in band dispersion. The proposed metalliza
of H2O [5] is therefore to be expected at much high
pressure.

In conclusion, we predict a new phase transition in
from ice X to a new ice XI phase. The transformatio
is expected to occur between 3 and 4 Mbar, taking i
account the computational uncertainty. Ice XI is sta
up to 2000 K at 4 Mbar, and insulating up to and beyo
7 Mbar. The predicted transition pressure is within t
range of pressure presently achievable in diamond a
cells [24]. Furthermore, a softening of the [110] zo
border phonon in ice X is likely to be a precursor of t
ice X ! ice XI phase transition. Such a phonon softeni
could be detected at much lower pressure than the ac
transition pressure. Ice at similar and higher pressure
present in Jovian planets and the present finding is of g
relevance in planetary physics [2].
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