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Anomalous Isostructural Transformation in Ice VIII
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(Received 21 April 1998)

The recently reported isostructural phase transformation in ice VIII has been examined using first-
principles calculations. This novel transformation has been reproduced in detail, and the theory provides
insight into the exact nature of this transformation. The calculation shows that (1) the hydrogen-bonded
component of the oxygen network relaxes differently than the non-hydrogen-bonded oxygen part of the
lattice, and (2) the internal geometry of water molecules is influenced by the structural transformation.
This transformation does not conform to the conventional thermodynamic definition for structural phase
changes but can be interpreted as a structural relaxation. [S0031-9007(98)07143-9]

PACS numbers: 61.50.Ks, 64.60.– i, 71.15.Hx
re
si-
to
an-
is
of
ng

en-
y
or-
on
c-
o-

in
a-
on-

al
1]

ce
ted
a-

ri-

d
nd
n-
al
es
d
al

si-
he
pe
The application of pressure to ordinary ice has led to
very rich series of crystal structures with widely varyin
properties. These phases often serve as model compou
for the study of physical properties in a material whe
there is a large amount of information about the inte
and intramolecular interactions. A particularly simpl
structure is found in ice VIII (space groupI41yamd,
tetragonal with four molecules per unit cell) which
can be described as two interpenetrating cubic lattic
each constructed of nearly tetrahedrally coordinated wa
molecules [1,2]. The hydrogen bonds in the lattice a
significantly longer (2.92 Å at 1 bar and 100 K) than tha
found in ice Ih, the stable structure for solid H2O at 1 bar.
The water molecules in each sublattice are fully order
with their dipole moments directed in opposite direction
parallel to thec crystallographic direction. In addition,
ice VIII transforms to an orientationally disordered phas
ice VII, with an average cubic symmetry for the oxyge
atoms when the temperature exceeds 0.2±C at 2 GPa. A
particularly interesting feature of ice VIII is that it can
be recovered at ambient pressures and low temperatu
The antiferroelectric phase has also revealed interest
behavior at very high pressures [3] where the hydrog
bonds approach a centrosymmetric configuration, and t
is the subject of much current research [4–6].

Recently, based on neutron scattering determination
the structural parameters, a new isostructural phase
noted as ice VIII0 with no change in the crystal space
group and was proposed for the D2O ice VIII when the
pressure was lowered below 4 GPa at 85 K [7]. The s
nature of the transition is a fairly rapid drop in the oxyge
atom position parameters. In the neutron diffraction e
periment, thez coordinate of the oxygen atom,zsOd, was
found to decrease abruptly from 0.110 to 0.106 when t
pressure is lowered below 7 GPa. It was also sugges
that there may be evidence of nonlinear behavior in th
parameter at about 1 GPa. Interestingly, no discontinu
or other unusual behavior in the volume or in thecya ratio
of the tetragonal structure was reported. It is also sign
cant that the crystal symmetry is preserved in the propos
phase transition. These observations suggested that
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transition may be second or higher order. Although the
is evidently an abrupt change in the oxygen atom po
tional parameter, this information alone is not sufficient
identify the phenomenon as a thermodynamic phase tr
sition. In this Letter, we explore the mechanism of th
novel observation through a detailed theoretical study
the pressure dependence of the structure of ice VIII usi
first-principles total-energy methods.

The pseudopotential plane-wave method based on d
sity functional theory was employed [8] for total energ
calculations. The Perdew-Wang generalized gradient c
rected functional was used for the exchange correlati
[9]. The interactions between the core ions and ele
trons were described by the Vanderbilt ultrasoft pseudop
tentials [10]. High accuracy calculations are required
order to obtain reliable structural and energetic inform
tion. Therefore, special care has been taken to ensure c
vergence in both plane-wave energy cutoff andk-point
sampling. An energy cutoff of 600 eV and a 48 speci
k-point mesh selected by the Monkhorst-Pack scheme [1
was found to be sufficiently accurate for the convergen
of total energies and structural parameters. The calcula
O-H bond length and H-O-H bond angle for an isolated w
ter molecule were0.971 Å and 104.0±, respectively. These
values can be compared with the corresponding expe
mental values of0.957 Å and 104.5± [12]. The theory
predicted a slightly longer O-H bond length in the isolate
molecule, which carries onto the crystal calculations, a
is likely due to small imperfections in the pseudopote
tials. For each volume, an energy minimization structur
optimization was performed and the internal coordinat
andcya ratio were optimized. The frozen phonon metho
[13] was used to investigate the frequency of the intern
A1g symmetric stretching mode and theA1g lattice mode
for translational vibrations parallel to thec axis [14]. Al-
though calculations were carried out on H2O ice VIII, no
significant difference is expected from that of D2O ice ex-
cept that the kinetics of the transformation and the tran
tion pressure may be affected by isotope substitution. T
vibrational frequencies would also be affected by isoto
substitution, but only by a scaling factor.
© 1998 The American Physical Society
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The experimental observed structural changes [7] a
completely reproduced by the calculations (Fig. 1). Th
sudden drop inzsOd from 0.115 to 0.110 is predicted
at a volume of63 Å3yprimitive cell or approximately
10 GPa. The calculated values are in favorable agreem
with the observed onset of the structural change at 7 G
where thezsOd decrease by 0.004 (inset Fig. 1). More
significantly, the calculations reveal that the change
the atomic position is reversible when the pressure
increased. The volume dependence of the total energ
the unit cell dimensionsa andc, and the frequencies and
the internal structure of water molecules are shown
Fig. 2. No discernible discontinuity can be detecte
in both the total energy and the unit cell dimension
in the entire volume range [Figs. 2(a) and 2(b)]. Thes
observations show that the observed structural changes
not associated with a first-order transformation. Figure
shows the calculated volume dependence of intern
structural parameters which accompany the sharp chan
in the fractional coordinatezsOd.

A careful examination of the local structure of the
water molecule reveals details of the structural change
As shown in Fig. 3(a), the calculated trend and absolu
change in the O-H bond length with pressure is in exce
lent agreement with that reported from a detailed neutro
diffraction study of ice VIII [15,16]. The calculated rate of
change of O-H bond length with volume of7 3 1024 Å22

agrees with the recent experimental value [15,16] reporte
by Bessonet al. which is almost an order of magnitude
smaller than those previously suggested. Moreover, t
theory predicts a region near the structural anomaly whe
the H-O-H angle diminishes more slowly with increasing
volume. This is shown in Fig. 3(b) where it is apparen
that there is a pressure region where the change in t
H-O-H angle with change in volume decreases. An inte

FIG. 1. The calculated pressure dependence of the fraction
coordinate zsOd for ice VIII and the experimental data of
Ref. [4] (inset). The solid lines are guides for the eye.
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esting feature of the local structure in the lattice is the vo
ume dependence of the hydrogen-bonded O—O distan
and the nonbonded O—O distances as shown in Fig. 3(
It was reported [2] from a detailed neutron diffraction
study at 2.4 GPa that the nearestnonbondedO—O dis-
tances were significantly shorter than thehydrogen-bonded
distances. The present calculation confirmed this obs
vation. The calculated nonbonded and hydrogen-bond
distances at 2.4 GPa are 2.756 Å and 2.875 Å, respe
tively, and are in excellent agreement with the experime
tal values of 2.743(9) and 2.879(1) Å. The remarkab
behavior of the calculated two nearest-neighbor O· · · O
distances is shown in Fig. 3(c). The hydrogen-bonded d
tances show a monotonic change in length with pressu
whereas the nonbonded distances show a distinct cha
in pressure dependence at the structural transformati
The structural transformation therefore can be describ
by a sudden movement of the interpenetrating hydrog
bonded networks in opposite directions while maintain
ing the continuous pressure dependence of the hydrog
bond distances when the pressure is lowered. The on
distinct structural features that may act as order param
ters for the proposed phase transformation are the sudd
changes in (1) the intermolecular O—O distances or
a much lesser extent (2) a change in the intramolecu
O-H bond length or H-O-H angle. In this case, the O-H
bond length decreases smoothly with increasing volum
but there is a clear region where the H-O-H bond ang
changes more slowly with change in volume. The H-O-H
angle decreases from nearly tetrahedral to the experim
tal value of 106± at low pressure.

Based on an examination of the rapidly decreasing fr
quencies of the internal (molecular) RamanB1g, A1g,
and Eg vibrations and the external (lattice) infraredsEud

FIG. 2. The calculated volume dependence of the (a) tot
energy, (b) lattice constantsc and a, (c) the frequency of the
A1g vibrational lattice mode, and (d) the calculated frequency o
the A1g internal mode. The arrow in (d) indicates the location
of the isostructural transformation. The solid curves in (c) an
(d) are polynomial fits to act as a guide for the eye.
2467
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FIG. 3. The calculated volume dependence of the intern
structural parameters of ice VIII: (a) the O-H bond lengt
(b) the H-O-H angle, and (c) the hydrogen-bonded (op
circles) and nonbonded nearest neighbor distances (fil
circles).

mode for pressure below 4 GPa, it was suggested [7] t
the transformation may be a second-order thermodyna
one. This could be due to a softening of a phonon mo
at the Brillouin zone center. Since the crystal space gro
is preserved at the transformation, the only possible sy
metry allowed lattice mode that preserves symmetry
the A1g mode. To investigate this possibility, the vol
ume dependence of the frequency of the lowest ene
A1g lattice mode is determined from the frozen phono
method. ThisA1g optic mode involves motions of wa-
ter molecules in each of the interpenetrating lattices alo
opposite directions in thez direction [14]. The calcu-
lation shows [Fig. 2(c)] a continuous decrease in the
brational frequency but no anomaly that will suggest
softening within the pressure region where the discontin
ity in zsOd occurs is predicted. The calculated frequen
shift from 10 GPa to ambient pressure of70 cm21 is in
reasonably good agreement with the experimental va
of ,95 cm21 consisting of a linear frequency shift o
6.6 cm21yGPa over the pressure range 1–10 GPa plu
more rapid drop near ambient pressure [14,17]. Analy
of the limited experimental data available on the intern
vibrations, such as theB1g, A1g, and Eg modes, shows
a rapid increase in the frequencies when the pressur
below 3 GPa. Unfortunately, there is not sufficient e
perimental information to indicate whether adiscontinuity
has occurred in this pressure range. Similarly, the c
culations do not show an abrupt change in theA1g in-
2468
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ternal symmetric O-H stretch mode near the region
the structural relaxation. The calculated volume depe
dence of the intramolecular vibration after scaling by th
measured isotope ratio [14] is in good agreement wi
experiment. The lack of a clear discontinuity in the calcu
lated volume dependence of theA1g symmetric stretching
vibration [Fig. 2(d)] can be used to provide an estimat
of the maximum contribution to the free energy chang
that may occur over the transformation region. The max
mum discontinuous frequency shift consistent with th
calculated dependence is at most a few tens of wave nu
bers that implies a very small contribution to the free en
ergy change over the transformation region.

A classical thermodynamic transformation occur
when there is a discontinuity in a derivative of the fre
energy. Since the calculated total energy, calculated a
experimental volume, and vibrational spectrum of ic
VIII are smooth functions of the pressure, therefore, th
enthalpy, volume, and entropy of the system are contin
ous over the pressure region where the O atom positi
parameter anomaly occurs. Thus, based on the theor
cal result, and within the accuracy obtained with th
present methods used, the observed phenomenon can
be classified as bona fide phase transition. The observ
structural change is probably the consequence of
delicate balance between dipole-dipole forces in the an
ferroelectric lattice, hydrogen bond interactions, and th
nonbonded repulsive forces. At the point where the tran
formation occurs, there is a large change in the parame
describing the separation of the two interpenetratin
sublattices. That is, the separation of the sublattic
as determined by the parameter´  2cf0.125 2 zsOdg
increases by about 20% as the pressure is decreas
The dipole-dipole interaction energies are dominated b
repulsive terms which means that the transformatio
which depends on the balance of the hydrogen bo
energies against the dipole-dipole interaction energie
occurs when the dipole-dipole contributions dominat
suddenly. Consequently, the total energy of the syste
remains a continuous function of the volume/pressur
Since there is no discontinuous change in the total energ
volume, and vibrational spectrum at the current leve
of accuracy of the theory, therefore, the experiment
observation indicates a minor relaxation of the intern
structure of the ice lattice and does not constitute a stru
tural phase transformation in the standard thermodynam
description. It should be emphasized, however, that th
conclusion is limited by current accuracy of theory, an
the possibility of a first- or second-order transformatio
cannot be totally eliminated.

There are a number of isostructural transformations no
reported in the literature in materials including pure me
als [18–20] to simple compounds [21] and minerals [22
In the pure metals, Zn and Cd [18–20], the transform
tions have now been proven to be due to a change in t
Fermi surface topological features. In the compound In
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[21], an anomalous behavior in thecya ratio is attributed
to an interaction between second neighbor in atoms in t
wurtzite structure, resulting in a pretransition behavior ne
a first-order transformation to a NaCl structure. In sever
mineral systems, isostructural transformations have be
reported [22], but theoretical studies remain to be com
pleted. The transformation studied here may be related
these, and this study provides the first detailed theoreti
characterization for a molecular solid and should provid
the general principles that may be used to yield a unifie
picture of this phenomenon.
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