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Abstract

Recent theoretical and experimental results on the structure and dynamics of ice in wide regions of pressure and
temperature are compared with earlier models and predictions to illustrate the evasive nature of ice X, which was
originally introduced as completely ordered form of ice with short single centred hydrogen bonds isostructural Cu

2
O.

Due to the lack of experimental information on the proton ordering in the pressure and temperature region for the
possible occurrence of ice X, effects of thermal and quantum delocalization are discussed with respect to the shape of the
phase diagram and other structural models consistent with present optical and X-ray data for this region. Theoretical
evidences for an additional orthorhombic modification (ice XI) at higher pressures are confronted with various reasons
supporting a delocalization of the protons in the form of a heavy fermion system with very unique physical properties
characterizing this fictitious new phase of ice XII. ( 1999 Elsevier Science B.V. All rights reserved.

Keywords: Ices; Hydrogen bonds; Phase diagram; Equation of states

1. Introduction

The first in situ X-ray studies on H
2
O and D

2
O

ice VII under pressures up to 20 GPa [1] together
with a simple twin Morse potential (TMP) model
for protons or deuterons in hydrogen bonds [2]
allowed almost 26 years ago first speculations
about a very special phase of ice with symmetric
monomodal hydrogen bonds, which was proposed
to occur at pressures of about 50 GPa with an
uncertainty of #40 GPa or !15 GPa, depending
on the contribution from zero-point motion and

tunnelling [2]. Detailed Raman studies on H
2
O

and D
2
O ice VIII to pressures in the range of

50 GPa [3] revealed the expected softening in the
molecular stretching modes and led to the deter-
mination of a critical O—H—O bond length of
R
#
"232 pm, where the central barrier of the effec-

tive double-well potential should disappear [4]. If
the ice rules [5] would still be obeyed, the tet-
ragonally distorted structure tI24 of hydrogen or-
dered ice VIII should thereby transform into cP6
ice X, a hydrogen ordered cubic structure of
Cu

2
O-type (structures are labelled with Pearson

symbols according to Ref. [6]). Later theoretical
[7] and experimental [8] studies revealed that tun-
nelling-induced disorder [9] interferes with this di-
rect transition from ordered tI24 ice VIII to ordered
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Fig. 1. Thermodynamic phase diagram for H
2
O ices based on various data from the literature [10—26]. The different stable phases of ice

are labelled with the commonly used roman numbers and also with Pearson symbols [6], which are overlined, when an average
structure with hydrogen disordered is represented.

cP6 ice X by the extension of the disordered phase

ice VII with its average cI6 structure to very low
temperatures just in the pressure range, where ice
X was expected to occur as illustrated in Fig. 1.

These observations led to the question, whether an
ordered phase ice X ever occurs and how one could
find a (thermodynamic) phase boundary between the

disordered cI6 ice VII and the ordered cP6 ice X,
considering that the precise dynamical disorder in
ice VII at low pressures is even not yet clear [27,28].

Also the high-pressure Raman [3,4,29—33] and
IR studies [34—39] have not yet allowed to locate
the ice VII—X phase boundary precisely. A linear
extrapolation of the classical softmode behaviour
[40] observed at lower pressures [3,4,29—39] is
certainly not appropriate for the motion of protons
or deuterons when tunnelling becomes important
as illustrated recently [41]. In fact, the first dis-
cussions of this soft-mode behaviour [4] treated the
proton and deuteron motions much more appro-
priately with a quantum mechanical model than
the later semi-classical models [29—38]. However,

an effective simple Morse potential had to be used
initially [4] due to the fact that this simple model
gave fully analytical results and the more advanced
computer codes [41] were not yet available.

All the extrapolations of these results into the
region, where the ice VII—X transition is expected
to occur, did not really allow to locate the
transition. In fact, also the recent publication on
‘Cascading Fermi Resonances and the Soft-Mode
in Dense Ice’ [38] used for the evaluation of the
spectra in the transition region only the classical
soft-mode picture and different interpretations of
these data appear to be more reasonable [41].

Therefore, the question remained, whether stud-
ies on the equation of state (EOS) of ice VII might
give some hints for the location of the ice VII—X
transition.

2. Analysis of EOS data

The compilation of all the EOS data for H
2
O-ice

VII in Fig. 2 illustrates first of all, that all the data
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Fig. 2. P—» data for ice VII at room temperature from direct
volume measurements at low pressures [13,14] and different
X-ray diffraction studies at higher pressures [1,29,42—47].

Fig. 3. g-x-scaling of the P—» data for ice VII at room temper-
atures. Thereby, x"(»/»

0
)1@3 and g"ln((P/P

FG0
)x5/(1!x))

with »
0
"0.0214 nm3 for the effective molecular volume at

0 GPa and the corresponding Fermi gas pressure
P
FG0

"a
FG

(Z/»
0
) with a

FG
"23.37 MPa nm5 and Z"10 for

the water molecule. AP1 represents a linear interpolation to very
high compression for a ‘simple’ solid as shown in the upper part
of this diagram.

together [1,13,14,29,42—47] are well represented
just by one smooth curve labelled AP1 in Fig. 2. In
fact, the same curve AP1 also fits similarly well all
the data [1,45,47] for D

2
O-ice VII. Therefore, these

data are not shown separately here. A more de-
tailed insight into possible slight anomalies in such
data is commonly obtained by the use of various
‘linearization schemes’ [48—57]. However, spurious
phase transitions have been derived by these pro-
cedures especially for ice [47,58,59] as one can
notice by inspection of all the ‘linearized’ data in
Fig. 3, where these spurious ‘anomalies’ disappear
just in the spread of the experimental uncertainties.
Obviously, a large scattering of the data can be
noticed in this plot. To a large extent, deviatoric
(non-hydrostatic) stresses can easily explain this
scattering. Some authors tried to correct their data
for these effects [47] and these ‘corrected’ data
show indeed better agreement with the average
interpolating curve AP1. However, even these cor-
rections must be treated with much caution, since
(a) only a uniaxial stress component was taken into
account [47] but no elastic inhomogeneity between
the sample and the ruby (Lamé pressure [60]), (b)
the Singh-Kennedy effect [61] was evaluated with
the assumption of a pure Voigt case (strain continu-
ity at the grain boundaries), and (c), in contrast to
the ruby calibration and all previous definitions,
the hydrostatic pressure was evaluated by subtrac-
tion of a uniaxial component, whereas the usual
definition takes deviatoric stresses already into ac-
count [61].

In short, the shift of the corrected data [47] gives
only a rough estimate for the uncertainty in this
correction and illustrates that in this case as well as
in the previous discussions [58,59] of earlier X-ray
data [44,46] only spurious anomalies due to vary-
ing deviatoric stresses were taken just too seriously.
Also Brillouin scattering data [62—65] do not find
these spurious anomalies. Therefore, no clear evid-
ence for a sharp ice VII—X transition can be derived
from any of these data yet. Therefore, one may
consider that model calculations can possibly give
some further hints for the characterization of this
‘evasive’ phase transition.

3. Model calculations

After the early semiempirical prediction of a

possible transition of either cI6 ice VII or tP12 ice
VIII into a highly symmetric form [2], later labelled
[4,62] ice X, modelling of this transition was per-
formed at various different levels of sophistication
[7,66—77]. If thereby the ground state as well as the
dynamics of hydrogen (and oxygen) motion are
treated quantum mechanically [7,66,69,70,76,77]
tunneling induced disorder [9] is found to drive the
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Fig. 4. Effective hydrogen model potentials at different pressures for a BCC oxygen lattice based on a generalized Double Morse
Potential (DMP) using the parameter set 1 [41]. (a) Potential surface projected on to the (0 1 1) plane. The corresponding H-bond
length R is given on each plot together with the energy difference between adjacent contour lines. (b) Potential barrier E

H
along S1 1 1T

H-bond directions d
H
. Horizontal lines denote energy differences of 100 meV and the corresponding pressures are also indicated.

(c) Potential barrier E
P

for the valley between S1 1 1T and S1 1 11 T directions.

transition from ice VIII to ice VII at zero temper-
ature at a critical pressure P

#
, which depends on the

isotopic mass and is slightly lower than the ex-
pected pressure for the occurrence of ‘ordered’ ice
X. However, the exact nature of the ice VII-X
transition still seems to need some clarification.

Since the application of a ‘generalized’ double
Morse potential (DMP) [41] led to a much better
understanding of the effects of pressure on the IR

and Raman data for ice and other hydrogen-
bonded systems [41,78], the same potential was
used in the present study to gain more insight into
the structural changes and hydrogen dynamics of
ice in the range of the expected ice VII—X transition
as illustrated in Fig. 4 by a few ‘effective’ hydrogen
potential surfaces projected onto a (0 1 1) plane of
the BCC oxygen lattice together with a few projec-
tions of the corresponding barriers E

H
and E

P
for
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Fig. 5. Variation of the barrier the height E
H

and E
P

from Fig. 4 and zero-point energy E
0

for protons estimated from the DMP
calculations [41]. The corresponding location of the potential minimum R

OM
on the bond versus bond length R

OO
is also shown by the

thin continuous line in the lower part. Similar variations of R
OM

for the parameter set 2 [41] and for a new parameter set 3 of the same
DMP model [41] are also indicated by dashed and dotted lines, respectively, together with data from ab initio Hartree—Fock
calculations [72] reproduced by open circles. Results for the proton position from ab initio modelling [77] including zero-point motion
are illustrated by solid dots. Deuteron positions from early [5,27] and more recent [72,79—81] high-pressure neutron diffraction on ice
VIII are shown by open squares and diamonds, respectively.

the hydrogen motion along the H-bond directions
and perpendicular to them. It should be kept in
mind, that these potential surfaces, like muffin-tin
potentials for conduction electrons, do not take
into account individual hydrogen—hydrogen inter-
actions or correlations, but they are useful to study
the quantum effects related to the hydrogen deloc-
alization. Therefore, the barrier E

P
for molecular

rotations is unrealistically low at moderate pres-
sures or, in other words, for large values of the
hydrogen bond length R

00
as illustrated in Fig. 5.

However, the strong stiffening of the rotational and
librational motions [3,34—38] is modelled rather
reasonably by the strong increase of E

P
until a new

decrease heralds a lattice instability at several hun-
dreds GPa. In contrast to the earlier simple TMP
model [2], the parameter set 1 for this DMP [41]
reproduces very reasonably the weak variations of

the oxygen—deuteron distance R
OD

measured with
neutron diffraction on ice VIII under pressure
[72,79—81]. Effects of zero-point motion (or QM
delocalization) account for the difference between
the location of the minimum R

OM
and the measured

positions R
OD

. The larger values for hydrogen bond
distances R

OH
calculated by a fully quantum

mechanical path integral technique [77] illustrate
even more clearly the spread of the proton wave
function, which was modelled in a similar way also
with the present potential [41]. In fact, a qualitative
plot of the proton zero-point energy E

0
in Fig. 5,

estimated from the previous calculations [41], illus-
trates also here, that the tunnelling-induced dis-
order must be expected already at R

00
+240 pm,

which corresponds to a pressure of about 55 GPa, if
one uses the EOS AP1 from Fig. 2. This close
agreement with the experimental value of 64 GPa
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[8] is obviously fortuitous as illustrated with the
parameter set 2 [41] and a similarly modified para-
meter set 3 in Fig. 5.

Certainly, a fine tuning of this DMP could be
performed in the future to account more precisely
for the experimental facts, however, even the pres-
ent form points with the very strong decrease of
E
1

at R
00
(210 pm, or P'230 GPa to an inter-

esting feature illustrated in Fig. 4 by the extended
flat valley of the potential in the (0 1 1) plane. If the
BCC oxygen lattice remains stable up to this pres-
sure, this flat potential and the high zero-point
energy of the protons would probably lead to a de-
localization of the protons in a half-filled ‘proton
band’ with the possible occurrence of ‘metallic’ pro-
ton conduction with minor electronic contribu-
tions. This extraordinary state of a degenerate
Fermi gas of protons or deuterons in a stable oxy-
gen lattice could be considered as a new form of
‘heavy fermion’ ice XII.

4. Conclusions

All the presently available experimental and the-
oretical data indicate, that the ‘phase transition’ ice
VII—X is neither first nor second order but rather
‘continuous’ in such a way that no thermodynamic
discontinuity but only an arbitrary definition or
extrapolation can possibly locate the correspond-
ing ‘transition line’ in the P—¹ phase diagram.

Similarly, various ‘phase transitions’ in the stab-
ility range of ice VII may be related only to rather
smooth structural changes from molecular disorder
at low pressures to thermally activated dissociation
at intermediate pressures and tunnelling-induced
disorder at higher pressures (and low temperatures)
before most of the disorder is squeezed out in the
stability range of ice X. At elevated temperatures,
the gradual change from orientational disorder in
the initially molecular structure to predominantly
‘ionic’ disorder along the bonds with minor viola-
tions of the ice rules could smoothly turn over into
a different kind of disorder disturbing the tetrahed-
ral hydrogen arrangement typical for cP6 ice X.

This different form of cI6 ice VII with monomodal
H-bonds but strong proton or deuteron hopping
between the eight equivalent ($1

4
, $1

4
$1

4
) sites

could show at first superionic conduction but
finally also a Mott-transition of the protons or
deuterons into a heavy fermion state, resulting in

an ordered structure cI6 ice XII, if the BCC oxygen
lattice remains stable. Even if denser oxygen pack-
ing and low symmetry structures [58,68,69,73,82]
may suppress the occurrence of such a state at low
temperatures, it is conceivable that the BCC oxy-
gen lattice could be stabilized as a high-temper-
ature phase due to its softer phonons and
additional entropy from the proton disorder.

With respect to this question it would be interest-
ing to see, whether the same kind of orthorhombic
high-pressure phase predicted and labelled as ice
XI [73] would also be predicted for Cu

2
O and

Ag
2
O under pressure, where different structures

have been found experimentally [83].
On the other hand, one can conceive also that

the molecular disorder typical for cI6 ice VII at low
pressures changes gradually to a different type of

disorder cP6 ice VII, which may still satisfy the ice
rules perfectly in the form of an average cupric
structure, however, with thermal- or tunnelling-
induced disorder resulting in a bimodal distribu-
tion of the hydrogens along the bonds, keeping the
(slightly distorted) tetrahedral arrangement of the
hydrogens with only a minor number of defect
H-positions occupied. In principle, these two types

of different proton disorder, cI6 and cP6, and

a third type of hydrogen disorder in cI6 with
a monomodal half occupation of the 8 ($1

4
$

1
4
$1

4
) sites should be distinguishable by X-ray dif-

fraction, and also with respect to ordered cP6 ice X.
While the oxygen-dominated reflections occur in
all these four structures, in a similar way (condition
on hkl: h#k#l"2n) very weak additional H-
dominated reflections are expected for cP6 ice X (all
h, k, l odd!). For the bimodal distribution in (dis-

ordered) cP6 additional weak reflections with one
odd and two even values (O0) in h, k, l would be
allowed, in the monomodal disordered structure

cI6 only these later H-dominated reflections
should be present besides the regular BCC reflec-

tions, and in the bimodally disordered cI6 ice VII
only these oxygen-dominated BCC reflections
should be seen. However, this distinction depends
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on the intensity of the very weak H-dominated
reflections, which could be broadened also depend-
ing on the extent of the disorder. Furthermore, the
approach towards the monomodal H-distribution
is certainly smeared out by the coupling of the
hydrogen location to the oxygen motion, which
results in additional disorder and uncertainty in the
approach towards the ordered cP6 ice X structure
with its definite monomodal H-distribution.

All these considerations indicate that ‘phase
boundaries’ between the two forms of ideally dis-

ordered cI6 ice and the ordered cP6 ice X may not
exist in a macroscopic (thermodynamic) sense, but
may be defined only by (artificial) selection of some
specific microscopic criteria or by correspondingly
artificial (extrapolation) procedures applied to ex-
perimental data.

In addition, similar continuous changes as pro-
posed here for ice VII are obviously noticed in electri-
cal conductivity measurements on fluid water under
high pressure [84—87] showing at first a strong in-
crease related to molecular dissociation and extra
mobility of the hydrogen ions but finally a satura-
tion of the conductivity at 30 GPa [87], where the
rotational barrier E

P
becomes comparable to the

activation energy for dissociation related to E
H
.

Finally, it is conceivable that hydrogen delocal-
ization into a heavy fermion state has already been
observed experimentally under pressure in con-
ductivity measurements on solid H

2
S [88].
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