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Amorphization in quenched ice VIII: A first-principles study
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Ice VIII is a high-density form of H2 O that amorphizes upon heating after being decompressed to 0 kbar.
Here we investigate by first principles the structural and vibrational properties of ice VIII under decompression. We have reproduced the peculiar nonlinear behavior of some stretching and translational modes under
decompression and relate this behavior to the eminent collapse of the hydrogen-bond networks. We also find
that the transverse acoustic phonon branches almost collapse and are nearly unstable at 0 kbar. This is the sign
of imminent amorphization, similar to that uncovered in ␣ -quartz under pressure near the amorphous transition. By means of quasi-harmonic free energy calculations we also investigate its thermal equation of state and
show, for the first time, the effect of zero point motion and temperature on its structure. The level of agreement
between theoretical and experimental results is unprecedented in this class of materials. This is crucial to
clarifying the relationship between amorphization and acoustic phonon collapse.
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Pressure-induced amorphization is one of the intriguing
facts common to H2 O-ice and silica. It was first observed in
ordinary ice Ih under pressure at 77 K,1 but has been more
extensively investigated in ␣ -quartz at room temperature.2
Despite all progress and efforts to understand amorphizaton,
a consensus has not been reached yet about its root cause.
Here we investigate by first principles a phenomenon that
has been proposed to cause amorphization in ␣ -quartz and
has not been demonstrated yet in any system that amorphizes
other than ␣ -quartz: acoustic phonon collapse, i.e., the instability of entire acoustic branches,3,4 or nearly so. The relationship between this phenomenon and amorphization is
clearly demonstrated in this study of the structural, mechanical, and vibrational properties of ice VIII under decompression. This is a quenchable high-pressure phase of ice that
upon heating to ⬃130 K at 0 kbar undergoes
amorphization.5
H2 O-ice is a notorious material for which the predictive
limits of theoretical approaches are still being explored. Experimental challenges posed by low temperatures, low scattering power of protons, or difficulties in locating phase
boundaries also conspire to make comparisons with experiments nontrivial. Much has been learned about ice physics
by means of model potential calculations6 and, more recently, also by first-principles methods.7,8 In general, model
potential studies have been more complex at the expense of
being less predictive. Amorphization in ice Ih and VIII has
already been investigated using the model potential.6 However, a question as delicate as this should always be approached with maximum precaution, and be investigated by
first principles to the extent it is possible. Particularly in ice,
effects related to quantum fluctuation of protons, anharmonicities, and unsatisfactory description of the hydrogen bond
within density functional theory 共DFT兲9 are expected to be
non-negligible. Considering these facts, ice VIII is perhaps
the least problematic system for investigating amorphization.
Its structural and vibrational behavior under decompression
have been partially, but carefully, characterized.7,10 It has a
small primitive cell 共bct with space group I41 /amd) with
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only four molecules and, because it is a denser form of ice, a
DFT based approach is likely to be more successful than for
the low-pressure phases.
Our static calculations of internal energies, elastic constants, and phonon frequencies use the same approaches already tested in our previous study of ice XI,11 differing only
in some structure-dependent details 共see Ref. 11兲. Throughout the relevant range of volumes, static elastic moduli and
Born stability criteria are also obtained from stress-strain relations, and full phonon dispersions are obtained to analyze
the relationship between elastic and vibrational instabilities.
In possession of the vibrational density of states we are able
to calculate free energies12 within the quasiharmonic
approximation13 to investigate the effects of zero point motion 共ZPM兲 and temperature on the structure and equation of
state of ice VIII. Effects of quantum fluctuations on the ice
VIII-to-X transition pressure have been previously
investigated,8 however, ZPM and thermal effects on the
structure and equation of state parameters are calculated here
for the first time.
The robust high-P/low-T ice VIII phase is stable in a
relatively wide range of pressures 共from ⬃20 to
⬃800 kbar). Its high-T form, ice VII, is hydrogendisordered and stable in a similar pressure range. Both consist of two interpenetrating hydrogen-bond networks, each
one containing oxygens at the sites of a diamond lattice. Ice
VIII is antiferroelectric with dipole moments oriented in opposite directions in each network. Ice VII is paraelectric with
randomly oriented moments. This structural type, often referred to as a self-clathrate, contrasts sharply with those of
the zero pressure phases that consist of single hydrogen-bond
networks. Hydrogen-disordered ice Ih, the low-P/high-T
form, and hydrogen-ordered ice XI, its low-T version, consist of a single hexagonal-diamond lattice of oxygens, being
paraelectric and ferroelectric, respectively. Metastable,
hydrogen-disordered ice Ic is the cubic diamond version of
ice Ih and the single network version of ice VII. A firstprinciples description of the hydrogen bond is anticipated to
be tricky. The bond charge is low, the bond is highly com-
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TABLE I. Lattice constants, bond lengths, and equation of state parameters of ice VIII at two pressures,
0 and 24 kbar, and various temperatures. O-H and O•••H are intramolecular and hydrogen-bond lengths,
respectively. O-O and O•••O are the distances between nearest oxygens connected or not by hydrogen
bonds, respectively.
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pressible, and its bond length, O•••H, is likely to be underestimated, more so using the local density approximation
than the generalized gradient approximation 共GGA兲. Table I
lists equations of state 共EoS兲 parameters 共third-order finite
strain兲, lattice parameters, and bond lengths at various temperatures and two pressures.14 ZPM effects are significant
and cannot be ignored. Thermal effects are small but noticeable. EoS parameters obtained in static calculations are in
excellent agreement with the experimental values. After inclusion of ZPM and thermal effects, the agreement is still
very good, typical of high-quality DFT calculations in ‘‘normal’’ materials that have included these effects.12 However,
the measurements cited in Table I were performed in
D2 O-ice VIII,10,15 which should be less affected by ZPM and
temperature. O-H and O•••H are intramolecular and
hydrogen-bond lengths, respectively. The slight overestimation of O-H and underestimation of O•••H in static calcula-

tions is consistent with other GGA results obtained in the
isolated molecule7,16 and in the dimer.16 Because the hydrogen bond is the most compressive, it is also the most affected
by ZPM and temperature. The O-H and O•••H bond lengths
change in the correct direction and agree better with measurements after inclusion of these effects. The distances between nearest oxygens connected 共O-O兲 or not (O•••O)
through hydrogen bonds are also listed. As noticed earlier,
O•••O is shorter than O-O.15 These distances are in better
agreement with measurements before these corrections are
included, and so does the volume. The final structural discrepancies should be viewed as the true DFT error, plus
some possible anharmonic effects and intrinsic differences
from D2 O.
Good agreement between our results and experimental
data10,15 at two pressures is reassuring. However, some unusual structural/vibrational features in D2 O-ice VIII have

FIG. 1. Calculated 共static兲 pressure dependence of 共a兲 various bond lengths 共see the
text兲 related to 共b兲 translational IR-active
(  T x ,T y E u ), IR-inactive (  T z A 1g ), and three
Raman-active O-H stretching mode frequencies
(  1 A 1g ,  3 E g ,  1 B 1g ).
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FIG. 2. Static pressure dependence of Born stability criteria. B1
and B2 are c 11⫺ 兩 c 12兩 and (c 11⫹c 12)c 33⫺2c 213 , respectively.

been noticed and carefully documented. Their reproducibility
by any theoretical approach is another crucial test. It was
pointed out that extrapolation to low P’s of three Ramanactive O-H stretching and one IR-active translation mode
frequencies obtained at high pressures did not agree with
low-pressure measurements 共Whether these frequencies vary
continuously or not throughout the entire pressure range has
remained an open question兲.10 Neutron diffraction determination of structural parameters within the same pressure interval suggested the structure could be relaxing discontinuously, i.e., undergoing an iso-symmetric transformation.10
Here we inspect the behavior of these modes and related
bond lengths 共cited in Table I兲 under decompression. Figure
1共b兲 indicates the behavior observed in D2 O10 is well reproduced with no observed discontinuities.  1 A 1g ,  1 B 1g , and
 3 E g shown in the lower panel 1共b兲, are the stretching mode
frequencies related primarily with the intramolecular bond
length shown in the lower panel 1共a兲. The crossing of  1 B 1g
and  3 E g at low pressure10 is particularly well reproduced.
 T z A 1g and  T x ,T y E u shown in the upper panel 1共b兲 are translational mode frequencies that depend on the stiffness of the
intermolecular bonds shown in the upper panel 1共a兲. As the
structure decompresses, hydrogen bonds (O•••H) stretch
and weaken, first linearly with pressure, but then the behavior becomes highly nonlinear at low P’s. The intramolecular
bond behaves oppositely. Despite these nonlinearities, all
quantities vary smoothly. The more rapid shortening of the
O-H and lengthening of O•••H, O•••O, and O-O bonds is a

sign of the imminent collapse of the two hydrogen-bond networks. However, their reconstruction into a single one with
shorter hydrogen bonds is not accomplished without annealing at 0 kbar. First, it undergoes amorphization upon heating
to 130 K,5 then it goes through metastable ice Ic, the first
accessible 共hydrogen-disordered兲 single network structure, at
⬃150 K. Finally it reaches stable ice Ih at ⬃210 K, 5 all at 0
kbar. Temperature should also aid the entropic stabilization
of these disordered phases, but that might not be its primary
role.
With this picture in mind we now inspect the Born criteria
for mechanical stability and the phonon dispersions of ice
VIII under decompression. Figure 2 displays the former obtained in static 0 K calculations. All Born coefficients decrease with pressure but the first one to vanish at ‘‘
⫺12 kbar’’ (⫺4.5 kbar after ZPM corrections are considered兲 is c 44 . This result is consistent with the observation of
metastable ice VIII at 0 kbar. However, it also shows that ice
VIII is well on the path leading to a mechanical instability.
c 44 determines the restoring force for the long wavelengths
degenerate transverse acoustic 共TA兲 modes propagating in
the z direction 共with strain ⑀ 4 ⫽ ⑀ 5 in Voigt’s notation17兲. The
pressure dependence of these TA branches is displayed in
Fig. 3. At ‘‘⫺12 kbar’’ the entire branches become unstable
along the ⌳ line at once. In ice VIII, acoustic phonon collapse is unambiguously linked to the mechanical instability
through c 44 .
The current study points to the importance of having the
experimental facts related to amorphization clearly documented and well reproduced theoretically before they can be
interpreted and conclusions are attempted. Amorphization in
ice VIII is a particularly neat case because it has a unique
hydrogen-bond length and, under decompression, they all
collapse at the same pressure 共negative one in this case兲. All
TA normal modes along the ⌳ line involve hydrogen-bond
stretching, some more, some less, depending on the wave
number. Therefore, the concurrent instability of all phonons
in these branches can be attributed to the critical stretching of
the same bond at the critical pressure 共at 0 K兲. Most important, these modes are not unstable as the pressure amorphization occurs experimentally. Ice VIII is mechanically and vibrationally stable at 0 kbar. However, all these phonons are

FIG. 3. Dispersions of translational modes at 50, 0, and ⫺12 kbar 共static values兲. After inclusion of zero point motion, pressures at the
same volumes are 65, 10, and ⫺4.5 kbar. Negative wavenumbers are actually imaginary numbers. On the right, the Brillouin zone of the
body-centered tetragonal lattice is shown.
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thermally excited simultaneously when the amorphous is
produced, the first accessible metastable phase.3 At 0 kbar,
this happens at 130 K (⬃11 meV), while the energies of
these phonons lie within ⬃10 meV. This phenomenon can
look more complicated in other molecular phases of ice
where there is more than one hydrogen-bond length, resulting in acoustic phonon dispersions not as simple as in ice
VIII.11 For instance, an intermediate phase has been observed in ␣ -quartz before amorphization,2 most likely as a
result of an acoustic phonon collapse starting at the Brillouin
zone edge.18 Conceivably, nonuniform or nonhydrostatic
pressures could have a similarly complicating effect by alter-

ing bond lengths nonuniformly. In any case, it is the collapse
of the two hydrogen-bond networks and their nontrivial reconstruction into a single one that is behind amorphization in
ice VIII.
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