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The dielectric properties of high density amorphous ice, which is produced by slow isothermal pressuriza-
tion ��0.1 GPa h−1� at 130 K, have been studied by dielectric spectroscopy, in situ, at pressures up to 1.2 GPa
and temperatures from 130–160 K. The dielectric relaxation time � is about 5 s at 130 K and follows an
Arrhenius temperature dependence with an activation energy Ea=45 kJ mol−1 at 1 GPa. The short � indicates
that the amorph at 1 GPa is an ultraviscous liquid well before it crystallizes at �160 K. The equilibrium
permittivity is �157 at 138 K and 1 GPa, which yields a Kirkwood correlation factor gK of only 1.7, indicating
a much smaller dipolar orientational correlation than that of the stable crystalline phase ice VI �gK=3.4� and
liquid water at atmospheric pressure �gK=2.9 at 273 K�. The activation volume is 1.7 cm3 mol−1 in the pressure
range 0.45 to 1.15 GPa at 130 K which, together with Ea, yields a weak pressure dependence of the glass
transition temperature Tg of dTg /dp=5 K GPa−1.

DOI: 10.1103/PhysRevB.74.184201 PACS number�s�: 64.70.Pf, 77.22.Gm, 62.50.�p

I. INTRODUCTION

One of the more remarkable findings in the behavior of
water, among its many unusual features, is that it exists in
several different amorphous solid forms. Some of these are
produced at low temperatures through a pressure induced
collapse of the hexagonal or cubic ices. Isothermal pressur-
ization at 77 K, yields a high density state at 1.2 GPa that
has typical amorphous diffraction pattern,1 and has been re-
ferred to as the high-density amorph �HDA�. This state trans-
forms further to a low-density amorphous �LDA� form2 on
isobaric heating at pressures below 0.07 GPa up to �130 K.3

During heating of HDA at high pressures above �0.5 GPa,4

it densifies before crystallization, and the ultimate densified
form has been referred to as very HDA �vHDA�5 or relaxed
HDA �rHDA�, where the latter notation is suggested for a
state produced by isobaric heating of HDA below 0.8 GPa.6

However, a recent study indicates now that HDA pro-
duced at and near 77 K is not a well-defined homogeneous
solid, and only after HDA has been heated under pressure to
yield vHDA does it become homogeneous.7 The sluggish
kinetics at low temperatures may thus restrict the ultimate
collapse of hexagonal ice �ice Ih� to a homogeneous amorph.
The various HDAs obtained at different �low� temperatures,
pressures, or obtained by using different pressurization and
depressurization rates, sample size, annealing time, etc., can
therefore have yielded heterogeneous solids with slightly dif-
ferent diffraction patterns and densities. Previously reported
results of the amorphs should now be considered in the light
of these findings.

The structure of the amorphous states produced under
pressure has been studied in several recent investigations,8–12

but the conclusions have been subject to interpretations of
the diffraction data. All the amorphous states appear to con-
sist of tetrahedrally coordinated fully hydrogen bonded net-
works but one important distinguishing feature is found in
the nearest neighbor oxygen-oxygen coordination, and it
concerns interstitial nonhydrogen bonded molecules.8,9 At at-
mospheric pressure, the HDA state produced by pressuriza-

tion at 77 K has roughly one �interstitial� nonhydrogen
bonded molecule and vHDA about two molecules in the first
neighbor shell,8 whereas the LDA state exhibits no such in-
terstitial molecules. Klotz et al.10 have discussed their results
for HDA ice in terms of increasing interpenetrating hydrogen
networks with increasing pressure, but Martonak et al.13

have argued that it is incompatible with their results of mo-
lecular dynamics simulations of HDA and vHDA ice.

The structure of LDA ice shows local order similarities
with ice Ih, with a nearest neighbor coordination which is
close to four. Still the LDA state shows typical amorphous
x-ray patterns. The distinction between the LDA and HDA
states becomes further obvious in terms of their phonon
properties.14–17 The LDA state shows crystal-like thermal
conductivity, i.e., the phonon scattering is apparently domi-
nated by three phonon umklapp scattering, whereas the HDA
exhibits glasslike thermal conductivity.14,18 The behavior of
the LDA state is unique in that the state would be character-
ized as a crystalline phase as far as the thermal conductivity
is concerned. Also results for inelastic x-ray scattering show
phonon propagation up to unusually high frequencies.15 In
fact, this is the case for both the HDA and LDA states, but it
is much more pronounced in the LDA state.

Some results suggest that the transition from HDA to
LDA occurs via multiple distinct states on warming at ambi-
ent pressure11—indicating that several states between LDA
and HDA can be produced. This result differs from one ob-
tained in an in situ high-pressure study, which reports a first-
order transition between LDA and HDA.12 The distinction
between these two cases is important since the latter provides
support for the two liquid models of water, where the LDA
and HDA �or rather vHDA/rHDA� states are the correspond-
ing two glassy liquids. Although the model is not disproved,
it is more difficult to reconcile the model with a multiplicity
of distinct amorphous solid states. Moreover, together with
the findings for the production of densified HDA, where
vHDA is the ultimate density form, this means that it might
be possible to produce numerous amorphous states with dif-
ferent densities between those of LDA and vHDA, which are
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0.94 g cm−3 and 1.25 g cm−3, respectively, at atmospheric
pressure.

In the case of vHDA/HDA, the transformation from HDA
to vHDA has been found to be gradual so here it is particu-
larly important to provide the detailed thermal history to de-
clare the state of the sample. Lately this has been taken into
account by various labeling of the state of the high density
amorph such as vHDA and rHDA. Previously, all amorphous
ices produced by pressurizing Ih to above 1.2 GPa at low
temperatures in the range 77–140 K have been denoted
HDA. But since HDA produced at 77 K densifies irrevers-
ibly on heating at 1 GPa, the density as well as other prop-
erties become slightly different if the state is produced at
higher temperatures and at slower pressurizing rates. These
differences are reflected in different transformation tempera-
tures for the HDA to LDA transition on heating at low
pressures.7,19 HDA samples produced, or annealed, at high
temperatures acquire higher density and are thermally more
stable than low-temperature samples, which yields higher
transformation temperatures to LDA. The measured proper-
ties of the high density amorph seem therefore to be signifi-
cantly dependent on thermal history—much more than for
glassy liquids formed by using different cooling rates.

Many important issues remain to be established concern-
ing the low temperature behavior of solid water. These are
ultimately important for understanding the many unusual be-
haviors of liquid water such as the increase of the heat ca-
pacity and decrease of density on increasing supercooling of
liquid water. The two-liquid model and an associated second
critical point is one of the models that provide an explanation
for the behaviors of supercooled liquid water. A key issue for
establishing or refuting the two-liquid model is the under-
standing of the nature of the amorphous solid states. In ad-
dition to the pressure produced amorphous states, amorphous
solid water can also be produced by vapor deposition onto a
cold plate �ASW� and by hyperquenching micron-sized liq-
uid water �HQW�. It has been shown that after heating of
ASW from 77 K to 113 K in vacuum �annealed ASW�, the
resulting state is indistinguishable from HQW20,21 and, con-
sequently, that annealed ASW and HQW are most likely
identical states. However, the interrelations between the
other amorphous solid states are disputed. LDA is sometimes
assumed to be the same state as ASW but these states exhibit
significant differences in neutron scattering results,16,17 and
most likely also in thermal conductivity behavior, which is
crystal-like for LDA ice.14,18 The crystal-like properties of
LDA seem to preclude that liquid water at normal pressure is
the liquid counterpart of LDA ice. There is only a remote
possibility that transverse modes, which cannot propagate in
the liquid state, can be responsible for the striking difference
in thermal conductivity behavior of liquid water and LDA
ice.22 The two-liquid model suggests a glassy-liquid interre-
lation between LDA and liquid water unless a liquid-liquid
phase line is crossed on cooling at 1 atm. If the hypothetical
phase line between two liquids extends to negative
pressures23 then there is a thermodynamic basis for a first-
order liquid-liquid transition on cooling, which cannot be
observed due to crystallization. Quenching of liquid water to
avoid crystallization would presumably also circumvent such
a liquid-liquid transition. As a result, the produced state

�ASW/HQW� would be a low-pressure �density� version of
the glassy liquid that is formed by rapid cooling at high
pressure, which is possibly high-density amorphous ice. In
such a complex two-liquid scenario, the apparently different
properties of LDA and ASW/HQW can be accounted for, but
the crystalline like properties of LDA still remain to be ex-
plained.

As pointed out recently, the glass transition, which is the
key characteristic for glassy liquids, cannot be regarded as
established for the HDA and LDA states.24 In numerous stud-
ies of the amorphous states there are either no anomalies at
all near the expected glass transition temperature or these are
weak and might be due to other reasons than a glass transi-
tion. This work focuses on the dielectric response of the high
density amorphous ice, and is a more comprehensive and
detailed study than one recently reported.25 For a strongly
polar substance, such as water, dielectric spectroscopy is a
much more sensitive method than thermal methods for stud-
ies of molecular mobility. Thus, for cases where onset of
molecular motions remains undetected due to a small heat
capacity step at the glass transition, dielectric spectroscopy
can easily reveal such motions and it is here used to establish
the molecular reorientational relaxation behavior of the high
density amorph. The amorph is produced by slow pressuriza-
tion at 130 K and at this temperature the relaxation time is
short enough to yield the fully relaxed high density amor-
phous state.6,25 It will here be referred to as high density
amorph or simply amorph, since the low-density amorph is
not a subject in this study.

II. EXPERIMENT

The study was performed by using two different types of
dielectric cells, a parallel plate capacitor of nominally 126–
149 pF air capacitance and a concentric electrode capacitor
of nominally 19 pF air capacitance. The change in geometry
of the latter up to 1 GPa is insignificant when the pressure is
hydrostatic.26 The parallel plate capacitor consisted of six
plates, each separated by the other by Polyetheretherketone
�PEEK� spacers. The capacitor was placed inside a 37 mm
internal diameter Teflon container which itself closely fitted
inside the high-pressure cylinder of internal diameter 45 mm
of a high-pressure assembly. The Teflon cell was filled with
�25 ml of pure water �tissue-culture grade water supplied
by Sigma or water purified by using Milli-Q® Ultrapure
Water Systems� or water doped with minute amount of KOH
�1.7�10−4 mole fraction�. The KOH-doping decreases the
dielectric relaxation time in ice Ih due “to the release of
water molecules from the ice rule”27 so that the relaxation
can be studied during the path towards amorphization. In the
course of the experiments with the KOH dopant, the unex-
pected relaxation behavior of the amorph was established. As
described below, the failure rate in these experiments is high
and the demonstrated insignificant effect of doping on the
relaxation behavior of the amorph justifies the use of also the
data for the doped water to obtain a more complete picture.

The cell was sealed with a tightly fitting, 5 mm thick
Teflon cover and the piston inserted. The whole assembly
was placed in a vacuum chamber and load was applied by
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using a 5-MN hydraulic press. The pressure in the cell was
determined from the ratio of load to area to which a correc-
tion for friction was applied. This correction had been previ-
ously established in a separate experiment by using the pres-
sure dependence of the resistance of a manganin wire. The
pressure of the hydraulic oil used to push the piston into the
cylinder was computer controlled at the desired rate of in-
crease or decrease. The temperature of the pressure vessel
was varied by using a built-in helium cryostat equipped with
heater. The capacitance and conductance of the dielectric ca-
pacitor immersed in the ice sample were measured, in real
time, over the 0.8 Hz–1 MHz frequency range by means of a
Solartron 1260 impedance analyzer. For pure water we used
the same equipment for the concentrical capacitor and for the
plate capacitor in the range 100 Hz–1 MHz. In the range
3 mHz–100 Hz, a HP33120A function generator was instead
used to provide a sinusoidally varying signal over the sample
capacitor and a reference capacitor placed in series. The volt-
ages over the capacitors were measured simultaneously by
two HP3457A voltmeters during at least one period �100
points�, and the capacitance and conductance of the sample
were determined for each frequency. The setup is the same as
has been described previously,28 but with new function gen-
erator and electronics.

The geometric capacitance of the capacitor was deter-
mined by using the known dielectric permittivity, ��, of ice
Ih of 3.1±0.05 at 1 kHz to 10 kHz measurement frequency
and ambient pressure and low temperatures, as reported by
Johari et al.29 �Johari and Whalley30 had also found that for
ice Ih, �� at temperatures below 170 K at 10 kHz, was within
0.1% of the limiting high-frequency value of its dielectric
permittivity, ��, and Gough31 has shown that �� decreases
from 3.16 at 253 K to 3.093 at 2 K.� The results for the
complex dielectric constant were calculated using the cell
constant and ignoring the dimensional changes of the con-
centrical capacitor, which is valid under hydrostatic pressure
conditions. In the case of the parallel plate capacitor, the
distance between the plates will decrease on compression.
Assuming isotropic compression of all the materials between
the plates �also the PEEK spacers�, then a �30% volume
decrease, as for the amorphization of ice Ih into the high
density amorph at 130 K �1.08 cm3 g−1 to 0.75 cm3 g−1 5�,
yields �10% decrease of the interplate distance. The permit-
tivites of the amorph were corrected assuming isotropic com-
pression. A comparison between the values for �� for two
different amorphization experiments using the parallel plate
capacitor and the single experiment using concentrical ca-
pacitor showed that the former gave 8% and 5% higher val-
ues, respectively. �In the experiment with the concentrical
capacitor, the value for �� of ice Ih was recovered after the
experiment showing that no permanent dimensional change
had occurred during the experiment.�

The high-pressure vessel containing water at 0.05 GPa or
lower pressure was cooled from room temperature to about
100 K at an average rate of �15 K/h. After ice Ih had
formed, the temperature was raised and stabilized at 125–
130 K, which took a total of 10 h. This choice of tempera-
ture is a compromise between the decreasing pressure needed
for amorphization at higher temperatures, which decreases
the risk of failure of the pressure equipment �approximate

limit �1.5 GPa�, and the increasing risk of crystallization at
higher temperatures. Moreover, 130 K seems to be an appro-
priate temperature to obtain directly the fully relaxed high
density amorphous ice. The pressure was then increased at
the average rate of 0.1 GPa/h. The heating rate was typically
15 K/h and cooling rate, 10 K/h, near 150 K. Thus, one set
of experiments took a continuous period of several days dur-
ing which time the pressure and temperature of the sample
were continuously monitored. The data are accurate to within
±0.05 GPa for pressure �at 1 GPa and 100 K�, and ±0.3 K
for temperature. The temperature difference between the
sample and the Teflon cell wall was measured continuously
during pressure and temperature cycling to determine water’s
transformation. Because of frequent rapid crystallization dur-
ing pressurization through the amorphization range 0.8–
1.1 GPa and breakage of the dielectric cell, the success rate
in these experiments was only �20%.

III. RESULTS AND DISCUSSION

Figure 1 shows the dielectric permittivity �� and loss ��
for 100 Hz and 100 kHz frequencies on pressurization at
�130 K. The significant increase in the low frequency ��
and �� at about 0.7 GPa is due to the amorphization process

FIG. 1. �Color online� Dielectric permittivity ��, loss ��, and
sample temperature for pure ice as a function of pressure. Note that
the dimensional changes of the capacitor have been ignored here.
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and shows that an increasing number of H2O molecules con-
tributes to the dielectric relaxation process with increasing
pressure. Simultaneously the high frequency �� increases
more significantly with pressure as the number of H2O mol-
ecules per unit volume increases due to the abrupt densifica-
tion. Despite slow pressurization rate of only 0.1 GPa h−1,
the temperature increases when the transformation rate in-
creases at 0.8 GPa, which demonstrates the exothermic na-
ture of the transition. The dielectric data show that the amor-
phization process is finished just above 1 GPa as the low
frequency �� ceases to increase, and the increase in the high
frequency �� becomes less pronounced. The increase in the
complex capacitance at the amorphization process varies
somewhat between different runs, probably due to the defor-
mation, and sometimes damaging, of the capacitor. This
makes values for the static permittivity �0 and limiting high
frequency permittivity �� somewhat uncertain �see experi-
mental�, but it does not affect the values for the dielectric
relaxation times.

After amorphization, the temperature was lowered to
�115 K and the pressure decreased to 0.41 and 1 GPa pres-
sure, and the spectra recorded on slow heating. At 1 GPa,
several pure samples as well as a sample doped with KOH
were studied, and the results are shown in Figs. 2 and 3 �see
also Fig. 2 in Ref. 25�. The samples show similar dielectric
behavior. A relaxation process appears and shifts to higher
frequencies with increasing temperatures. On further heating
the peak diminishes as the samples apparently crystallize.
Simultaneously measured data for the temperature difference
between the KOH-doped sample and the Teflon sample cell
wall at 1 GPa shows a small exothermic peak at 148 K and
just above a second more pronounced peak at 159 K �Fig. 4�.
One sample with pure water was cooled immediately after
the first peak was observed. This changes the temperature
gradients in the cell and the data have therefore been re-
moved above the first peak. Despite cooling the sample, the
crystallization did proceed. Thus, the doped and pure
samples exhibit identical transition behavior. If we take into
account the slower heating rate used here, then the tempera-
ture for the crystallization agrees with that commonly ob-
served in other studies ��165 K�. The small initial exother-
mic peak at 1 GPa indicates onset of nucleation and the more
significant can be due to slow crystal growth. The crystalli-
zation appears more abrupt at 0.41 GPa, and the resultant
crystalline phase is also different at 0.41 than at 1 GPa. �The
crystallization behavior depends on several parameters such
as the heating rate and the microstructure of the sample.
Since the latter can differ slightly between samples, e.g., due
to the sluggishness of the amorphization process, the nature
of the crystallization might vary between samples.� But the
resulting states after crystallization cannot be determined
here with certainty since the crystallization occurs in a meta-
stable state, and the nature of the crystallization might there-
fore vary between different experiments. Klotz et al.,32 found
that slow heating of the D2O amorph ��0.5 K min−1� at
pressures near 1 GPa yielded crystallization into ices VI and
XII, and heating near 0.4 GPa yielded crystallization into
mainly ice IV. However, Salzmann et al.4 found that the H2O
amorph crystallized into ices IV and XII at 1.15 GPa and
ices V and IX at 0.5 GPa using a heating rate of

�2 K min−1. The resulting state after crystallization might
thus depend on the experimental conditions such as sample
size, D2O or H2O, and thermal history.

One of the pure samples was studied in the temperature
range 132–138 K, and then cooled without exceeding 138 K
�Fig. 2�. That is, it was cooled well below the temperature for
the crystallization. A subsequent spectra obtained at 132.7 K,
was identical to that obtained before heating to 138 K. This
shows that the change in � on heating is due mainly to the
change in temperature. This suggests that the sample was
fully relaxed and, thus, that a sample produced by slow pres-
surization to above 1.15 GPa at 130 K, and kept here of
order of an hour due to the slow changes in the p ,T condi-
tions, yields the ultimate densified form recently referred to
as very HDA �or vHDA�. This is in accordance with the data
for � and the recent Raman data obtained on annealing of

FIG. 2. �Color online� Dielectric spectra of the high density
amorph �pure� on heating at 1 GPa. The data were obtained in two
different experiments. The wide frequency range spectra �open red
symbols� were obtained using a parallel plate capacitor and a spe-
cial setup for low-frequency measurements. A subsequent cooling
run, without exceeding 138 K, yielded the results at 132.7 K �blue
symbols�. The temperature was kept constant to within 0.1 K during
all these measurements. The other spectra �black symbols filled
with +� were obtained using a concentrical capacitor and measured
on slow heating �0.3 K min−1�. The dashed line represents a fit of
the Cole-Cole function given by Eq. �1�.
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HDA at various temperatures near 1 GPa.6 These data show
that the gradual transformation to vHDA starts at tempera-
tures where � becomes of order of minutes and finishes at

130 K, where � is of order of seconds, on isobaric heating
near 1 GPa. The results in Fig. 2 also show that the relax-
ation strength changes reversible on heating. Since these are
results obtained with the parallel plate capacitor, it is difficult
to certify that it is an inherent feature of the high density
amorph and not due to dimensional changes of the capacitor.
Normally, a fully relaxed sample should expand on heating
and the distance between the plates of the capacitor increase.
If this is not accounted for then the relaxation strength
should exhibit a slight apparent decrease. As shown here, the
relaxation strength increases on heating up to 138 K and then
decreases reversible on the subsequent cooling. Although
this is opposite to the effect expected due to thermal expan-
sion, further results are needed to ascertain this feature. The
results for the doped sample at 1 GPa �Fig. 2 in Ref. 25�
show similar behavior at temperatures below 149 K, i.e., be-
low the temperature where significant crystallization can be
observed. If this is a property of the amorph, then it indicates
a temperature induced increase in the dipolar orientational
correlation.

The relaxation times obtained from the peak values of the
loss by direct reading, as well as by superposition of the
spectra where the loss peak was outside the frequency range,
are compiled in Fig. 5. The relaxation times for the doped
sample agree well with those for the undoped. This shows
that the dopant does not decrease � as it does for hexagonal
ice. In fact, it seems to slightly increase �. The reason for the
lack of significant effect of doping might be due to the amor-
phous structure, which makes the ice rules irrelevant, and/or
segregation of the dopant during pressurization. It is believed
that KOH doped ice I �cubic ice� exhibits a pressure induced
phase separation because ionic impurities are known to seg-
regate from the high pressure forms of ice.33,34 If this occurs
also on pressurization of ice Ih at 130 K, then the doped
sample would �after amorphization� consist of a few small
grains of KOH distributed randomly in the pure amorph, and
this would explain the lack of difference between the doped
and pure sample. A major or complete segregation of the
dopant already on freezing liquid water during cooling at low

FIG. 3. �Color online� Dielectric spectra of the high density
amorph �KOH-doped, 1.7�10−4 mole fraction� obtained on heating
0.3 K min−1 at 0.41 GPa. �The low values for C� and C� are due to
a damaged capacitor.�

FIG. 4. �Color online� Temperature difference between the
sample and the sample cell �T on heating of the high density
amorph �pure and KOH-doped, 1.7�10−4 mole fraction�. A base-
line has been subtracted from the data, and the curves have been
shifted vertically for clarity.

FIG. 5. �Color online� Dielectric relaxation times extracted from
the peak of the loss spectra by direct reading or via superposition of
the high frequency wing of the spectra onto the wide frequency
range spectra measured in the temperature range 132–138 K. The
line represents an Arrhenius fit to the data for the pure samples.
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pressure ��0.5 K min−1� can be ruled out since � for the
doped ice Ih was shorter by several orders of magnitude
compared to that for the pure sample.

The relaxation time is surprisingly short under these ex-
treme conditions, which can be a consequence of relatively
weak hydrogen bonding in comparison to those of HQW and
crystalline ices,16 and � increases only slowly according to
the Arrhenius behavior on cooling in the limited temperature
range studied here. As mentioned above, the short � is in
correspondence with the recent results by Salzmann et al.6

The calorimetrically observed glass transition temperature Tg
corresponds commonly to a dielectric � of order of 100 s.
However, there are many exceptions showing both shorter
and longer dielectric � at Tg. As shown in Fig. 5, � of the
high density amorph becomes about 100 s at 122 K and
1 GPa, which is low in comparison with Tg�135 K of
ASW/HQW at atmospheric pressure.35 �The Tg of ASW/
HQW has been disputed36,37 and a higher value of 165 K
�Refs. 38 and 39� or 188 K �Ref. 40� has been suggested but
the recent41–43 and historical20,44–46 direct experimental evi-
dence for the low temperature value seems convincing.� Both
reorientational and translational motions of H2O molecules
in liquid water with tetrahedral bonding require breaking and
reforming of hydrogen bonds. As a consequence, the two
processes are concomitant. This is proved by the validity of
the Stokes-Einstein relations 47 down into the supercooled
liquid temperature range at atmospheric pressure.48,49 More-
over, it has been shown that the dielectric � and the structural
� estimated from the Tg endotherm for amorphous solid wa-
ter obtained by rapid cooling at atmospheric pressure are of
the same order of magnitude at ambient pressure and
136 K.50 The � is estimated as �35 s at 136 K,50 which
agrees well with results for Tg obtained from a study of the
molecular diffusion.41 We therefore conclude that the arrest
of reorientational motions observed at low temperature
should be linked to the vitrification of the amorph, but that
the dielectric � is shorter than 100 s at Tg near atmospheric
pressure, and it might be even shorter at high pressures. The
very short dielectric � at crystallization of only �30 ms sug-
gest that the high density amorph transforms into an ultravis-
cous liquid well before crystallization commences.

As the logarithmic relaxation times vary linearly with the
inverse temperature, these are described by Arrhenius behav-
ior yielding an activation energy: Ea=R �� ln � /�T−1�p,
where R is the gas constant, of 45 kJ mol−1 at 1 GPa. It
appears to decrease somewhat at the highest temperature, but
then the crystallization has commenced and this might have
an effect on � �T�. The value for Ea can be compared with
those of supercooled liquid water and ASW. The self-
diffusion of supercooled water has been measured down to
238 K at atmospheric pressure, which yielded an activation
energy of 44.4 kJ mol−1 at the lowest accessible
temperature.51 The activation energy appears to increase
drastically on further temperature decrease and could even
diverge at about 220 K, according to one of the models used
to extrapolate the data to lower temperatures.51 The apparent
activation energy for self-diffusion in thin ASW films at at-
mospheric pressure in the range 140–150 K is reported as
170±40 kJ mol−1,43 and the data extrapolate reasonably well
to those of supercooled water using a Vogel-Fulcher-

Tammann equation.52–54 �A much smaller value for Ea of
14 kJ mol−1, in the range 100–140 K, is reported for diffu-
sion vertically through the first bilayers of amorphous
films.55� The activation energy for HQW in the range 135–
150 K is estimated as 55±5 kJ mol−1.45 Although this value
obtained from differential scanning analysis should be
treated with caution, it agrees roughly with that obtained in a
dielectric study of water sequestered in the pores of a poly-
mer in the 160–190 K range, which yielded Ea
=61 kJ mol−1.56

It has been shown that Ea of liquid water decreases with
pressure at room temperature. This has been investigated up
to 0.4 GPa by Wilbur et al.57 in their diffusion studies of
heavy water. They found that Ea decreased most strongly at
the initial pressurization near atmospheric pressure, and at
0.4 GPa it had decreased to 70% of its ambient pressure
value. The value obtained here for Ea of the high density
amorph at 1 GPa is about 25% of that for self-diffusion of
ASW at 140 K, about the same as that for liquid water at
240 K and ambient pressure, and 80% of that for structural
relaxation of HQW. Consequently, it is too small compared
to that obtained for self-diffusion of ASW using ��Ea /�p�T of
liquid water at room temperature for extrapolation, but might
be reconciled with values for the structural relaxation of

FIG. 6. �Color online� Dielectric spectra of the high density
amorph �pure� on depressurization at 130 K. The lines represent the
fitted Cole-Cole model given by Eq. �1�.
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HQW and dielectric relaxation of sequestered water at atmo-
spheric pressure.

Results for the pressure induced change of the spectra are
shown in Fig. 6. The relaxation time changes weakly with
pressure in comparison with temperature. The extracted val-
ues for � yield �� ln � /�p�T=1.5 GPa−1 in the pressure range
0.45 to 1.15 GPa. This means that a pressure increase of
1 GPa, would shift Tg of the process to 5 K higher tempera-
tures, which can be deduced together with the data in Fig. 5.
�From the isobaric results for � in Fig. 4 of Ref. 25 we
deduce a corresponding value of 3–5 K GPa−1 in the range
142–148 K.� From the pressure dependence of �, it follows
that the relaxation process has an apparent activation vol-
ume: �V*=RT �� ln � /�p�T, of 1.7 cm3 mol−1 at 130 K. �An
estimate at 145 K, using the data at 0.41 GPa and 1 GPa for
the doped sample yields �V*=0.5 cm3 mol−1.� The activation
volume is the volume change needed for the relaxation pro-
cess in addition to the available free volume. The
�V*=1.7 cm3 mol−1 corresponds to 2.8 Å3 per molecule, i.e.,
it is 13% of the average volume available to each molecule
��22 Å3�.

The glass transition temperature of a substance varies
with pressure typically in the same manner as the viscosity
of the liquid state. The viscosity of water at 273 K decreases
on compression up to 0.15 GPa and then increases and
reaches the same value at 0.3 GPa as that at 0.1 MPa.58,59

This unusual feature of a pressure induced decrease of the
viscosity is most pronounced and continues up to higher
pressures at the lowest temperature, in the investigated range
of 258–283 K. This suggests that the tendency would persist
at low temperatures and could be even more pronounced. If
this is indeed the case, then it follows that the glass transition
temperature would be almost independent of pressure. In
fact, it could even decrease initially with increasing pressure,
which would be yet another unique feature of water. Thus,
the weak pressure dependence for � observed here, and the
correspondingly small �V*, are in qualitative agreement with
viscosity results for water at 273 K.

If the pressure dependence of Tg: dTg /dp=5 K GPa−1 for
the amorph formed at 1 GPa persists down to atmospheric
pressure, then the dielectric results would formally indicate a
calorimetric Tg of 117 K, but it is most likely higher as it
probably corresponds to shorter dielectric � than 100 s. The
pressure dependence could also be weaker or even negative
near atmospheric pressure, which is indicated by the behav-
ior of liquid water near room temperature. In any case,
117 K is close to that for the transition to LDA.5 Since the
transformation into LDA ice intervenes, it is probably not
possible to observe Tg at atmospheric pressure.

The results in Fig. 6 show that the relaxation strength
decreases with increasing pressure and resembles the behav-
ior observed on cooling, shown in Fig. 2. Consequently, the
data provide evidence for a process that gradually decreases
�0 of the high density amorph on cooling as well as on pres-
surization.

The dielectric spectra are best described by the symmetri-
cal � distribution function given by Cole and Cole60

�*��� = �� + ��0 − ���/�1 + �i��cc�1−�� , �1�

where ��=2	f� is the angular frequency, �cc is the Cole-Cole
relaxation time, and 1-� is a distribution factor with a value

in the range 0 to 1. This type of distribution has been found
also for water in the range 273–323 K.61 Both the results for
doped and pure samples at all pressures could be well de-
scribed by the function. The fitted value for �0 of the pure
high density amorph is �0=157 at 137.7 K and 1 GPa. �The
value has an uncertainty of �8% since the dimensional
changes of the capacitor can only be roughly accounted for;
see experimental.� The distribution factor is 1−�=0.70, and
it is almost independent of pressure.

It is difficult to estimate accurately the value for �0 of
supercooled water at 1 GPa and 140 K, which is produced
by a reversible path, and not as is it seems here through an
irreversible path. In theory, such state could be obtained by
first pressurization of liquid water above room temperature
up to 1 GPa, and then cooling to 140 K. Alternatively, liquid
water could be cooled at atmospheric pressure and pressur-
ized isothermally at low temperatures. In practice, it would
not be possible to avoid crystallization during these two dif-
ferent paths into either ice VI or ice I, respectively. However,
we may try to estimate the changes in �0 during either of the
paths from the known values. The value at 273 K and atmo-
spheric pressure ��0=88� �Ref. 62� increases by slightly
more than 20% at 1 GPa, by extrapolation of lower pressure
data.62,63 Ice I has somewhat larger value for �0 than water at
atmospheric pressure ��0=92 at 273 K� �Ref. 62� and it in-
creases in a similar manner as that for supercooled water
upon cooling. The value for �0 of ice Ih is about 185 at
140 K.30 If liquid water follows the behavior of ice Ih on
cooling and the pressure dependence for �0 of liquid water at
273 K would persist at low temperatures then this yields �0
�220 at 1 GPa and 140 K, i.e., it is significantly larger than
the measured values. The same apparent discrepancy arises
in a comparison of the density. At 1 GPa, the density for
liquid water near room temperature is about �1.25 g cm−3

�Ref. 63� and that of the amorph is �1.33 g cm−3 at 130 K,
which shows that the average thermal expansion coefficient
must be as large as 3.6�10−4 K−1 on cooling at 1 GPa. This
is much different from that of supercooled water at ambient
pressure, which has a negative thermal expansion coefficient.
Although the thermal expansion coefficient becomes positive
at high pressures, there seems to be a discrepancy between
the density of the amorph and that estimated for supercooled
liquid water at high pressure.

In statistical theories, �0 is given by the Kirkwood-
Fröhlich equation64–66 as �in SI-units�

�2�0 + �����0 − ���
�0��� + 2�2 =

NA


9MkBT�vac
�g

2gK, �2�

where NA is Avogadro’s number, 
 is the density, M is the
molar mass, kB is the Boltzmann constant, T is the tempera-
ture, �g is the dipole moment of an isolated molecule in the
vapor phase, and �vac is the permittivity of vacuum
�8.85�10−12 F m−1�. The quantity gK is the orientational or
dipolar correlation factor introduced by Kirkwood. It is a
measure of the local ordering and the correlation of the near-
neighbor dipoles, given by gK=1+�izi cos i, where zi is the
number of correlating dipoles and i is the angle between
them. When gK is greater or less than unity it indicates a
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predominantly parallel or antiparallel alignment of dipole
vectors, respectively. Thus gK is a useful source of informa-
tion about intermolecular interactions.

The appropriate value for �� in Eq. �2� has been
debated.67 In his original paper, Kirkwood64 used the value
for the refractive index n to obtain ��, i.e., ��=n2, and we
also use this relation, which is the most common and classi-
cal approach used for water and the ice phases. But since
water and ice have absorption in the far infrared bands, it
may perhaps be more appropriate to use the limiting high
frequency dielectric permittivity than n2 based on visible
light. A value for gK of liquid water, gK=1.9, derived from
neutron scattering data falls in between these two
approaches.68 �The high frequency �� approaches 4–549,67

and ��=4.5 yields gK�1, whereas the optic n2=1 .332 yields
gK�2.9.� We therefore provide also the value using the lim-
iting high frequency dielectric constant in parentheses. The
absolute values of gK for water are thus somewhat uncertain
but express the change of the dipolar orientational correla-
tion between the phases.

Assuming constancy of the Lorenz-Lorenz function, i.e.,
�n2−1� / �n2+2�=
� const, we estimate n2=1 .452 for the
amorph at 1 GPa �
=1.33 g cm−3 at 1 GPa �Ref. 6�� using
data for liquid water at atmospheric pressure. Together with
�g=1.855 D �Ref. 69� and the value for �0=157 at 138 K
obtained here, this yields gK=1.7. ���=5 �Ref. 70� yields
gK=0.6.�

The value for gK of liquid water at atmospheric pressure
and 273 K is �2.9 using the values given above, and it de-
creases slightly with increasing temperature. It also decreases
with increasing pressure, which has been studied up to
0.3 GPa ��10% GPa−1�.71 For ice Ih, the value is �3.4 �1.8�
at atmospheric pressure and it is almost independent of tem-
perature. For ice VI, the stable phase under these conditions,
�0 is as high as 325 at 150 K,72 and gK is 3.4 �1.2� at
243 K.73 Consequently, the dipolar orientational correlation
is significantly less strong in the amorph than in ice VI at
1 GPa, and ice Ih and liquid water at atmospheric pressure.
�As indicated by the results for �0�T�, gK of the amorph may
increase with increasing temperature, which is opposite of
the normal behavior.�

A change to a less polar water structure has been dis-
cussed by Grünwald74 in terms of a two-state model, where
one is the common four-coordinated state and the other is a
five-coordinated state. He concluded that a five-coordinated
water structure can be significantly less polar than a four-
coordinated one, and a change into the former seems to be
consistent with the experimentally observed increase in the
nearest neighbor coordination number from a bit more than
four in atmospheric pressure liquid water to five in the high
density amorph under atmospheric pressure conditions. The
five-site structure was realized by two complimentary five-
coordinated structures, one with two donor and three proton
acceptor sites and the other with two acceptor and three do-

nor sites, fulfilling the requirement of two donors and two
acceptor sites in average. Although the structure of the high
density amorph has been described as a tetrahedrally coordi-
nated fully hydrogen bonded structure, it might be worth to
consider the possibility of “inertial” molecules taking part in
the near-neighboring hydrogen bonded network, as in the
model of Grünwald,74 which could imply constraints on the
effective dipolar moment. Moreover, the model implies
weakened hydrogen bonding in agreement with experimental
findings.16 A tetrahedrally coordinated network can also, of
course, be arranged so that the effective dipolar moment is
small, which is realized in crystalline antiferroelectric phases
such as ices II and IX. In any case, it is obvious that the
structure of the amorph must fulfill the constraints of a static
dielectric permittivity which is unusually low under these
low temperature high pressure conditions.

IV. CONCLUDING REMARKS

The dielectric results for the high density amorphous state
of ice show that the amorph relaxes within seconds at 130 K
at 1 GPa. These results agree well with the recent findings,
which show that the volume of the amorph relaxes slowly at
120 K and is fully relaxed after heating to above 130 K near
1 GPa.6 The short relaxation time is surprising and indicates
that the amorph is in a metastable equilibrium state at tem-
peratures above 130 K, i.e., an ultraviscous liquid state, well
before it crystallizes on further heating. The static dielectric
permittivity of the amorph is relatively low, yielding a sig-
nificantly lesser dipolar orientational correlation than that of
the crystalline phases Ih and VI, and liquid water under nor-
mal conditions. This result puts constraints on the amorphous
structure and appears to advocate a five-coordinated network
structure, as described in the model of Grünwald.74

The finding of the short � of 30 ms at 150 K, i.e., near
crystallization, and which is only weakly dependent of pres-
sure, provides a new picture of the dynamics of the high
density amorph and is a help in the challenge for relating it
to liquid water at ambient pressure. The state of ultraviscous
water at 1 GPa is the state that could be obtained by a route
whereby water is pressurized above room temperature and
cooled at 1 GPa rapidly enough to avoid crystallization to ice
VI. However, before the state of the high density amorph,
just prior to crystallization, can be confidently linked to high-
pressurized liquid water, its seemingly different properties
from high-pressurized liquid water such as density, static per-
mittivity and, possibly, activation energy must be accounted
for.
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