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Direct evidence of the proton-dynamics crossover in ice VII from high-pressure
dielectric measurements beyond 10 GPa
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We have conducted dielectric measurements of ice VII at pressures up to 12.2 GPa, and verified a dominant-
dynamics change from a molecular rotation to a proton translation at approximately 10 GPa, using a newly
developed high-pressure cell. Based on relaxation times of the two motions, which have a crossover point
between 9 and 10 GPa, we show that the change in the disordered states in ice VII can be characterized by
the time scale of the motions. Our results provide a suitable explanation of the long-standing problem of the
anomalous behavior of ice VII at around 10 GPa.
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I. INTRODUCTION

Atomic and molecular dynamics of water is an attrac-
tive subject in condensed matter physics, because the water
molecules exhibit highly anomalous structural and physical
properties. Hydrogen atoms (or protons) are transferred along
the molecular networks, accompanied by notable quantum
effects owing to the lightest mass [1,2]. Water molecules
have large dipole moments, and their rotation causes a large
dielectric response in ice.

Water ice is the most appropriate material to investigate
such diverse atomic and molecular motions. In particular, ice
VII, a hydrogen-disordered phase occurring in the pressure
range from 2 to 60 GPa [3], is an ideal phase for the investiga-
tion of ice polymorphs, since the dominant dynamics inducing
a disordered state in ice VII changes with the pressure in the
stable region. For example, it is known that the hydrogen-
disorder in ice VII originating from molecular rotation below
5 GPa [4,5], is dominated by proton tunneling under pressures
above 40 GPa, owing to a decrease in the distances between
the hydrogen bonds [6,7]. Meanwhile, anomalous behavior
of ice VII in the middle-pressure range of 10–15 GPa has
been reported for 30 years. Pruzan et al. first reported that
the pressure dependence of the full-width half-maximum of
Raman peak corresponding to a symmetric vibration mode
of water molecules has a minimum at approximately 13 GPa
[8]. Several anomalies such as a peak splitting in an X-ray
diffraction pattern of ice VII at ∼14 GPa [9] and the maximum
DC conductivity at ∼10 GPa [10] have also been reported
using different methods [8–17]. Recently, it has been shown
that the rate of hydrogen ordering from ice VII to its ordered
phase, ice VIII, decreases in the anomalous pressure-region
using neutron diffraction measurements [11]. To explain the
anomaly observed in Raman spectra, Pruzan et al. suggested
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a change in the disordered nature of ice VII from a molecular
rotation to a proton translation [5,18]. It is expected from the
activation volume of the motions that the rotation is inacti-
vated under compression contrary to the pressure response
of the proton translation. Recent molecular dynamics simula-
tions employing the density functional theory have supported
this scenario [19]. In this simulation, the exchange rate of hy-
drogen bonds induced by the rotation and translation has been
evaluated as the averaged O-H …O bond lifetime in ice VII,
and the simulation results show that the dominant cause of
the hydrogen bond exchange is proton translation, instead of
molecular rotation above the anomalous pressure region. The
maximum DC conductivity is also shown in addition to the
change of dominant dynamics. To experimentally verify this
change in the disordered state of ice VII, it is essential to know
the pressure response of time scales of the motions. Since
the motions exhibit dielectric response on the mHz–MHz
time scale [20,21], dielectric measurement is an appropriate
method for the observation. The dielectric properties of ice
VII have not been investigated beyond 10 GPa due to the
technical difficulties in high-pressure dielectric experiments
[22]. However, we have recently overcome these difficulties
by developing a high-pressure cell assembly. In this letter,
we report dielectric and impedance experiments at pressures
up to 12.2 GPa. We show that the relaxation times of the two
dielectric polarization originating from the molecular rotation
and proton translation have a crossover point between 9 and
10 GPa. In addition, we conducted simultaneous impedance
measurements, and clarified the previously reported anoma-
lous DC conductivity of ice VII, in addition to the crossover
in the relaxation times. Based on these results, we demonstrate
that the dominant-dynamics change in the disordered state of
ice VII can be directly characterized by the crossover of the
two dynamics on a time scale.

II. EXPERIMENTAL CONDITIONS

High-pressure dielectric and impedance measurements
of ice VII were conducted in two different experimental
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FIG. 1. (a) Schematic drawings of the proton dynamics crossover
from the molecular rotation to the proton translation on the phase
diagram of ice. The anomalous behavior of ice VII has been re-
ported at around 10–15 GPa (shaded area) in many previous studies.
The black and gray arrows refer to the two experimental paths
in the dielectric experiments under high pressure. (b) Schematic
drawings of the high-pressure cell overall (top) and around the
sample space (bottom) of the cell assembly for the dielectric mea-
surements based on the Bridgman type opposed anvils. Load is
vertically applied using a Paris-Edinburgh press (type-V4).

paths [Fig. 1(a)], owing to technical reasons related to sam-
ple encapsulation during initial compression (the samples
were initially liquid water, then crystallized as polycrys-
talline ice under pressure). To confirm reproducibility, three
high-pressure experiments were conducted, and the sample
pressure was calibrated from in situ ruby fluorescence mea-
surements in one experiment (Fig. 1(b) and Ref. [23]). In the
other experiment, the sample pressure was estimated from the

relation between the applied load and the generated pressure
of the used cell (see Supplemental Material [24]).

The dielectric properties of ice VII were measured in a
frequency range of 3 mHz–0.1 MHz using an LCR meter
(NF corp., ZM2371) except for a run, named Run No. 1, in
which the measured frequency is within 20 Hz–2 MHz using
an LCR meter (Keysight Technologies, E4980A). To estimate
the absolute values of the dielectric constant and loss, it is
necessary to know the electrode area and separation under
high pressure. The electrode area in our setup can be regarded
as constant during compression, owing to the construction of
the cell assembly, where parallel electrodes are attached to the
samples along the loading axis. The electrode separation was
estimated using a reference value of the dielectric constant
of ice VII from a previous study [4], and the volume change
of ice VII with the applied pressure is given by the equation
of state [25] (details are provided in the Supplemental
Material [24]).

III. RESULTS AND DISCUSSION

Figure 2 shows the complex-plane plots and frequency
change of the dielectric constant and loss of ice VII obtained
from 4.7 to 11.6 GPa. In this figure, a higher-frequency di-
electric dispersion is focused. Typical complex-plane plots
derived from molecular-orientational polarization is observed
as semicirclelike shape in the lower pressure region (static di-
electric constant is 138 at 4.7 GPa). With increasing pressure,
the characteristic dielectric dispersion gradually disappears
as shown in Fig. 2(a). In light of the frequency change of
the dielectric properties, the molecular-rotational relaxation
shifts to the lower frequency region due to suppression of its
motion under compression. Since electric conduction com-
ponents derived from such as sample and grain boundary

FIG. 2. (a) Complex-plane plots of the dielectric constant and loss of ice VII under high pressure obtained in Run No. 1. Numbers on the
plots denote the frequenecies in kHz. (b) Frequency dispersion of the dielectric properties of ice VII obtained at 4.7 and 11.6 GPa. Red and
blue dots represent raw data and solid curves are fitted ones based on Debye multidispersion model.
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FIG. 3. (a) Pressure dependence of frequency change of the dielectric constant of ice VII up to 12.2 GPa obtained in Run No. 2. In each
dataset, black dots represent raw data, and light blue and blue colored curves are fitted curves for the lower and higher-frequency relaxations
to reproduce the measured dielectric constant data by a sum of the light blue and blue curves (red dotted line). The multidispersion type
Debye relaxation model was used to analyze the dielectric properties. (b) Pressure dependence of relaxation times corresponding to the
molecular rotation and proton translation. Since the measured frequency is within 20 Hz–2 MHz in Run No. 1, the relaxation time of the space
charge polarization (lower-frequency relaxation) cannot be obtained in the lower pressure. (c) Pressure dependence of dispersion parameters
corresponding to the molecular rotation and proton translation. The black and red color correspond to Runs No. 1 and No. 2, respectively.

enlarge dielectric loss in lower frequency region, the pressure-
induced shift of rotational relaxation causes the disappearance
of dielectric dispersion on the complex-plane plots. This
result is consistent with previously reported dielectric mea-
surement up to 6.6 GPa [22]. On the other hand, in the
higher-pressure region around 10 GPa, reappearance of a
dielectric dispersion was observed as shown in Fig. 2(a).
Comparison of frequency change of the two dielectric dis-
persions in the lower and higher pressures region are shown
in Fig. 2(b). These two dispersions can be fitted by Debye
multidispersion model as shown later. In Fig. 3(a), pressure
dependence of the frequency change of dielectric constant
measured in 3 mHz–0.1 MHz. In the lower pressure, two
distinct dielectric relaxations were observed at approximately
10 and 104 Hz. The higher-frequency relaxation is assigned
to the rotational polarization whose frequency dispersion shits
lower frequency with compression due to the suppression of
molecular rotation. On the other hand, the lower-frequency
relaxation exhibits a larger dielectric constant (about 2000)
than that of the orientational polarization (about 100). Under
compression, the dielectric relaxation shifts to the higher-
frequency region. In this study, this relaxation is attributed to
the space charge polarization derived from proton translation.
Because, the pressure shift of the lower-frequency relaxation
can be interpreted by the enhancement of proton translation,
owing to the shortening of the hydrogen bond distance with
increasing pressure (we assume that proton hopping mainly
contributes to the translation in the measured temperature and
pressure region, except for proton tunneling [26]). At around 9

GPa, the two dielectric relaxations crossover on the frequency
axis. The reappearance of dispersion on complex-plane plots
is derived from the shift of the relaxation of space charge po-
larization. It is noteworthy that the pressure-induced crossover
between two types of dielectric relaxations has been also
reported in glycerol [27]. In this organic material, it is consid-
ered that both of two dielectric relaxations originating from
molecular orientation and unknown motion are suppressed
under compression: the difference in the degree of suppression
caused the crossover [27]. The two dispersions can be fitted
by Debye multidispersion model represented by the following
equations [22,28]:

ε′ − ε∞ = (εs − ε∞)[1 + (ωτ )1−α sin (απ/2)]

1 + 2(ωτ )1−α sin (απ/2) + (ωτ )2(1−α) , (1)

ε′′ = (εs − ε∞)[(ωτ )1−α cos (απ/2)]

1 + 2(ωτ )1−α sin (απ/2) + (ωτ )2(1−α) , (2)

where, ε′, ε′′, and τ are the dielectric constant, loss, and relax-
ation time, respectively; ω = 2π f ( f : frequency) holds, and
εs and ε∞ are the limiting values of the dielectric constant at
low and high frequencies, respectively. Additionally, the dis-
persion parameter, α, lies in the range between 0 and 1. When
α = 0, the representation is equivalent to the monodispersion
case of the Debye model.

The light blue and blue curves in Fig. 3(a) are fitted
curves for the space charge and orientational polarization,
respectively. Note that curve fitting was done to reproduce the
measured dielectric constant data (black line) by the sum of
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the light blue and blue curves (red dotted line) using the least-
squares method (see the fitting procedure in Ref. [29]). While
good agreement is obtained for the orientational polarization
concerning its dielectric loss, the expected dielectric loss peak
of the space charge polarization is obscured by the obtained
dielectric loss as shown in Fig. 2(b). The DC conduction of the
low-frequency relaxation below 1 Hz shielded the expected
dielectric loss peak. We attribute the lowest relaxation to the
dielectric response occurring at the grain boundary of our
polycrystalline samples, because its relaxation time is gener-
ally lower than that occurring in the grain due to the unsmooth
conditions in their dynamics. Similarly, conduction at grain
boundary was observed in the impedance measurements be-
sides conductive component derived from the grain (ice), as
discussed later.

Figure 3(b) shows pressure dependence of relaxation time
of the two dielectric dispersions. Each of the opposite pressure
shifts shown in Fig. 3(a) lead to a crossover between the
two dielectric relaxation times approximately in the range of
9–10 GPa [Fig. 3(b)], where the results of the other two runs
are summarized together. The consistency in pressure depen-
dence with the anomalous region strongly indicates that the
time-scale crossover of the two dynamics causes the anoma-
lous behavior of ice VII, which is the dominant dynamic
change of the disordered state in ice VII. In ice Ih, it has been
reported that temperature also causes the crossover between
the two dielectric relaxations [30]. In the previous report, the
relaxation time of proton translation is expected to be in the
range of 10–3 and 10–4 s at 300 K as an extrapolated value.
In our ice VII sample, the proton translation shows slower
relaxation times in the lower pressure region, and becomes
a comparable rate from about 9 GPa [Fig. 3(b)]. Considering
atomic bond length between nearest oxygen atoms (roo) which
directly affects the relaxation time, ice VII has a longer roo

than that of ice Ih in the lower pressure region (roo : ∼ 2.9 Å
at 2 GPa/∼300 K [25] and 2.77 Å at ambient pressure/265 K
[31]). On the other hand, roo of ice VII takes a similar value
from 7–8 GPa. The consistency between the bond length, roo,
and relaxation times of proton translation in ice VII would be
intrinsic correspondence.

In the Debye relaxation model, the relaxation time derived
from proton translation is given by the Boltzmann distribution
as [32]

τ = π

ν0

[
exp

(−�H (p)

kT

)](−1)

, (3)

where �H (p) is the activation energy of the proton trans-
lation as a function of pressure and k is the Boltzmann
constant. ν0 is the frequency of a proton, which in this
case corresponds to the O–H bond vibration in a double-
well potential between hydrogen-bonded oxygen atoms. The
observed pressure-induced shift corresponding to the faster
relaxation time is caused by a decrease in the activation
energy. This decrease arises from the lowering of the double-
well potential barrier with increasing pressure, due to the
shortening of the distance between the hydrogen-bonded oxy-
gen atoms. From Eq. (3), the estimated value of �H (p)
at 0.68 eV is 7.1 GPa, where τ = 7.4×10−3 s, as mea-
sured in the dielectric experiment, and kT = 0.026 eV. ν0

is 3147 cm−1 (≈9.4×1013 s−1) measured at 7.3 GPa [33].

The value of the activation energy is consistent with those
obtained in previous studies (c.f. 0.76 eV at the same pressure
reported in neutron diffraction experiments [11]).

Figure 3(c) shows the pressure change of dispersion pa-
rameter, α, derived from each motion except for the crossover
pressure region. In this region, the two relaxations overlap
and we used the fixed dispersion parameter in the analysis
(see Ref. [29]). In the lower pressure, where two relaxations
well divided in the frequency axis, the molecular rotation
shows almost single dispersion (α ∼ 0) as reported in Ref. [4].
Although it seems to be broadened under compression, this
would be related to the merge of the two relaxations in the
frequency axis. On the other hand, the proton tanslation shows
broader dispersion regardless of pressure [Fig. 3(c)]. Since the
pressure change of dispersion parameter would be affected
by the crossover as with the molecular rotation, we do not
discuss the pressure change. However, it seems to be intrinsic
that the proton translation has broader dielectric relaxation
than that of the molecular rotation. It is known that Bjerrum
and ionic defect diffusions cause the molecular rotation and
proton translation, respectively. Based on the almost single
dispersion of Bjerrum defect, their reorientation following AC
electric field is basically uncorrelated with its circumstance.
On the other hand, ionic defect causes unbalanced charge
distribution at around the defect and this might lead to cor-
relation with such as neighboring molecular orientation in its
diffusion. For example, about this correlation, [2] suggested a
cooperative diffusion mechanism of the ionic defect in liquid
water (Fig. 8 of Ref. [2]). In this mechanism, the ionic de-
fect diffusion breaks hydrogen bond of a proton-donor water
molecule in the transition process and reduces coordination
number of the donor molecule from four to three. Figure 4(a)
shows the pressure dependence of the Nyquist impedance plot
of ice VII. Our impedance measurement is consistent with the
results of a previous study on the DC conductivity of ice VII
[10], and it shows that the maximum DC conductivity occurs
at almost the same pressure as the crossover pressure of the
relaxation times [Fig. 3(b)], where the DC resistivity of ice VII
is represented by thick colored arrows, has a minimum at ap-
proximately 10 GPa. The other components of the impedance
originating from the conduction at the grain boundary can
be observed in the lower-frequency region, in addition to the
grain conduction [Fig. 4(a)]. The grain-boundary conduction
is the reason why the dielectric loss peak derived from the
space charge polarization cannot be observed from the funda-
mental equation σ = ε′′ω (σ : conductivity). As described in
the previous study [10], the maximum DC conductivity can
be interpreted by the crossover between the two conductive
components of ice, σDL and σ± originated from the Bjerrum
and ionic defects diffusions, respectively. The subscripts, DL
and ± refer to the two types of the point-defect pair [10].
According to Jaccard’s theory [34], the DC conductivity of ice
(σs) is given by σs = 1/σDL + 1/σ±, and Okada et al. stated
that the maximum DC conductivity happens in the condition,
σDL = σ±, where σ± increases with increasing pressure by
the pressure-activated nature of proton translation, in contrast
to σDL. It has also been shown that the static dielectric con-
stant of the orientational polarization (εs,ori ) simultaneously
approaches the corresponding value in vacuum in the vicinity
of the condition, as a consequence of Jaccard’s theory. This
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FIG. 4. (a) Pressure dependence of the real and imaginary parts of the impedance of ice VII up to 12.2 GPa, represented by a Nyquist
plot. The thick colored arrows represent the DC impedance of ice VII, and as drawn in the plot at 7.1 GPa, the real part of the impedance
(Z ′) decreases with increasing frequency. (b) Pressure change of the dielectric relaxation of ice VII (left), static dielectric constant (εs,ori, upper
right) and correlation parameter (g, lower right) derived from the Bjerrum defect diffusion. In the figure for correlation parameter, its pressure
change is described as density change of ice VII. In the left figure, the vertical position of the colored ticks shows frequencies corresponding
to the relaxation times of the orientational polarization at respective pressures. (c) Schematic drawings of the molecular rotation and proton
translation focusing on the change of the electric dipole moments of the water molecules toward the applied electric field (E ). Positively charged
point defects, D and + defect, are also shown for the schematic explanation of the relation between the rotational/translational motions and the
DL/± defects.

nontrivial disappearance of the dielectric response of ice is
represented by the following equation:

εs,ori = 1 +
(

σ±
e±

− σDL
eDL

)2

ε0

(

σ±
e±

+ σDL
eDL

)2 (
 : const), (4)

where eDL(= 0.38 e) and e±(= 0.62 e) are the charges of
the corresponding defects (i.e., e, the charge of proton) [10].
This expected behavior was observed in the dielectric experi-
ments, as shown in Fig. 4(b), in which εs,ori starts decreases
from about 9 GPa and it can be qualitatively interpreted
as a coupling of the dielectric response between the space
charge and orientational polarization [10]. Since the two po-
larizations have oppositely directed reorientation directions of
water molecules with the applied electric field [see Fig. 4(c)],
the dielectric response of the orientational polarization de-
creases at the crossover point. The observed coupling strongly
indicates that the space charge polarization arises from the
proton translation, in addition to the pressure dependence.
Figure 4(b) also shows pressure dependence of correlation
parameter, g, estimated by Kirkwood equation:

(ε − n2)(2ε + n2)

ε(n2 + 2)2 = Ngμ2

9kT ε0
, (5)

where n and N are reflective index and number den-
sity of ice VII whose values are shown in Refs. [25,35],

respectively. In the estimation we use the following con-
stants: kT is 4.11×10−21 C V, ε0 is 8.55×10−12 C/V m,
and μ is an isolated molecular moment of water, 1.83 D.
No significant pressure dependence of g is observed before
the crossover point. The relatively small value of g com-
pared to other ice polymorphs would mean that antiparallel
molecular orientation is predominant in the orientational dis-
order of ice VII as indicated by Ref. [36]. The discontinuous
decrease of the static dielectric constant is also shown in
the correlation parameter. Since Kirkwood’s model does not
assume the condition hold in ice VII that the two dielec-
tric relaxations coexist, this model cannot directly treat the
discontinuous decrease of static dielectric constant and cor-
relation parameter. But, it is noteworthy that the suggested
interpretation based on Jaccard’s theory, in which opposite
direction of reorientation caused by the two types of defects
plays a key role in the anomalous dielectric behavior, have no
contradiction to the decrease in terms of Kirkwood’s model.
Considering local charge balance, there is a possibility that
ionic defects, H3O+ and OH– coexist with Bjerrum defect
L and D, respectively [30]. If this coexistence appears in
a distance where dipole-dipole interaction effectively affects
compared to thermal fluctuation, the opposite direction of
reorientation decreases g toward 1, as shown in Fig. 4(b).
Finally, it should be noted that there exists another pres-
sure change in the dielectric response of ice VII, as shown
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in Figs. 3(a) and 4(b). The static dielectric constant of the
space charge polarization (εs,space) decreases with increasing
pressure, even in the low-pressure region below 10 GPa. For
example, at 7.8 GPa, εs,space becomes 1/10 of the value at 4.2
GPa. Since Jaccard’s theory treats the coordinate-independent
problem [34], the dielectric response of the space charge
polarization cannot be obtained from this theory [37]. The
pressure dependence of εs,space is mainly dominated by charge
density (ρ), specifically, the ionic-defect density in this case,
and its contribution to εs,space is proportional to

√
ρ [28,38].

Hence, ρ7.8 GPa/ρ4.2 GPa ∼ 10−2 can be easily calculated from
the results. Specific values of the density can be estimated
as ρ4.2 GPa = 1.6×1018 m3 and ρ7.8 GPa = 7.7×1015 m3, from
the theory of space charge polarization for ice reported by
Petrenko and Ryzhkin [37]. These values are comparable
with a typical value of the density within 1015 ∼ 1016 m−3,
reported in ice Ih [20]. Although the density decrease im-
plies that the formation/dissociation enthalpy of ionic defects
increases with increasing pressure, further theoretical inves-
tigations are needed to confirm this pressure dependence.
Moreover, it is worth noting that the density decrease stops at
approximately 10 GPa, at ≈2.5×1014 m3. Thus, the pressure
dependence of εs,space might be related to the disappear-
ance tendency of εs,ori. This is an issue open to further
investigation.

We comment here on the previously discussed issues
regarding the anomalous behavior of ice VII. The dominant-
dynamics change in the disordered state of ice VII gives a
reasonable explanation for the previous studies, such as the
self-diffusion of protons [16] and X-ray induced dissociation
of water molecules [17]. Relatively slow proton mobility at
approximately 10 GPa is commonly a key point to interpret
the observed anomalous behavior. In the Raman spectra, the
bandwidth of the stretching mode (ν1) has a minimum at
approximately 11 GPa (e.g., Ref. [15]). Since the narrow-
ing of the peak in the ν1 mode also occurs upon hydrogen
ordering from ice VII to ice VIII [13], it is likely that ice
VII has a relatively ordered state in the anomalous pressure
region, compared to the lower/higher pressure regions. This is
consistent with the change in the disordered state of ice VII,
because it is expected that the reorientation of water molecules
is suppressed in the anomalous region, due to the slow motion
of both the dynamics and the corresponding point defects. It
is noteworthy that the anharmonicity of the stretching mode
enhanced by the strengthening of the hydrogen bonds also
contributes to the increase in the bandwidth of the peak above
10 GPa [13,39]. This is because the anharmonicity shortens
the lifetime (relaxation time) of the excited ν1 vibration, which
is inversely proportional to the bandwidth of the Raman scat-
tering peak [40]. Since the strengthening of hydrogen bonds
suppresses the molecular rotation due to intermolecular inter-
actions [19], the explanation for the higher pressure region
has no contradiction to the scenario of the change in the
disorder nature in ice VII. Above 10 GPa, X-ray diffraction
studies [9,14,15] have reported peak splitting (or broadening),
for example, in the 110 reflection of ice VII. Based on the
pressure dependence of the change in the disordered state
of ice VII, the anomaly is intrinsically related to the struc-
tural properties of the disordered state dominated by proton

translation, but no obvious interpretation has been proposed
yet. The structural anomaly could be caused by lattice dis-
tortions due to the strengthening of hydrogen bonds [19]. In
this context, further experimental investigations are needed,
for example, using single-crystal Brillouin spectroscopy [41].

IV. CONCLUSION

In conclusion, the dielectric measurements on the high-
pressure ice (ice VII) demonstrate that the dominant-
dynamics change in the disordered state of ice VII can be
explained by the time-scale crossover of proton dynamics
between molecular rotation and proton translation. Based on
the anomaly of DC conductivity that is observed with the
crossover, the previously reported anomalous behavior of ice
VII, specifically, the anomaly related to proton mobility, is a
consequence of the change in the disordered state in ice VII.
Considering previous studies in the higher pressure region
of approximately 40 GPa [6,7], it can be implied that the
nature of the disorder in ice VII changes as the following
transition sequence: molecular rotation → proton translation
(hopping dominant) → proton translation (tunneling domi-
nant), where each transition occurs at approximately 10 and
40 GPa, respectively. These disordered states of ice VII would
be reflected in the higher temperature/pressure phases, plastic
and superionic ices, characterized by free molecular rotation
and the cooperative dynamics of the two motions, respec-
tively [19,42,43]. To the best of our knowledge, plastic ice
has not been experimentally found yet. The search for this
phase and its physical properties (such as DC conductivity
and dielectric properties) would provide intriguing knowledge
of proton dynamics in ice under high pressure. In addition
to ice, water molecules can form hydrogen-bonded networks
in various host structures, such as metal-organic frameworks
[44]. The atomic and molecular dynamics derived from water
molecules confined in these complex materials can play a key
role in the appearance of unique characteristics (e.g., proton
conductivity [44]), and can exhibit different physical proper-
ties from those in a bulk state mainly due to the structural
difference of hydrogen bond networks [45]. In addition to
temperature, systematic high-pressure studies of their proton
dynamics would further extend our fundamental understand-
ing of water science. The proton-dynamics crossover and
high-pressure technique presented herein will provide deep
insight into further studies.
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