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Phonons, the quantized collective excitations of crystal lattice vibrations, require long-range periodic order
for momentum to be a well-defined quantum number—a condition that breaks down in disordered systems.
However, many systems exhibit a complex interplay between ordered and disordered components. A prime
example is superionic ice, a novel phase of ice at high temperatures and pressures, where hydrogen ions
(protons) diffuse like a liquid while oxygen ions maintain a solidlike vibrational framework. Previous research
has mainly focused on the diffusive aspect of the superionic phase, leaving the rich physics of its vibrational
lattice dynamics relatively unexplored. Here, we investigate the phonon properties of superionic ices with both
body-centered-cubic (bcc) and face-centered-cubic (fcc) oxygen sublattice. Despite the fully disordered protons,
the oxygen sublattice exhibits similar phonon dispersion with typical bee/fee solids. This similarity is not a
trivial regression, but direct evidence of the emergence of higher symmetry and effective interaction degeneracy
resulting from hydrogen-bond dissociation, accompanied by strong damping and anharmonicity. Notably, we
identify that specific softened phonon modes drive the mechanical instability of the bcc oxygen sublattice,
providing a key kinetic mechanism for phase transitions between superionic ices. By extending the phonon
concept to a hybrid ordered-disordered system, our work provides a powerful framework for characterizing

lattice dynamics in superionic and related complex materials.
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I. INTRODUCTION

Water molecules, though simple, exhibit a rich variety of
phases governed by hydrogen bonding. Hydrogen bonds in
ice are usually formed by O---H-O pairs, characterized by a
double-well potential symmetric about the midpoint between
two oxygen ions. Hydrogen ion (proton) occupies one of two
wells, as seen in ambient ice Th and high-pressure ice VII
(stable at ~2-50 GPa) [1]. With pressure increasing, the O-O
distances decrease, causing the two potential wells to con-
verge and merge. This process culminates in the formation of
ice X, a high-pressure phase with symmetric hydrogen bonds
[2-6], as shown in Fig. 1(d). Further increases in both pressure
and temperature lead to the emergence of a new superionic
phase. Specifically, superionic ice retains oxygen sublattice
with long-range order, while protons diffuse like liquid within
it [7-11]. As one of the most common substances in the
universe, high-pressure ice is crucial for understanding plane-
tary science as well as fundamental physics and chemistry at
extreme conditions.

Superionic ice uniquely combines properties of solid ice
and liquid water, occupying an intermediate region between
the solid and liquid phases in the pressure-temperature (P-T)
phase diagram, as shown in Fig. 1(a). The phase boundaries
demarcating the superionic ice from solid ice and from liquid
water have been extensively investigated in both experiments
and computations [11-16]. Superionic ice begins to appear
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at pressures above ~30 GPa. With increasing pressure, the
proton melting temperature (defining the solid-to-superionic
transition) grows more slowly than the oxygen sublattice melt-
ing temperature (defining the superionic-to-liquid transition).
The region of stability of superionic ice is bounded by the two
melting curves.

Within this region, two primary types of superionic ice
are proposed, one with body-centered-cubic (bcc) oxygen
sublattice and another with face-centered-cubic (fcc) oxygen
sublattice, shown in Figs. 1(b) and 1(c). Both are expected
to be dominant constituents in the mantles of ice giant
planets. Although the precise stability domains of these
phases vary somewhat among previous investigations [11-16]
and the present work, the overall trends remain consistent: bcc
superionic ice is favored at lower pressures and temperatures,
whereas fcc superionic ice is stable at higher pressures and
temperatures. Furthermore, despite the fact that solid ice X
and bcc superionic ice share the same bce oxygen sublattice,
ice X is stable at very high pressures, while bcc superionic ice
only occupies a small region below ~100 GPa. Notably, var-
ious phase diagrams display a direct boundary between ice X
and fcc superionic ice, without an intervening bce superionic
transition phase. Although these phase diagrams rationalize
such observations on the basis of free-energy considerations,
the underlying mechanism of the phase transition, particularly
with respect to its manifestation in lattice dynamics, remains
unclear.

Compared with solid ice, superionic ices lack well-
defined hydrogen-bond networks, having instead dynamic and
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FIG. 1. (a) Phase diagram of high-pressure ices, and atomic structures of (b) bec, (c) fcc superionic ices (SI), and (d) ice X. In panel (a),
the upper and lower boundaries of the thick gray curve correspond to the oxygen melting curves of bce and fcc superionic ice, respectively.
The solid orange curve is our calculated phase boundary of bcc and fec ices, with dashed curves from other studies. Oxygen atoms are red
spheres in (b)—(d). Hydrogen atoms in ice X are shown as small pink spheres. In superionic ices, white isosurfaces indicate the probability

density distribution of mobile hydrogen ions (protons).

disordered H-O interactions. Superionic ice can be viewed
as a crystal formed by oxygen ions immersed in a sea of
protons (quite similar to the usual depiction of metals as
crystals formed by ionic cores immersed in electron gas).
Dissociation of hydrogen bonds reduces the shear resistance
of superionic ice, as demonstrated in previous studies [17,18],
and again in close analogy with typical metals having low
shear moduli. Nevertheless, the change in elastic properties
is only one manifestation of phase transition mechanisms. A
comprehensive understanding of vibrational behavior neces-
sitates phonon analysis for both normal and superionic ices.
However, compared even to disordered nonsuperionic phases
such as ice VII, the protons in superionic ice exhibit vastly
greater mobility and disorder, resulting in an extensive con-
figurational space and the failure of harmonic/quasiharmonic
approximation.

In this paper, we address this gap by combining machine-
learning potential (MLP) with spectral energy density (SED)
analysis, enabling the detailed phonon characterization across
solid ice X and both bcc and fcc superionic ices over wide
pressure and temperature ranges. We uncover a strikingly
simple picture: upon hydrogen-bond dissociation, the oxygen
sublattice evolves into a higher-symmetry framework, which
can be described by a set of effective Born—von Karman force
constants. This indicates that the vibrations of superionic
phases still fall within the scope of lattice dynamics, with
disordered protons acting as a mean field. Critically, a spe-
cific transverse acoustic mode softens upon superionization,
and drives the bcc-to-fec superionic phase transition, which
directly explains the narrow stability of bce superionic ice and
the observed direct ice X-fcc phase boundary. Moreover, mo-
bile protons bring strong anharmonicity and phonon damping,
implying decreasing lattice thermal conductivity in superionic
ice [19].

II. METHODS

A. Phonon calculation

Conventional lattice dynamics, based on the quasiharmonic
approximation, calculates phonon dispersions by assuming
atoms vibrate within local potential wells. This approach
fails for superionic systems where ionic diffusion causes
force constants to dynamically fluctuate. Displaced to a very
large extent, diffusing atoms sample extremely anharmonic
parts of the energy surface, invalidating the traditional har-
monic and quasiharmonic approaches. Instead, we compute
phonon properties directly from atomic trajectories via SED
analysis [20]. The SED spectrum fully characterizes phonon
dispersions and lifetimes by quantifying the kinetic-energy
distribution across reciprocal space and frequency domains,
capturing both vibrational and diffusive components. By pro-
jecting SED onto atomic subsets, we separate the vibrational
spectrum of the oxygen sublattice from diffusive protons in
superionic ice. This method inherently accounts for dynamic
H-O interactions in all studied phases. With the same idea,
phonon density of states (DOS) is obtained from the Fourier
transform of atomic velocity autocorrelation functions (de-
tailed in the Supplemental Material [21]).

B. Machine-learning potential

In this study, molecular dynamics (MD) trajectories were
simulated using the neuroevolution potential (NEP) [22]. To
ensure accuracy and capture long-range interactions critical
for phonon analysis in superionic ice, we trained a NEP on
ab initio MD data (implemented in VASP [23]) from small
systems (see Fig. S4 in the Supplemental Material [21] for
the training result), then performed simulations with more
than 3.5 x 10° atoms. This large-scale approach overcomes
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TABLEI. Densities, sound velocities, and elastic constants of the
oxygen sublattices in bce and fec superionic ices at 3000 K, 200 GPa.
Values in parentheses are from Ref. [17], where the bce superionic
ice is simulated at 2000 K, 200 GPa, and the fcc one is at 3000 K,
200 GPa.

Properties bee fcc

p (g/cm?) 3.80 (3.65) 3.79 3.61)
vriio) (km/s) 17.19 £ 0.53 17.00 £ 0.51
UT1[110] (km/s) 9.954+0.47 9.47 +0.55
vronio) (km/s) 2.89+£0.64 3.83+£0.54

Cy, (GPa) 777.11 £61.11 (794.9) 816.13 £ 54.88 (759.1)
Ci, (GPa) 711.98 £ 57.78 (685.0)  703.92 £ 50.20 (640.0)
Cys (GPa) 377.21 £35.57 (430.0) 338.52 £ 39.52 (288.7)

size effects known to compromise SED resolution [24], as
illustrated in Fig. S10 in the Supplemental Material [21],
particularly where phonon scattering and proton dynamics
dominate. More details about training and validation of the
NEP are listed in the Supplemental Material [21].

C. Phase diagram calculation

In our calculated phase diagram shown in Fig. 1(a), the
phase boundary between bcc and fcc superionic ices is de-
termined by free-energy calculation, and the superionization
curve and oxygen melting curve are determined by the two-
phase method (see Fig. S12 in the Supplemental Material
[21]). These calculations are detailed in the Supplemental
Material [21].

D. Elastic properties calculation

The group velocities of acoustic phonon branches near
the I' point (linear long-wavelength region) are velocities
of sound waves with corresponding modes. Based on the
Christoffel equation [25], the elastic constants can be derived
from sound velocities. For a cubic lattice, the elastic con-
stants can be obtained by sound velocities of three modes
propagating along the [110] direction, in principle. In Table
I, the listed elastic constants are obtained by averaging over
all modes propagating along the [110], [001], and [111] direc-
tions. The results calculated by the two methods are identical
within 0.5%.

III. RESULTS AND DISCUSSION

A. Phonon dispersion of bce superionic ice

We first calculate the phonon SED of solid ice X to validate
our methodology and trained MLP, as shown in Fig. S1 in the
Supplemental Material [21]. The calculated phonon disper-
sion is in good agreement with previous study [26] and that
calculated by the finite-displacement method (implemented
by PHONOPY [27]; see Fig. S11 in the Supplemental Material
[21]), confirming the reliability of the MLP. Projected phonon
DOS in Fig. S1 in the Supplemental Material [21] reveals that
high-frequency vibrations are predominantly associated with
hydrogen ions, with the peak near 100 THz corresponding to
the H-O stretching mode [9].
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FIG. 2. Phonon DOS (left) and SED (right) of solid ice X at
500 K (top) and bec superionic ice at 3000 K (bottom) and 200
GPa. The g path is generated along the high-symmetry reciprocal
path of a bcce lattice. Open circles in the top panel and white curves
in the bottom panel are fitted phonon dispersions by lattice dynamics.
Sizes of the circles are proportional to the unfolding weights of the
corresponding phonon modes. The fitted force constants are listed in
Table S1 in the Supplemental Material [21].

As ice X undergoes a phase transition to the bce superionic
ice, its symmetric hydrogen bonds dissociate and hydrogen
ions display a diffusive liquidlike dynamics, with a continuous
frequency spectrum in DOS. Crucially, the nonzero hydrogen
DOS at zero frequency provides direct evidence of proton
diffusivity (see Fig. S1 in the Supplemental Material [21]).
Scattered by diffusive protons, phonon modes of the oxygen
sublattice exhibit increased linewidths (broader peaks) and a
smoother DOS profile. Nevertheless, as Fig. S1 in the Supple-
mental Material [21] demonstrates, the phonon modes of the
oxygen sublattice retain well-defined momentum (g vector)
in the low-frequency region. In contrast, the highly mobile
protons, lacking long-range order, are absent from the SED
spectrum. This indicates that the concept of phonons is ill
defined for the diffusive protons. Consequently, the hydrogen
vibrational spectrum appears as a homogeneous background
of SED. Therefore, subsequent analysis focuses solely on the
phonon properties of the oxygen sublattice.

For clarity, phonon SEDs are projected to an oxygen sub-
lattice, and zoomed in to the low-frequency range as displayed
in Fig. 2. Even though oxygen ions occupy the same positions
within the cubic cells of ice X and bcc superionic ice (and
can be described as a body-centered-cubic sublattice), their
dynamical behavior is different. In bcc superionic ice, each
oxygen ion has eight equivalent interactions with the nearest
oxygen ions. In ice X, however, due to the localization of
hydrogens at the midpoints of four of these O-O vectors, and
the absence of hydrogen atoms on the other four O-O vectors
(see Fig. S2 in the Supplemental Material [21]), asymmetry is
introduced between the two sets of O-O interactions despite
the same O-O distance. Ice X has the same peculiar crys-
tal structure as mineral cuprite (Cu,0O), a three-dimensional
(3D)-catenane made of two interpenetrating (but never inter-
secting) tetrahedral frameworks; this has also been described
as a double-diamond structure [28]. This model, originally
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proposed to describe the asymmetric O-O interactions in ice
VII and inherited by ice X, involves two interpenetrating
diamondlike oxygen sublattices. Crucially, while this model
predicts the absence of a gap at the P point (g = %[1 11]) for
structures such as ice VII and bcc superionic ice (attributed to
hydrogen disorder), it fails to account for the pronounced gap
clearly observed at the P point in our phonon spectrum of ice
X (see Fig. S5 in the Supplemental Material [21]), consistent
with quasiharmonic results [26].

To resolve this discrepancy for ice X, we proposed a dif-
ferent asymmetry parameter that modifies the O-O elastic
interaction within the lattice (see the Supplemental Material
[21]), which yields excellent agreement with the SED of ice
X (Fig. 2). We note that our large-scale calculation for ice VII
(see Fig. S6 in the Supplemental Material [21]) also reveals a
small, blurred gap (~3.61 THz) at the P point, contrasting
with the sharp ~11.69 THz gap in ice X and its complete
absence in bece superionic ice. The gap at the P point originates
from the symmetry-breaking distinction between two sets of
nearest-neighbor O-O interactions within the bcc oxygen sub-
lattice, induced by hydrogen-bond ordering of ice X. In bcc
superionic ice, fully disordered protons render these two sets
of O-O interactions identical, restoring the full symmetry of
the bece lattice and eliminating the gap at the P point. While
ensemble averaging over proton configurations in ice VII
suggests a similar restoration of bcc symmetry—where hy-
drogen bonds are effectively averaged across all possible O-O
pairs—this leads to gap closure at the P point, as observed in
Ref. [28] and analogous to superionic ice. However, hydrogen
disorder in ice VII differs fundamentally: the topology of its
hydrogen-bond networks remains fixed during molecular dy-
namics simulations. Protons neither dissociate from existing
O-H-:--O bonds nor form new hydrogen bonds with previously
unconnected O-O pairs. Consequently, the intrinsic asymme-
try between the two sets of O-O interactions persists. Our
SED calculations capture this persistent structural asymmetry,
revealing the gap at the P point.

B. Soft phonon modes and phase transitions
for bec superionic ice

In superionic ice, protons diffuse through the oxygen
framework, causing instantaneous H-O interactions to fluctu-
ate rapidly. On average, the symmetry of superionic bce ice
(Im3m) is higher than that of ice X (Pn3m); consequently,
phonon modes of the oxygen sublattice in bce superionic ice
exhibit degeneracies at multiple ¢ points, signifying that the
double-diamond structure of ice X has evolved into a higher-
symmetry bcc arrangement. The resulting phonon dispersion
closely resembles that of typical bcc crystals and is well
described by a simple Born—von Karman model considering
interactions up to the second-nearest neighbors (detailed in the
Supplemental Material [21]). The symmetry-breaking effect
of localized hydrogen bonds present in ice X vanishes in
the superionic state, leading to the closure of phonon gaps.
Meanwhile, hydrogen-bond dissociation weakens the effec-
tive interactions between oxygen ions, reflected in reduced
values of the interatomic force constants (see Table S1 in the
Supplemental Material [21]).
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FIG. 3. (a) Phonon branches along the [110] direction (g path
from the I' to N point) vary with temperature in bcc ice at
200 GPa. Black solid lines are linear fits to the long-wavelength
regions of the Tj;10;[110] phonon modes. Gray dashed line indicates
the location of frequency at 10 THz. (b) Temperature dependency of
center frequency and linewidth of the Tj;i0;[110] mode at the N point,
where the gray dashed vertical line indicates the approximate supe-
rionization temperature (~2300 K at 200 GPa), and the uncertainties
of these data are represented by shaded regions.

Phonon SED also provides crucial information about
phonon lifetimes, which is a key aspect of lattice dynamic
analysis. The validity of the phonon concept itself hinges
on its lifetime exceeding its vibrational period. At each
wave vector ¢q,, the frequency spread of each mode with
center frequency w, follows the Lorentzian function [20]:
SED(qy, w) x m and phonon lifetime t being de-
fined as inverse of the linewidth or the full width at half
maximum (FWHM) of the peak 2y: t = % In superionic
ice, phonons experience frequent scattering by diffusive pro-
tons. This leads to drastically shortened mean free paths
and lifetimes, manifest as broadened branches in the SED.
In particular, the transverse acoustic branch along the I'-N
path ([110] direction) with [110] polarization, denoted as
T{110;[110] modes, exhibits frequencies below or near 5 THz.
As shown in Fig. 3, the linewidths of these modes can reach up
to 4.88 THz (corresponding to the lifetime ~0.20 ps). For the
mode with comparable center frequency and linewidth, i.e.,
comparable lifetime and vibration time period, the phonon
is strongly damped and would extinguish. This signifies a
substantial probability for the mode to soften to zero fre-
quency, marking the inability of the structure to resist certain
displacements of the atoms. Figure 3(b) illustrate this for the
T;110;[110] modes specifically at the N point (g = %[110]),
which shows a dramatic increase in linewidth upon enter-
ing the superionic phase. On the one hand, large broadening
or short lifetime significantly reduces thermal transport effi-
ciency due to phonons, consistent with reported calculations
where lattice thermal conductivity of superionic ice was found
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to be lower than that of solid ice [19,29]. On the other hand,
large linewidth promotes lattice instability, increasing the
likelihood of mode extinction and potentially triggering an ir-
reversible phase transition. Therefore, dynamic SED analysis
serves as a vital complement to static quasiharmonic phonon
theory, particularly for understanding phase transitions driven
by soft modes. Our findings indicate that this phonon soften-
ing mechanism drives phase transitions in superionic ice.

The Tj,7)[110] modes in the bec lattice are responsible for
two phase transitions of bce to both hexagonal-close-packed
(hep) and fec structures [30]. As depicted in Fig. S3 in the
Supplemental Material [21], the (110) planes of the bec lattice
have an ABAB ... stacking sequence. The 7j;1¢)[110] modes
involve vibrations of these planes along the [110] direction.
At short wavelength, especially g = %[110] that is equal to
double interplanar spacing of (110) planes, the ABAB ...
stacking is able to persist. Meanwhile, with the assistance of
long-wavelength Tmz][Ill] modes, which shears the hexag-
onal arrangement on (110) planes into regular hexagonal, the
bec lattice can be finally transform to the hcp structure. Some
previous studies [13—14] suggest that hcp and fcc superionic
ices can coexist and interconvert, having very similar energies
(as is usual for polytypes, the energy differences of which are
often not easy to distinguish). However, it was reported that
fcc superionic ice has a slightly lower Gibbs free energy at
pressures below 400 GPa [15], which implies that the main
approach for the phase transitions of bcc superionic ice is bec-
to-fcc, rather than bee-to-hep. Given this, our subsequent anal-
ysis focuses primarily on the bcc-to-fee transition dynamics.

The long-wavelength 7j,10[110] modes, which are usu-
ally regarded as shears on lattice and characterized by the
initial slope of the branch near the I' point, soften abruptly
upon hydrogen-bond dissociation, as shown in Fig. 3(a). The
long-wavelength shear breaks the original ABAB ... stacking
sequence of the (110) planes and leads to new ABCABC ...
stacking. Together with Tmz][ill] modes, these planes are
squeezed into a regular hexagonal arrangement, completing
the transition to the fcc structure [30]. Overall, the unstable
T;110;[110] modes correspond to the slipping between (110)
planes. In solid ice X, hydrogen bonds bridging neighbor-
ing (110) planes resist compression and stretch, effectively
hindering such slip. This explains the relative stability of
the long-wavelength 7j,10;[110] shear in ice X and its abrupt
decrease upon superionization. The temperature dependence
indicates the trend of the oxygen sublattice to transform from
abcc to fece structure, which can also be seen at other pressures
(see Fig. S13 in the Supplemental Material [21]), rationaliz-
ing the fact that the bce-fcc phase boundary is close to the
superionization curve at high pressures in the phase diagram
[11,14-16].

Another soft longitudinal mode lies near 2/3 of the [111]
direction, denoted as L%[lll]. This mode has been widely
studied for the bec-w phase transition [31]. The (111) planes
in the bece structure have an ABCABC ... stacking sequence.
In the L%[lll] mode, one plane is fixed and the other two
neighboring planes move towards each other along the [111]
direction and merge into one single plane. In superionic ice,
such bce-w transition goes a little further: the two moving
planes pass through each other and exchange their positions,
i.e., they become ACBACB ... stacking (see the illustration
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FIG. 4. Phonon DOS (left) and SED (right) of fcc superionic ice
at 3000 K, 200 GPa. White curves are fitted phonon dispersion by
lattice dynamics. The fitted force constants are listed in Table S1 in
the Supplemental Material [21].

in Fig. S7 in the Supplemental Material [21]; this transition
is also detectable via the mean-square displacement of the
oxygen sublattice, as shown in Fig. S8 in the Supplemental
Material [21]). The result is a transition between two differ-
ently oriented bcc structures, indicating that the w phase itself
is unstable for the oxygen sublattice in superionic ice.

Howeyver, the bece-via w-bec transition associated with the
L_%[l 11] mode usually manifests prominently only in a small
simulation cell (3 x 3 x 3) and could be suppressed by the
long-range interactions in larger supercells, such as 6 x 6 x 6
and larger. As shown in Fig. 2, the center frequency of
this mode (11.76 THz) significantly exceeds its linewidth
(5.61 THz), which indicates there is sufficient stability for
the bcc lattice to avoid this transition mode. In contrast,
the bece-to-fee transition associated with the long-wavelength
T{110;[110] mode, despite its lower frequency, cannot be di-
rectly observed in our MD simulations. This absence can be
attributed to two primary factors. First, the periodic boundary
conditions inherently restrict uniform shear deformations of
the simulation cell, which is precisely what the ¢ — 0 trans-
verse mode describes. Second, the characteristic wavelength
of this mode is effectively infinite compared to the finite sim-
ulation size, making its activation improbable even with large
nanometer-scale models. Conversely, the collective atomic
displacements involved in the L%[l 11] mode do not require
lattice deformation. In this case, a small simulation cell can
be beneficial, as it naturally shortens the correlation length
needed for the collective atomic motion, thereby facilitating
the observation of the phase transition.

C. Phonon dispersion of fcc superionic ice

The phonon SED of fcc superionic ice is also calculated
and presented in Fig. 4. Unlike the bce phase, the fcc oxygen
sublattice exhibits no distinct soft modes. The modes with the
lowest frequency are two transverse modes at the I'-L path
([111] direction), corresponding to the shears of the (111)
planes. According to the Nishiyama-Wassermann orientation
relationship [32], this could be a possible way for the fcc-
to-bce transition, and completely reverse to the bcc-to-fec
transition shown in Fig. S3 in the Supplemental Material [21].
However, the frequency of the two modes is much higher
than the 7j;7;[110] modes in bce superionic ice, indicating
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enhanced structural stability of the fcc oxygen sublattice in
superionic ices.

In order to further investigate the structure stability of
both sublattices, we calculate their elastic constants through
dispersion relations. The results are listed in Table I and com-
pared with previous studies by the finite strain method [17].
The slight differences come from the errors of our trained
machine-learning potential, which lead to overestimated den-
sities and biased group velocities, as well as the errors when
fitting the phonon dispersion. Nevertheless, the results still
align closely with previous studies [6,17], which validates the
accuracy of our SED spectrum. As discussed above, the long-
wavelength Tj;1,[110] shear (Cy; — C12)/2 in bee superionic
ice has a very low modulus of 31.74 GPa, corresponding to
a transverse sound velocity of 2.89 km/s, indicating a near
instability. In contrast, the same shear in fcc is obviously
stronger with a minimum sound velocity of 3.83 km/s, which
is 1.3 times that of bcc superionic ice. The phonon dispersion
is also able to study the sound velocities of all directions.
Figure SO in the Supplemental Material [21] shows the SED
of certain cross sections of the first Brillouin zone, where the
SED slices at low frequency represent the anisotropy of sound
velocities.

IV. CONCLUSIONS

Our phonon DOS and SED analyses uncover the dy-
namics of normal ice X and superionic bcc and fcc ices,
elucidating the phase transition mechanism between the two
superionic ices. Our lattice dynamics model considering the

hydrogen-bond ordering of ice X explains the origin of
the gaps, especially at ¢ = %[111], distinguishing it from
hydrogen-disordered ice VII. Upon hydrogen-bond disso-
ciation at elevated temperature, the structure gains higher
symmetry, and its dispersion relation degenerates to that of
a typical bcc lattice; the same applies to the fcc superionic
ice. Hydrogen-bond dissociation facilitates interplanar slip-
ping within the oxygen sublattice, driving significant phonon
softening. Particularly, the shear mode dominating the bcc
to fcc phase transition shows pronounced softening upon su-
perionization, explaining the low dynamical stability of bcc
superionic ice. Our work extends the fundamental concept of
the phonon from ordered crystals to partially disordered sys-
tems, and shows the potential of lattice dynamics analysis in
hybrid ordered-disordered states, such as the superionic state,
plastic state [33,34], or systems with short-range disorder and
long-range order [35].
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