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The low coercive field (Ec) is highly desirable for developing efficient and durable ferroelectric-based devices.
However, fluorite ferroelectrics such as HfO2 and ZrO2, which are attracting significant attention as next-
generation semiconductor materials due to their compatibility with complementary metal-oxide-semiconductor
technology and robust ferroelectric properties, exhibit a significantly high Ec, severely limiting their application
in memory devices. Here, using group theory and first-principles simulations, we reveal that phonon engineering
can induce a new soft mode in the polar Pca21 phase of HfO2 and ZrO2. This mode dominates the intermediate
transition state during polarization switching and drastically reduces the energy barriers for both homogeneous
switching and the uniquely observed local switching, which enables ultrahigh memory density. Furthermore,
the discovery of a ternary state during local switching points to the possibility of implementing ternary logic at
the material level. Our findings introduce a new pathway to lowering Ec in fluorite ferroelectrics by exploiting
intrinsic lattice dynamics, offering an alternative to conventional strategies such as doping or defect engineering,
and open a promising direction for future material design.
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I. INTRODUCTION

The rapid advancement of information and communication
technologies, such as artificial intelligence, the Internet of
Things, and cloud and edge computing, has increased the de-
mand for faster, more efficient, and higher-capacity memory
solutions [1]. This demand has driven the development of
new memory architectures, including neuromorphic [2] and
high-bandwidth memory [3]. However, conventional mem-
ory technologies, such as dynamic random access memory,
have limitations, including slow response times, high power
consumption, and insufficient flexibility for simulating the
complex adaptive processes of neural networks [4]. Ferro-
electrics have emerged as a promising alternative, offering
fast switching, low power consumption, and nonvolatile data
retention, making them well suited for advanced artificial
intelligence semiconductor architectures [5,6]. However, tra-
ditional ferroelectrics based on perovskite structures, such as
barium strontium titanate [7] and lead zirconate titanate [8],
face significant challenges in commercial-scale deployment
due to poor compatibility with silicon interfaces [9] and the
size effect, which causes ferroelectricity to vanish in thin films
[10–12].

The discovery of ferroelectricity in fluorite oxides, such
as HfxZr1−xO2 [13], which exhibit scale-free polarization

*These authors contributed equally to this work.
†Contact author: junhee@unist.ac.kr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

switchability [14], robust stability of the polar phase down to
subnanometer thin layers [15], and compatibility with com-
plementary metal-oxide-semiconductor technology [16,17],
offers a potential solution to the limitations of conventional
ferroelectrics. Moreover, their negligibly small domain wall
energy makes them suitable for ultrahigh-density memory
devices [14], representing a potential paradigm shift in in-
formation technology and artificial intelligence. However,
their relatively high coercive field (Ec) [18,19] remains the
biggest hurdle to their implementation in memory devices, as
it imposes substantial stress on the material during operation,
which can lead to device breakdown [20–22]. In recent years,
most studies have focused on elemental and interstitial doping
to reduce the high coercive field [23–25]. Although these
approaches have successfully achieved a low Ec, the oxygen
vacancies induced by dopants lower the device’s endurance
[26,27], motivating us to explore alternative solutions for re-
ducing high Ec in the pristine fluorite structures.

In this manuscript, we use phonon mode engineering and
first-principles simulations (see the Supplemental Material
[28] for details; Refs. [29–35] are cited in the Supplemental
Material) to present a mechanism for intrinsically reducing
the polarization-switching energy barrier associated with Ec

by selectively controlling the dynamics of soft modes. A com-
parative analysis of polarization-switching paths reveals that
the incorporation of soft modes facilitates the transformation
of intermediate states from unstable high-symmetry configu-
rations to metastable low-symmetry phases, thereby reducing
the associated energy barrier. This finding suggests that delib-
erately introducing soft modes along the switching pathway
can serve as an effective strategy for energy barrier reduction.
To demonstrate this concept, we identify symmetry-allowed
catalytic couplings that enable the condensation of soft
modes through group-theoretical analysis and first-principles
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FIG. 1. (a) Two distinct pathways for polarization switching from the up-polarized (U) state to the down-polarized states (D+ and D−) in
the o-phase HfO2 are characterized by different intermediate phases: the U → D− and U → D+ paths involve c-phase and t-phase as their
respective intermediate states. The energy barriers estimated from NEB calculations in HfO2 [panel (b), top] and ZrO2 [panel (c), top] show
that the U → D− path has a high barrier, while the U → D+ path exhibits a significantly lower one. [(b), bottom], [(c), bottom] The soft mode
X′

2 reverses its sign along the U → D− path and is suppressed at the intermediate state, leading to the formation of a c-phase, while it remains
unchanged along the U → D+ path and stays nonzero at the intermediate state, resulting in a t-phase.

calculations. Our first-principles simulations confirm that
these newly activated soft modes create transition states that
are energetically more favorable than the conventional states,
drastically reducing the energy barrier for both Landau-type
(homogeneous) and local switching. Thus, our mechanism
offers an alternative strategy for lowering the coercive field in
pristine fluorite ferroelectrics, beyond conventional methods
such as doping and vacancy engineering.

II. RESULTS AND DISCUSSION

The condensation of six oxygen distortion modes (�z
15,

X′
2, Xy

5, Yz
5, Zx

5, and Z′y
5 ) and two hafnium distortion modes

(Z′x
5 and Y′

3) (see Fig. S1 of the Supplemental Material [28])
in the reference Fm3̄m cubic phase (c-phase) of MO2 [36]
(where M denotes Hf and Zr) transforms it into the ferro-
electric Pca21 orthorhombic phase (o-phase) [34]. Although
the up-polarized o-phase (U) can switch its polarization into
four symmetry-equivalent down-polarized phases [37], only
two are particularly important [Fig. 1(a)] [38]. One pathway
proceeds by reversing the X′

2 soft mode along with the polar
�z

15 and is labeled D−; it has been observed in the most stable
domain walls in MO2 and enables ultrahigh memory density
due to its scale-free ferroelectricity [14]. The other pathway,
labeled D+, switches without reversing the X′

2 soft mode
and is favorable for homogeneous polarization switching. We
note that several other modes among the eight also reverse
their signs to preserve the invariant symmetry of the phonon-
phonon trilinear couplings [see Eq. (S2) of the Supplemental
Material [28]], but they have a lesser effect [38]. For brevity
and simplicity, we have not explicitly discussed them in our
analysis.

In the U → D− path, the X′
2 mode reverses its sign and

becomes zero at the transition state, resulting in a c-phase
intermediate. In contrast, along the U → D+ path, the X′

2
mode retains its sign. It remains nonzero at the transition state

[Fig. 1(a)], leading to a metastable t-phase intermediate state
with a lower energy barrier than the former [Figs. 1(b) and
1(c)]. This suggests that the condensation of a soft mode at the
transition state is crucial for reducing the switching barrier by
introducing a metastable phase. Thus, it is essential to induce a
soft mode at the transition state during polarization switching,
particularly in pathways such as the U → D− path, where
the energy barrier is substantially increased as a result of the
intrinsic instability of the intermediate structure.

Using group theory, we found that the high-frequency
�x

25 mode (ω � 600 cm−1) (see Fig. S2 of the Supplemen-
tal Material [28]), originally absent in the o-phase, can play
a catalytic role in inducing a soft mode through its strong
trilinear couplings with Z′y

5 , an existing o-phase mode, and
the Z′

2 soft mode, which is not inherently condensed in the
o-phase [Fig. 2(a)]. Interestingly, the symmetry of the �x

25
mode also allows strong bilinear coupling with lattice shear
strain εyz in both HfO2 [Fig. 2(b)] and ZrO2 [Fig. 2(c)]. As a
result, a small external shear strain can effectively induce this
high-frequency mode in the o-phase, activating its trilinear
couplings and inducing the Z′

2 mode. Although a shear strain
exceeding 5 degrees transforms the o-phase into the most
stable monoclinic P21/c phase (m-phase) of MO2 [35], we
found that applying a 3-degree εyz remains well below this
threshold and drastically reduces the energy of the transition
state in both switching pathways.

Surprisingly, we found that applying a 3-degree εyz

shear strain along the U → D− Landau-type (homogeneous)
switching path effectively reduces the energy barrier by low-
ering the energy of the transition state in both HfO2 [Fig. 3(a)]
and ZrO2 [Fig. 3(b)] relative to the unstrained path. This
reduction occurs because the additionally induced Z′

2 soft
mode condenses in place of the suppressed X′

2 soft mode at
the transition state [Figs. 3(c) and 3(d)], transforming the un-
stable high-symmetry c-phase into the metastable t-phase-like
structure. In contrast, along the U → D+ switching path, the
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FIG. 2. (a) Atomic displacements (black arrows) of the �x
25 mode

(induced by the application of εyz shear strain), the unstable Z′
2

mode, and the o-phase mode Z′y
5 in the unit cell of the reference

c-phase. These modes exhibit strong trilinear coupling, which leads
to the condensation of the Z′

2 mode in the o-phase under εyz shear
strain. (b), (c) Energy landscapes of the �z

25 mode under εyz shear
strain in HfO2 and ZrO2, confirming their bilinear coupling, as the
even symmetry of the energy landscape without strain (black line) is
broken under shear strain (red line).

FIG. 3. The energy barriers estimated by NEB calculations along
the U → D− path in pristine HfO2 [panel (a)] and ZrO2 [panel
(b)] are shown by black lines, and those under 3-degree εyz shear
strain are shown by red lines. The energy barrier is significantly
reduced due to the applied shear strain. The amplitude of the Z′

2

mode at each image along the polarization-switching path confirms
that this mode is not induced in pristine HfO2 and ZrO2, but emerges
at the intermediate phase under 3-degree shear strain, transforming
the intermediate state from a c-phase (in pristine) into a metastable
t-phase-like structure.

energy reduction of the transition state under the same shear
strain is negligible for both HfO2 and ZrO2 (see Fig. S3 of the
Supplemental Material [28]). This is because only one soft
mode can dominate at the transition state. Since the X′

2 mode
is not suppressed along this path, the additionally induced Z′

2
mode remains negligible at the transition state. Moreover, no
bilinear or trilinear couplings are allowed between �x

25, εyz,
and X′

2, which could otherwise lower the energy of the tran-
sition state. As a result, the influence of the �x

25 mode on the
U → D+ switching pathway’s transition state is significantly
weak.

Unlike �x
25, which directly forms a trilinear coupling with

the o-phase modes and successfully activates the Z′
2 soft

mode, the degenerate counterparts �
y
25 and �z

25 do not exhibit
trilinear couplings with any o-phase modes that could activate
soft modes. However, we found that �

y
25 exhibits a trilinear

coupling with Z′
2 and Z′x

5 . Although Z′x
5 (an oxygen mode)

is not condensed in the o-phase, it can be induced through
a strain-phonon trilinear coupling of the form εxzZ′x

5 Z′y
5 . Con-

sequently, εxz can also induce the Z′
2 mode at the transition

state and reduce the energy barrier along the U → D− switch-
ing path (see Fig. S4 of the Supplemental Material [28]),
similar to εyz. In contrast, �z

25, which emerges due to εxy

shear strain, does not exhibit any direct or indirect coupling
capable of condensing a soft mode at the transition state.
Therefore, it does not reduce the energy barrier along the
U → D− Landau-type switching paths (see Fig. S4 of the
Supplemental Material [28]). We also found that the emer-
gence of �α

25 (α = x, y, z) due to their respective shear strains
εβγ (β < γ �= α) has a relatively small effect on reducing
the energy barrier along the U → D+ Landau-type switching
paths (see Fig. S3 of the Supplemental Material [28]). In this
case, the X′

2 soft mode dominates at the transition state, and its
coupling with �α

25 primarily leads to the condensation of other
high-frequency modes, which do not significantly contribute
to lowering the energy barrier.

After a successful attempt to reduce the energy bar-
rier in Landau-type switching, we further analyze the local
polarization-switching path between U/D− domain wall struc-
tures, which are referred to be the ultrahigh memory density
[14]. To verify the effect of soft mode manifestation induced
by εyz shear strain on reducing the energy barrier of the local
polarization-switching path, we compute the local switch-
ing domain wall structures in HfO2 [Fig. 4(a)] and ZrO2

[Fig. 4(b)] under 3-degree εyz shear strain, showing stable
domain wall structures and remnant polarization values sim-
ilar to the pristine state, indicating well-preserved unique
properties of fluorite ferroelectrics [14]. We further perform
NEB calculations [39] on the local nucleation [Figs. 4(c)
and 4(d)] and domain propagation after nucleation [Figs. 4(e)
and 4(f)] in both materials with and without 3-degree εyz

shear strain applied, confirming effective reductions in the
energy barrier of the local polarization-switching path, par-
ticularly up to 52% in HfO2. These results show that under
applied shear strain, the energy of the intermediate state
during the switching process is significantly lowered com-
pared to the pristine state, drastically influencing energy
reduction.

To determine the cause of this energy reduction, we per-
form phonon decomposition of the intermediate states of each

043046-3



JINHYEONG JO, PAWAN KUMAR, AND JUN HEE LEE PHYSICAL REVIEW RESEARCH 7, 043046 (2025)

FIG. 4. (a), (b) Stable domain wall structures and local polariza-
tion characteristics are preserved in HfO2 and ZrO2 fluorites under
a 3-degree εyz shear strain. Comparing the path with applied shear
strain (red line) to the pristine path without strain (black line) in
panels (c)–(f) shows that the shear strain significantly lowers the
energy barriers for nucleation [panels (c) and (d)] and propagation
[panels (e) and (f)]. This indicates that, through mode-catalyzed
stabilization, the local polarization-switching path can be promoted
as the dominant switching pathway.

material [Figs. 5(a) and 5(b)]. Unlike the pristine intermediate
state, which has a structure similar to the c-phase, the phonon
decomposition reveals that the intermediate state under εyz

shear strain shows the m-phase-like structure, a known stable
fluorite phase. In general, for the same switching path, the
intermediate state remains the same in both homogeneous and
local switching. Surprisingly, under εyz shear strain, the U
→ D− switching path in homogeneous switching exhibits a
t-phase-like intermediate state, while local switching shows
an m-phase-like one. This difference arises because, in homo-
geneous switching, the stable modes that do not change sign
[see Fig. S1(b) of the Supplemental Material [28]] during the
process are suppressed to zero at the transition state, leaving
only the unstable Z′

2 mode nonzero, which leads to t-phase-
like structure. In contrast, during local switching, these stable
modes that do not reverse their signs remain nonzero due to
their coupling with adjacent, unswitched unit cells. Notably,
these modes are common in the m-phase [see Fig. S5(c) of the
Supplemental Material [28]], which leads to the stabilization
of an m-phase-like intermediate state during local switching in
U/D− domain wall structure. This phenomenon occurs more
strongly in HfO2 than in ZrO2, contributing to the highly
stable intermediate state of HfO2. Interestingly, a similar m-
phase-like structure has also been observed at the transition
state along unconventional switching pathways [40]. How-
ever, in those cases, the oxygen atoms migrate across the
Hf plane in a direction opposite to the electric field, which
ultimately limits the response time [41]. In contrast, our pro-
posed mechanism confines the oxygen displacement within
the metal plane, allowing for a faster response and eliminating

FIG. 5. (a), (b) In the absence of strain, the intermediate structure resembles the unstable Fm3̄m phase. Upon applying εyz shear strain, the
induced �x

25 and Z′
2 modes, along with distortions from the neighboring o-phase (Pca21), transform the intermediate state into a metastable

structure similar to the P21/c phase, resulting in a reduced energy barrier. (c) The stabilization of this intermediate state provides additional
information states, highlighting the potential of fluorites as intrinsic ternary logic devices.
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the need for oxygen migration outside the fluorite framework,
thereby reducing the likelihood of defect formation, such as
oxygen vacancies.

Moreover, the metastable intermediate structure induced
by soft mode manifestation provides additional information
states for semiconductor device operation, demonstrating the
potential of fluorite as an intrinsic ternary logic material
[Fig. 5(c)] [42,43]. This phenomenon opens the possibility of
fluorite ferroelectrics serving as a multibit memory material,
establishing it as a robust next-generation memory material.
We further analyze the effect of εxy shear strain on local
switching and find that, although this strain activates the Z′

2
soft mode, NEB calculations show that this shear strain pro-
duces an energy barrier comparable to that of the pristine
case (see Fig. S5 of the Supplemental Material [28]). This
is because, unlike εyz, the εxz strain and Z′

2 mode are not
symmetrically capable of inducing the m-phase modes at the
transition state. As a result, the energy of the intermediate
state remains high, and the overall energy barrier does not
decrease under εxy shear strain.

In summary, we have demonstrated that the manifes-
tation of soft modes can reduce the energy barriers of
polarization-switching paths in fluorite ferroelectrics. Unlike
the conventional methods of reducing the coercive field using
dopants, this approach avoids side effects that compromise
device properties, such as oxygen vacancies. We have demon-
strated the ability to selectively lower the energy barriers of
specific switching paths based on the induced soft mode under
shear strain in homogeneous and local switching. Importantly,
we found that εyz facilitates local polarization switching in the
most stable domain wall structures, while εxy and εzx have
no significant effect. This unique characteristic allows us to
selectively circumvent the energy barriers of minor switching
paths with high energy barriers, like the local polarization-
switching path, making it the primary path.

We hope that this study provides an approach to solving
the highly coercive field problem that has hindered the com-
mercial application of fluorite ferroelectrics and further plays
a significant role in fully leveraging the intrinsic property of
high information density that, while theoretically proposed,
has faced challenges in practical realization. Furthermore, we
believe that our scheme can provide valuable insights into
studies of surface defects to stabilize ferroelectricity in thin
films [44,45], where locally broken symmetry can be linked
to alterations in phonon mode frequencies, which eventu-
ally affect the polarization-switching barrier in ferroelectric
materials.
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