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Abstract 

Remanent polarization and coercive field in ferroelectrics are often predicted to be 

high, yet experimentally observed to be much lower-an inconsistency that hinders the 

rational design of functional materials and devices. We identify a hidden mechanism 

underlying this discrepancy: the interaction between polarization domain walls (PDWs) 

and lattice domain walls (LDWs) that standard models omit. Using κ-Ga2O3 as a 

representative ferroelectric, we develop a machine-learning potential trained on ab 

initio molecular-dynamics data to capture realistic polarization switching. Our 

simulations reveal that PDWs become topologically blocked at 120° LDWs, stabilizing 

residual domain-wall networks that suppress remanent polarization while enabling 

rapid, low-field switching by bypassing slow nucleation. The blocking strengthens as 

lattice domains shrink, offering a new strategy for tuning ferroelectric performance 

through lattice-domain engineering. The mechanism not only reconciles theoretical 

with experimental results but also provides a practical approach for improving 

ferroelectric performance.  

Keywords: Domain and Domain Walls, Ferroelectric Dynamics, Machine-Learning Force Field, κ-
Ga2O3 
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1. Introduction 

Ferroelectric (FE) materials exhibit switchable, nonvolatile polarization, high 

breakdown fields, and low leakages. These attributes enable technologies from energy 

harvesting1 and sensors,2 to spintronics,3 and nonvolatile memory.4 Remanent 

polarization and coercive field are two fundamental parameters that govern the 

functional performance of these applications. They directly determine the energy 

consumption, readout margin, storage performance, and reliability in memory devices. 

Yet across bulk crystals, thick films, and two-dimensional (2D) systems, experiments 

often report remanent polarization and coercive field far below state-of-the-art 

predictions, even when depolarization fields are negligible.5 For instance in κ-Ga2O3, 

(1) predicted remanent polarization by first-principles calculations (~23 μC/cm2, 

comparable to ZrHfO2)6, 7, 8, 9 vastly exceeds experimental values (< 8.6 μC/cm2);5, 10 

(2) coercive fields obtained from fitting by the ab initio results to Landau-Ginzburg (L-

G) theory (~3 MV/cm)6, 11 are also an order of magnitude greater than measured 

values (< 0.5 MV/cm).10 Another example is in 2D sliding ferroelectrics where the 

differences are even more significant (e.g. 243 MV/cm predicted vs 3 MV/cm 

measured for bilayer h-BN).12, 13, 14, 15 These large, systematic discrepancies pose a 

serious challenge to the reliability of standard theoretical approach, and call for more 

advanced methods to capture the missing physics. 

In this work, we bridge the theory-experiment gap by developing a large-scale model 

that explicitly includes lattice domain walls in ferroelectrics. We construct a deep-

learning (DL) model trained on density-functional theory (DFT) and molecular 

dynamics (MD) data, and apply it to κ-Ga2O3 as a prototype. We reveal that 

polarization reversal in κ-Ga2O3 is not achieved through rigid out-of-plane ionic 

displacements, but rather via in-plane sliding and shear of the Ga-O sublayers, similar 

to 2D sliding ferroelectrics. Importantly, our results provide, for the first time, a clear 

demonstration of a hidden mechanism: the switching dynamics are governed by the 

interplay between polarization domain walls (PDWs) and lattice domain walls (LDWs) 

that are observed in real samples but omitted in standard models. The sliding-like 

mechanism of Ga-O sublayers (Figs. 1a-e) leads to strongly anisotropic PDW 

propagation. Crucially, such PDW motions can be topologically blocked by the 120° 

LDWs, generating a residual PDW-LDW network. This network fundamentally alters 
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the polarization switching dynamics by circumventing the slow nucleation processes, 

and hence enables rapid polarization switching under a much lower electric field, albeit 

at the expense of reduced remanent polarization. Quantitatively, our calculations 

reduce the remanent polarization from 23 μC/cm2 (predicted by standard theory) to 

2.6 μC/cm2, and yield a coercive field ~0.4 MV/cm, consistent with experimental upper 

bounds of 8.6 μC/cm2 and 0.5 MV/cm, respectively. The blocking effect strengthens 

as lattice domains shrink, establishing a tunable trade-off between remanent 

polarization and critical field. Although demonstrated for κ-Ga2O3, the same PDW-

LDW blocking mechanism emerges generically in sliding ferroelectrics, where in-plane 

shear or layer displacement governs the switching path. Our findings thus provide both 

a microscopic understanding and a general design principle for engineering 

ferroelectric responses by controlling lattice domain in sliding ferroelectrics.  

 

Results and Discussions 

Atomic structure and sliding-driven polarization switching in the primitive cell 

The primitive orthorhombic cell of κ-Ga2O3 (space group Pna21) contains 16 Ga and 

24 O atoms. Our DFT lattice constants (a=5.04 Å, b=8.63 Å, and c=9.24 Å) agree well 

with the experiments.6, 16 Notably, the ratio a/b≈1/√3 suggests compatibility with 

hexagonal substrates, naturally enabling the formation of intrinsic 120° lattice 

domains.6 The crystal consists of four inequivalent Ga-O polyhedra, i.e., one 

tetrahedron (GaO4) and three octahedra (GaO6), each appearing four times per unit 

cell (Fig. 1a). Spontaneous polarization arises primarily from the displacement of Ga 

atoms away from the polyhedral centers. Among these, Ga-O tetrahedra dominate the 

polarization due to the larger separation of positive and negative charge centers.  

Along the c-axis, the crystal structure naturally separates into four layers, labeled 

sequentially as layers 1, α, 2, and β (Figs. 1a and 1c-e). Oxygen atoms are shared 

between neighboring layers. Layers 1 and 2 each contain equal numbers of Ga-O 

tetrahedra and octahedra, whereas layers α and β consist of only Ga-O octahedra. 

Layers 1 and 2, as well as layers α and β, are symmetrically related by a twofold (C2) 

rotation symmetry (Fig. S1). This symmetry enforces cancellation of any in-plane (001) 
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polarization components among Ga-O polyhedra, resulting in a net spontaneous 

polarization along the c-axis ([001] direction). Details about the atomic coordinates and 

symmetry conditions are available in Supplementary Information. 

To reveal the mechanism of FE phase transition, we first investigate the polarization 

switching in this primitive cell model. Using the nudged-elastic-band (NEB) method,17 

we interpolate nine intermediate images between the initial (polarization-up, +P) and 

final (polarization-down, -P) structures (Fig. 1b). The +P and -P states are related by 

reflection symmetry with respect to the (001) plane. Increasing the number of 

intermediate images does not alter our conclusions.  

Remarkably, the lowest-energy pathway for polarization switching proceeds via a 

nontrivial sliding-like mechanism (Figs. 1c-e) rather than the conventional vertical 

displacement model. Throughout the switching process, layers α and β remain 

structurally rigid and undergo primarily translational sliding along [100]. Meanwhile, 

because layers 1 and 2 share oxygen atoms with layers α and β, they exhibit significant 

shearing deformation along [100]. The Ga atoms in layers 1 and 2 initially at the 

tetrahedral site (GaO4, labeled “1” in Fig. 1) move along [100] and ultimately transform 

into octahedral coordination (GaO6). Conversely, the Ga atom labeled “2” undergoes 

the opposite transformation from octahedral to tetrahedral coordination. Intuitively, the 

orientation of the GaO4 tetrahedron in the initial and final states reverses along the 

polar c-axis, indicating polarization reversal.  

The intermediate paraelectric (PE) phase has Pbcn symmetry (Fig. 1d). The 

calculated energy barrier for this sliding-like pathway is 0.10 eV per formula unit 

(eV/f.u.), with a predicted spontaneous polarization of 24.58 μC/cm2 from Berry phase 

method (Fig. 1b).6, 7, 8, 18 These theoretical values, however, still significantly exceed 

the experimentally measured polarization and coercive field,5, 10 due to the limitation 

of the primitive cell model. Nevertheless, this sliding-driven mechanism represents the 

intrinsic pathway of polarization reversal, and is consistent with results previously 

predicted in κ-Ga2O3,
6 and also in structurally analogous materials, such as AlxFe2-

xO3
10 and ε-Fe2O3

19, 20 which share the same space group as κ-Ga2O3. The sliding-like 

polarization reversal is further validated by ab initio molecular dynamics (AIMD) 

simulations (Fig. S2).  
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To rigorously describe the sliding-driven FE transition, we define the order 

parameter based on the relative sliding displacement vector μ of adjacent layers. 

Specifically, taking layer 1 atoms as a reference, layer α exhibits opposite sliding 

displacement vectors along [100] in the +P and -P states (Figs. 1f-g), thus defining 

two distinct order parameters +μ and -μ. The sign convention for the order parameter 

μ is chosen consistently with polarization P to reflect their coupling. The difference in 

order parameters between the two polarized states is (+μ)-(-μ)=a/3, where a is the 

[100] lattice constant. 

 

Figure 1. Structure and polarization reversal mechanism in κ-Ga2O3 primitive cell. a) 

Atomic configurations of the primitive orthorhombic cell, illustrating the four layers 

along the polar [001] axis and the four inequivalent Ga-O polyhedra (green: Ga, red: 
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O). Spontaneous polarization is indicated by the arrow along [001]. b) Calculated 

polarization (via Berry phase method) and energy barrier profiles along the polarization 

switching pathway obtained by NEB method. c) to e) Side views of atomic 

displacement during the phase transition: c) initial +P state, d) intermediate 

paraelectric state, e) final -P state. f) and g) Top views of the +P and -P states, showing 

the relative sliding vector μ of layer α along [100]. 3D atomic structures visualized with 

VESTA software.21 

 

Deep learning model 

The primitive cell model, although a simple and good starting point, lacks the large 

spatial and temporal scales necessary for critical phenomena in FE phase transition, 

including the nucleation and growth of polarization domains under finite electric 

fields.22, 23 These features often require simulations that exceed the capability of 

conventional ab initio MD calculations.24 To overcome this limitation, we apply a deep-

learning-based interatomic potential (Deep Potential Long-Range, DPLR) model,25 

capturing the long-range electrostatic interactions essential in polar materials.26, 27, 28, 

29, 30 Our model is trained using a dataset comprising 21,700 ab initio MD 

configurations, covering a wide range of temperatures (100-1500 K) and ferroelectric 

switching trajectories driven by external electric fields (see Materials and Methods for 

details). 

We validate our DPLR model against DFT calculations, demonstrating excellent 

predictive accuracy for total energies, atomic forces, and electronic polarization (Figs. 

2a-c). Specifically, the root mean square errors (RMSE) are as low as 0.19 meV/atom 

for energies, 36.61 meV/Å for atomic forces, and 0.0015 Å for Wannier center (WC) 

positions, sufficient to capture the variation of the potential energy surface during the 

ferroelectric phase transition.13, 31, 32, 33 The model also reproduces the phonon 

dispersion in κ-Ga2O3 ferroelectric phase (Fig. 2d), and predicts Born effective 

charges (BECs) consistent with direct DFT calculations (Fig. S5), both for static 

configurations and along switching trajectories. 
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Figure 2. Accuracy of the DPLR model. a) to c) Benchmark comparison between DP 

and DFT for energies, atomic forces, and WC positions, respectively. The WC 

positions refer to the displacement of the electron centers relative to the corresponding 

ions. The insert panels are mean absolute errors. d) Phonon dispersion simulated by 

DP. 

 

The DPLR model is constructed using DeePMD-Kit.34, 35 The total energy is defined 

as the sum of short-range energy (𝐸𝑠𝑟) and long-range Coulomb energy (𝐸𝑙𝑟).25, 36 

Short-range energy is characterized by a sum of atomic energies, determined by their 

immediate surroundings defined by a cutoff radius.37 Long-range electrostatic 

interactions between ions (nuclei and core electrons) and valence electrons are 

approximated via interactions between spherical Gaussian charge distributions 

centered at ionic positions and maximally localized WCs.25, 38 Moreover, the WCs also 

are employed to calculate the electronic contribution to polarization (P), where the 

ionic contribution is determined by the ionic charge and positions. Therefore, the total 

energy under an electric field is given by:39, 40  

𝐸 = 𝐸𝑠𝑟 + 𝐸𝑙𝑟 − 𝑷 ⋅ 𝜺𝑒𝑥𝑡, (1) 

where 𝜺𝑒𝑥𝑡 is the external electric field. The atomic forces can be calculated by: 
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𝑭 = −
𝜕𝐸𝑠𝑟

𝜕𝑹
−

𝜕𝐸𝑙𝑟

𝜕𝑹
+

𝜕𝑷

𝜕𝑹
⋅ 𝛆𝑒𝑥𝑡 , (2) 

where 𝑹 is the atomic position, and  
𝜕𝑷

𝜕𝑹
 is the BEC tensor.39, 40, 41 Training data are 

generated using ab initio MD simulations at temperatures ranging from 100 K to 1500 

K, including thermal motions under no external field and trajectories under different 

external fields,39 resulting in a database of 21,700 configurations in total. The training 

dataset consists of 7,700 thermal AIMD configurations (100–1500 K), 11,200 field-

driven configurations at 300 K (5-25 MV/cm), and 2,800 post-field relaxation 

configurations at 300 K (after applied fields vanish). A higher sampling density at 300 

K was intentionally employed to ensure accurate learning of polarization switching 

mechanism at room temperature. The machine learning model can predict energy and 

forces in real time during MD simulations. These configurations can fully describe the 

potential energy surface of ferroelectric switching. The detailed information can be 

found in Methods. 

 

Nucleation and polarization domain wall propagation in single crystal κ-Ga2O3 

We then employ the trained DPLR model to study polarization switching dynamics 

in a large-scale κ-Ga2O3 single-crystal system containing 9,600 atoms (240 unit cells, 

~10 nm × 10 nm). The temperature is set to 300 K in the simulations. Initially, the entire 

crystal is uniformly polarized in the +P state (red regions in Fig. 3a). As it is a single 

crystal, the system contains no lattice domains or lattice domain walls (LDWs), 

although polarization domain walls (PDWs) can emerge during the dynamics. Under 

a relatively large external electric field of 24 MV/cm, applied here to accelerate the 

typically slow nucleation stage (results at experimentally relevant fields are presented 

later), our simulations clearly capture both the nucleation and PDW propagation 

stages within a time scale of 3 picoseconds (Figs. 3a-f). Specifically, random thermal 

fluctuations coupled with the external field initially induce small regions to form the 

metastable PE state (blue regions in Fig. 3b). These metastable regions subsequently 

nucleate into the reversed -P state (green regions in Fig. 3c) upon surpassing a critical 

nucleus size. The reversed domains then expand and merge through PDW 
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propagation (Figs. 3d and 3e), eventually leading to complete polarization reversal of 

the crystal (Fig. 3f). 

A notable feature revealed by our simulations is the significant anisotropy in the 

propagation velocities of PDWs. We identify two distinct types of PDWs classified by 

their orientations: the (100)-oriented PDW and the (010)-oriented PDW, hereafter 

denoted as PDW(100) and PDW(010), respectively (see Fig. 3d). Quantitative analysis 

shows that the propagation velocity of PDW(100) (~6975 m/s) is approximately twice 

that of the PDW(010) (~3451 m/s). This anisotropic behavior can be explained through 

the variation profile of the order parameter across the PDWs. For PDW(100), the order 

parameter changes continuously within the domain wall from +μ to -μ (Figs. 3g-h). In 

principle, such continuous variation of order parameter corresponds to a relatively low 

energy barrier, facilitating rapid PDW propagation. In contrast, PDW(010) involves an 

abrupt jump in the order parameter due to the structural discontinuity of lattice: The 

layer α (as well as the layer β) is not continuous in the [010] direction, but has periodic 

“void” regions as shown in Figs. 3i-j. Within PDW(010), the order parameter jumps 

between +μ and -μ across these voids. This discontinuity imposes a higher energy 

barrier, substantially reducing the PDW propagation speed. 
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Figure 3. Polarization switching dynamics in a 10 nm × 10 nm single crystal of κ-

Ga2O3. Snapshots a) to f) show the time evolution of the ferroelectric phase transition 

under an electric field applied along the [001] direction, taken at 0, 860, 980, 1230, 

1450, and 2570 fs. The temperature is set to 300 K. Red, blue, and green regions 

represent the initial +P ferroelectric phase, intermediate paraelectric phase, and 

reversed −P ferroelectric phase, respectively. In d), the two representative PDWs - 

PDW(100) and PDW(010) - are highlighted by red rectangles. Subplots g) and h), and i) 

and j) show atomic configurations of PDW(100) and PDW(010), respectively. The areas 

between the two grey dashed lines are the regions of domain wall. Order parameters 

in different areas are shown by cyan arrows. 
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Moreover, we observe a clear distinction between the electric field strengths 

required for nucleation and for PDW propagation. This observation directly connects 

to two conventional models of ferroelectric switching: the nucleation-limited switching 

(NLS) model,42 which attributes the switching kinetics to the rate of nucleation, and the 

Kolmogorov-Avrami-Ishibashi (KAI) model,43 where switching is governed by the 

propagation of existing PDWs.22, 44 In our simulations, nucleation occurs within the 

simulation time window (∼3 ps) only under a high electric field exceeding 24 MV/cm—

more than an order of magnitude higher than typical experimental coercive fields (< 

0.5 MV/cm). This helps explain why previous first-principles calculations, which are 

typically based on small cells and lacked explicit domains, systematically 

overestimated the coercive field in κ-Ga2O3.  

Notably, when we initiate simulations from a pre-nucleated configuration containing 

a reversed domain, a complete polarization switching can occur under much smaller 

fields as low as 0.2 MV/cm (Fig. 4a), closely matching experimental values. In this 

case, the polarization reversal is limited by the propagation of PDW(010) which has a 

slower velocity and higher energy barrier than PDW(100). Fig. 4b shows the relationship 

between electric field and domain-wall velocity. At high fields (ε𝑒𝑥𝑡 ≥ 4 MV/cm), the 

extracted velocity-field relation is nearly linear (inset in Fig. 4b), corresponding to the 

flow region.45 Under low fields, the propagation velocity can be described with a creep 

process:22, 45, 46 

(𝜀𝑒𝑥𝑡) = 𝑣0 exp [− (
𝜀𝑎

𝜀𝑒𝑥𝑡
)

𝑏

] , (3) 

where 𝜀𝑎  and 𝑏 are activation field and dynamical exponent. When ε𝑒𝑥𝑡 ≤ 1
MV

cm
, the 

velocities of PDW(010) are in good agreement with 𝑏 = 1, referred to as Merz’s law for 

2D ferroelectric domain walls.47, 48 These findings indicate that the experimentally 

observed coercive field in κ-Ga2O3 can be well described by the KAI model.22, 23, 43 

Moreover, in the high-field region (ε𝑒𝑥𝑡 > 0.4 𝑀𝑉/𝑐𝑚), the propagation of PDW is 

governed by the external field and weakly dependent to temperatures (Fig. S7), 

consistent with previous studies on displacive ferroelectrics.22, 44 In the low-field region, 

however, the PDW velocity increases with decreasing temperature (Fig. 4a), a trend 

also observed in bilayer h-BN.49 In the bulk κ-Ga2O3, the phase transition driving forces 
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supplied by a weak field is very small (𝑍𝛼𝛽
∗ = 0.3 𝑒 , Table S1). As a result, the 

enhanced atomic thermal agitation at elevated temperatures can impede the in-plane 

shear motion of Ga-O layers, while the sliding-type switching requires such coherent 

and simultaneous reverse motion of the two layers. 

 

Figure 4. Polarization switching and PDW propagation velocity under different 

external fields. a) Time evolution of the switched domain ratio under different applied 

electric fields, starting from a pre-nucleated configuration. Under a field of 0.4 MV/cm, 

the pure blue, sky blue, and red lines represent the time evolution of the switched 

ration at 100 K, 300 K, and 500 K, respectively. b) Relationship between electric field 

and PDW(010) velocity at 300 K. The inset shows the velocity is proportional to the 

electric field at high-field region (red scatters). When ε𝑒𝑥𝑡 ≥ 4 MV/cm  (light blue 

scatters), the PDW(010) propagations conform to ln(v) ~1/𝜀𝑒𝑥𝑡, namely Merz’s law. 

 

Influence of 120° lattice domains on polarization switching 

In fact, the single-crystal picture could be a naïve approach for the real κ-Ga2O3 

sample. The epitaxially synthesized samples are confirmed to naturally have the 

polycrystalline structure of in-plane lattice domains rotated by 120° by XRD and TEM 

experiments, not only in κ-Ga2O3 but also in other compounds with space group Pna21, 

e.g., Fe2O3, AlFeO3, and GaFeO3.16, 50, 51, 52, 53, 54, 55 The lattice constant ratio a/b≈1/√3 

also supports this rotational lattice domain structure. The KAI-type wall motion 

described above reproduces the experimental coercive field only after a reversed 

nucleation region is present. To address the question of how real κ-Ga2O3 crystals 

bypass the nucleation step seen in our single crystal simulations, therefore, the 

polycrystalline structure is constructed (Fig. 5). The three 120° lattice domains can be 
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labelled as A, B, C (Fig. 5a). Each lattice domain supports two polar states (±P), 

yielding six possible ferroelectric variants: A+, A−, B+, B−, A+, C−. We would note that 

unlike the Z3 × Z2 manifold familiar in perovskites,56, 57 here the set {A, B, C} does not 

arise from a single high-symmetry parent phase. Given that the polarization switching 

in κ-Ga2O3 is driven by the in-plane sliding of Ga-O sublayers, at the 120° lattice-

domain walls (LDWs) the sliding vector can be discontinuous, or even fully terminated. 

Therefore, the polarization reversal dynamics can have significant differences from 

that in the single-crystal picture. 

We built a supercell that contains the {A, B, C} lattice domains for DPLR calculations 

(Fig. 5b). It is a rhombohedral cell with 600 unit cells (lattice constant ~17.6 nm). The 

total number of atoms is 24,000. We would note that in principle there should be more 

than one way to construct such a multi-domain structure; the structure we choose here 

reproduces best the experimental XRD patterns,50, 52 including not only the six-fold, 

strong (200) diffraction peaks, but also all satellite superlattice peaks around the main 

peaks (Fig. 5c). As seen in Fig. 5b, in addition to the A|B|C LDWs, the supercell model 

naturally hosts two special junctions, junction 1 where three domains meet and 

junction 2 where six domains meet. Figs. 5d-e (see also SI, Fig. S9) illustrate the local 

atomic structure at these junctions together with the sliding vector as the order 

parameter (cyan arrows) in every adjoining domain. Using the DPLR potential, we 

compute the internal energy as a function of domain size (Fig. 5f), defined as the long 

diagonal of the rhombic domain (as marked in Fig. 5b). It reveals that the formation 

energies of multi-domain structures are relatively low when the domain size exceeds 

4 nm. Specifically, for the 18-nm-domain-size model used here, the energy is only 7 

meV/f.u. higher than an ideal single-domain crystal, indicating that the simulated 

structure is thermodynamically stable. The stability is further confirmed by a DP MD 

run at 500 K (Fig. S10). 
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Figure 5. Atomistic configuration and energy of the 120° rotated lattice domain model 

in κ-Ga2O3. a) Schematic view of the three in-plane lattice domains A, B, C and their 

120° LDWs (black lines). Cyan arrows denote the order parameter (sliding vector) in 

each domain. b) Large-scale supercell (~17.6 nm) used in DPLR simulations. Black 

lines are the LDWs and green circles highlight the junctions. c) The experimental XRD 

pattern from previous study52 (generated using the data from Ref. 52) and the 

simulated XRD pattern calculated from the supercell in b), both in [001] projection. The 

atomic configurations in layer 1 and layer α are depicted near d) junction 1 and e) 

junction 2 (Fig. S9 for layers 2 and β). f) Total energy as a function of domain size, 

where the energy zero point is the total energy of an ideal single crystal.  

 

Importantly, it can be proved that PDW propagation cannot cross certain 120° 

LDWs. Fig. 6 illustrates the schematic view. Take the LDW between the A and B 

variants with the same polar state, A+ ∥ B+, for which the sliding vectors enclose a 

120° angle (Fig. 6a). Suppose an A− ∕ A+ PDW approaches this LDW from the left, 

giving the initial sequence A− ∕ A+ ∥ B+ , where " ∕ "  marks the PDW and " ∥ "  the 

LDW. If the PDWs are able to pass through the LDW, the final arrangement would 

become A− ∥ B− ∕ B+ (Fig. 6b). Comparing the two states shows that the LDW itself 

must switch from A+ ∥ B+ to A− ∥ B−. For the A side, changing from A+ to A− requires 

the sliding layers to translate by √3𝑎 6⁄  perpendicular to the LDW; the same shift is 
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needed for B+ → B− on the right. Let 𝐿A+∥B+ and 𝐿A−∥B− be the physical widths of LDW 

before and after switching. Continuity demands that 

𝐿A−∥B− = 𝐿A+∥B+ ± √3𝑎 3⁄ , (4) 

thus the lattice constant normal to the wall would have to change by ∆= √3𝑎 3⁄ . In the 

limit where the LDW is atomically sharp (𝐿A+∥B+ → 0), the required change is equivalent 

to inserting a finite slice of crystal out of nothing, which is topologically forbidden in a 

perfect lattice. The same argument holds for LDWs of B+ ∥ C+ (B− ∥ C−) and A+ ∥ C+ 

(A− ∥ C−). These LDWs then act as impenetrable barriers that pin residual PDWs from 

propagation or migration. Notably, in contrast to ferroelectric vortex systems56, 57 

where multiple domain states are generated by rotations of a single complex order 

parameter, the 120° lattice variants considered here arise from discrete lattice twinning 

operations independent of the ferroelectric order parameter. As a result, all 120° lattice 

domain walls 𝐴 ∥ 𝐵 , 𝐵 ∥ 𝐶 , and 𝐴 ∥ 𝐶  should be symmetry-equivalent and exert 

comparable pinning effects on polarization domain walls. More detailed are provided 

in the SI. 

 

Figure 6. Schematic diagram of LDW pinning PDW propagation. a) Domain 

configurations with polarization domain A− ∕ A+ and lattice domain A+ ∥ B+. The light 

blue and black lines are PDW and LDW, respectively. b) Domain configurations with 

polarization domain B− ∕ B+  and lattice domain  A− ∥ B− . The PDW moves from 

domain A (A− ∕ A+) to domain B (B− ∕ B+). 
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To verify the interaction between PDW and LDW, we simulate the field‑driven FE 

switching in the multidomain supercell with the trained DPLR potential at room 

temperature (Fig. 7). Nucleation appears in each lattice domain but, owing to thermal 

noise, the three nuclei grow at slightly different rates (Fig. 7a). As the domains expand, 

PDW(100) in three lattice domains approach and touch at ~900 fs (Fig. 7b). Before 

contact, the PDW(100) in domain B moves at 7004 m/s, whereas its perpendicular 

PDW(010) moves at 3686 m/s, reproducing the single crystal anisotropy. Along the [100] 

direction, once a PDW propagates and meets an LDW, its motion stops, exactly as 

predicted by our argument above. Along the [010] direction, the PDW continues until 

it reaches junction 2, then halts at a critical distance from the junction 2.  

After the driving field is removed, the system rapidly settles into a thermodynamically 

stable network of residual PDWs pinned by LDWs (Figs. 7c-d). The FE-reversal 

region saturates at 60% of the whole lattice (Fig. 7e), giving a remanent polarization 

P = 0.6P0 = 14.7 μC/cm2. We note that it already approaches the experimental values 

(< 8.6 μC/cm2).5, 10 Of course, many factors, such as defects, doping, dislocations, and 

interfaces, also restrict the remanent polarization, and will cause theoretically 

predicted values to decrease further. However, these are beyond the scope of the 

current paper. We would like to emphasize that our results indicate that the size of 

reversal region, and hence the remanent polarization, can vary with the lattice domain 

size. By assuming that the non-switchable area around junction 2 is consistent in 

different domain sizes, the remanent polarization can be approximated as  

P =
(𝑁𝑡𝑜𝑡𝑎𝑙 − 𝑁𝑛𝑠)

𝑁𝑡𝑜𝑡𝑎𝑙
P0, (5) 

where P0 is the polarization in primitive cell model, N_total is the total number of Ga-O 

polyhedra in one lattice domain, and 𝑁𝑛𝑠 is the number of Ga-O polyhedra per lattice 

domain which are non-switchable around junction 2. We plot in Fig. 7f the approximate 

remanent polarization for experimental rotational domain sizes ranging from 5 to 20 

nm.50, 58 For instance, a domain size of 12 nm yields a remanent polarization of ~5 

μC/cm2, fitting well with experimental values. We therefore suggest that such 

polarization dependence on domain size may explain the large difference in remanent 
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polarization observed in experiments, with additional reductions expected from 

defects, dopants, dislocations, and interfaces. 

 

Figure 7. Field driven switching and remanent polarization in the A+ ∥ B+ ∥ C+ 

multidomain model. a) and b) Snapshots of the growing nuclei and PDWs at 550 fs 

and 900 fs under an electric field along [001]. c) Stable DW pattern after the field is 

turned off at 1.8 ps; residual PDWs remain pinned at the LDWs. d) Switched volume 

percentage versus time after field removal. Colors denote different duration times of 

driving field before removal. The system reaches equilibrium within 80 ps. e) The final 

switched percentage as a function of the duration time of driving field. f) Calculated 

remanent polarization as a function of lattice domain size; the two vertical lines mark 

the experimental range for domain sizes of 5-20 nm. The temperature is set to 300 K 

in the MD simulations.  

 

During the experimental synthesis process, samples often contain both lattice and 

polar domains. We therefore construct a supercell with A+ ∥ B− ∥ C+ configuration that 

combines low barrier PDW motion with LDW pinning (Fig. 8).  Its energy is higher than 

that of either a single crystal or the A+ ∥ B+ ∥ C+ configuration, yet AIMD at 500 K 

shows no structural decay, indicating experimental accessibility (Fig. S11). The pre-

existing PDWs at the A+ ∥ B−  and B− ∥ C+ boundaries act as nuclei. Under a 3 MV/cm 

field, they sweep rapidly across domains A and C, but halt at the A+ ∥ C+ LDW (Figs. 

8a-b). Both the forward switching (+P → −P) and reverse switching (−P → +P) finish 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

within 2.5 ps (Fig. 8c). The propagation velocity of PDW(010) is 2056 m/s (Fig. S12 for 

the critical configurations). The larger electric field required for PDW propagation here 

compared to the single crystal case (~0.4 MV/cm) indicates the pinning effect of LDW. 

The calculated remanent polarization is 2.61 μC/cm2 and increases with lattice domain 

size. The temperature dependence of the PDW propagation is relatively weak, and the 

suppressing effect of LDW on ferroelectricity is robust against temperature variation 

(Fig. 8c). 

Because nucleation is supplied by the PDWs which are pinned to LDWs, both 

forward and reverse switching are now governed by KAI type wall motion (Fig. 8d). 

We would note that fast wall motions are a hallmark of two dimensional sliding 

ferroelectricity, such as 6000 m/s in bilayer h-BN13 and 3000 m/s in 3R-MoS2
59 with 

low electric field, while they drop to 300 μm/s in the small-angle twisted WSe2 

bilayers.60 However, the existence of a thermodynamically stable window for sliding-

like pathway in 3D bulk compounds remains an open question-one that carries obvious 

significance for non-volatile ferroelectric memory based on shear sliding mechanisms. 

 

Figure 8. Field driven switching in the A+ ∥ B− ∥ C+  multidomain model. a) Initial 

domain arrangement with positive remanent polarization (config. 1). b) Configuration 

after the driving field is applied (config. 2). These two polarization configurations are 

extracted from the MD trajectory at 300 K. c) Time evolution of remanent polarization 

under driving electric pulses (max intensity: 3 MV/cm). d) Schematic of forward (+P →
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−P) and reverse (−P → +P) switching. Red and green areas indicate +P and -P 

regions, respectively. 

 

Discussion  

We report a nontrivial ferroelectric switching mechanism from the interplay between 

polarization domain walls (PDWs) and lattice domain walls (LDWs), and how it closes 

the gap between experimental observations and theoretical predictions in κ-Ga2O3. By 

combining density functional theory, a long-range machine learning force field, and 

large-scale molecular dynamics, we show that the out-of-plane polarization flips 

through an in-plane shear and sliding of Ga-O layers, establishing κ-Ga2O3 as a 

sliding-like ferroelectric. Our simulations capture both stages of field-driven switching: 

slow nucleation followed by rapid domain wall motion. Two types of PDW appear. The 

(100) wall travels twice as fast as the (010) wall, the latter of which has a velocity 

following Merz’s law at low fields. These data reconcile the experimentally low coercive 

field with the Kolmogorov-Avrami-Ishibashi model. Critically, the 120° LDWs that exist 

in real samples can topologically terminate PDW propagation. This pinning effect 

leaves a stable network of residual PDWs with LDWs. This network reduces the 

remanent polarization to a fraction of its intrinsic value, yet provides persistent 

nucleation seeds, and thus enables rapid, low-field switching after initiation. Our 

results demonstrate a generic mechanism for sliding ferroelectrics, enrich the domain 

engineering for fast, low power ferroelectric devices, and provide a transferable 

framework for the study of other ferroelectric systems. 

 

Methods 

DFT and MD Simulations 

The DFT simulations are performed by Vienna ab initio Simulation Package 

(VASP),61 Quickstep/CP2K package,62 and PWmat.63, 64 In all calculations, the revised 

Perdew-Burke-Erzerhof (PBEsol) exchange-correlation functional is adopted.65 

Ga(3d104s24p1) and O(2s22p4) are treated as valence electrons. In the 
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Quickstep/CP2K simulations, the DZVP-MOLOPT-SR-GTH basis sets and 

Goedecker-Teter-Hutter (GHT) potentials66, 67 are employed to obtain Molecular 

Dynamics (MD) trajectories. A 2×2×2 supercell, containing 320 atoms, is constructed 

from the unit cell. The canonical ensemble is used in all MD simulations with 1 fs time 

step at the Γ point. The BECs and MD with finite periodic electric field are computed 

using the Berry phase approach.39, 40, 67 The Wannier centers are calculated from the 

maximally localized Wannier functions.68 Configurations are randomly chosen and 

incorporated into the machine learning database. In order to improve the accuracy of 

the deep potential model, VASP is used to obtain energy and atomic force of 

configurations in database. Valence electron-ion core interactions are treated by 

projected-augmented wave method.69 The plane wave energy cutoff of 550 eV and a 

2×1×1 Γ-centered k-point mesh are applied. The energy convergence criterion is set 

to 0.001 meV. The energy barrier is calculated by climbing image nudged elastic band 

(CI-NEB) methods,17 implemented within the PWmat code. The calculations are based 

on norm-conserving pseudopotentials.70 The classical MD simulations are carried out 

by LAMMPS code,71 which is modified to support deep potential. 

 

Machine Learning Force Field 

The standard deep potential (DP) is to represent the total energy of the systems as 

a sum of atomic contributions determined by the local environment with a cutoff radius, 

𝐸 = ∑ 𝐸𝑖𝑖 .37, 72 To incorporate the explicit long-rang interactions into the model, the 

method of deep potential long-range (DPLR) is employed to obtain the force field.25 

This model approximates the long-range electrostatic interaction between ions (nuclei 

+ core electrons) and valence electrons with that of distributions of spherical Gaussian 

charges located at ionic and electronic sites.34 In this model, total energy is derived 

from two parts (𝐸 = 𝐸𝑠𝑟 + 𝐸𝑙𝑟 ): one part is short-long interactions calculated from 

standard DP network and long-range electrostatic interactions with Ewald method 

calculated from deep Wannier (DW) network.38 The DPLR embedded in DeePMD-kit 

code34, 35 is trained in two steps: initially, the DW model is trained, and then the DPLR 

model is trained. In high ionic materials, the Wannier centers (WCs) are located 

around the atomic nuclei. Different types of atoms have different numbers of WCs. For 
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example, there are 5 WCs around Ga ions and 4 WCs around O ions. Based on this 

fact, the average WC is only related to ionic position ( 𝑹𝒊 ) is defined as ω𝑖 =

1/𝑛 ∑ 𝛚𝒋𝑗 − 𝑹𝒊. The particle-particle-particle-mesh (PPPM) method for calculating the 

electrostatic energy is used in this algorithm. Importantly, the WCs can also be used 

to calculate the electronic part of polarization of system, 𝑷 = 𝑷𝒊𝒐𝒏 + 𝑷𝒆𝒍𝒆 . With an 

electric field (𝜺𝑒𝑥𝑡), the total energy can be calculated by 𝐸 = 𝐸𝐷𝑃𝐿𝑅 − 𝑷 ⋅ 𝛆𝑒𝑥𝑡, which is 

similar to electric enthalpy functional.40, 73 To train these models, a descriptor of 

DeePot-SE (including radial and angular information of atomic configuration) is 

adopted,34 and a three-layer embedding net (25, 50, 100) and a three-layer fitting net 

(240, 240, 240) is chose. The descriptor characterizes the local environment of an 

atom within a cutoff radius set to 8.5 Å. A more detailed description of the process and 

algorithm can be found on the homepage of DeePMD-kit and corresponding 

references. 
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Figure 1. Structure and polarization reversal mechanism in κ-Ga2O3 primitive cell. a) 

Atomic configurations of the primitive orthorhombic cell, illustrating the four layers 

along the polar [001] axis and the four inequivalent Ga-O polyhedra (green: Ga, red: 

O). Spontaneous polarization is indicated by the arrow along [001]. b) Calculated 

polarization (via Berry phase method) and energy barrier profiles along the polarization 

switching pathway obtained by NEB method. c) to e) Side views of atomic 

displacement during the phase transition: c) initial +P state, d) intermediate 

paraelectric state, e) final -P state. f) and g) Top views of the +P and -P states, showing 

the relative sliding vector μ of layer α along [100]. 3D atomic structures visualized with 

VESTA software.21 

 

Figure 2. Accuracy of the DPLR model. a) to c) Benchmark comparison between DP 

and DFT for energies, atomic forces, and WC positions, respectively. The WC 

positions refer to the displacement of the electron centers relative to the corresponding 

ions. The insert panels are mean absolute errors. d) Phonon dispersion simulated by 

DP. 

 

Figure 3. Polarization switching dynamics in a 10 nm × 10 nm single crystal of κ-

Ga2O3. Snapshots a) to f) show the time evolution of the ferroelectric phase transition 

under an electric field applied along the [001] direction, taken at 0, 860, 980, 1230, 

1450, and 2570 fs. The temperature is set to 300 K. Red, blue, and green regions 

represent the initial +P ferroelectric phase, intermediate paraelectric phase, and 

reversed −P ferroelectric phase, respectively. In d), the two representative PDWs - 

PDW(100) and PDW(010) - are highlighted by red rectangles. Subplots g) and h), and i) 

and j) show atomic configurations of PDW(100) and PDW(010), respectively. The areas 

between the two grey dashed lines are the regions of domain wall. Order parameters 

in different areas are shown by cyan arrows. 

 

Figure 4. Polarization switching and PDW propagation velocity under different 

external fields. a) Time evolution of the switched domain ratio under different applied 

electric fields, starting from a pre-nucleated configuration. Under a field of 0.4 MV/cm, 

the pure blue, sky blue, and red lines represent the time evolution of the switched 
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ration at 100 K, 300 K, and 500 K, respectively. b) Relationship between electric field 

and PDW(010) velocity at 300 K. The inset shows the velocity is proportional to the 

electric field at high-field region (red scatters). When ε𝑒𝑥𝑡 ≥ 4 MV/cm  (light blue 

scatters), the PDW(010) propagations conform to ln(v) ~1/𝜀𝑒𝑥𝑡, namely Merz’s law. 

 

Figure 5. Atomistic configuration and energy of the 120° rotated lattice domain model 

in κ-Ga2O3. a) Schematic view of the three in-plane lattice domains A, B, C and their 

120° LDWs (black lines). Cyan arrows denote the order parameter (sliding vector) in 

each domain. b) Large-scale supercell (~17.6 nm) used in DPLR simulations. Black 

lines are the LDWs and green circles highlight the junctions. c) The experimental XRD 

pattern from previous study52 (generated using the data from Ref. 52) and the 

simulated XRD pattern calculated from the supercell in b), both in [001] projection. The 

atomic configurations in layer 1 and layer α are depicted near d) junction 1 and e) 

junction 2 (Fig. S9 for layers 2 and β). f) Total energy as a function of domain size, 

where the energy zero point is the total energy of an ideal single crystal.  

 

Figure 6. Schematic diagram of LDW pinning PDW propagation. a) Domain 

configurations with polarization domain A− ∕ A+ and lattice domain A+ ∥ B+. The light 

blue and black lines are PDW and LDW, respectively. b) Domain configurations with 

polarization domain B− ∕ B+  and lattice domain  A− ∥ B− . The PDW moves from 

domain A (A− ∕ A+) to domain B (B− ∕ B+). 

 

Figure 7. Field driven switching and remanent polarization in the A+ ∥ B+ ∥ C+ 

multidomain model. a) and b) Snapshots of the growing nuclei and PDWs at 550 fs 

and 900 fs under an electric field along [001]. c) Stable DW pattern after the field is 

turned off at 1.8 ps; residual PDWs remain pinned at the LDWs. d) Switched volume 

percentage versus time after field removal. Colors denote different duration times of 

driving field before removal. The system reaches equilibrium within 80 ps. e) The final 

switched percentage as a function of the duration time of driving field. f) Calculated 

remanent polarization as a function of lattice domain size; the two vertical lines mark 

the experimental range for domain sizes of 5-20 nm. The temperature is set to 300 K 

in the MD simulations.  
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Figure 8. Field driven switching in the A+ ∥ B− ∥ C+  multidomain model. a) Initial 

domain arrangement with positive remanent polarization (config. 1). b) Configuration 

after the driving field is applied (config. 2). These two polarization configurations are 

extracted from the MD trajectory at 300 K. c) Time evolution of remanent polarization 

under driving electric pulses (max intensity: 3 MV/cm). d) Schematic of forward (+P →

−P) and reverse (−P → +P) switching. Red and green areas indicate +P and -P 

regions, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


