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Fig. 1. Key historical developments in ferroelectric materials and polarization theory.

090701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090701

T 1 RFEBRHRAEHA R ORI ARG AR AP iOx He

Table 1.  Comparison of core performance advantages, key technical bottlenecks, and device integration challenges for dif-

ferent ferroelectric material systems.
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Fig. 2. High-throughput screening workflow and summary of the number of output structures at each stepl™: (a) The subset of can-

didate ferroelectric materials identified and their scale; (b) subsequent classification based on the energy difference between polar

and non-polar phases AFE , polarization intensity, ICSD collection codes, and synthesizability.
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Fig. 3. Composition-temperature phase diagrams of different ferroelectric material systems predicted by the FerroAl model?.
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Fig. 4. Temperature-dependent lattice constants of various ferroelectric/perovskite oxides obtained via deep potential molecular dy-

namics (MD) simulations using the NPT ensemble with a universal interatomic potentiall'33l.
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Fig. 5. Overview of the machine learning potential framework incorporating polarizable long-range interactions!'*). (a) Framework
architecture and energy composition: The framework takes atomic numbers ( Z; ) and coordinates ( ;) as inputs, combining a neur-
al network module with an explicit polarizable long-range interaction module. The neural network outputs the scalar potential en-
ergy Ep via an equivariant graph network, while the long-range module calculates the electrostatic term ( Epqpq ) using the polar-
izable charge equilibrium (PQEq) method and the dispersion term ( Epg ) via the DFT-D3 approach. The total energy is the sum of
these three terms, and its gradient is used to compute atomic forces and stress. (b) PQEq computational workflow: The PQEq
method uses atomic parameters to build a core-shell Gaussian model. A system of linear equations is solved to achieve self-consist-
ent iterative calculations of atomic charges and shell positions. (c) Core-shell charge partitioning model: The local charge of each

atom is the sum of the core charge and the shell charge, coupled through a harmonic spring constant.
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Fig. 6. Overview of the reinforcement learning framework for tip-assisted domain wall control based on phase-field dynamics. The
figure illustrates the complete workflow that integrates reinforcement learning with a machine-learned phase-field surrogate model
for the autonomous design of ferroelectric domain walls!'™. (a) Phase-field simulation environment: a scanning probe tip induces do-
main structure evolution by applying electric fields on the film surface, where the state space is defined by the three-dimensional po-
larization distribution P(r), the observation space O (s¢) is the 2D surface polarization map, and the target structure g repres-
ents the desired domain wall configuration. (b) The RL agent adopts an Actor-Critic architecture: observations O (s¢) and target
0(g) (CNN)

at—1 = [Vi=1,yt—1, 2t—1] , and fed into the Actor network (outputting action probabilities my (at|s¢,g) ) and Critic network (out-

are processed by three convolutional neural network layers, concatenated with the previous action

putting state value V(s¢)). (¢) Reward mechanism: upon executing action a¢ = [V4,yt, 2¢] (comprising tip bias V; and position
[yt, 2t] ), the environment transitions from state s¢ to s¢4+1 , and the reward 7 is calculated based on the change in state-target
[d (st,9)
between current and target configurations. (d) This framework leverages the phase-field surrogate model Piy1 = M (Pr, Vi, y¢, 2¢)

distance as 7 = —d(st+1,9)] /d(s0,g), where d denotes the mean absolute error (MAE) quantifying the deviation

for rapid environment dynamics prediction, enabling real-time optimization of tip trajectories to precisely manipulate domain wall

structures.
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Abstract

As conventional semiconductor technology approaches its fundamental physical limits, ferroelectric
materials, with their electrically switchable spontaneous polarization, have emerged as promising candidates for
next-generation information storage and mneuromorphic computing devices. However, optimizing material
performance and elucidating the underlying physical mechanisms remain central challenges in this field. Rapid
advances in machine learning and data science are driving a paradigm shift in ferroelectric materials research,
transitioning from empirical trial-and-error approaches toward an intelligent, data-driven framework. This
review systematically summarizes recent progress in applying machine learning to ferroelectric materials
research. Through high-throughput screening, structure-property relationship modeling, and physics-informed
approaches, machine learning has significantly accelerated the discovery and performance optimization of novel
ferroelectric materials, enabling systematic breakthroughs ranging from compositional design to crystal structure
prediction. Furthermore, by integrating machine learning interatomic potentials with physics-enhanced phase-
field models, multiscale computational simulations have effectively revealed the microscopic mechanisms
governing ferroelectric phase transitions and domain structure evolution, thereby bridging the knowledge gap
between atomistic-scale simulations and macroscopic properties. Finally, this article discusses potential
pathways for the deep integration of data-driven methods with physical models and provides an outlook on the

future direction of intelligent research and development for functional materials.
Keywords: ferroelectric materials, machine learning, high-throughput screening, multiscale simulation
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