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Figure 1 (Color online) Interlayer sliding modulation of physical properties in bilayer magnetic materials. (a) Crystal structures and corresponding
point groups of bilayer Crl; in AB-stacking and AB'-stacking®"l. (b) Schematic of orbital-dependent interlayer superexchange interactions: interlayer
nearest-neighbor (J,) and second-neighbor (J,,) interactions of Cr atoms in AB-stacking, and nearest-neighbor (J';,) interaction in AB'-stacking!*".
Copyright © 2018 American Chemical Society. (c) Crystal structure and band structure of direct-stacking bilayer NiZrI,""!. Copyright © 2024 American
Physical Society. (d) Polarization and energy distribution of magnetic ground states for different translations in bilayer Crl;*®. Copyright © 2023
American Physical Society. (¢) Schematic mechanism of coexisting magnetic, ferroelectric and ferrovalley multiferroic in bilayer GdI,"**!. Copyright ©
2024 American Chemical Society
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Figure 2 (Color online) Interlayer twisting induced moiré superlattices and noncollinear spins. (a) Schematic illustration of small-angle twisted
bilayer Crl; moiré superlattice, showing the magnetic domain wall formed between R- and M-stacking regions. R, M and AA represent rhombohedral,
monoclinic and direct stacking, respectively!'®. Copyright © 2021 Springer Nature. (b) Phase diagram and magnetization textures of twisted bilayer
Crl;. Phase diagrams from top to bottom correspond to D/J=0.2, 0.1 and 0.05. Magnetization textures sequentially show skyrmion/skyrmion (1SkX/
2SkX), skyrmion/ferromagnetic (1SkX/FM), skyrmion/spiral (1SkX/Sp) and ferromagnetic + tilted states from top to bottom. Left and right panels show
the magnetic configurations of the top and bottom layers, respectively®. Copyright © 2021 American Chemical Society. (c) Distributions of the
polarization and interlayer exchange interaction in 3R-type LaBr, moiré superlattices, along with the spin texture at twisting angle 6=0.57°1"21.
Copyright © 2022 Springer Nature
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Figure 3 (Color online) High-throughput workflow for two-dimensional material stacking. Starting from 1052 thermodynamically stable monolayers,
various stacking configurations are generated through point group symmetry operations and translations based on AA stacking. Remove duplicate
bilayers to obtain 8451 structures. Interlayer binding energy calculations identify 2976 thermodynamically stable bilayers. Further stability verification
through lateral sliding tests and interlayer distance reliability checks yields 2586 stable bilayer structures for subsequent property calculations and
analysis'’*]. Copyright © 2024 Springer Nature
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Figure 4 (Color online) Deep learning research on bilayer magnets. (a) Li-terminated twisted bilayer Crl; cluster model and the structure of SANNI®®].
Copyright © 2023 John Wiley & Sons. (b) Workflow of xDeepH: equivariant neural networks represent the DFT Hamiltonian (Hpgr) as a function of
atomic structure and magnetic structure. The neural network models are trained on DFT data for small-size structures (blue dashed box) and applied to
investigate magnetic superstructures™®>. Copyright © 2023 Springer Nature. (c) Schematic illustrating deep learning models for magnetic domain
images: a regression model for estimating magnetic Hamiltonian parameters from input magnetic domain images and a generative model for producing
predicted magnetic domain images based on input parameters™’!
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Two-dimensional (2D) magnetic materials have emerged as promising candidates for next-generation spintronic devices,
owing to their distinct characteristics and potential for efficient low-power information processing. Since the successful
exfoliation of graphene, extensive efforts have focused on realizing intrinsic magnetism in 2D materials. The experimental
breakthrough occurred in 2017 with the discovery of intrinsic magnetism in monolayer Crl; and bilayer Cr,Ge,Tey, leading
to the synthesis of diverse 2D van der Waals (vdW) magnetic materials. These materials consist of atomically thin layers
stacked together by weak vdW interactions. The weak interlayer coupling enables precise control over the relative crystal
alignment between layers, resulting in diverse stacking configurations. Recent advances in synthesis methods and polymer-
assisted transfer techniques have made on-demand stacking of vdW layers feasible, revealing novel physical phenomena
such as stacking-dependent magnetic ordering and non-collinear spin textures in moiré superlattices. Moreover, sliding
ferroelectricity, arising from polar stacking of nonpolar monolayers, provides alternative pathways for realizing
magnetoelectric coupling, leading to novel correlated physics and device applications. These discoveries demonstrate that
stacking order significantly influences the charge and spin redistribution between adjacent layers, thus affecting the
topological properties, electronic correlations, and spin behaviors. Recent studies have focused on modulating the stacking
order of 2D vdW magnetic materials, particularly through the manipulation of structural degrees of freedom such as
interlayer sliding and twisting. These tunable variables provide a comprehensive platform for exploring and engineering
novel quantum states in bilayer magnetic systems.

First-principles calculations based on fundamental quantum mechanical laws play a crucial role in materials simulation,
particularly in predicting stacking configurations of bilayer magnetic materials through interlayer coupling analysis. The
emergence of data-driven paradigms has transformed materials science research through the integration of high-throughput
calculations and deep learning methods. High-throughput computational materials design enables efficient generation and
analysis of extensive materials databases, overcoming traditional computational limitations. Simultaneously, advances in
deep learning have enabled artificial neural networks to efficiently process large-scale datasets and establish structure-
property relationships without requiring first-principles calculations. This approach, integrating first-principles
calculations, high-throughput computation, and deep learning, significantly accelerates the discovery of novel bilayer
magnetic materials with desired properties.

In this review, we first introduce the intriguing physical phenomena observed in bilayer vdW magnetic materials
controlled through interlayer sliding and twisting, including stacking-dependent magnetism, magnetoelectric coupling, and
the emergence of noncollinear spins in moiré superlattices. We then present recent progress in high-throughput
computational design and deep learning applied to bilayer magnetic materials. Through these studies, we systematically
describe the fundamental mechanisms of interlayer exchange coupling, stacking order modulated electronic and magnetic
properties, and data-driven research in magnetic materials. Finally, we provide insights into future directions for material
design and artificial intelligence-enabled research in 2D magnetic materials.

two-dimensional magnetic material, stacking order, magnetoelectric coupling, deep learning
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