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1 Introduction 
 

Magnetic materials have played an important role in modern 

electronic technologies for magnetic sensing, information storage, 

actuation, and multifunctional device applications. In conventional 

magnetic materials, the magnetic properties are mainly determined 

by chemical compositions and structures. In contrast, two-

dimensional van der Waals (2D vdW) magnets provide different 

types of approaches as they are composed of monolayers having 

strong intralayer coupling but weakly coupled through interlayer 

interactions. This enables the material to be easily exfoliated, 

stacked, and integrated with various types of 2D vdW layers for 

on-demand device architectures.  

The field of 2D vdW magnetism has been rapidly growing since 

the first experimental discovery of intrinsic 2D magnetism in 

atomically thin layers such as Cr2Ge2Te6 and CrI3 [1,2]. Since then, 

various 2D magnetic materials have been investigated, including 

the metallic ferromagnet Fe3GeTe2 [3], antiferromagnetic 

semiconductors MPX3 [4] and CrSBr [5], magnetic topological 

materials MnBi2Te4 [6], etc. These materials exhibit diverse 

magnetic ground states, transition temperatures [7], domain 

configurations [8], and magnetic anisotropies [9], which are 

particularly important for spintronic applications as they determine 

the stability and switching efficiency of devices. In addition, their 

single-crystalline layered nature and excellent layer-number 

controllability provide a route for constructing on-demand 
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heterostructures, enabling not only the development of novel 

device platforms but also the exploration of new physics and 

materials science. 

Despite these advantages, the development of 2D vdW magnets 

faces several limitations. A major challenge is that the discovery 

of new 2D magnets requires considerable effort for synthesizing 

compounds, single phase optimization, and spatial homogeneity. 

Moreover, only a limited number of 2D vdW magnets exhibit a 

room-temperature operation and air stability that are critical for 

practical device applications. Therefore, relying only on the 

discovery of new magnets may not be sufficient for rapidly 

expanding the use of 2D vdW magnets. 

For this reason, materials engineering based on existing 2D vdW 

magnets can be an important research direction. Instead of 

developing entire material systems, materials engineering aims to 

reshape the magnetic properties of known compounds by 

modifying variables. This approach is a particularly effective way 

in 2D vdW systems because their atomically thin nature makes 

them sensitive to external perturbations.  

In this review, recent progress in materials engineering of 2D vdW 

magnets is summarized from the viewpoint of controlling 

magnetic properties. This review emphasizes how established 2D 

vdW magnets can be modified and optimized through electrostatic, 

chemical, lattice, symmetry, and heterostructure engineering. 

Although these engineering methods are not completely independent, 

classifying them into individual pathways provides a useful 

framework for understanding how specific factors govern 

magnetic properties and emergent functional responses. 

 

 

2 Materials Engineering for 2D van 

der Waals Magnets 
 

2.1 Electrostatic Engineering: Dielectric, 

Ferroelectric, and Ionic Gate 

Electrostatic gating is the most direct route to control the properties 

of 2D vdW magnets. Atomically flat and thin 2D crystals enable 

the efficient application of gate bias as they have high surface-to-

volume ratios and small electrostatic screening lengths. The gate 

bias on magnets can modulate the magnetic anisotropy and 

exchange interaction through the control of carrier density, band 

filling, etc., without changing the chemical composition or 

structure of the material.  

2D vdW antiferromagnets are excellent candidates for gate 

engineering. For instance, CrI3 is a layered antiferromagnet, 

composed of ferromagnetic monolayers coupled antiferromagnetically. 

Electrostatic gates can switch the interlayer alignment between 

antiferromagnetic and ferromagnetic in CrI3 through the spin-flip 

transition [10,11]. The microscopic origin is not simply carrier 

accumulation, but associated with interlayer exchange and the 

relative energy of competing magnetic states. Similar cases have 

been reported for other antiferromagnets, but through charge 

transport. Cr2Ge2Te6 has exhibited the magnetic anisotropy control 

via electrostatic doping [12]. CrSBr is an antiferromagnetic 

semiconductor having a narrower bandgap which enables carrier 

doping by electrostatic gating [13], as shown in Fig. 1(a,b). 

Moreover, the gate bias gives rise to the modulation of carrier-

mediated magnetic anisotropy [14]. Beyond conventional dielectric 

gating, nonvolatile electrostatic control has also been demonstrated 

in CrSBr by integrating ferroelectric and floating-gate architectures, 

respectively [15]. In these devices, remanent polarizations or 

stored charges remain even after the applied gate bias is removed, 

enabling persistent modulation of the magnetic properties, as 

shown in Fig. 1(c-f). 

Ionic gating extends this concept to reach much higher charge 

densities than conventional solid dielectrics. The best-known case 

is the ferromagnetic Fe3GeTe2, where an ionic gate raised the 

ferromagnetic transition temperature close to room temperature in 

thin flakes, even though it was a metallic magnet [3]. The 

mechanism relies not only on the electric double layer but also on 

ionic intercalation into the interlayer gap of the magnet, which 

maximizes the effective contact surface and resulting gating effects. 

It clearly demonstrates the strength of the gating in itinerant 

magnets, where the density of states near the Fermi level, exchange 

splitting, and magnetocrystalline anisotropy can respond strongly 

to carrier density [16]. However, ionic gating also highlights a 

caution. The induced high carrier densities may be accompanied 

by structural changes through electrochemical reactions, ion 

migration, etc. The boundary between electrostatic carrier doping 

and chemical modification must therefore be carefully investigated 

to establish proper physics and methodologies. 

 

2.2 Chemical Engineering: Intercalation 

and Defect 

Single crystallinity and vdW interlayer gaps make 2D vdW 

magnets ideal platforms for chemical engineering as they expose 

maximized accessible surfaces. As exchange interaction is often 

mediated by ligands and interlayer coupling across vdW gaps, 

chemical perturbations can strongly modify the magnetism of 2D 
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magnets.  

Chemical intercalation is particularly natural for layered magnets. 

Guest atoms, ions, or molecules can enter the vdW interlayer gap 

of a host magnet without destroying the intralayer framework. The 

guest species act as spacers, charge donors or acceptors, or local 

strain sources. For instance, organic intercalation converts MnPS3 

from antiferromagnetic to ferrimagnetic through the modification 

of the molecule-dependent vacancy process (Fig. 2(a,b)) [17]. The 

chemistry of the guest species determines how vacancies form, 

how charge is compensated, and how the antiferromagnetic host is 

modified. CrSBr provides another representative illustration for 

controlling interlayer distance. Organic intercalation expands the 

vdW gap of CrSBr and drives a transition from antiferromagnetic 

to ferromagnetic order since the monolayer of CrSBr is 

ferromagnetic [18]. In addition, the intercalated molecules 

simultaneously modify the interlayer exchange pathway which 

leads to the enhancement of the magnetic transition temperature 

(Fig. 2(c-e)). This type of chemistry is more appealing as it allows 

magnetic modification not only in bulk crystals but also in thin 

flakes. 

Defect engineering is another chemical route. Point defects and 

grain boundaries can introduce local moments, pinned magnetic 

domains, or additional exchange interactions. The difficulty is 

quantitative control of defects as a small number of defects could 

induce a random distribution which gives rise to misleading 

interpretation, especially in monolayer samples [19,20]. For this 

reason, defect-engineered 2D magnets should be carefully 

characterized through magnetometry, magnetotransport, and 

spectroscopy.  

Compared with electrostatic gating, chemical engineering offers a 

more persistent change and a suitable route for a scalable process. 

At the same time, this methodology may introduce spatial 

inhomogeneity and structural degradation, highlighting the need to 

maintain the crystalline quality and long-range magnetic order of 

2D vdW magnets. 

 

Fig. 1. (a,b) Electrostatic gating effects and hopping transport analysis on an antiferromagnetic semiconductor CrSBr flake. Reproduced in part 

from Ref. [13] under the CC BY-NC-ND license. (c) Optical image of a 2D floating gate architecture on CrSBr. (d) Magnetism-dependent gate 

voltage sweep behavior, (e) gate-polarization-dependent magnetoresistance, and (f) gate pulse measurement for switching performance on the 

floating gated CrSBr. Reprinted in part with permission from Ref. [15] under the Copyright 2024 American Chemical Society 
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2.3 Lattice Engineering: Strain and Pressure 

Magnetism in 2D vdW materials is sensitive to lattice structures 

linked to the bond length and angle of adjacent atoms. This 

sensitivity arises because exchange coupling is strongly coupled to 

orbital overlap and crystal field splitting. Unlike the electrostatic 

and chemical approaches, strain and pressure directly modify the 

lattice structure of a target magnet.  

The application of strain to an Fe3GeTe2 thin film modulates the 

coercive field by more than 150% and even the Curie temperature, 

shown in Fig. 3(a-c) [21]. This is explained by the fact that the 

ferromagnetic order relies on the bonding of Fe-Ge-Te atoms and 

results in the change of magnetocrystalline anisotropy. CrSBr 

presents another example of the strain effect. The mechanical 

deformation induced by a substrate with different lattice 

parameters changes the electronic, magnetic, and optical properties 

of CrSBr (Fig. 3(d-f)) [22].  

Hydrostatic pressure is another powerful route to control lattice 

structures. Unlike the uniaxial strain, the application of pressure 

mainly reduces the interlayer spacing of a target magnet and drives 

the rearrangement of interlayer exchange coupling. In atomically 

thin CrI3, pressure induces a transition from antiferromagnetic to 

ferromagnetic interlayer coupling [23].  

Taken together, lattice engineering offers a direct route for 

designing on-demand structures and achieving magnetic properties 

in 2D vdW magnets. At the same time, spatially nonuniform 

distribution, in particular near the edge of a target magnet, remains 

an inevitable limitation for practical application. Therefore, 

comprehensive studies combining structural probes, spectroscopic 

analyses, and magnetometry measurements will be essential for 

lattice engineering. 

 

Fig. 2. (a) Mechanism of organic intercalation into antiferromagnetic MnPS3 through the molecule-dependent vacancy process. (b) Magnetization 

of a series of intercalated MnPS3. Reproduced in part with permission from Ref. [17] under the Copyright 2024 Wiley-VCH GmbH. (c) 

Schematic image of intercalated CrSBr. (d) Temperature-dependent magnetization for CrSBr with intercalated molecules TMA and TPA, 

respectively. (e) Axis-dependent magnetization in TMA-intercalated CrSBr. Reprinted in part with permission from Ref. [18] under the 

Copyright 2025 American Chemical Society 
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2.4 Symmetry Engineering 

Symmetry engineering is an emerging strategy to add electrical 

readout functions in 2D vdW magnets. Spatial inversion symmetry 

is a crucial factor which determines whether second-order 

nonlinear transport is allowed or forbidden. Once inversion 

symmetry is broken by layer number, stacking order, or an external 

electric field, nonlinear electrical responses can appear. This is 

directly linked to electronic applications since the nonlinear charge 

transport can convert an alternating current (AC) into a rectified 

direct current (DC) signal, providing a route toward AC-to-DC 

conversion for energy harvesting. In addition, the symmetry-

controlled nonreciprocal transport can produce diode-like behavior, 

even in a simple two-terminal geometry. Therefore, symmetry 

engineering is not only a fundamental concept but also a practical 

design for electrically readable 2D magnetic devices. 

The first demonstration of symmetry engineering has been 

reported in MnBi2Te4, a 2D vdW magnetic topological insulator. 

In an odd layer of MnBi2Te4, broken inversion symmetry enables 

second-order nonlinear transport associated with antiferromagnetic 

order [24]. In contrast, even layers of MnBi2Te4, which preserve 

inversion symmetry, suppress the second-order response [25].  

The study of 2D vdW magnet CrSBr offers a more practical 

approach for material design, as shown in Fig. 4 [26]. The report 

has demonstrated the practical symmetry engineering by the 

application of a hexagonal boron nitride layer on top to break the 

symmetry of CrSBr. In addition, since this nonreciprocal response 

is linked to the magnetic order of CrSBr, nonvolatile second-order 

responses controlled by magnetization and Néel vectors have been 

obtained. Thus, the control of structural symmetry provides an 

efficient route to activate the second-order response for electrically 

readable magnetic devices.  

 

2.5 Heterostructures: Proximity, Twist, and 

Moiré 

A heterostructure is the most general but powerful way to design 

new material systems, as it combines 2D vdW magnets with other 

 

Fig. 3. (a) Schematic image for the method to apply strain to an Fe3GeTe2 flake on the flexible substrate. (b) Strain-dependent anomalous Hall 

responses of the Fe3GeTe2. (c) Enhancement of magnetic critical temperature of the strained Fe3GeTe2. Reproduced in part from Ref. [21] under 

the CC BY-NC license. (d) Methodology to induce the strain effect on CrSBr. (e,f) Conductivity and magnetic anisotropy modification under 

strain on CrSBr. Reproduced in part with permission from Ref. [22] under the Copyright 2020 Wiley-VCH GmbH 
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layered materials to create properties that do not exist in either 

component alone. Unlike conventional thin film heterostructures, 

vdW materials can be stacked free from lattice mismatch 

constraints, allowing vdW magnetic layers to ideally combine with 

other vdW materials and other kinds such as molecular layers.  

A representative example of 2D vdW layers is the CrI3/WTe2 

heterostructure [27]. When they couple through a clean interface, 

the proximity effect induces an exchange field to the WTe2, which 

enables nonreciprocal charge transport. This demonstrates that 

vdW heterostructures not only alter the property of a magnet but 

also induce magnetic proximity to an adjacent nonmagnet, giving 

rise to a new type of material. 

Another example is a heterostructure of an organic layer and a 2D 

vdW magnet (Fig. 5(a)) [28,29]. When the vdW ferromagnetic 

Fe3GeTe2 meets an organic molecular layer, forming a hybrid 

interface, the interface dominates the overall magnetic properties 

of the heterostructure through interfacial exchange interaction. In 

this case, the Fe3GeTe2 activates antiferromagnetic order in the 

organic layer, resulting in exchange bias in the system.  

Recently, twistronics has expanded the scope of material 

architecture in vdW systems, enabling electronic and magnetic 

properties to be controlled through the relative rotation between 

adjacent layers. For instance, when two CrI3 layers are stacked 

with a relative twist angle, a long-period moiré pattern forms, 

producing spatially varying stacking configurations (Fig. 5(d-f)) 

[30]. As a result, the twisted CrI3 structure exhibits newly formed 

magnetic domains and magnetic anisotropy. From a device 

perspective, twisted CrSBr heterostructures further demonstrate 

that twist engineering can be directly translated into spin-dependent 

transport functions. Orthogonally twisted CrSBr monolayers have 

exhibited multistep magnetization switching [31], while twisted 

CrSBr bilayers enabled atomically thin all-antiferromagnetic 

tunnel junctions [32]. 

 

 

 

 

Fig. 4. (a-c) Schematic images of pristine CrSBr(1L), CrSBr(1L)/hBN, and CrSBr(2L)/hBN which show the symmetry control in CrSBr flakes 

using the hBN layer. (d-f) Nonlinear magnetoresistance of the structure in (a-c), exhibiting the electrical readout of the magnetic states by 

symmetry engineering. Reproduced in part with permission from Ref. [26] under the Copyright 2025 Wiley-VCH GmbH 
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3 Conclusion 
 

In summary, materials engineering provides a practical framework 

for tailoring the magnetic properties of 2D vdW magnets beyond 

their intrinsic characteristics. Electrostatic engineering enables 

reversible control of carrier density, magnetic anisotropy, and 

interlayer exchange through dielectric, ferroelectric, floating, and 

ionic gates. Chemical engineering including intercalation and 

defect control offers a more persistent route for structural 

modifications and magnetic characteristics. Lattice engineering 

directly tunes magnetic properties by changing bond geometries 

and orbital overlap through strain and pressure. Symmetry 

engineering governed by atomic arrangements activates diode-like 

electrical responses, providing useful routes for electrical readout 

and rectification. Heterostructure engineering further expands the 

design strategy by combining 2D magnets with other layered 

materials, molecular layers, and twisted structures. Although these 

approaches are separately classified in this review, they are often 

coupled and give rise to synergies in material designs.  

Further progress requires the broader application of engineering 

strategies to various classes of 2D vdW magnets, together with 

delicate optimization for stability, reproducibility, and scalability. 

 

Fig. 5. (a) Schematic illustration of the heterostructure of 2D ferromagnet Fe3GeTe2 and molecule CoPc layers, activating antiferromagnetism 

in the CoPc. (b) Cross-sectional view of the heterostructure displaying clean interfaces. (c) Exchange bias effect in the Fe3GeTe2/CoPc. 

Reproduced in part with permission from Ref. [28] under the Copyright 2022 Wiley-VCH GmbH. (d) Schematic images of twisted CrI3 layers 

and their stacking configurations. (e) Images of magnetic stray fields from pristine trilayer and twisted trilayer, respectively. (f)  MCD results 

without and with twist, respectively. Adapted from Ref. [30] under the terms of the Creative Commons Attribution 4.0 International License 

(CC BY 4.0) 



 

https://doi.org/10.4313/JEEM.2026.39.5.2  

469 J. Jo

By integrating multiple engineering strategies, 2D vdW magnets 

can be transformed into versatile material platforms for exploring 

novel magnetic phenomena and developing future electronic, 

spintronic, and multifunctional device applications. 
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