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Abstract: Multiferroics are rare crystals of simultaneous and coupled ferroic orders, allowing 

disparate external stimuli to induce abrupt transformations in their structures and properties. 

Creating multiferroicity in two-dimensional (2D) van der Waals (vdW) platforms would invite 

strong quantum confinement, enhanced quasiparticle excitation, and wide property tunability to 

interplay, potentially engendering emergent quantum matters and phenomena. Here, we construct 5 

vdW heterostructures of Fe3GaTe2/CuInP2S6 to integrate ferromagnetic and ferroelectric orders. 

Remarkably, we observe the strong inter-ferroic coupling at room temperature, by demonstrating 

the ferroelectrically reconfigurable magnetic anisotropy of 2D Fe3GaTe2. The inter-ferroic 

magnetoelectricity exhibits an inversed dependence on the Fe3GaTe2 thickness, revealing the 

interfacial nature of heterostructure multiferroicity. Our discovery of all-vdW heterostructure 10 

multiferroicity opens the door to the artificial assembly of vdW layers for designer 2D 

multiferroics. 
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Main Text: Long-range orders in crystals underpin a wealth of fundamental physical properties, 

including ferroicity, superconductivity, and charge density waves. When multiple ferroic orders 

coexist in a material to form multiferroics, intriguing physical phenomena emerge owing to the 

complex interplay between various order parameters, leading to significantly extended device 

functionalities (1-8). An outstanding example is the magnetoelectric multiferroics that 5 

simultaneously possess ferromagnetic (FM) and ferroelectric (FE) orders, exhibiting a broad range 

of technologically relevant magnetoelectric, magneto-optical, and electro-optical phenomena (2, 

9-12). Continuously thinning magnetoelectric multiferroics could eventually lead to the discovery 

of two-dimensional (2D) multiferroics, in which strong dimensionality effects (13, 14), enhanced 

quasiparticle excitation (15), and broad property tunability (16-18) coexist and interplay, 10 

potentially unlocking a multitude of novel physical phenomena (19, 20). However, despite the two 

decades of endeavors in chemical synthesis of ultrathin multiferroics (21), the resultant thin films 

still suffer severely from inevitable defects, lattice instability and thus degraded properties. 

 

Unlike conventional thin-film ferroics, the recently emerged 2D van der Waals (vdW) ferroics 15 

may blaze the trail, owing to their superior crystallinity down to atomic thinness. Nevertheless, the 

previous efforts in searching for 2D ferromagnets and 2D ferroelectrics alone had been tremendous 

(22-25), which naturally indicates the even grander challenges in attaining a 2D layer that can 

embody multiple ferroic orders (i.e., the need of simultaneously overcoming the thermal 

fluctuations to establish 2D FM order and mitigating the depolarization fields to sustain 2D FE 20 

order) (26, 27). A recent study reported the discovery of single-layer vdW multiferroic NiI2 (8), 

exhibiting a transition temperature (TC) of 21 K, which still limits its practical applications. Given 

vdW layers’ unprecedented freedoms in heterostructure engineering without lattice-match 

constraint, assembling 2D ferromagnets and 2D ferroelectrics for vdW heterostructure 

multiferroics may form a universally effective route to circumvent the dual challenges of 25 

simultaneously establishing two ferroic orders in one crystal (27, 28). The intertwined 

multiferroicity in vdW heterostructures, combined with the rich physical properties of their 

respective constituent layers such as the optical nonreciprocity of ferromagnets and optical 

nonlinearity of ferroelectrics, as well as the flexibility of layer stacking and twisting, could open 

up the extraordinary range of exotic physics and integrated functions (29, 30).  30 

 

In this study, we design and fabricate all-vdW heterostructures of 2D FM Fe3GaTe2
 (31, 32) and 

2D FE CuInP2S6 (24, 25). Remarkably, at room temperature, we discover the robust 

magnetoelectric coupling between the two ferroic orders, by clearly modulating the magnetic 

coercivity of 2D Fe3GaTe2 by means of small voltages of ±6 V across the heterostructure. The 35 

modulation effects remain after the voltages are withdrawn, showcasing the clear non-volatility as 

the hallmark of the FE effect. The room-temperature multiferroicity in the vdW heterostructures 

is prominent for 2D Fe3GaTe2 and weakens with the increasing thickness of Fe3GaTe2, signifying 

the fundamental role of the short-range interfacial interaction underlying the inter-ferroic coupling. 

Our demonstration of room-temperature all-vdW multiferroic heterostructures, together with the 40 

recent advancements in vdW layer twisting and sliding, ushers in an emerging class of functional 

condensed matters for probing and manipulating layered magnetoelectric physics and opens up 

new possibilities for practical multifunctional devices in atomically thin platforms. 

 

All-vdW multiferroic heterostructure device 45 

We first examined the basic FE characteristics of 2D CuInP2S6 (a ferroelectric with Tc of ~315 K 

in its bulk form) (24) and FM characteristics of 2D Fe3GaTe2 (a ferromagnet with Tc of 350~380 
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K in its bulk form) (31) at room temperature (292 K). Piezoelectric force microscopy (PFM) was 

used to characterize a 4-nm-thick CuInP2S6 flake. The out-of-plane PFM phase loop of CuInP2S6 

shows clear FE polarization switching (Fig. 1D) with a coercive voltage of ~1 V. Notably, the 

horizontal offset of the PFM phase loop from the zero bias voltage arises from the Schottky barrier 

difference between the upper (CuInP2S6 and the Pt/Ir conductive tip) and lower (CuInP2S6/Au 5 

electrode) interfaces of the sample (33). To determine the magnetic characteristics of the thin 

Fe3GaTe2 flakes, reflectance magnetic circular dichroism (RMCD) measurements were performed 

on a 5-nm-thick Fe3GaTe2 flake (Fig. 1E) at room temperature (292 K). All the RMCD 

measurements were carried out at 292 K, unless otherwise specified. The clear magnetic hysteresis 

loop with a noticeable coercive magnetic field of 42 mT confirms the room-temperature 10 

ferromagnetism in 2D Fe3GaTe2. 

 

Fig. 1. All-vdW multiferroic heterostructure device. (A) Schematic of a room-temperature 

Fe3GaTe2/CuInP2S6 all-vdW multiferroic heterostructure device. (B) Lateral views of two configurations of 

the multiferroic heterostructure with oppositely-polarized FE CuInP2S6. When FE CuInP2S6 is oppositely 15 

polarized, the interfacial couplings differ, as indicated by the detailed interfacial atomic configurations (for 

instance, Cu atom (red ball) is in direct contact with FM Fe3GaTe2 on the left but not the right panel). As 

denoted by the arrows of different colors, the magnetic properties of Fe3GaTe2 under down- and up-

polarized CuInP2S6 are different owing to distinct interfacial couplings in the two configurations. (C) False-

color optical image of the Fe3GaTe2/CuInP2S6 multiferroic heterostructure device on a 260-nm-thick 20 

SiO2/Si chip. The FM Fe3GaTe2 and FE CuInP2S6 flakes and ITO electrodes are circled by blue, yellow, and 

green dashed lines, respectively. Scale bar, 5 μm. (D) Out-of-plane PFM phase hysteresis loop of a 4-nm-

thick CuInP2S6 flake at room temperature (292 K). Insets depict the FE polarizations of CuInP2S6 under 

different voltages. The clear PFM phase hysteresis loop indicates that the 2D CuInP2S6 exhibits room-

temperature ferroelectricity. (E) Magnetic hysteresis loop of a 5-nm-thick Fe3GaTe2 flake characterized by 25 

RMCD at room temperature (292 K). Insets illustrate its magnetic states at different magnetic fields. The 

clear square-shaped magnetic hysteresis loop indicates that the 2D Fe3GaTe2 exhibits room-temperature 

ferromagnetism. 
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Figure 1A illustrates a vertically stacked all-vdW multiferroic heterostructure comprising 2D 

Fe3GaTe2 and 2D CuInP2S6. The 2D Fe3GaTe2 flakes were mechanically exfoliated from bulk 

crystals onto 260-nm-thick SiO2/Si substrates. Thereafter, the 2D CuInP2S6 flakes exfoliated onto 

polydimethylsiloxane (PDMS) films were transferred onto the Fe3GaTe2 flakes to form the vdW 

heterostructures. The electrodes comprised a 30-nm-thick transparent indium tin oxide (ITO) 5 

bottom layer that was in direct contact with the vdW heterostructure and a top metallic contact 

(i.e., Cr/Au (5/50 nm)) through which voltages were applied (Methods and fig. S1). The 

transparent ITO electrode allowed the probing laser to access the heterostructure region for RMCD 

analysis. Figure 1C shows a representative false-color optical image of the Fe3GaTe2/CuInP2S6 

multiferroic heterostructure device where the FM Fe3GaTe2 and FE CuInP2S6 flakes and ITO 10 

electrodes are circled by blue, yellow, and green dashed lines, respectively. The Raman spectrum 

(fig. S2) acquired from the heterostructure region exhibits a superposition of the vibrational modes 

originating from Fe3GaTe2 and CuInP2S6, including A1g and E2g modes from Fe3GaTe2, as well as 

S-P-S, cation, and P-P vibrational modes from CuInP2S6. These well-defined Raman peaks agree 

well with the previous works on high-quality Fe3GaTe2 and CuInP2S6 crystals (34, 35), indicating 15 

the high crystalline quality of our Fe3GaTe2 and CuInP2S6 flakes in heterostructures. The quality 

of CuInP2S6 and Fe3GaTe2 crystals was further examined by X-ray diffraction (XRD) 

measurements (fig. S3). XRD patterns of CuInP2S6 and Fe3GaTe2 exhibit the typical (00l) 

orientation with sharp peaks, consistent with previous reports on high-quality CuInP2S6 and 

Fe3GaTe2 crystals (31, 33), which confirms the superior crystalline quality of the crystals. Figure 20 

1B shows the Fe3GaTe2/CuInP2S6 vdW multiferroic heterostructure for the FE polarization vector 

of CuInP2S6 pointing downward (Pdown) and upward (Pup) (left and right panels in Fig. 1B, 

respectively). Under the opposite polarizations, the vertical positions of Cu+ ions (red balls) differ 

in CuInP2S6, causing two distinct interfacial atomic configurations in the heterostructure: for the 

downward-polarized case (left panel), Cu+ ions are relatively close to the Fe3GaTe2/CuInP2S6 25 

interface, while for the upward-polarized case (right panel), Cu+ ions are relatively away from the 

Fe3GaTe2/CuInP2S6 interface. 

 

Ferroelectric control of 2D magnetism at room temperature 

Next, we conducted RMCD measurements on the Fe3GaTe2/CuInP2S6 heterostructure device as 30 

the out-of-plane magnetic fields were swept under different applied voltages (Fig. 2, A and B). 

Figure 2A shows the magnetic field dependent RMCD under five selected voltages of +8, +4, +0 

(+0 V means the withdrawal from the positive saturation voltage), -4, and -8 V during sweeping 

from +8 V to -8 V with a step size of 2 V. Under +8 V, the hysteresis loop exhibits a relatively 

small coercive magnetic field of 16 mT (defined as the OFF state) and it remains nearly unchanged 35 

when the voltage is sequentially varied to +4, +0, and -4 V. However, at -8 V, the hysteresis loop 

becomes noticeably larger, with a coercive magnetic field of 26 mT (defined as the ON state). 

Previous reports have shown that externally applied voltages can generate electric fields on 

magnetic materials and thus affect their magnetic properties via magnetoelectric coupling (36, 37). 

In stark contrast, for our case, the distinct hysteresis loops under ±8 V suggest that the electric 40 

field effect is not the dominant mechanism underlying our observed electrically controlled 

magnetic coercivities, since the opposite electric fields would be expected to cause the same effect 

on Fe3GaTe2. Subsequently, we swept the voltages from -8 V to +8 V with a step size of 2 V, and 

five hysteresis loops under the representative voltages are shown in Fig. 2B. When voltages of -8, 

-4, -0, and +4 V were applied in sequence, the four magnetic hysteresis loops exhibit the same 45 

shape and all display relatively large coercivity values of 26 mT, whereas under +8 V, the magnetic 

hysteresis loop returns to the smaller coercivity of 16 mT. Remarkably, when the magnetic state 
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is OFF (ON) at +0 V (-0 V), the shape of the magnetic hysteresis loop and the coercivity values 

are consistent with the previous OFF (ON) state at +8 V (-8 V), clearly indicating the non-volatility 

of the observed effect. The nonlinear voltage-dependent magnetic coercivity, with clear electrical 

non-volatility (Fig. 2C), cannot be an outcome of the pure electric field effect, but strongly 

highlights the FE effect on 2D magnetism (i.e., the inter-ferroic coupling) in the heterostructure. 5 

Generally, in multiferroic heterostructures, the magnetoelectric coupling may work through 

multiple interfacial mechanisms (e.g., interfacial strain (38), charge doping (39), and interfacial 

wavefunction overlap (40)). Specifically, in vdW systems, interfacial strain is hard to be 

effectively established because the layers are weakly bonded, differing from the traditional 

covalent-bonded composite multiferroics (41, 42). Our observed FE effect on 2D magnets arises 10 

primarily from other interfacial mechanisms (e.g., charge doping and interfacial wavefunction 

overlap), which will be discussed in more detail later. 

 
Fig. 2. Non-volatile voltage control of 2D magnetism in Fe3GaTe2/CuInP2S6 at room temperature. (A 

and B) Hysteretic magnetic field dependence of the RMCD of a 4.2-nm-thick Fe3GaTe2 under five selected 15 

different voltages (applied in descending order, i.e., +8, +4, +0, -4, and -8 V in (A), and ascending order in 

(B) at room temperature (292 K)). The hysteresis loop under +8 V exhibits a smaller coercivity of 16 mT, 

while under -8 V, the hysteresis loop expands to a larger coercivity of 26 mT, corresponding to two 

switchable magnetic states, defined as OFF and ON states here. The hysteresis loops at ±0 V (where +0 and 

-0 V represent the withdrawal of 0 V from positive and negative voltages, respectively) remain the same as 20 

the previous states at ±8 V, indicating non-volatile switchable multiferroicity. (C) Magnetic coercivity 

versus the applied voltage across the Fe3GaTe2/CuInP2S6 heterostructure. Each data point of coercivity is 

extracted from the magnetic hysteresis loops measured by RMCD through systematical sweeping of the 

voltages. The magnetic coercivity of 16 mT is obtained for the OFF state, while the larger magnetic 

coercivity of 26 mT is obtained for the ON state. (D) Maximum energy product (BH)max as a function of 25 

voltage. The ON and OFF states yield (BH)max values of 0.41 and 0.15 kJ/m3, respectively. (C) and (D) 
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show similar square-shaped non-volatile hysteresis characteristics with flipping voltages of ±6 V that enable 

reversible switching of the two contrasting magnetic states (ON/OFF). The error bars represent the standard 

deviation from the mean of coercivity or (BH)max values derived from the magnetic hysteresis loops under 

three repetitive measurements. 

The non-volatile FE effect on 2D magnets is also evident from the voltage-dependent maximum 5 

energy product (BH)max (i.e., the maximum magnetic energy that can be stored in a magnet, a 

critical figure of merit for a magnet’s potential in energy-conversion applications such as 

electromechanical control and wind turbines) (43, 44). As shown in Fig. 2D, the (BH)max shows 

square-shaped electrical hysteresis loop. Specifically, a voltage value of -6 V is the turning point 

at which the magnetic state of Fe3GaTe2 switches to the ON state with a relatively large (BH)max 10 

of ~0.41 kJ/m3. When the voltage increases to +6 V, the magnetic state switches back to the OFF 

state with a relatively small (BH)max of ~0.15 kJ/m3. These results suggest that the switching 

voltages of ±6 V correspond to the two scenarios when FE CuInP2S6 is polarized upward (Pup) and 

downward (Pdown), respectively. To further confirm that the turning points at ±6 V in voltage-

dependent magnetic coercivity and (BH)max (Fig. 2, C and D) correspond to the occurrence of FE 15 

polarization switching, we measured the electrical tunneling resistances of the 

Fe3GaTe2/CuInP2S6/ITO trilayer junction, which can function as a ferroelectric tunneling junction 

(FTJ) (fig. S4). In FTJs, the polarization reversal in the FE spacer can abruptly alter the junction 

resistance (i.e., produce a tunneling electroresistance effect), easily by a few orders of magnitude 

(35). As shown in figure S4, the tunneling resistance indeed exhibits a hysteretic dependence on 20 

the pulse writing voltage, with three orders of magnitude change in the resistance values occurring 

at the turning points of ±6 V. The coincident turning points of ±6 V for switching the magnetic 

properties (Fig. 2, C and D) and switching the junction’s electrical resistance (fig. S4D) strongly 

confirms that the voltage-dependent FE polarization induces our observed voltage-dependent 

magnetic coercivity and (BH)max. 25 

 

Ubiquitous magnetoelectric coupling across the vdW multiferroic heterostructure 

Thus far, we have demonstrated the room-temperature magnetoelectric multiferroicity in all-vdW 

heterostructures, through non-volatile FE control of the magnetic hysteresis characteristics of 2D 

Fe3GaTe2. Considering the sensitivity of the interlayer magnetoelectric coupling to interfacial 30 

intimacy, we conducted a scanning magnetic hysteresis loop study across another similarly 

fabricated multiferroic heterostructure device (Fig. 3A) under opposite FE polarizations. Figure 

3C shows the magnetic coercivity and (BH)max mappings of the 2D Fe3GaTe2 when CuInP2S6 is 

oppositely polarized (the magnetic hysteresis loops of a representative point under the two opposite 

polarizations of FE CuInP2S6 are plotted in Fig. 3B). Under downward polarization, Fe3GaTe2 35 

exhibits relatively small magnetic coercivity in the range of 16–21 mT and low (BH)max values 

between 0.6–1.0 kJ/m3, shown in blue in the mapping results (top panels of Fig. 3C). In contrast, 

when CuInP2S6 is polarized upward, Fe3GaTe2 exhibits relatively large coercivity values in the 

range of 29–34 mT and high (BH)max values spanning 1.6–2.0 kJ/m3, as indicated by the red color 

in the bottom panels of Fig. 3C. Under opposite FE polarizations, the clear contrast in the magnetic 40 

coercivity and (BH)max values across the scanned region highlights that the interfacial multiferroic 

coupling is effectively established across the heterostructure. 

 

We continued to demonstrate that such a magnetoelectric effect can be repetitively toggled by 

externally applied voltages. Figure 3B shows the reversible switching of magnetic states by 45 

periodically applying positive and negative pulse voltages. The measured hysteresis loop exhibits 

a magnetic coercivity of 18 mT and (BH)max of 0.9 kJ/m3 (OFF state) after applying a single pulse 
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of +6 V voltage (with a 1 ms pulse width). An ensuing single pulse of -6 V switches the FE 

polarization of CuInP2S6 and causes the magnetic hysteresis loop of the Fe3GaTe2 with an 

enhanced coercivity of 29 mT and an enlarged (BH)max value of 1.7 kJ/m3 (ON state). The applied 

pulse voltage serves as a knob to switch the FE polarization of CuInP2S6, which exerts effects on 

FM Fe3GaTe2 through inter-ferroic coupling. This is different from the previous work on electrical 5 

switching of magnetization in twist monolayer-bilayer graphene, where the pulse voltage is used 

to finely tune the chemical potential across the energy gap and causes magnetization reversal in 

orbital Chern insulators (45). Reversible switching between these two contrasting magnetic states 

does not require thermal cycles or charge current (46), suggesting the prospect of the energy-

efficient electrical control of magnetism in our all-vdW multiferroic devices. Additional cycles of 10 

subsequent voltage pulses (Fig. 3D and fig. S5) switch the magnetic states back and forth with no 

obvious sign of fatigue. These testing experiments showcase that our FE switching of all-vdW 

multiferroic heterostructures are electrically reversible at room temperature. Figure S6 shows the 

endurance measurement on another Fe3GaTe2/CuInP2S6 multiferroic heterostructure over 3,000 

cycles. Extrapolation based on the experimental data indicates that the magnetic state switching 15 

can potentially exceed 105 cycles without an obvious sign of fatigue. 

 
 

Fig. 3. Electrically togglable multiferroicity across the Fe3GaTe2/CuInP2S6 heterostructure. (A) 

Optical image of an Fe3GaTe2/CuInP2S6 multiferroic heterostructure device. The yellow and pink dashed 20 



Submitted Manuscript: Confidential 

Template revised July 2024 

9 

 

lines encircle the FM Fe3GaTe2 and FE CuInP2S6 flakes, respectively. Scale bar, 5 μm. (B) Magnetic 

hysteresis loops measured under two opposite FE polarizations (i.e., Pdown and Pup). (C) Magnetic coercivity 

and (BH)max mappings of a 4 × 4 matrix (the distance between every measurement point corresponding to 

a pixel is 1 μm) within the region indicated by green rectangular box in (A) under two opposite FE 

polarizations. The blue (red) color map for downward (upward) polarization indicates that the interfacial 5 

multiferroic effect can be established across the heterostructure region. (D) Repetitive switching of the ON 

and OFF magnetic states by applying periodic pulse voltages. Schematic of the experimental protocol (top 

panel): voltage pulses of alternating polarity, V = ± 6 V, were applied sequentially, and the RMCD 

measurements (middle panel) were conducted after each pulse. At a positive voltage (+6 V), the hysteresis 

loops (in blue) exhibit small magnetic coercivities of ~19 mT, whereas at a negative voltage (-6 V), the 10 

hysteresis loops (in red) exhibit large coercivities of ~30 mT. The successive and reversible switching of 

magnetic states using ±6 V voltage pulses is evident in our multiferroic device. The error bars represent the 

standard deviation from the mean of coercivity or (BH)max derived from the magnetic hysteresis loops under 

three repetitive measurements. 

 15 

Short-range interfacial nature of the inter-ferroic coupling 

Finally, we studied the FE effect on FM Fe3GaTe2 flakes of various thicknesses. To avoid the 

device fabrication variance, we exfoliated a large Fe3GaTe2 flake comprising different thicknesses 

(i.e., 4, 6, 9, and 13 nm (fig. S7)) and then transferred a visually uniform CuInP2S6 flake to form a 

multiferroic heterostructure (inset of Fig. 4C). For the 4- and 6-nm-thick Fe3GaTe2 samples, as 20 

shown in Fig. 4A and Fig. 4B, the magnetic hysteresis loops exhibit smaller coercivities under the 

downward polarization (blue loops and bars) than under the upward polarization (red loops and 

bars). When the thickness of Fe3GaTe2 is increased to 9 nm, the hysteresis loops under the two 

opposite FE polarizations still exhibit a contrast, but much smaller than the cases of 4-nm and 6-

nm Fe3GaTe2. For the 13-nm-thick Fe3GaTe2, the two magnetic hysteresis loops under the opposite 25 

FE polarizations of CuInP2S6 are almost identical, with magnetic coercivities of ~160 mT. To 

quantify the FE effect on 2D magnetism in Fe3GaTe2 of different thicknesses, we define control 

efficiency as (HC1-HC2)/HC2, where HC1 and HC2 represent the magnetic coercivities measured 

under upward and downward FE polarizations, respectively. For the 4-, 6-, 9-, and 13-nm-thick 

Fe3GaTe2 samples (Fig. 4C), the control efficiencies are 50 %, 22 %, 3 %, and 0 %, respectively. 30 

This trend of increasing control efficiencies with decreasing thickness continues down to the 

bilayer Fe3GaTe2 sample (fig. S8) (note that the monolayer Fe3GaTe2 has a TC value of 240 K, 

well below room temperature (47), and thus is out the scope of this work), revealing the short-

range interfacial nature of the heterostructure magnetoelectric coupling. 

 35 

Generally, in multiferroic heterostructures, the inter-ferroic coupling may primarily arise from 

three types of interfacial interaction mechanisms: interfacial strain (38), charge transfer induced 

doping (39, 48), and interfacial wavefunction overlap (i.e., interfacial hybridization) (40). As 

discussed above, interfacial strain, though commonly observed in covalently bonded composite 

multiferroics (41, 42), is hard to be effectively established in vdW heterostructures of weakly 40 

bonded layers. We conducted first-principles calculations based on density functional theory to 

evaluate the roles of charge doping and interfacial wavefunction overlap in our observed 

magnetoelectric effect. Considering that both the XRD and transmission electron microscopy 

(TEM) characterizations on Fe3GaTe2 crystals suggest our crystals’ high quality (figs. S3 and S9), 

the observed magnetic coercivity of Fe3GaTe2 is less likely dominated by extrinsic factors such as 45 

defects but primarily dominated by the intrinsic magnetic anisotropy energy (MAE). Our 

calculations reveal a small difference in charge doping levels of 6.90 × 1012 holes/cm2 in Fe3GaTe2 

from the adjacent CuInP2S6 layer under opposite FE polarizations (the interfacial charge transfer 
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for upward and downward polarizations are 1.59 × 1013 holes/cm2 and 0.90 × 1013 holes/cm2, 

respectively (fig. S10)), which represents a small amount of electron concentration modulation 

(27), typically insufficient to induce sizable changes in magnetic properties. Our calculated 

doping-dependent MAE confirmed that such a doping level variation in Fe3GaTe2 can hardly cause 

a sizable MAE change (fig. S10). Furthermore, our calculated differential charge density in the 5 

Fe3GaTe2/CuInP2S6 heterostructure with oppositely polarized FE polarizations exhibit noticeable 

difference in the charge redistribution induced by the interfacial wavefunction overlap (fig. S11), 

which suggests that the interfacial wavefunction overlap can play an important role in the observed 

FE effects on 2D magnetism. Essentially, when CuInP2S6 is oppositely polarized, the Cu+ ions 

move close to or away from the Fe3GaTe2 layer (see Fig. 1B), causing different interfacial electron 10 

distributions (i.e., different interfacial crystal fields) (27, 40, 49) that can readily modify the 

magnetic anisotropy of 2D magnets. 

 

Fig. 4. The Fe3GaTe2 thickness dependent inter-ferroic coupling in Fe3GaTe2/CuInP2S6. (A) Hysteretic 

magnetic field dependence of the RMCD of a Fe3GaTe2/CuInP2S6 device with Fe3GaTe2 of various 15 

thicknesses under opposite FE polarizations. When the FE CuInP2S6 is oppositely polarized, as denoted by 

the blue and red arrows, the magnetic coercivities of the 4-, 6-, and 9-nm-thick Fe3GaTe2 change clearly 

(blue verse red hysteresis loops). However, for the 13-nm-thick Fe3GaTe2, the hysteresis loops under the 

two opposite polarizations are nearly identical. (B) Summary of the coercivities of Fe3GaTe2 with various 

thicknesses under two opposite FE polarizations. (C) The (HC1-HC2)/HC2 values measured for Fe3GaTe2 20 

flakes of various thicknesses. HC1 and HC2 are the coercivities of the hysteresis loops measured under 

upward and downward FE polarizations, respectively. The (HC1-HC2)/HC2 value decreases with the 

increasing thickness of Fe3GaTe2, signifying the short-range nature of the interfacial magnetoelectric effect. 

Inset: a false-color optical image of the Fe3GaTe2/CuInP2S6 device. The FM Fe3GaTe2 and FE CuInP2S6 

flakes are circled by blue and yellow dashed lines, respectively. The regions with Fe3GaTe2 of different 25 
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thicknesses are circled with from light yellow to orange dashed lines, corresponding to the increasing 

thickness. Fe3GaTe2 flakes of different thicknesses share the same uniform CuInP2S6 flake in the 

multiferroic device. Scale bar, 5 μm. 

 

Conclusions 5 

In summary, we design and fabricate vdW heterostructures of Fe3GaTe2/CuInP2S6 and 

unambiguously observe the room-temperature magnetoelectric multiferroicity. By means of small 

voltages of ±6 V, we electrically switch the FE polarization of 2D CuInP2S6, thereby concurrently 

modulating the magnetic anisotropy of 2D Fe3GaTe2 in a reversible and non-volatile manner. The 

inter-ferroic magnetoelectric effect exhibits an inversed dependence on the Fe3GaTe2 thickness, 10 

clearly revealing the fundamental role of the short-range interfacial coupling underlying the 

heterostructure multiferroicity. Together with the recent advancements in layer twisting and 

sliding, our discovery of room-temperature all-vdW multiferroic heterostructures potentially 

reshapes the landscape of functional quantum heterostructures by paving new avenues towards 

designer 2D multiferroics, which opens up new solid-state platforms for ultracompact 15 

magnetoelectric and magneto-optical devices. 
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