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Abstract: Electrically controlled magnetism in two-dimensional (2D) multiferroics is highly 

desirable for both fundamental research and the future development of low-power nanodevices. 

Herein, inspired by the recently experimentally realized 2D antiferromagnetic MnPSe3 [Ni, Z.; Nat. 

Nanotechnol. 2021, 16, 782] and guided by a hetero-magnetic structural design, we engineer strong 

magneto-electric coupling in proton-intercalated 2D MnPSe3 bilayer. Hydrogen functionalization 

breaks the centrosymmetry of bilayer MnPSe3, leading to out-of-plane ferroelectricity. Moreover, 

there is a phase transition from antiferromagnetic semiconductor to ferromagnetic half-metal in the 

H-bonded MnPSe3 layer, while the other remains antiferromagnetic and semiconducting. When 

reversing the electrical polarization the intercalated protons can flip between the top and bottom 

layer with an ultralow switching barrier. This allows one to tune the magnetic order and 

conductivity of the individual layers. Our results pave a new avenue to realize magnetoelectric 

coupling in single ferroic material. Furthermore, the ferroelectricity-controlled magnetic phase 

transition and half-metallicity offers promising application in spintronics.



The field of 2D magnetism is advancing rapidly,1 and numerous atomic-thin magnetic materials 

have been experimentally realized, including ferromagnetic CrI3,2 Cr2(Si, Ge)2Te6,3, 4 and 

V(Mn)Se2,5, 6 and antiferromagnetic MnPSe3.7 The atomic thickness offers unique opportunities to 

explore the manipulation of the magnetic state via external perturbations like strain, pressure, light, 

charge doping, and electric field.8-15 Of particular interest is the electrically controlled magnetic 

order, which not only addresses fundamental questions in exotic magnetic physics, but also may 

stimulate the advanced design of electrically coupled spintronics.16 The switching between 

antiferromagnetic (AFM) and ferromagnetic (FM) order has been experimentally achieved in 

bilayer CrI3,12, 13 by means of a persistent electric field or electrostatic doping. Such transition relies 

on external stimuli and therefore it a volatile and energy-consuming process, a fact that poses great 

challenges to its future application in nonvolatile magnetoelectric nanodevices. 

Multiferroic materials, displaying coexistence of ferroelectricity and magnetism, may offer an 

alternative opportunity to overcome such challenge, as the spontaneous electric polarization of a 

ferroelectric (FE) is nonvolatile.17 However, due to the usual mutual exclusion of ferroelectricity 

and magnetism,18 reports of 2D ferroelectric magnets are still rather limited.19-23 Moreover, the two 

bistable polarized states of a typical ferroelectric material, +P and -P states, are in principle 

magnetic equivalent.24 Namely, the +P and -P phases display the same magnetic order, seemingly 

excluding any possibility of achieving tunable magnetic orders through a ferroelectric transition. 

However, this limitation may be overcome in a multiferroic bilayer composed of one AFM and one 

FM layer, namely a hetero-magnetic structure. The +P state, with AFM upper layer and FM lower 

layer, and the -P state, with FM upper layer and AFM lower layer, are still degenerate, but the 

magnetic order of the individual layers can be switched by reversing the electrical polarization. 

Inspired by recent experiments on the intercalation of hetero-atoms into van der Waals 



materials,25-30 here we report that the proton-intercalated MnPSe3 bilayer provides an embodiment 

of such type of structural design. Due to the small atomic radii of hydrogen, the intercalated protons 

will only bind to one of the MnPSe3 layers, leading to charge redistribution and Fermi level shift 

that turn the H-functionalized layer from AFM to FM halfmetallic. The AFM and semiconducting 

nature of pristine MnPSe3 remains in the other layer, thus that the entire structure displays an 

AFM-FM hetero-magnetic order. Most interestingly, the biased lateral position of the intercalated 

protons also introduces out-of-plane polarity, whose direction can be switched at an ultralow energy 

barrier. Upon electrical polarization reversal,the intercalated proton detach from one layer and bind 

to the other. This achieves a long-sought nonvolatile FM/AFM and half-metallic/semiconducting 

transition. 

Our density functional theory (DFT) calculations were carried out using the Vienna ab initio 

simulation package (VASP).31-33 The projector augmented wave (PAW) method34 was applied to 

describe the electron-core interaction. The exchange and correlation energy was treated with the 

generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE) 

35, 36. The DFT-D3 scheme was applied to account for vdW interaction.37 Considering the localized 

nature of the 3d electrons of Mn, the DFT+U method was applied with an effective U-J value of 5 

eV in accordance with previous studies.38 The cutoff energy for the plane-wave expansion was set 

to 400 eV and the k-points density was set to 0.025 2π/Å. The geometry was fully optimized until 

the residual forces and the energy were converged to 0.005 eV/Å and 1×10-6 eV, respectively. A 

vacuum region always larger than 15 Å was introduced to avoid the interaction between the 

neighboring periodic images. In addition to the PBE-GGA the Heyd-Scuseria-Ernzerhof hybrid 

functional (HSE06) was utilized to obtain accurate electronic structures and electric polarization.39 

The nudged elastic band (NEB) method 40 was employed to study the FE phase transition. Ab initio 



molecular dynamics (AIMD) simulations were carried out for a total of 10 ps with a time step of 0.5 fs 

and an Andersen thermostat was applied to control the temperature.41  

The MnPSe3 bilayer (four formula units per unit cell) is most stable with an AB-stacking order 

similar to that of the bulk form (see Figure 1a).42 Each monolayer contains two Mn atoms 

octahedrally coordinated by six Se atoms from the neighboring P2Se6 bipyramids. The two 

monolayers with Neel-type AFM spin texture are antiferromagnetically coupled to each other, 

giving a sizable vdW gap of 3.31 Å. This may facilitate the intercalation of protons. In order to 

determine the ground state of the proton-intercalated MnPSe3 bilayer, various intercalating positions 

and magnetic configurations (shown in Figures 1b and c) are systematically scanned for several  

HxMnPSe3 (x = 1/4, 1/8, and 1/12) systems. The energy maps of HxMnPSe3 in different geometric 

and magnetic configurations are shown in Figure 2 and Figures S1-S3. Clearly, for all HxMnPSe3 

prototypes considered in this work, the ground states always prefer an AB-stacking order with the 

proton bonded to the P site of one MnPSe3 layer. The cohesive energy (Ecoh), defined as Ecoh = [EH + 

(EMn + EP + 3ESe)/x - Etot]/(1 + 5/x) where EH, EMn, EP, ESe, and Etot are the energies of a single H, 

Mn, P, Se atom and HxMnPSe3 bilayer system, respectively, is then calculated. We find Ecoh as large 

as around 3.3 eV/atom, suggesting that the proton intercalated MnPSe3 is highly thermodynamically 

feasible. 



 

Figure 1. (a) Geometric structure of pristine MnPSe3 bilayer. The dashed line represents the 

boundary of the unit cell. (b) Positions of the intercalated proton in AB/AA-stacked H1/4MnPSe3. 

Atoms belonging to the lower layer are shown with a larger radius for clarity. (c) Seven possible 

magnetic configurations of H-intercalated MnPSe3 bilayer. Color code: Mn = purple, P = light 

purple, Se = green.  

Interestingly, for all HxMnPSe3 structures considered in this work a AFM-FM hetero-magnetic 

order is energetically favourable. In this the upper layer, where the proton is bonded to, presents a 

FM spin arrangement, while the lower layer remains AFM, offering the opportunity to tune the 

magnetic order by controlling the position of the intercalated H, as we will discuss later. Taking 

H1/4MnPSe3 as an example, our calculation reveals that the structure favors a FM2upper magnetic 

order with an AFM interlayer coupling. The spin density centers around the Mn atoms with a local 

magnetic moment of 4.5 and 4.6 μB for the upper and lower layer, respectively, suggesting the d5 

high spin state of Mn atoms.42 The nearest-neighboring Mn-Mn exchange parameters, J, are then 

estimated by mapping the total energies of proton intercalated MnPSe3 in different magnetic 

configurations onto an Ising model (see Supporting Information – SI - for more details). As shown 



in Table S1, the J in the upper (lower) layer, Jupper, (Jlower) is positive (negative) in all HxMnPSe3 

structures, reflecting their AFM-FM hetero-magnetic ground states. We find Jupper and the interlayer 

exchange, Jinter, of H1/4MnPSe3 to be 2.53 meV and -0.32 meV, respectively, much higher than those 

of the pristine MnPSe3 bilayer (-0.95 meV and -0.03 meV for Jupper and Jinter, respectively). Both 

Jupper and Jinter are sensitive to the concentration of the intercalated H, x. They both decrease with 

the decreasing x, making it possible to manipulate the strength of the magnetic interaction by 

controlling the concentration of the intercalated protons. In contrast, Jlower is less sensitive to x and 

remains close to the value of the pristine MnPSe3 bilayer. This demonstrates that proton 

intercalation mainly tunes the magnetic properties of the layer where proton is bonded to. 

 

Figure 2. Energy map of H1/4MnPSe3 in different geometric and magnetic configurations. The 

lowest-energy structure together with the spin density distribution is shown in the right panel. The 

isosurface value is set to 0.04 electrons per Å3. The yellow and cyan isosurface represents the 

spin-up and spin-down densities, respectively.  

We then explore the electronic structures of proton intercalated MnPSe3 by using the HSE06 



functional. As shown in Figure 3a, the lower layer of H1/4MnPSe3 remains semiconductive, with a 

direct bandgap of 2.54 eV, which is close to that of pristine MnPSe3 bilayer (2.56 eV). Notably, the 

upper layer displays robust half-metallicity, with a metallic spin-down channel where the Fermi 

level shifts into the valence bands, while the other spin channel shows a large bandgap of 2.32 eV. 

Our projected density of states (pDOS) shows that the metallic states near to the Fermi level are 

mainly contributed by the partially empty Mn eg and Se p orbitals. The metallic states exhibit a 

delocalized spatial charge distribution (see Figure S4), suggesting that the spin-polarized charge 

carriers are itinerant in the entire basal plane of the H-bonded side. The half-metallicity induced by 

the intercalated proton is found for all HxMnPSe3 considered in this work (see Figure S5), 

suggesting its robustness against the variation of the intercalation level. 

  

Figure 3. (a) and (c) The projected band structures and density of states for lower and upper layers 

of H1/4MnPSe3, respectively. The red and blue colors represent the spin-up and spin-down channels, 



respectively. The Fermi level is marked by dashed lines. (b) and (d) The schematic representations 

of the superexchange interaction between two nearest Mn atoms in intact/pristine and H-bonded 

MnPSe3 layer, respectively. The orange dashed rectangles indicate the partially empty eg orbitals 

It is of interest to understand the origin of the AFM to FM transition observed in the H-bonded 

MnPSe3 layer. In MnPSe3 the d orbital of Mn split into the threefold t2g and twofold eg manifolds 

under the octahedral ligand field,43 a feature also confirmed by our orbital-resolved band structures 

(see Figure S6 and S7). The nearest Mn1 and Mn2 atoms are connected through an intermediate Se 

atom with Mn1-Se-Mn2 angle less than 90°, allowing a t2g-p-eg superexchange interaction. In 

pristine MnPSe3 monolayer, both the t2g and eg orbitals are half-filled and the t2g-p-eg superexchange 

will be antiferromagnetic according to the Goodenough-Kanamori-Anderson rule.44-46 This leads to 

a Neel-type AFM spin arrangement. Our charge density difference analysis (see Figure S8) 

indicates that the intercalated proton serves as hole donor, resulting in partially empty Mn eg 

orbitals near to the Fermi level. The charge redistribution is spatially restricted to the monolayer 

where the proton is bonded due to the small atomic radii of H. In such case, the spin-up electrons 

from the p orbitals can form π bonds with the t2g states of Mn1, while the remaining spin-down 

electrons in the p orbitals can hop into the partially empty eg orbitals of Mn2 via σ bonds, leading to 

a FM superexchange interaction. Based on Hund’s rule, the electrons in the d orbitals of Mn2 will 

exchange ferromagnetically thus the spin arrangement in the H-bonded layer will be ferromagnetic. 

The biased proton position and the different magnetic orders in the upper and lower layers break the 

out-of-plane centrosymmetry, hence a ferroelectric polarization (P) can be expected in HxMnPSe3. 

The magnitude of P can be computed by directly integrating the local electron density with the 

out-of-plane coordinate over the entire supercell.47, 48 In this way P is calculated to be 0.05, 0.02, 

0.01 D/f.u. (f.u. = formula unit) for H1/4MnPSe3, H1/8MnPSe3, and H1/12MnPSe3, respectively. 



Furthermore, P points from the H-bonded side to the pristine side. Our AIMD simulations of 10 ps 

at 300 K (Figure S9) show that there is no intercalated proton migrating between the two layers, 

suggesting the robustness of the polarized states against thermal fluctuations.19 The three-step 

kinetic pathway for the polarization reversal is then revealed by using the climbing image nudged 

elastic band (cNEB) method. Firstly, the upper layer translates along the arm-chair direction, 

leading the system into a metastable AA-stacking phase. Then, the intercalated proton flips from the 

upper side to the lower side, followed by another interlayer translation, which reverses the first step. 

The overall activation barriers for the polarization reversal process are as low as 118, 61, and 45 

meV/f.u. for H1/4MnPSe3, H1/8MnPSe3, and H1/12MnPSe3, respectively, values that are comparable 

to those of widely studied ferroelectrics like PbTiO3, BaTiO3 and 2D In2Se3.47, 49, 50 This suggests 

the high feasibility of reversing the electric dipole moments in HxMnPSe3. 



 

Figure 4. (a) The energy profile of the three-step pathway needed to reverse the spontaneous 

polarization of H1/4MnPSe3. The insets are the top and side views of the -P state, two intermediate 

states (IS1 and IS2), and +P state. The orange arrows represent the movements of the atoms 

involved. (b) A model of HxMnPSe3 based memory, where the logic states are stored in the bistable 

ferroelectric states, which can be read by checking the spin current or the magnetic order of the top 

layer. 

So far, we have confirmed that HxMnPSe3 is a multiferroic material with FM-AFM hybrid magnetic 

order and out-of-plane ferroelectricity. Upon polarization reversal the position of the intercalated 

proton can be switched between the upper and the lower layer. Since the FM order and 



half-metallicity exists only in the proton-bonded side of the bilayer, the magnetic order and 

electroconductivity of an individual layer can be explicitly tuned via FE switching. By taking 

H1/4MnPSe3 as an example, the upper layer of the -P phase is FM and half-metallic, while, through a 

FE switching, it becomes AFM and semiconductive in the equivalent +P phase due to the proton 

detachment. Notably, the FM/AFM and half-metallic/semiconductive transition are nonvolatile, 

which is a situation different from the FM to AFM transition in CrI3 bilayers12, 13 or the 

half-metallicity in VSe2,15 where a gate voltage is always required. The novel magnetoelectric 

coupling of HxMnPSe3 may facilitate the development of next-generation spintronics devices such 

as nonvolatile multiferroic memories. As shown in Figure 4b, the logic states can be stored in the +P 

and -P phases of HxMnPSe3 and the data writing can be finalized by switching the polarized states. 

The data can then be read through the magnetic signal of an individual layer detected by 

magneto-optical Kerr effect,13 or more conveniently, by a spin current.  

Two aspects are crucial in designing such hetero-magnetic multiferroics via intercalation. Firstly,  

the intercalated species shall be small, so that it can display a distinct vertical location in the van der 

Waals interspace. This will introduce ferroelectricity and more importantly, only modulate the 

magnetism of the layer to which they contact. Secondly, the host bilayers should be magnetic and 

the magnetic order of each layer should be tunable by elemental or charge doping. In this situation 

the attachment or detachment of intercalants can control the spin arrangement of the layer. 

Experimentally, various species, including ions and molecules, can be inserted into the weakly 

bonded layers, offering rich choices for suitable intercalants. Together with the expanding family of 

van der Waals 2D magnets, it is expected that more hetero-magnetic multiferroics with strong 

magnetoelectric coupling may be found. 

In conclusion, we have introduced a hetero-magnetic multiferroic structural design to realize 



nonvolatile ferroelectricity-controlled magnetic order and conductivity. As we have demonstrated in 

the case of multiferroic HxMnPSe3, the intercalated proton alters the magnetic order and 

conductivity of the layer it binds to via tuning the superexchange interaction and Fermi level. The 

vertical location of the proton can be controlled by the ferroelectric switching at a low energy cost, 

which consequently enables a ferroelectricity-controlled FM/AFM and 

half-metallic/semiconducting transition. Our results indicate a novel way for realizing 

ferroelectricity-tuned magnetic order and half-metallicity in a single multiferroic material, which 

shows promising applications in future magnetoelectric-coupled nanodevices such as electrically 

writen and magnetically read memories. 
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