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Interlayer coupling plays a critical role in tuning the electronic structures and 

magnetic ground states of two-dimensional materials, influenced by the number of 

layers, interlayer distance, and stacking order. However, its effect on the orientation of 

the magnetic easy axis remains underexplored. In this study, we demonstrate that 

interlayer coupling can significantly alter the magnetic easy-axis orientation, as shown 

by the magnetic easy-axis of monolayer 1T-MnSe2 tilting 33° from the z-axis, while 

aligning with the z-axis in the bilayer. This change results from variations in orbital 

occupations near the Fermi level, particularly involving nonmetallic Se atoms. Contrary 

to the traditional focus on magnetic metal atoms, our findings reveal that Se orbitals 

play a key role in influencing the easy-axis orientation and topological Chern numbers. 

Furthermore, we show that the occupation of Se p-orbitals, and consequently the 

magnetic anisotropy, can be modulated by factors such as stacking order, charge doping, 

and external strain. Our results highlight the pivotal role of interlayer coupling in tuning 

the magnetic properties of layered materials, with important implications for spintronic 

applications. 
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Introduction. Two-dimensional (2D) van der Waals (vdW) magnetic materials 

have garnered significant attention and have achieved notable advancements in recent 

years [1,2], emerging as a promising platform for both fundamental research [3,4] and 

potential spintronics applications [5,6]. The magnetic properties of these materials are 

typically characterized by magnetization magnitudes  [7–9], magnetic orders [2,10,11] 

and magnetic anisotropy [10,12,13], the latter two being easily tunable. Extensive 

discussions have been conducted on both in-plane and out-of-plane magnetic orders, 

associated net magnetization values, and their manipulation mechanisms for 2D 

magnets. In addition to these properties, magnetic anisotropy plays a pivotal role in 

sustaining the presence of long-range magnetic orders in 2D magnets at finite 

temperatures  [3,4]. It is also closely associated with magnetic coercivity, a critical 

parameter determining whether the material behaves as a hard or soft magnet  [14–16]. 

However, results on the magnetic easy-axis are, unlike the magnetic order, available 

only for a limited number of 2D magnets, such as CrTe2 [10]. This limitation in 

understanding hinders us to grasp the factors that could affect magnetic anisotropy, 

thereby limiting the development of effective strategies for modulating magnetic 

anisotropy.  

The magnetic anisotropy was demonstrated to be tunable under various external 

stimuli, such as electric fields [17–19] and charge doping [20,21], which primarily 

change the filling of d orbitals of magnetic metal atoms. However, such tunability 

typically requires high stimulating strengths, which can lead to magnetic order 

transition [22,23] or irreversible structural phase transitions [24,25]. Thus, it is of 

paramount importance to explore gentle and sustainable mechanisms for rotating the 

magnetic easy axis direction without introducing transitions of magnetic order or 

atomic structures. The ability to modulate various properties through interlayer 

coupling is one of the most striking features of 2D materials[19]. In 2D magnets, many 

demonstrations highlight the role of interlayer coupling in manipulating interlayer or 

intralayer magnetic order [28–32]. Although the orientation of the magnetic easy-axis 

was observed to vary upon changing the number of layers in 1T-CrTe2 [33,34] and 



alpha-RuCl3 [35]. However, these systems also exhibit synchronous magnetic order 

transition [33,34] or structural symmetry-breaking [35] with layer number variation. 

The question of whether interlayer coupling can tune magnetic anisotropy 

independently remains largely unexplored. 

In this article, we theoretically explored the ability and mechanism to tune the 

magnetic easy axis in prototypic MnSe2 mono- and bi-layers via interlayer coupling 

using density functional theory calculations. We found that the magnetic easy-axis 

rotates from 33º off the z-axis in the monolayer to the z-axis in the bilayer, without any 

transition of magnetic orders or atomic structures. By analyzing the contribution of each 

individual atom and orbital to the MAE, we identified that the electron occupation of 

Se p orbitals is critical in driving this rotation. A comparison of the electronic band 

structures of the mono- and bi-layers reveals the mechanism behind the occupation 

changes and the subsequent magnetic easy-axis rotation through interlayer electronic 

couplings upon stacking. This mechanism was further validated by tuning the 

occupation using other external stimuli such as stacking order changes, electron or hole 

doping, and in-plane biaxial strains. Additionally, we observed that the Chern number 

of electronic bands near the Fermi level varies in response to the rotating magnetic 

moments and/or layer stacking, demonstrating ability to manipulate topological 

properties for these electronic states through various external stimuli.  

Methods. Our density functional theory (DFT) calculations were performed using 

the generalized gradient approximation (GGA) for the exchange correlation potential 

in the form of PerdewBurke–Ernzerhof (PBE) [36], the projector augmented wave 

method [37], and a plane-wave basis set as implemented in the Vienna ab-initio 

simulation package (VASP) [38]. We also included the dispersion correction through 

Grimme’s semiempirical D3 scheme [39] in combination with the PBE functional 

(PBE-D3). This combination yields accuracy comparable to that of the optB86b-vdW 

functional for describing geometric properties of layered materials(Supplement 

Material Table S2 and S3) [40], but at a lower computational cost. Kinetic energy 

cutoffs of 800 and 600 eV for the planewave basis were adopted for structural 

relaxations and electronic structure calculations, respectively. All atoms, lattice 



volumes, and shapes were allowed to relax until the residual force per atom was below 

0.01 eV/Å. A vacuum layer exceeding 15 Å in thickness was employed to reduce 

imaging interactions between adjacent supercells. A Gamma-centered k-mesh of 

21×21×1 was used to sample the first Brillouin zone of the unit cell for monolayer 

MnSe2. The Gaussian smearing method with a σ value of 0.01 eV was applied for all 

calculations. The on-site Coulomb interaction for Mn d orbitals was characterized by U 

and J values of 4.0 eV and 0.7 eV [41], respectively, as determined via a linear response 

method [42] and validated by the convergence of theoretical predictions(Supplement 

Material Table S2 and Fig. S1). A 2× 2√3  supercell and four (eight) magnetic 

configurations (Supplementary Material Figure S2) were considered to identify the 

magnetic ground state for the monolayer (bilayer). Spin-exchange coupling (SEC) 

parameters were extracted based on an anisotropic nearest-neighbor Heisenberg model, 

please refer to Supplementary Note 1 and Table S1 for details.   

The Atomic-orbital Based Ab-initio Computation at USTC (ABACUS) 

package [43,44] and PYATB [45] were used to calculate the Chern numbers. By using 

the Wannier90 package, we constructed the tight-binding model of MnSe2 with Mn 3d 

and Se 4p orbitals based on the maximally localized Wannier functions method 

(MLWF) [46]. We further plotted edge states and verified our conclusions regarding 

topological transitions using the WannierTools software package [47].  

Direct charge doping was applied to Se atoms using the ionic potential 

method [48]. Specifically, electrons (or holes) were extracted from a 3d core level of 

Se and placed into the lowest unoccupied band of MnSe2. This method ensures that the 

doped charges remain localized around the Se atoms while maintaining the neutrality 

of the layer.  

The magnetic easy-axis was identified using the Renmin Magnetic Easy Axis 

Finder (ReMEAF) toolkit [49], which utilizes the simulated annealing algorithm and 

invokes VASP to determine the global easy-axis orientation. The atomically 

decomposed magnetic anisotropy energy (MAE) was computed using the torque 

method [50,51], which integrates the torque resulting from the spin-orbit coupling 



Hamiltonian(HSOC) as follows:  
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where 𝐶𝑖 = ⟨𝜑𝑖|𝜓𝑛𝒌⟩  represents the projected coefficient of an atomic orbital 

(𝜑𝑖 ) on the nth eigenvector at the k point and 𝜃  denotes the angle between the 

magnetization and the normal axis. Summing the torque values over all atomic 

orbitals of a selected atom provides the atomically decomposed MAE. 

Results and discussion. Monolayer MnSe2 crystallizes in a hexagonal 1T structure 

with space group P-3M1, as depicted in Fig. 1a. Each Mn atom is octahedrally 

coordinated by six Se atoms, with Se-Mn-Se bond angle close to 90° (measured as 

either 90.96° or 89.04°), indicating minimal Jahn-Teller distortion. In the MnSe2 bilayer, 

the AA stacking (Fig. 1b and 1c) is found to be over 4 meV/Mn more stable compared 

to other stacking configurations (Supplement Material Fig. S3 and Table S5). Either the 

monolayer or the bilayer exhibits a ferromagnetic (FM) groundstate, as indicated by the 

data listed in Table S4, consistent with the theoretical predictions reported in the 

literature  [28,52]. Three intra-layer (J1 to J3) and three inter-layer (J4 to J6) spin-

exchange coupling parameters were computed based on a Heisenberg model, which are 

indicated by dashed arrows in different colors in Fig. 1a-1c, with their values provided 

in Table 1. Notably, the dominant and positive nearest-neighbor intralayer spin-

exchange coupling J1 (7.5 and 8.7 meV/Mn for the mono- and bi-layer) aligns with the 

energetically favored intralayer FM configuration. Comparable values for the interlayer 

spin-exchanges, J4=3.6 meV/Mn and J5=3.5 meV/Mn, indicate that the interlayer FM 

coupling is as strong as the intra-layer magnetic coupling in MnSe2, which is prominent 

in layered magnetic materials [29,40,53]. 

 



  

Fig. 1. Structure and easy axis of mono- and bilayer MnSe2. (a) Top and side views of monolayer 

MnSe2. Purple and orange balls represent Mn and Se atoms, respectively. Dashed arrows denote 

intralayer spin-exchange parameters J1, J2 and J3 between Mn sites with different colors. (b-c) Side 

and oblique view of an AA-stacked bilayer MnSe2. Colored dashed arrows denote interlayer spin-

exchange parameters J4, J5 and J6 between Mn sites. (d) Definition of polar angle 𝜃 and azimuth 

angle φ in the spherical coordinate. (e-f) Angular dependence of the calculated MAE of monolayer(e) 

and bilayer(f) MnSe2. The total energy of the Mn moment oriented to the direction of easy axis was 

chosen as the zero-energy reference and marked by orange boxes. 

 

Table 1. Lattice constant, magnetic ground state, exchange parameters and easy axis of MnSe2. 

Magnetic Anisotropy Energy (MAE) is defined as the energy difference required to reorient the 

magnetic moment of MnSe2 from its easy axis to hard axis. 

Layer 

Number 
Lattice 

Constant 

(Å) 

Mag. Config. 
Exchange Parameters 

(meV/Mn) 

Easy Axis 

Intralayer Interlayer J1 J2 J3 J4 J5 J6 𝜃(°) 𝜙 (°) MAE(meV/Mn) 

1L 3.61 FM - 7.5 1.2 0.2 - - - 33 88 0.2 

2L 3.63 FM FM 8.7 0.3 1.0 3.6 3.5 0.7 0 - 0.9 

 

By considering the C3v spatial symmetries inherent in MnSe2, a range of polar 

angle θ∈[0, 90º] and azimuth angle φ∈[0, 120º] (Fig. 1d) covers all possible magnetic 

easy-axis orientations. Figure 1e plots the magnetic anisotropic energies of the MnSe2 

monolayer where its magnetization direction rotates as a function of θ and φ, revealing 



an easy axis orientation along θ=33 ºand φ=88º. When an additional layer is stacked 

onto the monolayer to form the bilayer, the easy axis rotates to align with the z-axis 

(θ=0, Fig. 1f). Such a substantial rotation of the magnetic easy-axis direction by adding 

a single layer has not yet been reported and warrants further exploration.  

 

Fig. 2 (a) Side view of interlayer differential charge density (DCD) of bilayer MnSe2 with an 

isosurface value of 0.0005 e/Bohr3. Light yellow and blue isosurface indicates charge accumulation 

and reduction after layer stacking. Non-equivalent Se atoms in bilayer MnSe2 are colored in orange 

and pink.  (b) Atomically decomposed MAE contributions of monolayer(1L) and bilayer(2L) MnSe2.  

(c-d) Orbital-resolved MAE contributions of Se in monolayer(c) and Se-interface in bilayer(d). 

 

Figure 2a shows the interlayer differential charge density of the bilayer MnSe2. 

Apparent charge reduction (blue contours) near the interlayer Se atoms (pink balls) and 

charge accumulation mainly in the vdW gap region (light yellow contours) suggest 

strong interlayer electronic hybridization. Meanwhile, charge transfer on Mn and 



surface Se (orange balls) is less significant, indicating weaker effect of interlayer 

coupling on them and thus different contribution to the easy-axis rotation. To 

understand the role of interlayer coupling in rotating easy axis, we decomposed the 

MAE contribution into individual atoms (Fig. 2b). Here, positive and negative MAE 

contributions correspond to magnetic easy-axis directions tending towards the z-axis 

and in-plane directions, respectively. In the MnSe2 monolayer, all Se atoms are 

categorized as Se-surface atoms and contributes a positive value (0.12 meV/atom) to 

the MAE, while Mn atoms donate a threefold smaller negative contribution (-0.04 

meV/atom) to the MAE, favoring an in-plane magnetic easy-axis. The competition 

between these contributions results in the tilted orientation of the magnetic easy-axis in 

the monolayer. After the stacking of an additional MnSe2 layer, the MAE contributions 

for Mn and surface Se atoms change sign but have smaller absolute values (no more 

than 0.05 meV/atom). However, the Se-interface atoms exhibit a dominant positive 

MAE contribution (0.59 meV/atom), decisively outweighing the negative contribution 

from Se-surface (-0.02 meV/atom), leading to the alignment of the magnetic easy axis 

with the z-axis in the bilayer.  

Therefore, we further focused on the origin of the different Se contributions to 

MAE across different numbers of layers and decomposed the MAE into Se px, py, and 

pz orbitals for the mono- (Fig. 2c) and bi-layer (Fig. 2d), namely: 

⟨𝑝𝑖|𝐻𝑆𝑂𝐶(𝑥)|𝑝𝑗⟩ − ⟨𝑝𝑖|𝐻𝑆𝑂𝐶(𝑧)|𝑝𝑗⟩ 

where HSOC(x) is the spin-orbit coupling Hamiltonian when the magnetic moment 

is oriented along the x-direction, and the pi, pj represents px, py or pz. In the monolayer, 

all Se orbital contributions are relatively small (~±0.1 meV/atom) and comparable with 

each other, resulting in the moderate total contribution of 0.12 meV/atom. As for the 

bilayer, the three p orbitals of the Se-surface atoms contribute minimally and 

comparably to those in the monolayer (Supplement Material Fig. S4b). However, the 

contribution from the pz-py component of Se-interface atoms (~0.9 meV/atom) is 

significantly prominent and at least an order of magnitude larger than other components 

(less than 0.1 meV/atom). This result indicates that the interaction between the pz and 



py orbitals of the Se-interface atoms is crucial in orienting the magnetic easy-axis 

toward the normal direction in the MnSe2 bilayer.  

 

 

Fig. 3 Electronic structures of MnSe2. (a-b) Spin-down band structures of monolayer(a) and 

bilayer(b) MnSe2. The pz and py orbitals of (interfacial) Se are mapped with different colors in bands 

near the Fermi level: orange, pz; light blue, py. The Fermi level is marked using grey dot dash line. 

(c) Projected density of states for the py and pz orbitals of (interfacial) Se at the Gamma point in 

monolayer (upper panel) and bilayer (lower panel). (d) Visualized wave-function norms for the 

labeled states in (a-c). The isosurface value is 0.0012 e/Bohr3. (e,f) Surface states of monolayer(e) 

and bilayer(f) MnSe2. 

 

To understand the origin of the pronounced pz-py component, we mapped the 

orbitals of (interfacial) Se on the band structures of both monolayer and bilayer. The 

orbital decomposition and layer number dependence of electronic band structures show 

qualitatively consistency with different spin components. For clarity, we example the 

spin-down electronic structure here (Fig.3a-b) and provide the details of spin-up results 

in the Supplementary Material Fig. S5. According to second-order perturbation 

theory [54], the states with different occupations near the Fermi level contribute most 

significantly to the MAE, primarily composed of pz and py orbitals in both mono- and 

bilayer MnSe2. For a clear comparison, we plot the projected density of states (PDOS) 



of Se p states at G point in Fig.3c. In the monolayer, the pz states are distant from the 

Fermi level, resulting in an energy difference of approximately 0.85eV between the pz 

and py states with different occupations (Fig. 3a and upper panel of Fig. 3c). In the 

bilayer, the interfacial Se p orbitals overlap and hybridize into bonding (pz-b-2d) and 

antibonding (pz-a-2d) states to release Pauli/Coulomb repulsions (Fig. 3d), significantly 

splitting the pz bands. This reduces the energy differences between pz and py states 

around Fermi level with different occupation to 0.1eV at G point (Fig. 3b and lower 

panel of Fig. 3c), thereby enhancing pz-py interactions and increasing MAE contribution 

favoring the z axis (Fig. 2d). We also explored the possibility that the differences in 

Kitaev interactions in the mono- and bi-layer MnSe2 might modulate the magnetic easy-

axis direction. However, as listed in Supplemental Material Table S1, the non-collinear 

spin exchange and Kitaev interactions are at least two orders of magnitude weaker than 

that of the isotropic spin exchange coupling J1 and remain nearly unchanged with 

increasing the number of layers, indicating their negligible influence on the magnetic 

easy-axis direction in MnSe2 mono- and few-layers.  

Furthermore, we found that monolayer and bilayer MnSe2 are topologically 

nontrivial semimetals. We term the three energy bands crossing the Fermi level as band 

N-1, band N and band N+1, respectively (Supplemental Material Fig. S7). Forming 

interlayer bonding states directly modifies band structures near the Fermi level, while 

layer-number-induced easy-axis rotation changes the magnetic group from P-1.1 in the 

monolayer to P-3m'1 in the bilayer, collectively leading to layer-number-tunable Chern 

numbers and surface states. (Table 2 and Fig. 3(e-f)). Both magnetic anisotropy and 

topological properties are governed by the bands around the Fermi level, suggesting 

possible magnetic field manipulated topological features. In addition to layer stacking, 

applying a vertical magnetic field can also reorient the magnetic moments in the 

monolayer from the easy axis to the z-axis, thereby altering the band structures and 

magnetic group (from P-1.1 to P-3m'1). This shift results in variations of the topological 

Chern numbers of the three non-trivial bands(Supplemental Material Fig. S7 and Table 

2), similar to what is observed in CeX (X=Cl, Br, I)  [55].  

 



Table 2 Chern numbers of MnSe2 in 1L and 2L with different numbers of occupied bands and 

directions of magnetic moments.   

Layer Number 1L 2L 

Direction Easy Axis z Easy Axis(z) 

 

Band No. 

N+1 -4 -2 2 

N 0 0 0 

N-1 0 -4 -5 

 

Fig. 4 Modulation of the magnetic anisotropy of MnSe2. (a) Structure model of AB stacked bilayer. 

(b) Atomically decomposed MAE of AA and AB stacking. (c-d) Atomically decomposed MAE and 

the energy difference required to reorient the magnetic moments from the easy axis (Eea) to the x 

axis (Ex) as a function of doping concentrations(c) and biaxial strain(d) in monolayer MnSe2. The 

pink and gray colored backgrounds represent the tilted direction and z-axis of the easy axis, 

respectively.    

 

In addition to the magnetic field, stacking orders, charge doping and external strain 

can also effectively change the electron band structure around the Fermi level and thus 

the easy axis direction. Beside the most stable AA stacking, we considered five 

additional stacking orders and demonstrated that the interlayer stacking can effectively 



control the magnetic ground state and easy-axis direction (Supplemental Material Fig. 

S3 and Table S5)  [28]. The AB stacking configuration (Fig. 4(a)) shares the same FM 

groundstate with AA stacking but exhibits a different in-plane easy-axis. To understand 

how stacking order rotates the orientation of the easy axis, we plotted the contributions 

of different atoms to MAE of both AA and AB stacked bilayer (Fig. 4(b)). In the 

transition from AA to AB stacking, there is no qualitative change in the favored easy-

axis direction of different atoms, but the MAE contribution of the Se-interface 

decreased significantly by fivefold. As a result, it eventually falls to disadvantage in the 

competition with Se-surface and Mn atoms, resulting in the in-plane easy axis in the 

AB stacking. The above changes also come from the weaker interaction between pz and 

py states, detailed discussion can be seen in Supplementary Figure S8.  

Strain and charge doping are common external field methods to manipulate 

magnetism, and are also commonly introduced when considering substrates. By varying 

doping concentrations (Fig. 4c) and applying of biaxial strain (Fig. 4d), the orientations 

of the easy axis of monolayer MnSe2 can be manipulated between tilted directions and 

z-axis. When the doping concentration is adjusted to either -0.38 or 0.10 e/Se, or biaxial 

strain reaches -1% or 2%, the easy axis undergoes a rotation towards the z-axis, 

showcasing the adjustability of the easy axis in monolayer MnSe2. Atomically 

decomposed MAE in Fig. 4c,d reveals that the MAE contribution of Se exhibits 

significant variability, whereas Mn consistently makes relatively minor contributions, 

corroborating earlier findings. The consistency in the trend of Ex - Eea and the 

contribution from Se underscores the pivotal role of the non-metallic atoms (Se) in 

determining the magnetic anisotropy of MnSe2 and further verify the manipulation 

mechanism of the easy axis discussed above. Finally, we substituted Se with Te in the 

monolayer and observed a large out-of-plane magnetic anisotropy with MAE of 1.6 

meV/Mn in 1T-MnTe2, where the contribution from Te (0.86 meV/atom favoring the z-

axis) is much larger than that from Mn (-0.19 meV/atom). The difference in the easy 

axis and MAE between MnSe2 and MnTe2 once again demonstrates the substantial 

influence of nonmetallic atoms on magnetic anisotropy in MnX2 systems. 

 



Conclusions. In summary, we found that the MnSe2 is ferromagnetic topological 

semimetal, with its easy-axis direction and topological properties highly dependent on 

the electronic band structure near the Fermi level. By analyzing atomically and orbitally 

decomposed MAE and electronic structures, we revealed the mechanism by which 

interlayer coupling changes the direction of easy axis from 33 º off the z-axis in the 

monolayer to the z-axis in the bilayer. In MnSe2, the electronic states near the Fermi 

level are mainly contributed by non-metallic Se atoms, resulting in the significant 

influence of interlayer coupling between interfacial Se atoms on the electronic band 

structure. From the monolayer to bilayer, pz orbitals of Se are split towards the Fermi 

level due to interlayer coupling, leading to pronounced pz-py interaction and MAE 

contribution favoring z-axis. Furthermore, based on the modification of Se electronic 

states, we demonstrated that the orientation of the magnetic easy-axis can also be 

manipulated by stacking orders, doping, and biaxial strain. Our results advance the 

understanding of the mechanism behind the rotation of the orientation of the easy axis 

in 2D magnets and highlight the importance of the mostly overlooked nonmetallic 

atoms in magnetic anisotropy. 
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Supplementary Note1 

To investigate the effects of non-collinear spin exchange and Kitaev interactions on 

magnetic anisotropy, we considered an anisotropic Hamiltonian containing both 

anisotropic spin exchange coupling (SEC) and single ion anisotropy(SIA) terms:  

𝐻 = 𝐻𝐸𝑋 + 𝐻𝑆𝐼𝐴 = −
1

2
[∑𝑺𝑖 ∙ 𝑱𝑖𝑗 ∙ 𝑺𝑗 +

𝑖≠𝑗

2∑𝑺𝑖 ∙ 𝑨

𝑖

∙ 𝑺𝑖] 

where 𝑱𝑖𝑗 is the anisotropic Heisenberg exchange parameter matrix and 𝑨 is a vector 

representing the single-ion anisotropy. We assume that 𝑱𝑖𝑗  is symmetric and 𝑨𝑦 =0. 

Following the methodology outlined in our previous research [1] [2], we derived the 

parameters and transformed the 𝑱𝑖𝑗  matrix into the coordinate system{αβγ}, 

corresponding to the Mn-Se bond directions. The resulting 𝑱𝑖𝑗 matrix is: 

𝑱𝑖𝑗 = (
8.73 −0.02 0.04

−0.02 8.76 0.05
0.04 0.05 8.66

) 

for the monolayer, and: 

𝑱𝑖𝑗 = (
11.47 0.02 0.08
0.02 11.51 0.02
0.08 0.02 11.47

) 

for the bilayer. 

Because the nondiagonal elements are negligible in 𝑱𝑖𝑗, we can express the 𝐻𝐸𝑋 as: 

𝑯𝑬𝑿 = −
𝟏

𝟐
∑(𝜆𝛼𝑆𝑖

𝛼𝑺𝒋
𝜶 + 𝜆𝛽𝑆𝑖

𝛽
𝑺𝒋

𝜷
+ 𝜆𝛾𝑆𝑖

𝛾
𝑺𝒋

𝜸
) = −

1

2
∑(𝐽𝑺𝑖 ∙ 𝑆𝑗 + 𝐾𝑆𝑖

𝛾
𝑆𝑗

𝛾
)

𝑖≠𝑗𝒊≠𝒋

 

where J = (λα + λβ)/2 represent the isotropic nearest-neighbor exchange coupling 

in the αβ-plane and K = λα − J is the Kitaev anisotropic nearest--neighbor exchange 

coupling parameter. Using these formulations, we can calculate the values of J and K 

for both monolayer and bilayer, as listed in Table S1. 

 



Table S1 J and K in monolayer and bilayer MnSe2. 

Layer Number J (meV/Mn) K (meV/Mn) 

1L 8.75 0.11 

2L 11.47 0.04 

 

  



Table S2 Lattice Constant, magnetic moment per Mn atom and layer thickness d1 of 

monolayer and bilayer MnSe2 calculated with different exchange-correlation functionals. To 

ensure the robustness and applicability of our methods, we evaluated the equilibrium lattice 

constants of the FM configuration using different functionals, e.g., with or without various forms of 

vdW correction, and with or without UJ correction. We choose the PBE-D3+UJ for structure 

optimization  and electronic structures. 

 

Functional Lattice Constant(Å) Mag.Mn(μB) d1(Å) 

PBE-w/o UJ 3.48 2.89 2.87 

PBE+UJ 3.62 3.71 2.86 

PBE-D2+UJ 3.57 3.67 2.90 

PBE-D3+UJ 3.61 3.71 2.88 

optB86b-vdw+UJ 3.56 3.60 2.88 

optB88-vdw+UJ 3.59 3.62 2.88 

SCAN- rVV10+UJ 3.63 4.00 2.83 

 

Table S3  Lattice Constant, magnetic moment per Mn, layer thickness d1 and interlayer spacing d2 

of bilayer MnSe2 with various exchange-correlation functionals 

Functional Lattice Constant(Å) Mag.Mn(μB) d1(Å) d2(Å) 

PBE-w/o UJ 3.48 2.89 2.75 3.26 

PBE+UJ 3.65 3.78 2.85 3.00 

PBE-D2+UJ 3.59 3.74 2.91 2.91 

PBE-D3+UJ 3.63 3.78 2.86 2.71 

optB86b-vdw+UJ 3.59 3.70 2.88 2.70 

optB88-vdw+UJ 3.62 3.72 2.88 2.81 

SCAN- rVV10+UJ 3.67 4.07 2.80 2.78 

 

  



 

 

Fig. S1 (a) Energy differences between FM and AFM configurations (ΔE=EAFM-EFM) (b) lattice 

constant a, and (c) thickness d1 and interlayer spacing d2with respect to different U values. Here, 

we choose the AFM configuration with lowest energy among all AFM orders in mono- or bilayer 

MnSe2 as a representative. By using the linear response method calculated U value of 4 eV, our 

calculations indicate the magnetic ground states and geometric structures converges and should be 

robust in our calculations.  

 

  



 

 

Fig. S2 Magnetic ground states and spin exchange parameters of mono-/bi-layer MnSe2. (a-d) 

Top views of schematics showing intralayer magnetic orders, including FM (a), AABB (b), ABAB 

(c) and ZZ (d) in monolayer/bilayer MnSe2, respectively. (e-l) Schematics of eight magnetic orders 

used for finding the magnetic groundstate and deriving spin-exchange parameters of bilayer MnSe2. 

Purple and green balls represent two anti-parallel orientations of magnetic moments on Mn atoms, 

respectively. Spin-exchange coupling parameters were extracted based on Heisenberg model as 

follow: 

𝐻 = 𝐻0 − 𝐽1 ∑ 𝑆𝑖
⃗⃗⃗  

〈𝑖≠𝑗〉

· 𝑆𝑗⃗⃗⃗  − 𝐽2 ∑ 𝑆𝑖
⃗⃗⃗  

〈〈𝑖≠𝑗〉〉

· 𝑆𝑗⃗⃗⃗  − 𝐽3 ∑ 𝑆𝑖
⃗⃗⃗  

〈〈〈𝑖≠𝑗〉〉〉

· 𝑆𝑗⃗⃗⃗   

−𝐽4 ∑𝑆𝑖
⃗⃗⃗  

〈𝑖,𝑗〉

· 𝑆𝑗⃗⃗⃗  − 𝐽5 ∑ 𝑆𝑖
⃗⃗⃗  

〈〈𝑖,𝑗〉〉

· 𝑆𝑗⃗⃗⃗  − 𝐽6 ∑ 𝑆𝑖
⃗⃗⃗  

〈〈〈𝑖,𝑗〉〉〉

· 𝑆𝑗⃗⃗⃗  (1) 

Here, J1~J3 and J4~J6 represent the three nearest intra- and interlayer couplings, respectively, as 

illustrated in Fig. 1(a)~(c). They were extracted by calculating the total energy differences of 

magnetic configurations presented above. 

Magnetic energies of these magnetic configurations in each magnetic unit cell read as follow: 

𝐸𝑎 =
𝑁2

4
×

1

2
(6𝐽1 + 6𝐽2 + 6𝐽3) 

𝐸𝑏 =
𝑁2

4
×

1

2
(2𝐽1 − 2𝐽2 − 2𝐽3) 

𝐸𝑐 =
𝑁2

4
×

1

2
(−2𝐽1 − 2𝐽2 + 6𝐽3) 

𝐸𝑑 =
𝑁2

4
×

1

2
(−2𝐽1 + 2𝐽2 − 2𝐽3) 

𝐸𝑒 =
𝑁2

4
×

1

2
(6𝐽1 + 6𝐽2 + 6𝐽3 +

1

2
𝐽4 + 3𝐽5 + 3𝐽6) 



𝐸𝑓 =
𝑁2

4
×

1

2
(6𝐽1 + 6𝐽2 + 6𝐽3 −

1

2
𝐽4 − 3𝐽5 − 3𝐽6) 

𝐸𝑔 =
𝑁2

4
×

1

2
(2𝐽1 − 2𝐽2 − 2𝐽3 +

1

2
𝐽4 + 𝐽5 − 𝐽6) 

𝐸ℎ =
𝑁2

4
×

1

2
(2𝐽1 − 2𝐽2 − 2𝐽3 −

1

2
𝐽4 − 𝐽5 + 𝐽6) 

𝐸𝑖 =
𝑁2

4
×

1

2
(−2𝐽1 − 2𝐽2 + 6𝐽3 +

1

2
𝐽4 − 𝐽5 − 𝐽6) 

𝐸𝑗 =
𝑁2

4
×

1

2
(−2𝐽1 − 2𝐽2 + 6𝐽3 −

1

2
𝐽4 + 𝐽5 + 𝐽6) 

𝐸𝑘 =
𝑁2

4
×

1

2
(−2𝐽1 + 2𝐽2 − 2𝐽3 +

1

2
𝐽4 − 𝐽5 + 𝐽6) 

𝐸𝑙 =
𝑁2

4
×

1

2
(−2𝐽1 + 2𝐽2 − 2𝐽3 +

1

2
𝐽4 + 𝐽5 − 3𝐽6) 

where N represents the unpaired spins on each Mn atom, which is treated as 3 in our 

exchange parameter calculations 

 

Table S4 Relative total energies of mono-/bi-layer MnSe2 in different magnetic configurations 

shown in Fig. S2. The term “Mag. Config.” is the abbreviation of magnetic configuration. We set 

the total energy of the FM(-FM) configuration as the reference zero. 

 

Layer Number Mag. Config. ΔE (meV/Mn) 

Monolayer 

FM 0.0  

AABB 42.0  

ABAB 77.7 

ZZ 70.3  

bilayer 

FM-FM 0.0  

FM-AFM    31.4  

AABB-FM  62.1  

AABB-AFM  72.4  

ABAB-FM  100.4  

ABAB-AFM  94.9 

ZZ-FM    102.4  

ZZ-AFM    108.1  

 



Fig S3 Structure models of bilayer MnSe2 in AB(a), AC(b), AAR(c) and ABR(d) stacking orders. 

We consider several common stacking orders in TMD materials [3]. As shown in Table S5, We 

found AA stracking is most energetically favored among all considered stacking orders with an 

energy difference of at least 4 meV/Mn. Stacking orders can effectively mudulated the interlayer 

magneitc groud states (AC and AAR stacking) and easy axis direction (AB stacking). 

 

Table S5. Magnetic properties and relative energy of bilayer MnSe2 of stacking orders.  

Stacking Magnetic 

Ground State  

E (meV/Mn) Easy Axis MAE 

(meV/Mn) 

AA FM-FM 0 Out of Plane 0.9  

AB FM-FM 18 In Plane 0.1  

AC FM-AFM 11 Out of Plane 4.6  

AAR FM-AFM 20 Out of Plane 0.9 

ABR(same as ACR) FM-FM 4 Out of Plane 0.9 

 

  



 

Fig. S4 Orbital-resolved MAE contribution of Se in monolayer(a) and Se-surface in bilayer(b). 

 

 

 

 

 

 

 

  



 

 

Fig. S5 Band structures of monolayer(a-d) and bilayer(e-h) MnSe2. The (interfacial) Se pz and py 

orbitals are mapped with different colors: orange, pz; blue, py.  

The states and their contributions to MAE can be related through the second-order perturbation 

theory [4]:  

𝑀𝐴𝐸 = ∑
|⟨𝑢|𝐻𝑆𝑂𝐶(𝑥)|𝑜⟩|

2
− |⟨𝑢|𝐻𝑆𝑂𝐶(𝑧)|𝑜⟩|2

𝐸𝑜 − 𝐸𝑢
𝑢,𝑜

 

where o and u correspond to occupied and unoccupied states, respectively. The energy differences 

between occupied and unoccupied states (Eo-Eu) are in the denominator, indicating that states near 

the Fermi level have a greater influence on the MAE compared to those further away. 

  



 

Fig. S6 The difference in contribution to MAE between the bilayer and monolayer at different K 

points, i.e. MAE2L(k)- MAE1L(k). Considerable values occur at k points around G, indicating that 

the variation in the contributions to MAE primarily arises from states near G. 

  



 

Fig. S7 (a-b) Band structures of monolayer(a,b) and (c)bilayer MnSe2 with SOC, while the magnetic 

moment is along the easy axis of the monolayer in (a) and along the z-axis in (b,c). The symbols N-

1, N, N+1 denote bands with respective colors. 

 

 

  



Table S6 Lattice constants, easy axis direction and magnetic anisotropic energies of monolayer 

MnSe2 upon electron/hole doping. FM remains the ground state at different doping concentrations. 

Electron doping(e/Se) Lattice Constant (Å) 
Easy Axis 

𝜃(°) 𝜙 (°) Ex -Eea (meV/Mn) 

-0.1 3.58 0.00 - 0.36 

-0.05 3.60 0.00 - 0.01 

-0.0375 3.61 0.00 - 0.08 

-0.025 3.61 39.8 28.4 0.14 

0 3.61 33.6 88.5 0.23 

0.05 3.61 51.9 100.3 0.10 

0.075 3.61 47.2 105.0 0.14 

0.1 3.63 0.00 - 0.77 

 

Table S7 Lattice constants, easy axis directions and magnetic anisotropic energies of monolayer 

MnSe2 under biaxial strain. FM remains the ground state under strain. 

Strain (%) Lattice Constant (Å) 
Easy Axis 

𝜃(°) 𝜙 (°) Ex -Eea (meV/Mn) 

-3 3.50  0.0  - 0.40  

-2 3.54  0.0  - 0.38  

-1 3.57  0.0  - 0.33  

0 3.61  33.6  88.5  0.23  

1 3.65  49.1  98.0  0.09  

2 3.68  0.0  - 0.90  

3 3.72  45.0  88.0  0.13  

 

  



 

Fig. S8 Orbital-resolved MAE contribution of Se in AA(a-b) and AB(c-d) stacking. (e-h) Band 

structures of AA(e-f) and AB(g-h) stacked bilayer MnSe2. The selected pz and all py orbitals of 

(interfacial) Se are mapped with different colors: orange, pz; light blue, py. The Fermi level is marked 

using grey dot dash line. From the orbital-resolved MAE in (a-d), we found that the most notable 

difference between AA and AB stacking lies in the weakened interaction between pz and py states in 

AB stacking. This change arises from the shift of pz states in AB stacked bilayer. 
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