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Abstract 

Two-dimensional van der Waals (vdW) heterostructures provide a versatile platform for 

engineering electronic properties through interfacial charge redistribution and orbital 

hybridization. In this work, a Se-rich-designated In₂Se₄/Cr₂SeO vdW heterostructure is 

proposed and investigated using density functional theory. The In₂Se₄ layer serves as an 

electronically active interface in which the enhanced selenium sublattice provides Se-p states 

capable of interacting with the Cr-3d-derived states of an altermagnetic Cr₂SeO. A 1×1×1 

In₂Se₄ monolayer and a strained (tensile in x and compressive in y) 1×2×1 Cr₂SeO cell were 

used to construct a supercell. The structural stability of the heterostructure is first evaluated 

through relaxation. The electronic properties are then characterized using spin-resolved band 

structures, projected density of states, orbital-resolved electronic states, and spatial charge 

density. The calculations reveal that interlayer coupling substantially modifies the electronic 

states near the Fermi level while retaining the characteristic spin-dependent structure of the 

Cr₂SeO layer. Overall, the heterostructure exhibits momentum-dependent 

semi-metallic/semiconducting behavior with strongly spin-selective local gaps. Se 

displacement in the In₂Se₄ monolayer acts as a symmetry and electrostatic control parameter 

that modifies the spin channels differently at different k-points. The resulting 
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momentum-selective modification of Cr-derived states demonstrates the potential of Se-rich 

chalcogenide interfaces for tailoring the electronic structure of two-dimensional altermagnets. 

These findings suggest this heterostructure as a promising platform for investigating 

interfacial spin-dependent phenomena, provide insight into low-dimensional magnetic 

materials, and provide a theoretical foundation for nanoscale spintronic applications. 

Keywords: Altermagnetism, Cr₂SeO, In₂Se₄, Spin-polarized electronic band structure, 

Density functional theory, Orbital hybridization. 

 

Graphical TOC. Density functional theory analysis reveals that a Se-rich In₂Se₄ interface 
substantially modifies the spin-dependent electronic structure of altermagnetic Cr₂SeO 
through interfacial charge redistribution and Se-p/Cr-d hybridization. The predicted 

momentum-selective modulation suggests In₂Se₄/Cr₂SeO as a promising platform for 
engineering electronic properties in two-dimensional magnetic heterostructures. 
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INTRODUCTION 

Altermagnetism has recently emerged as a distinct magnetic phase that combines properties 

of both ferromagnets and antiferromagnets. Like conventional antiferromagnets, altermagnets 

feature a fully compensated magnetic order with zero net macroscopic magnetization. 

However, unlike conventional ferromagnets, altermagnets can exhibit substantial spin 

polarization without a macroscopic net magnetization, while their spin degeneracy is lifted by 

the system's crystal and magnetic symmetries.1-3 The strong dependence of altermagnetic 

electronic states on crystal symmetry, strain, and interfacial interactions makes 

two-dimensional altermagnets particularly attractive for Altermagnetic Tunnel Junctions & 

Memory,4, 5 Spin Field-Effect Transistors,6, 7 Spin-Transfer Torque & Logic Devices,8, 9 and 

even Device-dedicated Robotic Vision.10-14 Among recently proposed two-dimensional 

altermagnets, Janus Cr₂SeO is especially promising because it combines altermagnetism, 

ferroic properties, and strain-dependent electronic behavior. First-principles calculations have 

predicted substantial spin splitting of approximately 0.38 eV at the X and Y high-symmetry 

points, together with ferroelectricity, piezo-valley effects, and tunable magnetic properties 

under strain.15 These characteristics suggest that modifying the Cr₂SeO chemical and 

electrostatic environment could provide an effective route for controlling its 

momentum-dependent spin-polarized electronic states.  

Van der Waals (vdW) heterostructures provide a convenient platform for such interface 

engineering because atomically thin layers with distinct electronic properties can be combined 

without requiring conventional covalent bonding. Interfacial charge redistribution, 

electrostatic potential differences, and orbital hybridization can substantially alter the 

electronic structure of the constituent layers. Hybridization between chalcogen p states and 

transition-metal d states provides a direct mechanism for modifying band dispersion and 

spin-dependent states at the interface. Indium selenides are particularly interesting in this 

context. Monolayer α-In₂Se₃ has been predicted and experimentally investigated as a 

two-dimensional ferroelectric semiconductor with switchable out-of-plane polarization.16, 17 
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Its polarization is strongly coupled to the in-plane structural configuration, providing an 

additional structural degree of freedom for controlling electronic properties.17 These 

characteristics have motivated extensive investigation of In₂Se₃-based vdW heterostructures 

and their interfacial electronic behavior.  

The relationship between ferroic structural degrees of freedom and altermagnetism has 

recently attracted considerable attention. Gu et al. demonstrated theoretically that reversal of 

ferroelectric polarization can be coupled to reversal of altermagnetic spin-splitting, 

establishing the concept of ferroelectric-switchable altermagnetism.18 More recent work has 

expanded this concept to other ferroic degrees of freedom, including ferroelasticity, 

demonstrating the broader potential of structural control of altermagnetic states.19 These 

developments motivate the exploration of new chemically engineered interfaces capable of 

modifying the electronic structure of two-dimensional altermagnets. 

This work features a density functional theory (DFT) 20, 21 study of a vdW heterostructure 

comprising a 1×1×1 In₂Se₄ monolayer and a 1×2×1 Cr₂SeO cell, which were used to construct 

a supercell to investigate the interfacial modification of the structural, electronic, and 

spin-dependent properties of Cr₂SeO. The two constituent layers were separated by a 3.5 Å 

interlayer distance, representing the vdW spacing, and 20 Å of vacuum was introduced along 

both the positive and negative z (c) directions to suppress interactions between periodically 

repeated heterostructures. The In₂Se₄ monolayer may be used to achieve in-plane lattice 

matching between the two components. In this manner, the Cr₂SeO 1×2×1 cell was subjected 

to 12% tensile strain along the x (a) direction and 3.2% compressive strain in the y (b) 

direction. First, the stability of the combined In₂Se₄/Cr₂SeO interface was examined following 

structural relaxation. The atomic positions and interlayer geometry were subsequently 

optimized to obtain the relaxed heterostructure configuration.  

To investigate the sensitivity of the interfacial electronic structure to out-of-plane structural 

perturbations, spin-resolved band-structure calculations were performed for three structural 

displacement configurations in which the relevant Se layer was displaced along the z direction 
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by 0 Å, +0.5 Å (positive, marked P+), and -0.5 Å (negative, marked P-) relative to the initial 

structure (reference, marked P0). These configurations were introduced as controlled 

structural perturbations to examine the resulting changes in the local electrostatic environment 

and interfacial orbital interactions. Comparison of the three configurations was used to 

evaluate displacement-dependent changes in the band dispersion, band-edge positions, 

spin-dependent electronic states, and local direct gap characteristics. This analysis provides 

insight into how out-of-plane Se-layer displacement can modulate the electronic structure of 

the In₂Se₄/Cr₂SeO heterostructure and the momentum-dependent spin states associated with 

the Cr₂SeO layer. 

RESULTS AND DISCUSSION 

Architectural Concept 

DFT calculations in this work were performed on three different supercell structures marked 

P0, P+, and P-. Each structure constitutes a supercell having one In₂Se₄ unit cell and two 

strained Cr₂SeO cells stacked in the y (b) direction. In₂Se₄ is considered here as a Se-rich 

interfacial structural concept motivated by the increased Se sublattice available for interfacial 

interaction with Cr-derived states. The present calculations examine whether such a Se-rich 

interface can provide a computationally viable route for modifying the electronic and 

spin-dependent properties of Cr₂SeO. The construction of each building block is shown in 

Fig. 1. A detailed overview of the entire structure is provided in the next section. The 

electronic properties were calculated for each case and compared. These structures differ by a 

displacement of the Se in the In₂Se₄ cell along the z (c) axis and were used to evaluate the 

sensitivity of the interfacial electronic structure to out-of-plane structural perturbations. For 

P0, the displacement was zero, while for P+ and P-, the displacement was +0.5 Å and -0.5 Å, 

respectively. 

Ball-and-stick diagrams of an orthogonal In₂Se₄ cell (using an orthorhombic transformation 

matrix) are shown in Fig. 1a, Fig. 1b, and Fig. 1c. The figures display all the equivalent 

atoms from different perspectives. The cell’s dimensions in Å are roughly 4.16×7.20×5.86. A 
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ball-and-stick diagram of two stacked Orthogonal Cr₂SeO cells is shown in Fig. 1d, Fig. 1e, 

and Fig. 1f. The dimensions in Å of a single Orthogonal Cr₂SeO are 3.72×3.72×6.0. Due to 

lattice mismatch, a single (1×1×1) In₂Se₄ with two (1×2×1) Cr₂SeO therefore generates a 

3.2% compressive strain (7.20/7.44) in the b-direction, and a ~12% (4.16/3.72) tensile strain 

in the a-direction.  

 

Fig. 1. Ball-and-stick diagram of the building blocks used in the simulated structures, with all 

equivalent atoms displayed. (a) A 3D view of a single Orthogonal In₂Se₄. (b) In₂Se₄ from the 

a-c plane perspective. (c) In₂Se₄ from the b-c plane perspective. (d) A 3D view of two stacked 

Orthogonal Cr₂SeO cells. (e) Cr₂SeO from the a-b plane perspective. (f) Cr₂SeO from the a-c 

plane perspective.  

Since the two constituent monolayers possess different equilibrium lattice dimensions, 

direct construction of a low-periodicity heterostructure without lattice adjustment would result 

in significant structural mismatch. The selected strain therefore represents a deliberate 

interface-engineering condition rather than an arbitrary perturbation, enabling a periodic 

In₂Se₄/Cr₂SeO interface to be modeled within a computationally tractable supercell. More 

importantly, the applied tensile strain is also physically relevant because strain can 

substantially modify the orbital hybridization, band dispersion, and momentum-dependent 



  

Page 7 of 26 

spin splitting of Cr₂SeO. The corresponding 3.2% compressive strain along the y direction 

and 12% tensile along the x direction provide the complementary lattice adjustment required 

by the heterostructure geometry. The resulting anisotropic strain state therefore allows the 

effects of interfacial lattice matching and strain-induced electronic modulation to be 

examined.  

Structural Relaxation 

DFT tools are used to gain a deeper understanding of atomic-level electronic properties such 

as band structure and quantum transport. The physical timescale of DFT is computationally 

limited to electronic relaxations on the femtosecond scale. The following literature offers 

detailed investigations into extended temporal scales.22, 23 The current work aims to provide 

further insight into atomic-level electronic properties analysis. This section covers structural 

relaxation of the supercell model. In this study, a vdW heterostructure comprising a 1×1×1 

In₂Se₄ monolayer and a 1×2×1 Cr₂SeO cell was used to construct a supercell to investigate the 

electronic properties. The two constituent layers were separated by a 3.5 Å interlayer distance, 

representing the vdW spacing, and 20 Å of vacuum was introduced along both the positive 

and negative c-directions. The total length of the supercell was thus ~52 Å.   

Once an initial placement was made, the whole cell underwent a structural relaxation. The 

relaxation process is based on a time-domain simulation that executes molecular dynamics 

algorithms. The process is completed at an equilibrium point of the microcanonical ensemble 

once the calculated energy drops below a predetermined value. The classical equation of 

motion for a system with N particles is (indexed as i=1, 2..N): 𝑚௜ ௗ2௥⃗೔ௗ௧2 = ప݂⃗⃗⃗ (1) 

With m the mass, f the force, and r the location vector. If the particles are interacting 

through a potential v, the Hamiltonian can be written with the momentum p as: ⃗݌ప̇ = −∇௥⃗೔ݒ = ݂⃗௜ (2) 
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The time evolution of this system is governed by fundamental conservation laws. With the 

Hamiltonian H, we can write: 

ௗுௗ௧ = డுడ௧ + డுడ௣⃗ డ௣⃗డ௧ + డுడ௤⃗⃗ డ௤⃗⃗డ௧ = 0  (3)  

Calculating the time-dependent trajectories involves either solving a set of 3N second-order 

differential equations or a set of 6N first-order equations. The system may be considered 

relaxed once the total energy is minimized. The heterostructure was fully relaxed until the 

maximum residual force was below 0.01 eV Å⁻¹, using a maximum ionic displacement of 0.1 

Å per optimization step.  

The 12% tensile strain was selected to achieve commensurability between the In₂Se₄ and 

Cr₂SeO lattices within the chosen low-periodicity supercell. To assess whether this strain 

remains physically meaningful, the strained supercell was evaluated through full structural 

relaxation. The In₂Se₄/Cr₂SeO interface remained structurally intact without spontaneous 

separation or major reconstruction. This absence of significant structural instability under the 

applied strain supports its use as an interface-engineering configuration. The complete 

structure is shown in Fig. 2. The figure shows atomic positions in the cell in the pre (Fig. 2a) 

and post (Fig. 2b) relaxation configurations. The system reached the predetermined steady 

state after about 25 steps. Fig. 2c shows the energy, and Fig. 2d shows the total forces.  
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Fig. 2. Structural relaxation: A 1×1×1 In₂Se₄ combined with strained 1×2×1 Cr₂SeO 

(equivalent atoms hidden) to a supercell with 20 Å of vacuum along the c direction on either 

end. (a) Pre-relaxation supercell. (b) Post-relaxation supercell. (c) Overall energy vs. iteration 

number. (d) Total forces vs. iteration number.  

Strained Cr₂SeO Band Structure  

All calculations were based on the software’s built-in linear combination of atomic orbitals 

(LCAO) calculator.24, 25 In molecular orbital theory, this concept describes the way atomic 

orbitals combine to form molecular orbitals. These orbitals are described by a basis set that is 

an integral part of the DFT software.26 Molecular orbitals are formed by taking linear 

combinations as weighted sums of these atomic orbitals to form the overall function Ψ 

according to:  Ψெை =  ∑ ܿ௜߮௜ே௜=1  (4)  
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With i=1..N elements, ci the corresponding weight, and φi the individual orbital. In this 

work, calculations were based on combining the Spin-polarized Generalized Gradient 

Approximation (SGGA),27 the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional,28 and an added Hubbard U correction term 29 to fix electron over-delocalization in 

localized d or f orbitals. The total exchange-correlation energy in SGGA accounts for both the 

local spin densities and their spatial variations and is given by:  ܧ௫௖ௌீீ஺ =  ∫ ߩ ∙   (5) ݎ௫௖݀3ܨ(↓ఘߘ,↑ఘ↑,ఘ↓,ఇఘ)௫௖ߝ

Where εxc represents the exchange-correlation energy per electron for a uniform electron 

gas, Fxc is an enhancement factor, and ρ(r) = ρ↑+ρ↓ is the total density of spin-up and 

spin-down components. The PBE functional splits the energy into individual exchange and 

correlation components: ܧ௫௖௉஻ா = ௫௉஻ாܧ  + ௖௉஻ாܧ  (6)  

With Ex being the exchange term and Ec the correlation term. The PBE exchange energy: ܧ௫௉஻ா =  ∑ [∫ ↓,↑=ఙ[ݎ௫݀3݌ఙߩ௫௖ߝ  (7)  

With the enhancement factor px . The PBE correlation energy is evaluated as: ܧ௖௉஻ா =  ∫ ௫௖ߝ]ߩ +   (8) ݎ3݀[ܪ

where H is the non-local correlation gradient correction term. 

Fig. 3 illustrates the calculated band structure of a standalone, pristine, 1×2×1 Cr₂SeO 

structure, as well as for a strained (3.2% compressive strain along the b-direction, and a 12% 

tensile strain in the a-direction) 1×2×1 structure. Both images are centered around the Fermi 

level (marked as Ɛf) with a ±2 eV spread. The band structure in Fig. 3a is similar to the one 

reported by Li et al.5 where a separation of spin-state energy bands is observed around the 

Fermi level. In this work, band no. 25, representing the conduction band, shows two distinct 

minima for up and down spin states at reciprocal lattice points Y and X, respectively. On the 

other hand, band no. 24, representing the valence band, shows two distinct maxima for up and 
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down spin states at reciprocal lattice points X and Y.  

The band structure in Fig. 3b was calculated for the strained structure. It has several distinct 

differences from the pristine case. First, the symmetry between X and Y was broken due to 

the applied strain. In this case, the local gap at X was about 0.3 eV, while the local gap at Y 

grew to over 1.1 eV. Second, the band structure at X and S was made of spin-up levels and 

not opposite spin polarities as in Fig. 3a. Third, Ɛf was shifted much closer to the valence 

band at X and to the conduction band at S. These effects suggest potential relevance for 

spintronic applications.  

 

Fig. 3. Band structure of a standalone 1×2×1 Cr₂SeO structure. (a) Unstrained 

3.72×7.44×6.0 (Å3). (b) Strained 4.16×7.20×6.0 (Å3). 
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In₂Se₄/Cr₂SeO Supercell Spin Distribution 

Understanding the spatial spin distribution in the supercell would be a useful foundation in 

this work. Fig. 4 illustrates the total spin within the supercell projected onto the y-z (b-c) 

plane. The black dots represent atomic placements, with annotations indicating atomic types. 

The dashed green line shows the initial z-coordinate of Se in the In2Se4 monolayer (P0 in Fig. 

4a). In the following sections, the effects of positive (P+ in Fig. 4b) and negative (P- in Fig. 

4c) is presented. The green arrows indicate the directions of those shifts. A maximal 

displacement of 0.5 Å was used in this work. The ±0.5 Å range was selected as a controlled 

structural perturbation to probe the sensitivity of the interfacial bands. The figure shows how 

the spatial spin varies between values of ±5, corresponding to the Cr-3d-derived states of an 

altermagnetic Cr₂SeO. In other regions of the supercell, the average spin is virtually zero, 

indicating that mainly the Cr₂SeO layer could be utilized in spin transport since the magnetic 

degrees of freedom remain spatially localized in Cr₂SeO while the nonmagnetic In₂Se₄ layer 

acts primarily as an electrostatic interface modifier. 



  

Page 13 of 26 

 

Fig. 4. Total spin projected along the y-z (b-c) plane; The dashed green line indicates the 

initial c-coordinate of Se in the In2Se4 monolayer. (a) P0. (b) P+. (c) P-.  

Unrelaxed Supercell Band Structure  

The ball-and-stick models in Fig. 5a and Fig. 5b depict the atomic composition of the 

unrelaxed In₂Se₄/Cr₂SeO supercell. The figures include equivalent atoms, so they appear 

slightly different from the image in Fig. 2a. Fig. 5a shows the supercell from the b-c plane 
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perspective. The green arrows indicate the Se displacement directions for P+ and P-. Fig. 5b 

shows the supercell from the a-b plane perspective. The band structures in Fig. 5c, Fig. 5d, 

and Fig. 5e correspond to P+, P0, and P-, respectively. All diagrams show semi-metallic-like 

band structures, with Ɛf crossing valence bands 94 and 95 at Γ and Y for spin down. However, 

in Fig. 5c, at the reciprocal lattice points X and S, there is a local direct gap between 95 and 

96 of about 0.4 eV for spin up and about 0.8 eV for spin down at S. This spin-up gap narrows 

to about 0.25 eV in Fig. 5d. At the same time, Ɛf moves toward the mid-gap and drops to zero 

in Fig. 5e as Ɛf intersects with band 96 at X. At k-point S, Ɛf does not reach band 96, but the 

gap drops to ~0.1 eV. For spin-down, the gap remains significantly larger in all three pictures.  
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Fig. 5. Spin-dependent band diagram of the unrelaxed In₂Se₄/Cr₂SeO supercell with three Se 

placements (P0, P+, P-). (a) Ball-and-stick diagram from the b-c plane perspective with 

displacement indicators as green arrows. (b) Ball-and-stick diagram from the a-b plane 

perspective. (c) P+ bands. (d) P0 bands. (e) P- bands.  
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Relaxed Supercell Band Structure  

The pristine and strained Cr₂SeO calculations provide a reference against which the 

subsequent In₂Se₄/Cr₂SeO results are compared. Changes that remain after this strain-induced 

baseline is established are attributed to interfacial electrostatic interactions and orbital 

hybridization rather than to strain alone. The ball-and-stick models of Fig. 6a and Fig. 6b 

depict the atomic composition of the relaxed In₂Se₄/Cr₂SeO supercell. The figures include 

equivalent atoms, so they appear slightly different from the image in Fig. 2b. Fig. 6a depicts 

the supercell from the b-c plane perspective. The green arrows indicate the Se displacement 

direction for P+ and P-. Fig. 6b depicts the supercell from the a-b plane perspective. The band 

structures of Fig. 6c, Fig. 6d, and Fig. 6e correspond to P+, P0, and P-, respectively.  

The band picture in this case differs from the one illustrated in Fig. 5. For Fig. 6c Ɛf crosses 

spin-up band 95, therefore exhibiting semi-metallic-like properties with zero-gap states at X. 

On the other hand, for spin-up at X in Fig. 6d and Fig. 6e, a gap of ~0.5-1.0 eV is apparent, 

with Ɛf placed within it. For spin-down at X, the energy gap remains consistently large in all 

cases. For S, Ɛf intersects band 95 tangentially for both spin-up and spin-down. Both spin 

polarities have a relatively large gap at this point (compared to X) in all three configurations. 

The gap is ~0.5 eV in Fig. 6c, ~0.8 eV in Fig. 6d, and ~0.3 eV in Fig. 6e for both spin-up and 

spin-down.  
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Fig. 6. Spin-dependent band diagram of the relaxed In₂Se₄/Cr₂SeO supercell with three Se 

placements (P0, P+, P-). (a) Ball-and-stick diagram from the b-c plane perspective with 

displacement indicators as green arrows. (b) Ball-and-stick diagram from the a-b plane 

perspective. (c) P+ bands. (d) P0 bands. (e) P- bands. 
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Momentum-Selective Spin-Dependent Band Modulation 

The central electronic response of the heterostructure is the strongly asymmetric evolution 

of the spin-resolved states with Se-layer displacement. Rather than producing a rigid shift of 

the entire electronic spectrum, the displacement modifies selected Cr-derived bands 

differently at different points of the Brillouin zone. The results indicate that the most 

pronounced response occurs near X, where the spin-up band edges exhibit substantially larger 

energy shifts than their spin-down counterparts. In contrast, the S-point states display a 

qualitatively different and weaker response. This momentum-selective behavior indicates that 

the interfacial structural degree of freedom couples selectively to the spin-dependent 

electronic states of Cr₂SeO.  

Spatial displacement of the Se layer produced differences in both the local energy gap and 

Ɛf location. Fig. 7 depicts the energetic environment of different bands, centered around Ɛf, 

and different spin polarities, with different Se displacements at k-point X. The figure 

specifically shows the energy values of bands 94-97, for spin up and spin down, at point X. In 

a sense, this can be considered a top-of-valence and a bottom-of-conduction band diagram. 

The Se layer is shifted from -0.5 to 0.5 Å in steps of 0.1 Å, corresponding to induced positive 

and negative electric polarizations.  Fig. 7a shows the band energies around Ɛf for a positive 

displacement (P+) from 0 to 0.5 Å and spin up. Fig. 7b shows the band energies for P+ and 

spin down. Fig. 7c shows the band energies around Ɛf for a negative displacement (P-) from 0 

to -0.5 Å and spin up. Fig. 7d shows the band energies for P- and spin down. 

Considering Fig. 7a, for spin up, Ɛf approaches band 95 as the shift increases. The overall 

gap between bands 95 and 96 remains relatively constant. At 0 Å, Ɛf lies in the gap between 

95 and 96, closer to 96. At 0.5 Å, Ɛf reaches the edge of band 95. The image resembles the 

band inversion observed in traditional metal-oxide-semiconductor devices. Considering Fig. 

7b, for spin down, Ɛf remains at roughly the same position relative to the valence and 

conduction bands throughout the entire range, with the local gap increased. However, the 

change relative to Ɛf is less drastic than in Fig. 7a. In Fig. 7c, for spin up, Ɛf approaches band 
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96 as the negative shift increases. The overall gap between bands 95 and 96 is slightly 

reduced. At 0.5 Å, Ɛf already surpasses 96, resembling a heavily doped, metallic-like 

semiconductor. The energetic picture in Fig. 7d for spin-down is even more stable. Both the 

energy difference and the relative Ɛf placement are constant. This overall behavior implies a 

selective energetic preference for spin-up electrons over spin-down ones, and a promising 

potential for spintronic device implementation. 

 

Fig. 7. X-point conduction band minima and valence band maxima dependence on Se 

displacement and spin polarity. (a) Positive displacement (P+) with spin up. (b) Positive 

displacement (P+) with spin down. (c) Negative displacement (P-) with spin up. (d) Negative 

displacement (P-) with spin down.  

Fig. 8 depicts the energetic environment around Ɛf  (bands 94-97) at k-point S. Fig. 8a 

shows the energetic picture of P+ for spin up. Fig. 8b shows the energetic picture of P+ for 

spin down. Fig. 8c shows the energetic picture of P- for spin up, and Fig. 8d shows the 

energetic picture of P- for spin down. In all cases, Ɛf overlaps the edges of bands 94 and 95. 
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However, the band difference increases with displacement toward the positive z-direction in 

both Fig. 8a and Fig. 8c. For spin-down, the gap is reduced with a positive shift (Fig. 8b) but 

remains relatively constant with a negative shift (Fig. 8d). 

 

Fig. 8. S-point conduction band minima and valence band maxima dependence on Se 

displacement and spin polarity. (a) Positive displacement (P+) with spin up. (b) Positive 

displacement (P+) with spin down. (c) Negative displacement (P-) with spin up. (d) Negative 

displacement (P-) with spin down. 

Fig. 9 summarizes the overall calculated local gap for both spin polarities, at specific points 

of interest in momentum space. Fig. 9a shows the calculated local gap at X, and Fig. 9b 

shows the gap at S. In Fig. 9a, the gap grows at X as the Se is displaced along the positive z 

(c) direction. In addition, the gap for down spin is significantly larger than the one for up spin. 

The gap at S shows a different behavior. Fig. 9b indicates that this gap is reduced for 

spin-down, as the Se is displaced along the positive z (c) direction. The overall gap associated 

with spin-down is also much larger compared to the gap for spin-up. These results imply that 



  

Page 21 of 26 

different semiconducting-like properties may be achieved through such structural 

manipulations.  

 

Fig. 9. Local gap vs. Se displacement for up and down spins. (a) X-point. (b) S-point. 

Density of States 

DFT can be used to evaluate the density of states (DOS) as the energy-resolved spectral 

density. It identifies which atoms and associated orbitals add conduction channels and 

bias-induced changes in orbital energies. Atomic and orbital resolution is used to project total 

DOS onto specific atoms or angular momentum channels. With i indicating specific atomic 

orbitals, we can write the DOS projected onto localized atomic orbitals (ϕi) and the n-th  

Kohn-Sham wave function (ψn): ܱܵܦ(ா) =  ∑ |⟨߶௜|߰௡⟩|2 ∙ ௡(ா−ா೙)ߜ  (9)  

Fig. 10 depicts the combined projected DOS of the Cr atoms’ d-shells (Fig. 10a) and Se 

atoms’ p-shell (Fig. 10b) around the Fermi level. The figure illustrates the availability of 

spin-up states in the supercell. The DOS  is significantly increased at Ɛf with a P+ shift. In 

addition, the spin-down DOS is close to zero for all cases. The asymmetric spin-resolved 

states near Ɛf (between 0.1 and 0.2 eV) indicate a strongly spin-selective electronic response. 

The DOS gives an indication of the microscopic mechanisms responsible for the observed 

spin modulation. The corresponding charge-density difference further identifies the spatial 

regions in which interfacial charge redistribution occurs. Together, these quantities provide a 
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direct basis for associating the displacement-dependent band modulation with interfacial 

electronic coupling. 

 

Fig. 10. Combined projected density of states (Fermi level marked Ɛf) for P0, P+, P- with 

spin-up and spin-down polarities. (a) Cr atoms’ d-shells. (b) Se atoms’ p-shells. 

CONCLUSIONS 

In conclusion, first-principles calculations demonstrate that the proposed In₂Se₄/Cr₂SeO van 

der Waals heterostructure provides an effective platform for interfacial engineering of 

altermagnetic electronic states. The heterostructure formation modifies the electronic structure 

of Cr₂SeO through interfacial charge redistribution and Se-p/Cr-d orbital hybridization, 

leading to pronounced momentum-dependent changes in the spin-resolved bands. 

Spin-dependent electronic features of Cr₂SeO are retained while being substantially 

modulated by the Se-rich In₂Se₄ layer. Overall, the system displays semi-metallic-like 

properties. The results show that spin-up X bands shift substantially with Se displacement, 
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while spin-down X bands are comparatively insensitive. In addition, the X-point 

spin-dependent gap can be strongly modified. These results highlight the potential of 

chemically engineered chalcogenide interfaces for controlling the electronic and 

spin-dependent properties of two-dimensional altermagnetic materials and suggest potential 

relevance for further investigation of In₂Se₄/Cr₂SeO heterostructures in nanoscale spintronic 

applications. 

METHODS 

The structure and simulation environment were generated and processed using Synopsys© 

QuantumATK©.26, 30 Ball-and-stick diagram figures were generated by UCSF Chimera© 31, 32 

and VESTA.33, 34 Density of states (DOS) calculations were based on the SGGA+U(PBE) 

algorithm, combining the Spin-polarized Generalized Gradient Approximation (SGGA), the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, and an added Hubbard U 

correction term (+U) with an SCF convergence tolerance of 10-7 eV. Ground-state calculations 

utilized PBE (GGA) basis set functionals within the PseudoDojo framework with medium 

accuracy. The Coulomb interaction effect was included by using U = 3.55 eV for Cr-3d 

electrons.35, 36 The Brillouin zone was sampled with a 15×15×1 k-mesh, while force and stress 

tolerance levels were set to 0.01 eV/Å and 0.1 GPa, respectively. Calculations were performed 

using a linear combination of atomic orbitals (LCAO) framework with a density mesh cutoff 

of 125.0 Hartree. To avoid unphysical interactions between neighboring cells, a 20 Å vacuum 

gap was added along the c-axis. Long-range van der Waals (vdW) interactions were modeled 

using the built-in Grimme DFT-D3 semi-empirical dispersion correction with a maximum 

neighbor distance of 10 Å. 

SUPPLEMENTARY MATERIAL 

Supporting information is presented online in a general-purpose repository and available from 

the publisher. 
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