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Intrinsic room-temperature ferromagnetic ordering and inversion asymmetry of V-based transition metal
dichalcogenide (TMD) monolayers with trigonal prismatic coordinates are highly desirable to develop spintronic
devices. Motivated by facilitating the performance improvement of V-based TMDs in data-storage applications,
we investigated the influence of the interface magnetic proximity effect, mediated by Zeeman-type spin-orbit
interaction (SOI), on the magnetic exchange interaction and magnetic anisotropy of the 2H-VSe, monolayer. It
has already been observed that strain and interlayer coupling does not have a significant effect on the magnetic
anisotropy of V-based TMDs. Here we demonstrate using density functional theory (DFT) that the proximity
effect of the archetypal metallic material NbSe, at the van der Waals interface induces strong out-of-plane
magnetic anisotropy in 2H-VSe,. The transition of magnetization from in plane to out of plane in 2H-VSe,
holds great promise toward the realization of faster and smaller magnetic bits in lower power-consuming
memory devices such as random access memories. The valley polarization of the VSe, system is significantly
reversed by applying Zeeman-type SOI of NbSe, substrate. Also, by combining the two-band k - p model with
high-throughput DFT calculations, the change of k - p parameters of 2H-VSe, is examined due to Zeeman-type

SOI induced by NbSe,.
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I. INTRODUCTION

A sizable magnetic anisotropy lays the cornerstone of sta-
bility of the long-range magnetic ordering in 2D materials
by opening an excitation gap to resist the thermal agitation,
which precludes the validity of the Mermin-Wagner theo-
rem [1]. Since the appearance of magnetic anisotropy with
a variety of sources such as magnetocrystalline anisotropy,
shape anisotropy, and stress anisotropy in 2D magnetic atomic
crystals, different magnetic models based on the Heisenberg
model were used to justify the observed magnetization. Ul-
trathin Cr,Ge,Teg flakes with small magnetic anisotropy are
2D magnetic atomic crystals [2,3] which can be described
by the so-called anisotropic Heisenberg model. Aligned spin
moments have a small energy difference in the mentioned
2D systems, so they can be oriented in all directions. More-
over, the XY model is used to interpret the magnets of
2D CrCl; with easy plane anisotropy [4], which is a lattice
model of classical spin vortices and waves related to the
Berezenskii-Kosterlitz-Thouless transition [5]. The simplest
model, the so-called Ising model [6], is used for describ-
ing highly anisotropic magnets with long-range frustrated
ferromagnetic (FM) as well as antiferromagnetic (AFM)
couplings. The Ising model was used to describe the exper-
imentally observed magnetization in the monolayer Crl; [7].

The primary source of anisotropy, single-ion magnetocrys-
talline anisotropy, is derived from spin-orbit interaction (SOI).
Manipulation of trajectories of electron spin by inducing
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strong SOI is a tempting and attractive concept in quantum
phenomena such as topological insulators [8], spin-Hall effect
[9], and ballistic conduction of spins [10]. Not only can the
SOI weaken the paramagnetism effect but it can also enhance
in-plane critical field, B., beyond the Pauli limit, B, [11,12]
in ultrathin superconducting films [13—15]. Specifically, the
antisymmetric form of spin-orbit coupling (SOC) due to the
lack of inversion symmetry in crystals [16], plays a significant
role in inducing the Rashba or Zeeman-type spin splitting. In
a 2D system, Rashba-type SOI originating from out-of-plane
inversion asymmetry aligns the spin of electrons within the
x-y plane [17,18], and the critical field of the system, B, is
lower than the Pauli limit [19,20]. On the other hand, Zeeman-
type SOI or Ising-type SOI is allowed in a 2D system with
broken in-plane inversion symmetry, causing an out-of-plane
spin polarization of energy valleys [21-23]. Zeeman-type SOI
in transition metal dichalcogenides (TMDs) such as NbSe;
and MoS, monolayers with a trigonal prismatic structure
(namely, H phase) leading to spin-polarized Fermi surface
[19,24,25] and in-plane critical field can far exceed the Pauli
limit [19,20,26].

Recently, the investigation of 2D van der Waals (vdW)
heterostructures has been expanded to achieve the desired
physical properties. For example, the perpendicular magnetic
anisotropy of the Nil, monolayer is effectively enhanced by
reducing the interlayer distance of graphene/Nil, heterostruc-
tures [27]. In WSe,/Crl; heterostructures, degenerate energy
levels of valleys are split into slightly lower and slightly
higher energy levels due to the magnetic proximity effect,
and a large magnetic field is obtained [28]. By reversing the
direction of the ferroelectric polarization of In;Se; in vdW
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heterostructures, a FM/AFM phase transition is observed in
Fel, [29]. In Ref. [30], a magnetic proximity effect in a
gate-tunable MoSe; /CrBr; heterostructure has been observed
using resonance optical reflection spectroscopy, where the
high quality of the interface leads to the giant zero-field valley
splitting in MoSe,, equivalent to an external magnetic field of
12 T. On the other hand, given the importance of SOI in the
development of future spintronics devices, there has recently
been an intense focus on dynamic and spatial modulation
of SOI [31-33]. Especially, the proximity effect caused by
the interfacial interaction of vdW TMD heterostructures is
useful for inducing SOI [15,34,35] to the neighboring layer,
which is a result of charge redistribution between the adjacent
materials. The proximity effect of the nonmagnetic semicon-
ductor monolayer PtSe, with large SOC has led to increases
of magnetic anisotropy as well as Curie temperature, T¢, far
beyond room temperature in Cr,Ge,Teg [36]. But, apart from
the recent investigation presented in Ref. [37], there have
been no experimental and theoretical studies reported on the
effect of the Zeeman-type SOI on the magnetic properties of
materials.

Investigation of the effect of Zeeman-type SOI on the mag-
netic exchange interaction as well as magnetic anisotropy of
the VSe, monolayer is the main motivation for the present
paper. Recently, the physical properties of the highly attractive
VSe, monolayer have been extensively investigated, which is
very different from properties of bulk phase, including strong
FM order at room temperature [38,39] and CDW modulated
structures [40,41]. Due to the fact that the 2H semiconductor
phase of VSe, is thermodynamically more stable than the 1T
metal phase in 2D and also the inversion and time-reversal
symmetries are broken in the 2H phase, we chose the 2H
phase in our study. Recently, monolayer 2H-VSe, nanoflakes
were mechanically exfoliated from their single crystals [38].
On the other hand, the coupling of intrinsic FM and valley
degrees of freedom in 2H-VSe, ferrovalley is important for
us [42]. Recent studies have shown that the 2H-VSe, mono-
layer has in-plane magnetization [43]. Despite many studies
on the challenging monolayer 2H-VSe,, some questions still
need to be answered. For example, how does Zeeman-type
SOI affect the in-plane magnetic anisotropy of the 2H-VSe,
monolayer? It has already been shown that data storage in per-
pendicular magnetic recording has higher density compared
to longitudinal recording [44]. Later, research on materi-
als with perpendicular magnetization began to increase the
information processing speed of optical magnetic recorders
and advanced spintronic devices such as resistive magnetore-
sistive random-access memory and magnetoresistive sensors
[45.46].

In this paper, the electronic and magnetic properties of the
VSe,/NbSe, heterostructure are examined by first-principles
density functional theory (DFT) calculations. Our calculations
reveal that 2H-VSe, was switched from the XY ferromagnet
to the Ising ferromagnet with strong anisotropy. So, appli-
cation of VSe, is improved in nanoscale spintronic devices
by attaching NbSe, as a substrate. Also, by combining the
two-band k - p model with high-throughput DFT calculations,
the change of the k - p parameters of the VSe, monolayer due
to the Zeeman-SOI-mediated magnetic proximity effect has
been investigated.

II. COMPUTATIONAL METHODS

The first-principles calculations using the projector-
augmented wave [47] method have been carried out within
the Perdew, Burke, and Ernzerhof [48] approximations of
the exchange-correlation functional as implemented in the
VIENNA AB INITIO SIMULATION PACKAGE (VASP) [49]. The
first Brillouin zone is sampled with I centered Monkhorst-
Pack grid [50] of 15x15x1 and 20x20x 1 for the structure
optimization and electronic structure calculations, respec-
tively. The kinetic energy cutoff of plane wave basis is set as
500 eV, and a vacuum thickness of 20 A along the z direction
is utilized to avoid interaction between adjacent layers. The
energy and force convergence criteria on each atom were less
than 107 eV and 1072 eV/A for the fully relaxed initiat-
ing structures, respectively. The DFT-D3 method within the
Grimme scheme was included in all calculations to consider
the vdW forces [51]. Also, GGA+U calculations based on
Dudarev’s approach [52] are tested in VASP, with the effective
on-site Coulomb interaction parameter U = 1, 2, and 3 eV for
d orbitals of V atoms. To accurately estimate the magnetic
anisotropy energy (MAE), SOC is included in a noncollinear
mode [53] within self-consistent calculations after the struc-
tural relaxations. MAE, the energy difference between two
directions of the magnetization, indicates in-plane and out-of-
plane easy axes of a material.

III. ELECTRONICS AND MAGNETICS PROPERTIES
OF VSe; MONOLAYER

A. Electronic structure

Figure 1(a) shows the structure of the 2H-VSe, mono-
layer. A lattice constant of 3.336 A was obtained, which is in
good agreement with theoretical and experimental results in
Refs. [43,54-56]. V atoms are enclosed by six chalcogenide
atoms in a trigonal prism with a point group symmetry of D3,
and the nearest V-Se distance is about 2.50 A. The crystal
field induced by the trigonal prism splits the d orbitals of
the vanadium atom into three suborbitals including a} = d,
e = dy>_y, dyy, and ¢’ = d,, dy;. The a] state has the lowest
energy level, and ¢’ and ¢” states are located above the Fermi
energy [57,58]. So, one electron of V4t jon completely fills
the majority spin of a] = d,2 state, whereas the minority spin
of all states and four majority spin of ¢ and e’ states are
empty [59]. As a result, unit cell magnetization is equal to
1 wp, which is in accordance with the first Hund’s rules.
Characteristics of V-Se bonding are revealed by the top view
of the electron localization function (ELF) contour map on the
plane crossing V and Se atomic planes, as shown in Fig. 1(a).
The highest ELF value is found near the V and Se atomic
cores, indicating an ionic bonding nature of the V-Se interac-
tions. Also, according to the side view of the electron density
difference (EDD) map presented in Fig. 1(a), Se surface gains
electron density and becomes negatively charged (the accu-
mulation electron density represented by blue color), V atomic
plane loses electron density and becomes positively charged
(the depletion electron density represented by red color) [60].

Regardless of the SOI, VSe, is a bipolar magnetic semi-
conductor as shown in Fig. 1(b). The valence band maximum
(VBM) and conduction band minimum (CBM) are located in
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FIG. 1. (a)Crystal structure of 2H-VSe, monolayer with ELF and EDD contours in the plane and vertical to plane of 2H-V Se,, respectively.
Unit cell is also depicted in (a). (b) Spin-polarized band structure of 2H-VSe, monolayer for majority spin (up) and minority spin (down)
without considering SOC effect and spin-resolved density of states (DOS) projected to different d orbitals of V atom. (c) The band structure

by considering both the ferromagnetism and SOC effect.

the valleys K, for the majority spin. Unlike MoS,, spin-
valley locking is not observed in the 2H-VSe, monolayer
due to the breaking of time-reversal symmetry, coming from
inherent magnetization. The band gap of the spin majority is
737 meV, and H-VSe; has an indirect band gap of 219 meV.
The results obtained from the band structure calculations are
in agreement with previous reports [43,61-63].

Analyzing the density of states shows that the edge of the
valence and conduction bands is composed of d orbitals of the
V atoms [Fig. 1(b)]. The d_. orbital plays a dominant role in
the VBM while the d,, and d,-_,» orbitals also participate in
the edge of the conduction band. This orbital pattern at the
edge of the valence and conduction bands is characteristic of
all H-phase TMDs [62,64,65]. The difference in the orbital
contribution in monolayer VSe, compared to nonmagnetic
TMDs is due to exchange interactions and Hund’s rules.

The combination of SOI, time-reversal symmetry breaking,
and inversion-symmetry breaking leads to the emergence of
valley polarization, as shown in Fig. 1(c). Due to the breaking
of the time-reversal symmetry, the edge of the valence band

for the majority spins is no longer equal in the two valleys
and a 78.2 meV gap appears. The polarity of the valley in
the conduction band is weaker and its value is 18 meV. The
difference in the magnitude of valley polarization is directly
related to the participation of different d orbitals. Due to the
dominant states from the V atom in the band structure of
2H-VSe, (see Supplemental Material Fig. S1 [66]), orbital
magnetic moment m;, along the z direction near the K. valleys
is approximately equal to O and £2 up, at the edge of the
conduction and valence bands, respectively. The spin mag-
netic moments of the valence-band edge parallel to the upward
direction produces an effective magnetic field B.s acting on
the orbital magnetic moment (myBeg). So, a significant up
(down) energy shift (2 g Befr) occurs in the K (K_) valley of
the valence band, while the energy shift does not occur in the
valley’s edge of the conduction band (m B = 0). The band
gap size is 690 meV in K valley and 787 meV in K_ valley.
This difference leads to the emergence of magnetic circular
dichroism in the structure, which has recently been confirmed
in experiments [67—69].
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TABLE I. The values of the exchange interaction between the
nearest J; and next-nearest neighbors J,. D (7¢) represents the mag-
netic anisotropy (Curie temperature) of 2H-VSe, Monolayer.

Structure J; (meV) J, (meV) D (meV) Tc (K)

2H-VSe, 89.7 —-15.97 —0.586 427.81

B. Magnetic structure

Superexchange of 2H-VSe, monolayer with near-90°
Se-V-Se bonds at the next-nearest neighbor (NNN) is always
FM. Moreover, owing to the small overlap between a; sub-
shells, the FM indirect exchange overcomes the AFM direct
interaction between two neighboring V#* ions, which is as-
sociated with the Pauli exclusion principle. Also, to calculate
the computationally magnetic ground state and to understand
the spin interactions, we use a spin Heisenberg model for a 2D
magnetic honeycomb lattice as follows [70,71]:

H==3Y"U8 - sj—DZ(s,.Z)Z, 6y

i<j

where S;(;) is the spin operator for the i (j") magnetic atom,
Ji; is the symmetric Heisenberg exchange coupling between
spins on sites i and j. D represents the magnetic anisotropy of
the structure originating from spin-orbit interaction and D > 0
represents the easy axis perpendicular to the plane and D < 0
indicates the existence of the easy plane.

A rectangular grid with dimensions of (a, +/3a) consisting
of four vanadium atoms andeight selenium atoms is used to
calculate symmetric exchange interactions for nearest neigh-
bors (NNs), J;, and NNNs, J,, and magnetic anisotropy D.
We consider three different spin arrangements including FM
and AFM arrangements in which the vanadium atoms in a
line have the same spin orientation (AFM;), and AFM ar-
rangements in which the vanadium atoms in a line alternate
spin orientation (AFM,). The different spin arrangements are
shown in Fig. S2. The difference between the AFM; and
AFM, configurations is in the spin interaction of the NNN.
In the AFM,; configuration, there are four AFM interactions
between the NNN, while in the AFM, configuration, there are
four FM interactions between the NNN.

Using Eq. (1) and the different spin arrangements con-
sidered, we can write the energy of the different spin
configurations as follows:

E&yy = Eo — 128> — 121,58 — 4DS?,
Eip,y = Eo+ 47,8% + 41,8 — 4DS?,
Elpm,) = Eo + 4J,8* — 4J,8* — 4DS?,
Ely = Eo — 12118% — 121,87, )

where Ej denotes part of energy independent from spin in-
teraction, Efy; is the energy of the supercell when the spin
of V atoms are along the x direction, and S = 1/2. We have
considered SOI and used noncollinear calculations to compute
total energy of different spin arrangements.

The values of Jy, J,, and D are listed in Table I, which
shows that the ground state of the VSe, monolayer is FM
in agreement with the reported results in Refs. [72-74]. As

expected, J; is much larger than J,, however, J, cannot be
ignored. Another interesting point is the AFM interaction
between the NNN. The amount of ion magnetic anisotropy
was also negative, indicating that the VSe, monolayer has an
easy plane anisotropy and follows the XY model. The values
obtained for Jy, J,, T¢, and D are consistent with previous
reports [38,43,62,75], which confirms the accuracy of our
calculations.

MAE is caused by SOI. To understand the in-plane magne-
tization of the VSe, monolayer, we examine the second-order
contribution of SOI to empty and full states. The contributions
to MAE can be divided into two parts: the participation of full
and empty bands with the same spin and the participation of
bands with opposite spins. The contribution of two parts is
given as [76,77]

211k +y _ ,E +y 2
AEs . = <%) [{0™ | Lo |u™) — (0™ [ Ly|u™) | ’ (3a)
€ — €
20 % Fy _ [t F\|2
AEs ., = (%) ({0 | La|u™) — (0™ |Le|uT) | . (3b)
€ — €

where o™ (u") and o~ (u~) denote occupied (unoccupied)
states for spin up and spin down, respectively. ¢ is the
spin-orbit strength of the V atom and €, — ¢, is the energy
difference between occupied and unoccupied states. It is clear
from Fig. S1 that only the d orbitals of the V atom play a
dominant role at the band edges. VBM consists of a hybrid
of d2, dyy, and d,>_,» with spin up, while CBM has the same
orbitals with spin down. Hence, the predominant sentence in
MAE is —%, which justifies in-plane magnetism of
VSe, obtained from DFT calculations.

Linear dependence of 7. according to the exchange
coupling parameters can derived from the mean-field approxi-
mation and the Heisenberg model with long-range interaction
in Eq. (1) as [78-80]

2us? n;

T 3k 27 X
where n; and n, represent the NN and NNN magnetic coor-
dination numbers, respectively, where both coefficients in the
hexagonal lattice of 2H-VSe, are equal to 6 [80,81]. ug and
kg are the total spin and the Boltzmann constant, respectively.
As shown in Table I, the calculated T¢ for 2H-VSe; is around
427.81 K, which is in good agreement with the experimental
and DFT computational results stated in Refs. [38,75,82,83].

Despite the high Curie temperature, the existence of an
easy plane anisotropy limits the application of VSe, mono-
layer in spintronics. It is very important that magnetic
materials have an easy axis perpendicular to the plane, so their
magnetic properties can be controlled with the help of external
fields [84-87].

IV. ZEEMAN-TYPE SOI IN 2H-NbSe; MONOLAYER

Figure 2(a) shows the structure of 2H-NbSe, monolayer
in which Nb atoms with a triangular lattice are sandwiched
by two layers of Se atoms with the same lattice. We obtained
the lattice constant of 3.47 A for the 2H-NbSe, monolayer,
in agreement with previous experimental and computational
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FIG. 2. (a) Crystal structure of the monolayer 2H-NbSe, with a trigonal prismatic structure. The single unit cell is depicted by the red
rhombus in (a). (b) Arrangement of Se and Nb atoms (upper panel) and its relationship to 2D hexagonal first Brillouin zone along high-
symmetry line (lower panel). Band structure of 2H-NbSe, monolayer without (c) and with (d) considering SOC.

results [88-90]. Each Nb atom is enclosed in a trigonal pris-
matic cage formed by the NN Se atoms. NbSe, monolayer has
space group P — 6m2 and point group D3, in which atomic
arrangement is symmetric with respect to the y-z plane but
not with respect to x-z plane, as shown in Fig. 2(b). Despite
having out-of-plane mirror symmetry, the NbSe, monolayer
suffers from a lack of inversion symmetry. Hence, the strong
SOC field leads to a special type of SOC called Ising SOC
[91-94]. It acts like a Zeeman field that pins the spin of
electrons to the opposite out-of-plane directions for electrons
with opposite momentum, unlike the Rashba effect in which
the spin of the electrons is oriented in the direction of the plane
[21-23,95].

Figure 2(c) shows the NbSe, monolayer band structure
without considering SOI. The valence band crosses the Fermi
level several times in the Brillouin zone, indicating that the
material is a metal. The results are in good agreement with
the images obtained from ARPES [24]. Although the shape of

the band structure is almost identical to that of the monolayer
MoS;, because the Nb atom has one less d electron than Mo
one, monolayer NbSe, exhibits metallic behavior. Consider-
ing the SOI, the valence band is split at the valleys as high
as 154 meV. The splitting is caused by Zeeman SOC and is
very significant in the valence band. Due to the presence of
time-reversal symmetry and the highly delocalized nature of
the electrons in the 4d-Nb orbital, the NbSe, monolayer is
nonmagnetic.

To describe the band structure and the Ising SOC near the
valleys, we take the model Hamiltonian proposed by Xiao
et al. [22] for TMD monolayers as

5>

k,t==*1

A o, — 1
at(tkeo, + tkyoy) + 501 — AT 5 s |,

®
where v ==+1 is the valley index, A is half the spin
splitting on top of the valence band caused by Ising SOC,
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FIG. 3. (a) Magnetic van der Waals heterostructure made of VSe, and NbSe,, providing XY /Ising magnet transition mediated by Zeeman-
type SOI. The Fermi surface of VSe, monolayer in presence and absence of Zeeman-type SOI of NbSe, substrate with spin-split Fermi surfaces
around K valleys has been shown in (a). Spins of NbSe, substrate in K. valleys are aligned in the out-of-plane direction due to the effective
magnetic field Bsoc o« E x k. Time-reversed spin pairs connected together by straight black and yellow lines in (a). (b) Top and side views
of heterostructure VSe,/NbSe, and ELF contour on the plane vertical to layer and crossing V, Nb, and Se atomic centers. (c) Electrostatic
potential difference along z direction. The electron densities contoured by dark-orange-yellow maps on the layer plane through the bonding

atoms are also shown in the inset of (c).

s, is the Pauli matrix for a spin, and A is the energy gap.
t is a hopping term, k., denotes wave vector from the
valleys, and o; stands for the Pauli matrix for two basis func-
tions at two valleys, \%ﬂdxz,yz) +it|dy)) for the valence
band and |d2) for the conduction band. By diagonalization
of the Hamiltonian and expansion up to first order, energy
eigenvalues for each spin channel around the valleys are
obtained as

2l2k2 )\2

A + A (6a)

Eg(kx’ ky) = E

A ark? A2
a4 +oAT — E (6b)

2 A
where o =1 ({) denotes spin up (down) and Ec() is en-
ergy of the conduction (valence) band edge. It is clear from
Eq. (2) that there is a band gap as high as A between the
conduction and valence bands when SOI is ignored. The SOI
has a dominant effect on the valence band, but its effect on
the conduction band is negligible and is dependent on A2. In

E\(/T(kxv kv) =

the K, valley, the spin-up band is 21 above the spin-down
band, while in the K_ valley the story is reversed. Hence,
a spin-valley locking is observed in NbSe,, which is simi-
lar to the MoS; monolayer [96-98]. However, the important
difference is that the former is metal while the latter is a
semiconductor.

Due to the antisymmetric form of SOI in 2H-NbSe, with
in-plane inversion asymmetry, an effective magnetic field
Bsoc o E x k pins the spin of electrons to the out-of-plane
direction, where the crystal electric field E is restricted to
point in plane [as shown in Fig. 3(a)]. So, energy splitting
gupBsoc(k) occurs between the spins in each of the K_ and
K, valleys. As a result, the time-reversed Cooper pair arises
between electrons of two opposite spins and momentum in
the Fermi surface around K_ and K, valleys, which are con-
nected by straight black lines in Fig. 3(a). The Zeeman-type
SOI forms intervalley Cooper pairs obeying the time-reversal
symmetry, which have Fermi surfaces with almost the same
radius and shape but opposite out-of-plane spin directions in
two different valleys.
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TABLE II. Structural parameters and magnetic moment of NbSe, /VSe, heterostructure: Bond length of V (Nb)-Se and V-Nb, bond angle
[Ovnb)—se—vnwy |, energy difference (E,q), considering van der Waals interaction and spin polarization, and magnetic moment of V atom.

Structure h (A) dvy (Nb)—se (A) dv_np (A) OV (Nb)—Se—V(Nb) Ei, (meV) m (g /cell)
AA 3.408 2.53 (2.61) 6.60 86.5 (83.4) 113.94 0.92
AA’ 2.98 2.54 (2.61) 6.51 86.4 (83.4) 20.02 0.92
AB 2.89 2.53 (2.60) 6.42 86.4 (83.4) 6.93 0.93
AB’ 2.88 2.53 (2.61) 6.41 86.4 (83.3) 0 0.94

V. HETEROSTRUCTURE

A. Structural configuration

In this paper, we investigate the effect of Zeeman-SOI-
mediated exchange interaction on the magnetic properties
of a 2D XY ferromagnet 2H-VSe, across the vdW inter-
face. Our paper demonstrates that 2H-NbSe, can serve as an
ideal Zeeman SOI host material, which has fully out-of-plane
spin-polarized electrons near Er [schematically illustrated in
Fig. 3(a)]. We show in the next section that the VSe, mono-
layer becomes an Ising ferromagnet with strong out-of-plane
magnetic anisotropy upon neighboring metallic 2D NbSe,,
schematically shown in Fig. 3(a).

Therefore, we here examine the effect of Zeeman-type SOI
in 2H-NbSe, on the magnetism of the 2D XY ferromag-
net 2H-VSe, across the vdW interface. So, we considered a
heterostructure consisting of 2H-NbSe, and 2H-VSe, mono-
layers with different configurations. To find the most stable
configuration in the NbSe,/VSe, heterostructure, four stack-
ing patterns were considered: (i) V atoms on top of Nb ones
(AA stack), (ii) Se atoms of VSe, monolayer on top of Nb
atoms (AA stack), (iii) V atoms on top of hollow sites (center
of the hexagon) of the NbSe, monolayer (AB stack), and,
finally, (iv) Se atoms of VSe; on top of hollow sites of the
NbSe, monolayer (AB stack).

The different optimized stacks considered in this paper
are depicted in Fig. S3. The total energy of the optimized
structures by taking into account vdW interaction and spin
polarization is listed in Table II. The AB stack is the most
stable configuration and AB and AA stacks are metastable.
Results reveal that the heterostructure prefers a 1T shape
configuration for bilayer arrangement, although each layer is
in a 2H configuration. The vertical distance between layers
is shorter in the AB stack and also the distance between
Nb and V atoms is shorter too, so the interaction between
layers is stronger in the AB stack, resulting in the stabilization
of the AB atomic arrangement. Unlike vertical distance be-
tween layers and Nb-V distance, Nb-Se and V-Se bond lengths
and the angle between TM-Se-TM are nearly independent of
the stack, showing a weak influence of vdW interaction on
the atomic arrangements of individual layers. In the following
sections, we focus on the most stable stack AB [as shown in
Fig. 3(b)] and present results for other stacks in supplementary
information for comparison.

The ELF [Fig. 3(b)] reveals electron density localized
mostly at Se and V atoms without electron gas localized in
the interlayer region (ELF value is about 0), so the charge
redistribution cannot be assigned for the creation of covalent
bonds between two layers. There is a built-in potential with a
height of 6.122 V between layers, leading to the induction of

an electric field toward the VSe; sheet, as shown in Fig. 3(c).
So, the net charge is transferred from the NbSe, to VSe, sheet
and the electron density in the inset of Fig. 3(c) confirms this
claim.

According to Fig. 4, the heterostructure has metallic behav-
ior in the AB stack. By quenching the SOC, the spin splitting
of the valence band in the VSe, ferromagnet is reduced upon
contact with the NbSe, monolayer, and the Fermi level up-
shifts and crosses the minority spin of the valence band.
Another important aspect is that the spin degeneracy is broken
along the I'-K-M direction due to time-reversal asymmetry,
but spin-valley locking does not occur due to the absence
of SOC. So the electron of the V** ion partially fills the
spin-down valence band according to Hund’s rule, resulting in
a magnetic moment value to be half integer and smaller than
1 wp per V atom in pristine VSe,, which is nearly independent
of the stack (as shown in Table II).

B. Magnetic and valleytronic properties

After examining the structural characteristics of the het-
erostructure and recognizing the AB’ arrangement as the
most stable atomic arrangement, we investigate the magnetic
ground state of the heterostructure. For this purpose, we con-
sidered a rectangular superlattice consisting of 4 V, 4 Nb, and
16 Se atoms as the case of VSe,. Three different spin arrange-
ments (one FM and two AFM arrangements) were considered.
The difference in the arrangement of antiferromagnets is in the
spin orientation of the vanadium atoms. In the AFM1 arrange-
ment, the vanadium atoms on a line in the y direction have the
same spin orientation. In the AFM2 arrangement, vanadium
atoms with the same y coordinate alternate their spin orienta-
tion between neighboring V atoms. In all considered AFM
arrangements, there are four antiferromagnetic interactions
between the nearest V atoms and two FM interactions. In
contrast, there are four FM interactions between the NNN in
the AFM1, while the number in the AFM2 configuration is 2.

Total energy of different spin arrangements shows that the
ground state of the system is FM so the energy difference
between the FM state and the AFM1 and AFM2 arrange-
ments is equal to 97.6 meV/V and 82.02 meV /V, respectively.
Therefore, the presence of the NbSe, substrate has no effect
on the VSe, magnetic ground state, and the ferromagnetic
order is still predominant.

In contrast, the NbSe, has led to a transition in the VSe,
structure from an XY magnet to an Ising magnet with an out-
off-plane easy axis. Using the spin Hamiltonian presented in
Eq. (1), J; and J,, and D are equal to 20.51 meV, —7.79 meV,
and 1.17 meV, respectively. In comparison with freestanding
VSe,, J; and J; are reduced four and two times, whereas D is
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cted onto atomic orbitals in spin-up (left panels) and -down (right

panels) channels without considering spin-orbit interaction. The size of the circles illustrates the projected weight of the orbitals. The Fermi

level is set to be zero energy.

doubled. So, the MAE of the structure in the presence of the
NbSe, and the SOl indicates that the preferred spin orientation
is out of plane. The MAE achieved in the heterostructure is
comparable with 1.37 meV/cell, 2.76 meV /cell reported for
Crl; [99], and FeGeTe, [100], respectively. Indeed, strong
SOC in NbSe; controls the magnetic properties of VSe,.
According to the orbital band structure shown in Fig. 5, it
is clear that in addition to the spin down, the spin up of all
d orbitals also participates in CBM by applying Zeeman-type
SOI of the substrate. Therefore, according to the above re-
lations Figs. 3(a) and 3(b), a nonvanishing term related to
(dS” ,IL.|d$) with a positive sign is added to the MAE
and the phase transition from the XY model to the Ising
model occurs. So, due to the unique interplay between

ferromagnetism and Zeeman SOI mediated by the 2D NbSe,
substrate, strong magnetic anisotropy was induced normal
to the VSe, film, which holds great promise for faster and
smaller magnetic bits in the future to be used in storage
applications such as high-density nonvolatile memory and
logic circuits using current-induced magnetization switching
[85,86].

According to the dominant contribution of the |d,2) state
at the VBM of the V atom after the presence of the NbSe;
substrate, the orbital magnetic moment at the V sites is close
to zero. It has already been shown experimentally in Ref. [37]
that integrated intensity of the X-ray magnetic circular dichro-
ism signals of VsSeg over L, and L3 edges is negligible.
So, we can claim that the transition to strong out-of-plane
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magnetic anisotropy in NbSe,/VSe, heterostructure is not
due to the crystalline anisotropy induced by the built-in elec-
tric field or interface stress but is due to the Zeeman-type SOI
in NbSe; which has not associated with the orbital magnetic
moment.

Interestingly, when the Zeeman-type SOI of NbSe, is
included, the valley polarization of the VSe, system is sig-
nificantly reversed [as shown in Fig. 5(a)], providing the
possibilities to manipulate the valley degree of freedom by
means of a type of interface magnetic proximity effect medi-
ated by Zeeman SOI. When the polarity of the polarization is

reversed, charges accumulate on the other side of the sample
due to the negative Berry curvature, resulting in the transverse
voltage with opposite signs.

Figure 5(b) shows the magnitude of spin splitting energy is
different and opposite in sign at K, and K_ valleys because
of time-reversal asymmetry, and it is expected that threefold
symmetry is distorted in the first Brillouin zone [101]. A large
valley splitting has appeared in this layer, equal to 74.13 meV.
Due to the unequal number of up- and down-spin electrons
below the Fermi level, a ferromagnetic ground state with
spontaneous spin polarization is formed in NbSe,. In such
a case, we expect a nonzero anomalous Hall conductance,
which is due to the incomplete cancellation of the Berry curve
below the Fermi level.

In the following, to describe edge-bands of 2H—VSe,
monolayer near the K_ and K, valleys, we propose a low-
energy effective Hamiltonian in momentum space with the
structure [61,102]

A . A (1-6,)

H = hvy(1q.6x + q,6,) + EGZ +el+1 AT
14+36,)\x 144 1-6,)\x
o +201>)SZ_<mc< H 4, 261)>Sz,

(N
where o, ,, , denotes the Pauli matrices of the sublattice pseu-
dospin for two basis functions at K_ and K valleys: |[¢) =
|d2) and |¥)) = (lde_y) + irldxy)/ﬁ), and S, is the spin
matrix for the z component of spin s,. A and A" indicate SOC
spin splitting of valence and conduction bands, respectively;
and m, and m, describe the exchange spin splitting in the
valence and conduction band edges, respectively. A, €, and vy
are band gap, correction energy, and Fermi velocity, respec-
tively.

Edge bands of DFT energy dispersion near the K_ and
K, valleys fitted by the two-band k - p model using the pa-
rameters listed in Table III, which are in agreement with the
parameters reported in previous studies [61,103]. By solving
the eigenvalue equation as H |u(imz)) = e(quz) Iu(imz)), we ob-
tained the energy dispersion of VSe, monolayer (as shown
in Fig. 6) in the presence and absence of Zeeman-type SOI.
The band dispersion obtained through the k- p model is in
good agreement with the DFT band structure near Dirac points
(Fig. 1). So, it can be concluded that the k - p model provides
a suitable model for describing the valleytronic properties of
2H—VS62.

It is clear that by applying the Zeeman-type SOI to VSe;
monolayer, all the bands have shifted to lower energies, so
the valence band has completely cut off the Fermi energy.
Also, according to Table III, the values of the spin splitting
parameters caused by the exchange field and SOC (m,, m,,

TABLE III. The k- p parameters obtained by fitting the DFT band structures for the 2H-VSe, layer in monolayer/heterostructure: Spin
splitting caused by SOC effect in the valence band (1) and conduction band (1"), spin splitting caused by intrinsic magnetic exchange field in
the valence band (m,) and conduction band (m.), band gap at the K. valleys (A), correction energy relative to the Fermi level (¢).

2H-VSe, m, (meV) m. (meV) A (meV) A (meV) A (meV) € (meV)
Monolayer 455.35 567.25 —-37.9 8.99 847.4 719.25
Heterostructure 504.3 601.55 35.85 —4.2 659.6 251.55
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A, and 1) have changed significantly in the presence of the
NbSe, substrate, and directions of SOC parameters (A and ")
have changed, which directly causes the reversal of polariza-
tion in valence and conductance bands [AV= 2, as shown in
Fig. 6(a)].

Note that these results may be subject to change by tak-
ing into account the lattice-mismatch strain (~3%) between
the substrate and the VSe, monolayer. But our results in
Ref. [104] as well as the results reported in Refs. [43,80] show
that the variation of the in-plane MAE and J; is not sensitive
to the applied strain in range of —1.5% to +3% in V-based
TMD materials, so we did not consider lattice-mismatch strain
in our calculations.

VI. CONCLUSION

To summarize, first-principles calculations were performed
to study the magnetic proximity effect, Zeeman-type SOI, at
the vdW interface of NbSe;/VSe, heterostructure. The results
obtained in the present paper provide a route to manipulate the

valleytronic and magnetic properties of recently synthesized
ferromagnet: 2H-VSe, monolayer. By examining the struc-
tural and magnetic properties of the four different stackings
for arrangement of atoms in the NbSe,/VSe, heterostructure
and finally focusing on the most stable configuration, we
found that the NbSe, substrate has no effect on the VSe,
magnetic ground state and the FM order is still predominant.
In contrast, the NbSe, leads to strong out-of-plane magnetic
anisotropy in VSe,. The transition of XY to Ising ferromag-
netism at the interface of NbSe,/VSe, heterostructure offers
a great opportunity for realizing next-generation high-density
nonvolatile memory.
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