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Two-dimensional (2D) magnetic transition metal dichalcogenides have attracted great interest in various
fields, including information storage, logic devices, and high-frequency detectors. However, the currently
reported 2D magnets are limited by their low Curie temperatures. Based on the density-functional theory
calculation, we predicted the metastable H phase VTe2 (H-VTe2) is a promising room-temperature 2D in-plane
ferromagnetic semiconductor without charge-density wave (CDW) transition. To achieve the H -VTe2 from the
T phase or CDW-phase VTe2, electron doping is proposed as a feasible strategy in practice. Moreover, the
significant modulation effect of external strain fields on the magnetocrystalline anisotropy energy and magnetic
ordering of monolayer H -VTe2 are systematically studied. The electron correlation included from a Hubbard-U
term has a profound influence on the ground state of magnetic order of H -VTe2, as well as the direction of the
easy-magnetization axis. These results not only provide an in-depth understanding of the modulation mechanism
of the magnetic H -VTe2, but also shed light on the potential applications of H -VTe2 in spintronics and sensors.
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I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) MX2 (M = transition-metal; X = S, Se, Te) [1,2]
have been attracting great attention for their remarkable
physical properties ranging from ferromagnetism [3], super-
conductivity [4], quantum Hall effect [5,6], Mott insulators
[7] to charge-density wave [8,9], etc. In addition, TMDs can
be combined to construct heterostructures easily due to their
weak interlayer van der Waals interactions [10]. The TMDs
have great potential in low-dimensional spintronic devices,
which mainly use the intrinsic ferromagnetism (FM) and spin-
orbit coupling(SOC) of the TMDs [11]. Recently, several 2D
magnets such as CrX3 (X = I, Br, Cl) [12–14], Fe3GeTe2 [15],
etc., were successfully demonstrated experimentally and had
been used to construct spintronic devices, e.g., spin tunnel
field-effect transistor [16], spin-filter magnetic tunnel junction
[17], and tunneling spin valve [18]. However, they are limited
by the low Curie temperature (45 K and 68 K for monolayer
CrI3 [12] and Fe3GeTe2 [15], respectively) and structural
instability at monolayer thickness. Recent reports have uncov-
ered that some TMDs are ferromagnetic with higher Curie
temperature and better stability [19,20]. In particular, the
monolayer H-phase vanadium dichalcogenides are predicted
to be promising candidates for room temperature 2D magnets
[21,22], with a strong SOC effect and valley polarization due
to the broken-inversion symmetry [23,24]. Density-functional
(DFT) calculations also found that the Coulomb interaction
strongly affects the relative formation energy and stability
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between H-phase and T -phase VSe2 [25]. Experimentally,
the VX2 (X = S, Se, Te) synthesized with chemical vapor
deposition or molecular-beam epitaxy method [26–28] are in
T phase instead of H phase based on the scanning tunnel-
ing microscopy (STM) and low-energy electron diffraction
measurement. The pristine ferromagnetic order was absent
in monolayer T -VX2 as reflected from x-ray magnetic circu-
lar dichroism and angle-resolved photoemission spectroscopy
(ARPES) [9,29]. Recent work revealed that monolayer T -VX2

may undergo a charge-density wave (CDW) phase transition
originating from the electroacoustic coupling. The CDW tran-
sition was found to reduce the electronic density at the Fermi
surface and inhibit ferromagnetic order [30]. Detailed STM
results indicated that the CDW transition of T -VTe2 had a
4 × 4 × 1 supercell lattice and atomic distortion with the crit-
ical temperature of 186 K [31,32]. These results were further
confirmed by ARPES measurement that the d bands near the
Fermi surface have partial band-gap opening, which weak-
ened the magnetism-related electron coupling [32]. In light
of this, it seems paramount to unveil the deeper mechanism
related to the ground state of the VTe2. Most importantly, how
to modulate the magnetic H-VTe2 state in practice is another
important issue.

Motivated by the above questions, in this work, we car-
ried out first-principles calculations to explore the connection
between the structures and magnetic properties of VTe2

monolayer. We found that the structural instability of T -VTe2

defines the CDW ground state at low temperature, which
inhibits the ferromagnetic phase. By considering the electron
correlation, the CDW-phase VTe2 is the ground state at low
temperature, while the T phase and H phase will become
favorable in turn at the higher temperature. Moreover, the
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magnetic H-VTe2 could become the ground state with moder-
ate electron doping or strain engineering at low temperature,
for example, using the 11% Mn or 5.6% S doping. The
H-VTe2 is predicted to have intrinsic ferromagnetism (FM)
without any CDW transition based on its phonon dispersion.
In addition to solving the realization of the interesting mag-
netic ground state of VTe2, these results have broad impacts
on the 2D semiconducting magnetic H-VTe2, including the
effective modulation of magnetism and its applications in
spintronics.

II. METHODS

Our first-principles calculations were based on DFT as
implemented in the Vienna Ab init io Simulation Package
(VASP) [33,34]. The generalized gradient approximation in
the parametrization of Perdew-Burke-Ernzerhof (PBE) was
chosen as the exchange and correction functional [35]. The
Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [36],
with the inclusion of SOC effect [37], was also used to obtain
an accurate band structure. A plane-wave basis with an energy
cutoff of 500eV was used during the structural relaxations.
The electron states of 3s23p63d34s2 in V and 5s25p4 in Te
were treated as valence states. To avoid the interlayer inter-
action, a vacuum layer of 16 Å along the c axis was added
to the slabs. The search of ground-state structures of VTe2

was done with the structure prediction program CALYPSO [38]
based on the particle-swarm optimization algorithm. On-site
Coulomb interaction to the V 3d orbitals (PBE + U ) [39] was
self-consistently calculated based on the constrained random-
phase approximation [40]. The value of Coulomb repulsion
U and exchange interaction J were adopted as 1.809 and
0.041 eV, 1.798 and 0.038 eV, and 1.976 and 0.034 eV for
H-VTe2, T -VTe2, and T ′-VTe2, respectively. The Brillouin
zone was sampled by using the converged k-point meshes,
and the Gamma-centered 18 × 18 × 1 and 4 × 4 × 1 meshes
are used for primitive unit cell and 4 × 4 × 1 supercell of
CDW phase, respectively. During the structure relaxation, the
convergence criteria for maximum forces and energy differ-
ences were, respectively, set to 0.01 eV/Å and 10–5 eV. The
ab init io molecular-dynamics (AIMD) simulation [41] with
Andersen thermostat [42] for canonical ensemble (NV T ) was
performed at 300 K with the time step of 5 fs to test the
thermal stability of H-VTe2. The total simulation time for
the 4 × 4 × 1 supercell of monolayer H-VTe2 was set to 10
ps. The structure stability was evaluated via phonon disper-
sion calculated using the 4 × 4 × 1 supercell in the PHONOPY

package [43]. The Helmholtz free energy is calculated by
F = EDFT + EZPE − T S(υ ), where EDFT, EZPE, and T S(υ ),
respectively, represent the DFT-calculated energy, zero-point
energy (ZPE), and vibrational entropic contribution.

III. RESULTS AND DISCUSSION

A. Different phases of VTe2

Based on the Genetic Algorithm structural searching re-
sults, we found that the T phase (D3d ), T ′ phase (C2h),
and H phase (D3h) are the three lowest-energy candidates
for the ground states of VTe2 (Table SI and Fig. S1 in
the Supplemental Material [44]). Since the T ′VTe2 origi-

nates from T -VTe2 by lattice distortion [45], we focus on
the T - and H-phase VTe2 shown in Figs. 1(a) and 1(b). The
calculated lattice constants of T - and H-phase VTe2 are 3.68
and 3.64 Å, respectively, consistent with the experimentally
measured lattice constants of T -VTe2 [46,47]. To test the
structural stability, we started with the phonon dispersion
of both phases. The dispersion of high-symmetry T -VTe2

in Fig. 1(c) reveals several structural instabilities, implying
potential phase transitions at low temperature. The distortion
associated with the imaginary frequencies at M point leads
to T ′-VTe2, where the V atoms are dimerized to form a
zigzag chain [Fig. S1(b)], while the soft mode of the second-
lowest branch along the K-� in reciprocal space indicates
another structural instability, which may freeze and gener-
ate a superstructure at low temperature. Instructed by the
second soft mode, we constructed the star configuration in
4 × 4 × 1 supercell [Fig. 1(e)] and hexagon configuration in
2
√

3×2
√

3×1 supercell [Fig. 1(f)]. The optimized superstruc-
tures are stable and consistent with the recent experimental
observed CDW phases of T -VTe2 below the 186 K [28,29],
which are well known to compete with the magnetic order
[9,29,30]. We used the Stoner itinerant model to analyze
the magnetic properties as both T - and CDW phases show
metallicity [48,49] (Fig. S2). The Stoner criterion IN (EF ) > 1
gives the ferromagnetism in metallic systems, where N (EF ) is
the density of state (DOS) at Fermi energy (EF ) and Stoner
parameter I is related to the average splitting energy 〈εs〉 and
magnetic moments 〈M〉 for V atoms. The calculated IN (EF )
is 0.88 and 0.53 for T -phase and CDW-phase VTe2, respec-
tively. The formation of CDW phase would further suppress
the magnetism of T -VTe2.

As shown in Table I and Fig. S5, the H-VTe2 has slightly
higher energy when considering the on-site Coulomb interac-
tions. The star CDW phase (C3i ) has the lowest energy at zero
temperature, which agrees with the experimental observation,
i.e., CDW phase appears below the critical temperature, while
T (′) phase is observed at room temperature [45]. However,
there is no imaginary frequency in the phonon dispersion of
H-VTe2 [Fig. 1(d)], suggesting no CDW transition in H-VTe2

(also proved in Fig. S3). Its elastic stiffness constants satisfy
the well-known Born stability criteria [50], confirming the
mechanical thermal stability of H-VTe2 (Table SII). We also
performed the dynamic AIMD (Fig. S4) simulations under the
temperature of 300 K for 10 ps to test the thermal stability;
no structural reconstructions happen from the total energy
and snapshots of geometric structures. As shown in Fig. 1(h),
the HSE06-calculated monolayer H-VTe2 is a semiconduct-
ing magnetic TMDs with an indirect band gap of 0.457 eV
(summarized in Table SIII).

Figure 2(a) suggests that the H-VTe2 could become energy
favorable above 625 K with the quasiharmonic vibrational
free-energy correction. Strain engineering and carrier doping
are widely used to induce the phase transition. By com-
paring the energy difference between T - and H-phase VTe2

under external in-plane biaxial strain, electrostatic field, car-
rier doping, and out-of-plane strain in Fig. 2(b), Fig. 2(c), and
Fig. S6, we found that electron doping is an effective way
to achieve H phase with a critical carrier concentration of
8.52 × 1013cm–2, which can be achieved by interlayer charge
transfer [51,52], intercalation [53,54], ionic liquid gating [55],
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FIG. 1. Atomic structures of (a) T -VTe2 and (b) H -VTe2; the upper and down panels refers to the top view and side view, respectively.
Phonon spectra of (c) T -VTe2 and (d) H -VTe2. The atomic structure of (e) triangle CDW phase and (f) star CDW phase constructed from
the soft modes of T -VTe2. Spin-polarized band structure of (g) T -VTe2 and (h) H -VTe2, both PBE+U (dot lines) and HSE06 (solid lines)
functionals are used.

or atomic doping [56]. From the Bader charge analysis (Table
SIV), the V atoms have higher valence states in H-VTe2 due
to the stronger electron transfer between V and Te atoms.
The electron localization function analysis (Fig. S7) further
supports that the electrons are strongly localized around Te
and delocalized around V [57,58]. Since the valence states
near Fermi energy are mainly contributed by the d orbitals of
V for both H-VTe2 and T -VTe2 (Fig. S8), the doped electrons
are likely to fill the d orbitals of V, the higher valence state in
H-VTe2 making it energy favorable under moderate electron
doping. In addition, it is found that hole doping may further
suppress the formation of CDW transition in T -VTe2 (Fig.
S9), which is proved in the T -VSe2 in a recent work [59]. To
have effective electron doping, dielectric gating and N-type
atomic doping are widely used in the semiconductor com-
munity. Figure 2(d) shows that the H-VTe2 becomes ground
state in 11% Mn and 5.6% S doping. Finally, the climbing

TABLE I. Calculated free energies of various phases of VTe2

with and without Coulomb interaction; the energy of H -VTe2 is set
as reference.

PBE (meV) PBE + U (meV)

T phase 5.727 −103.000
T′ phase 58.296 −20.261
H phase 0.000 0.000
Star-CDW −19.613 −117.273

image nudged elastic-band calculations indicate that there is
an energy barrier of 0.582 eV to overcome when transforming
from T phase to H phase without an external field [60] (Fig.
S11). So, an annealing procedure is needed to get the stable
H-VTe2 from the experimental synthesis T -VTe2 [61].

B. The magnetic properties of H-VTe2.

After addressing the stability and availability of H-phase
VTe2, we focus on its magnetic properties. The total Hamil-
tonian to describe magnetic properties of semiconductor
H-VTe2 is described as

H = HMCA + Hex, (1)

where HMCA and Hex represent the Hamiltonian of mag-
netocrystalline anisotropy (MCA) and exchange interaction
between local magnetic moment, respectively.

H-VTe2 belongs to the D3h point group, so the d orbitals
of V atoms can split into three groups, i.e., E1(dxy, dx2-y2),
E2(dxz, dyz), and A1(dz2). Figure 3(a) reveals the DOS of
E1, E2, and A1, which can be simplified to the energy diagram
shown in Fig. 3(b). The exchange energy (0.3 eV) between
spin up and spin down is small compared to the splitting
energy (0.8 eV) of the crystal field, resulting in the low-spin
state (S = 1/2, MS = 1.0μB ) [62]. From the real-space net
spin-density distributions in Fig. 3(c), we found that the
localized magnetic moment of V atoms is mainly contributed
by dz2 orbital. The resulting in-plane (IP) isotropy and
out-of-plane (OOP) anisotropy of VTe2 magnetism can be
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FIG. 2. (a) The Helmholtz free energies of the various VTe2 phase as a function of temperature. (b) The VTe2 phase diagram under biaxial
strain and electrostatic field. (c) VTe2 phase diagram under carrier doping and biaxial strain. (d) The energy difference between T -VTe2 and
H -VTe2 with various doped atoms. The green area refers to the �E between nondoped T -VTe2 and H -VTe2.

described by HMCA:

HMCA = −
∑

i

AzzS
2
i.z, (2)

where Si and Azz, respectively, represent the spin state and
MCA coefficient at the ith site. The MCA originated from
the SOC can be expressed as ξL · S [63], where S is Pauli
operator for spin and L is orbital angular momentum operator;
ξ is the SOC constant. The magnetocrystalline anisotropy
energy (MAE) is defined as the energy difference between the
magnetic moment aligned in a specific direction and [001]
direction. MAE is obtained by second-order perturbation
theory [64,65]:

MAE = ξ 2

4

∑

occ,unocc

|〈ψocc|Lz|ψunocc〉|2 − |〈ψocc|L|ψunocc〉|2
Eunocc − Eocc

,

(3)

where ψocc and ψunocc refer to the occupied and unoccupied
wave functions without perturbation, respectively, and Eocc

and Eunocc are the corresponding energy.

From the calculated MAE, the easy plane of H-VTe2 is
within the XY plane where the magnetization is isotropic as
shown in Fig. 3(d) and Fig. S12. In addition, the value of
Coulomb repulsion U and exchange interaction J can change
the exchange splitting of d orbitals and the overlap of orbitals,
thus influencing the magnitude of MAE and the direction of
the easy-magnetization axis [66,67]. The Coulomb repulsion
and exchange interaction favors the OOP and IP MAE, respec-
tively, which can be modulated by the external biaxial strain
but not carrier doping (Figs. S13 and S14). By increasing
the tensile biaxial strain, the critical Coulomb repulsion Uc

responsible for IP to OOP MCA transition is decreasing (Fig.
S13). Therefore, we can realize the OOP easy-magnetization
axis in H-VTe2 with a 4% tensile biaxial strain, as revealed
in Fig. 3(e). Additionally, the isotropic IP MCA can be bro-
ken under the in-plane uniaxial strain [Fig. 3(f)], with the
easy-magnetization axis perpendicular to the compressive di-
rection.

On the other hand, the exchange interaction between mag-
netic V atoms determines the overall magnetic ordering.
To understand the mechanism of exchange interaction, the
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FIG. 3. (a) PDOS and (b) the schematic energy level of H -VTe2. (c) Net spin-density distribution of H -VTe2. (d) The MAE as a function
of magnetization direction in XY (XZ) plane and (e) biaxial strain. (f) Effects of external in-plane uniaxial strain on the MAE. The energy of
the configuration with magnetic moment pointing to [100] is set as 0 eV. (g) The magnetic phase diagram and corresponding magnetic orders
with different exchange coefficients J1 and J2.

Heisenberg model is used:

Hex = E0 −
∑

〈i, j〉
J1(Si · Sj ) −

∑

〈i, j′〉
J2(Si · Sj′ ), (4)

where E0 is the energy of the ground state without spin-
polarized configuration, Ji j represents the isotropic exchange
interaction between the ith and jth sites, and the first- (J1)
and the second (J2)-nearest neighbor exchange interactions
between V atoms are taken into consideration during calcu-
lations [68].

To get the exact value of the J1 and J2, three kinds of
magnetic orders, i.e., the ferromagnetism (FM), stripy antifer-
romagnetism (AFM-stripy), and zigzag antiferromagnetism
(AFM-zigzag) are considered. (Fig. S15). The in-plane spin
Sx is used due to the isotropic IP MCA, and the exchange
equations can be expressed as

EFM = E0 − 6J1S2
x − 6J2S2

x , (5a)

EAFM−stripy = E0 + 2J1S2
x + 2J2S2

x , (5b)

EAFM−zigzag = E0 + 2J1S2
x − 2J2S2

x . (5c)

The calculated exchange coefficients J1 and J2 are listed in
Table II, and the H-VTe2 has the ferromagnetic ground state.

Based on the mean-field approximation [69],

TC = 2

3kB
S2(n1J1 + n2J2), (6)

where n1 and n2 the nearest-neighbor (NN) and the second-
nearest neighbor (second NN) magnetic coordinates, respec-
tively, kB is the Boltzmann constant. The estimated Curie
temperature TC is around 317 K, which is consistent with the
T c value of 325 K obtained from the Monte Carlo simulation
based on the Heisenberg model with both J1 and J2 as shown
in Fig. S16.

By adjusting the ratio of J1 and J2, it is possible to modulate
the magnetic ground state. Figure 3(g) shows the magnetic
phase diagram of H-VTe2 as a function of the J1 and J2, since
J1 is determined by the competition of direct exchange and su-
perexchange interaction. The direct exchange originates from

TABLE II. Calculated parameters of spin Hamiltonian. (The V
in the table refers to vanadium atom.)

FM AFM-stripy AFM-zigzag J1 J2 Azz
(meV/V) (meV/V) (meV/V) (meV/V) (meV/V) (meV/V)

0.000 107.968 96.190 5.276 1.472 −5.986
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FIG. 4. The effects of (a) biaxial strain, (b) armchair uniaxial strain, (c) zigzag uniaxial strain, and (d) carrier on the value of magnetic
exchange constant J1 and J2 and ferromagnetic Curie temperature Tc.

the 3d1 electron hopping between the nearest V4+ and tends to
form AFM order due to Pauli’s principle. The superexchange
interaction involves the hopping between magnetic V and
nonmagnetic Te atoms, and it tends to be FM order in H-VTe2

according to the Goodenough-Kanamori-Anderson rules with
the V-Te-V angle close to 90◦ [70,71]. The partially occupied
d states with 3d1 low-spin states for V4+ weaken direct inter-
action [72] and the strong V–Te bonding (Fig. S8) enhances
the superexchange interaction, so the J1 is positive for FM
exchange in H-VTe2. For the second-NN interaction J2, the
direct exchange can be ignored and the super-superexchange
effect [73] with electrons hopping through several Te atoms
[Fig. S17(b)] is dominant. As shown in Fig. S18, the angles of
V-Te · · · Te have values of 131.551◦ and 90◦, and the nearest
distance of Te-Te in H-VTe2 is 3.626 Å, leading to the FM
coupling according to the super-superexchange picture [Fig.
S17(c)].

C. Strain engineering the magnetic and transport
properties of H-VTe2.

Strain engineering is widely used in the semiconductor
industry; since the Te-Te distance and V-Te · · · Te angles
will change under the external strains [74,75], we explore
the strain tunability of the J1 and J2 and magnetic Curie
temperature [76]. As shown in Fig. 4, the strain can be an
effective way to modulate the magnetic properties of H-VTe2.

It is found that the 6% compressive uniaxial strain along
the zigzag direction induces the FM to AFM-stripy phase
transition. The compressive strains shorten the distance of
V-V and reduce the angle in both V-Te-V and V-Te · · · Te,
weakening FM exchange interaction in J1 and J2. We noted
that the point group of H-VTe2 will change from original
D3h to C2v under uniaxial strain, the first-NN and second-NN
V atoms for V1 shown in Fig. S19 will be divided into two
groups of inequivalent atoms, i.e., V2 and V3 for the NN and
V4 and V5 for the second-NN V atoms, respectively. They
have different influences on exchange parameters J1 and J2

and the phase transition (Table SIV). The Curie temperature
TC can be predicted based on the mean-field approximation in
Eq. (6). The calculated results are shown in Fig. 4, where the
trend of TC is consistent with J2 since J2 is more intensive to
the external strain.

On the other hand, carrier dopings can also be used to tune
the phase transition. The hole dopings reduce the electron
hybridization between Te-Te and V-Te and make the FM to
AFM phase transition favorable, as shown in Fig. 4(d), while
for electron doping, the V-V interaction is enhanced as the
electrons are mainly doped in the d orbitals of V atoms,
favoring the FM states. Carrier doping is believed to be a
general technique to modulate the phase transition of the TMD
materials [77,78]. In summary, the overall effects of strain
and carrier doping are shown in triangle and circle symbols
in Fig. 3(g).
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FIG. 5. Semiconductor-semimetal transition under the uniaxial strain along [100] direction. The band structure under (a) 2% tensile strain,
(b) no strain, and (c) 2% compressive strain. The PDOS and real-space wave function of (d) band1 and (e) band2 shown in Fig. 4(b).

The strains cannot only determine the magnetic ground
state of H-VTe2, but also greatly affect its transport prop-
erties. As shown in Figs. 5(a) and 5(c), under 2% in-plane
compressive and tensile strains, there is a semiconductor to
semimetal phase transition in H-VTe2. Two of the spin-down
bands near valence-band maximum (VBM), denoted as band1

and band2, are degenerate at the � point in the nonstrain
state. As shown in Figs. 5(d) and 5(e), the real-space wave
functions of band1 and band2 have strong anisotropic, leading
to their nondegeneracy at the � point under in-plane uniaxial
strains. Particularly, the dxz orbital of band2 moves upward
and crosses the EF due to the shortened bonding length when
the uniaxial compressive strain is larger than 2%. Similarly,
the dyz orbital of band2 goes across the EF under 2% uni-
axial tensile strain, leading to the semimetal transition. All
these suggest great potential for H-VTe2 in the application
of spintronic electronics, e.g., generating and detecting spin
currents. Previous works have proposed to observe the quan-
tum anomalous Hall effect in an in-plane magnetic system, so
the ferromagnetic H-VTe2 semiconductor provides a suitable
platform to test these quantum effects [79].

Based on the above strain-dependent magnetic and elec-
tronic properties, a simplified schematic device is proposed
in Fig. 6 to utilize the semiconductor-semimetal phase tran-
sition of H-VTe2 under uniaxial strain. The strain-induced
semiconductor to semimetal phase transition greatly changes
the conductivity of H-VTe2 [80], and a large resistance ratio
is expected. A tunneling magnetoresistive (TMR) device con-
sisting of a pinned layer (NiFe), a free layer (VTe2), and a
nonmagnetic layer (MgO) is constructed on top of the flexible
substrate. The VTe2 free layer can utilize the strain-spin cou-
pling effect to detect the direction of the external strains. Since

the band gap has a nearly linear dependence with the uniaxial
compressive (tensile) strains (Fig. S20), the magnitude of the
strain can also be obtained by measuring the tunneling current
[16]. As shown in Fig. 6, the output voltage of the proposed
TMR device reflects the strain conditions of the device, so
it can be used as a detector to sense both the direction and
magnitude of strain [81].

FIG. 6. Schematic illustration of TMR device that utilizes the
strained induced semiconductor-metal transition. The device con-
sists of a pinned layer, a free layer, and a nonmagnetic layer. The
pinned layer is composed of a strain-insensitive in-plane ferromag-
netic metal such as NiFe, and the free layer is composed of H -VTe2.
The inset shows the magnetic configuration under tensile strain; the
yellow and green arrows represent the magnetic moment of the free
layer and the pinned layer.
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IV. CONCLUSION

In summary, we have systematically investigated the
ground magnetic nature of VTe2 and its tunability by external
strain and carrier doping. It is found that the CDW phase
will suppress the magnetism of T -VTe2, while the semicon-
ductor H-VTe2 has a stable ferromagnetic state. However,
the H-VTe2 has higher formation energy compared with the
T -VTe2 and the CDW phase. We proposed that carrier dop-
ing or atom doping could be a feasible way to achieve the
H-VTe2 ground state in the experiment. Interestingly, the
magnetocrystalline anisotropy and the magnetic ground state
of H-VTe2 can be modulated by external strain fields. A
tensile biaxial strain of 4% can shift the easy-magnetization
axis from in plane to out of plane, leading to the out-of-plane
magnetism. Furthermore, the uniaxial strain can also modu-
late the direction of in-plane magnetism due to the strain-spin
coupling. The compressive uniaxial strain and hole doping
can also change the H-VTe2 magnetic ground state from FM

to AFM. Finally, a phase transition from semiconductor to
semimetal is discovered under a 2% uniaxial strain. These
singular and abundant physical capabilities make the H-VTe2

a good candidate in 2D spintronics, sensing, and logical de-
vices.
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