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Two-dimensional transition metal dichalcogenides (TMDs) exhibit many novel properties due to
dimension, lattice distortion, electron-electron interaction etc. Here, we determine that 1T-VTe, with
space group P3m1 is an antiferromagnetic metal by first-principles calculations, and three metastable
structures are predicted, i.e., the P21/m and C2/m antiferromagnetic semiconductor phases and P3ml
ferrimagnetic half-metal phase. Besides, the C2/m phase can be transfered to the P3m1 phase by electron
doping, while hole doping can induce a transition from C2/m phase to P3m1 phase. These transitions
could be ascribed to a strong coupling of charge, lattice, and spin degrees of freedom in VTe,. The diverse
electronic and magnetic properties of VTe2 provide a good platform for researchers to understand the
interactions between spin, charge and lattice.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Two-dimensional (2D) magnetic materials with many peculiar
properties have caused extensive concern of the scientific research
workers for both fundamental physics and potential applications
in spintronics [1]. Since intrinsic magnetism was first experimen-
tally observed in Crl3 monolayers [2]. Tremendous efforts have
been made to explore other 2D materials with intrinsic magnetism
and explore novel features in them. For example, transition metal
dichalcogenides (TMDs) have attracted broad interest due to their
unique properties, such as superconductivity [3,4], valley polariza-
tion [5,6], Dirac semimetal [7,8], charge density wave [9,10], Kondo
effect [11,12], giant magnetoresistance effect [13,14] and so on,
which are useful for potential applications in integrated circuits,
valleytronics, magnetic sensors and memory devices [15-18].

As an important member of TMDs, VTe, mainly exhibits two
polymorphs, i.e., the 2H phase (trigonal prismatic coordination) or
1T phase (octahedral coordination) [19,20]. First-principles study
predicted that the 1T-VTe, is more energetically favorable than 2H
phase and has a ferromagnetic ground state [13,20,21]. Ultrathin
1T-VTe, nanoplates were successfully synthesized and were re-
ported to behave room temperature ferromagnetism [22]. However,
no ferromagnetic order was observed in a high-quality monolayer
VTe; film, recently grown on bilayer graphene by the molecular-
beam-epitaxy (MBE) method [23]. Especially, Liu et al. demon-
strated that 1-VTe, monolayers appear (4 x 4) metallic and gaped
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(24/3 x 2+/3) charge density wave (CDW) phase [9]. The CDW-
driven reorganization of the atomic structure weakens the ferro-
magnetic super-exchange coupling and strengthens the antiferro-
magnetic exchange coupling, suppressing the long-range magnetic
order [24]. More interestingly, the spin, charge, and lattice degrees
of freedom are strongly coupled in the single crystal VTe,, which
induces two types of CDW phases with different antiferromagnetic
spin orderings [25]. In short, due to the complex interactions be-
tween spin, charge, and lattices, there is no consensus on whether
1T-VTe; exist intrinsic magnetism. It is particularly important to
explore the magnetic properties of 1T-VTe;.

In this work, we have investigated the electronic structures and
magnetic ground states of all possible configurations of 2 x 2, 3 x 3,
and selected configurations of 4 x 4 supercell of 1T-VTe; mono-
layer by employing first-principles calculations. The results reveal
that non-distorted 1T-VTe; exhibits antiferromagnetic metallicity,
in sharp contrast to the earlier reported ferromagnetic ground state
[13,21], which was concluded from only two magnetic configura-
tions in a 2 x 2 cell. When the symmetry limitation is released,
three different VTe; phases, P3m1, P21/m, and C2/m appear, cou-
pling with various magnetic state and electronic structures. Fur-
thermore, VTe; can be transformed from C2/m antiferromagnetic
semiconductor to P3m1 ferrimagnetic metal by electron doping
while hole doping can induce a transition from C2/m antiferro-
magnetic semiconductor to P3m1 antiferromagnetic metal. Such
diversified magnetism and electronic properties in VTe; mono-
layers reflect the strong coupling between the charge, spin, and
lattice.
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Fig. 1. (a) Crystal structures of 1T-VTe, monolayer, the solid blue lines represent a
primitive cell. (b) Phonon spectra (left) and partial density of states (right) of FM
state (solid line) and PM state (dotted line). (c) Electronic band structures (left) and
the total and partial electron density of states (right) of 1T-VTe, primitive cell. (For
interpretation of the colors in the figure(s), the reader is referred to the web version
of this article.)

2. Computational details

The calculations are conducted with the Vienna ab initio Sim-
ulation Package (VASP) [26,27] with a plane-wave basis set by
using the projector augmented wave (PAW) method [28,29]. The
exchange correlation interactions are described by the generalized
gradient approximation (GGA) in the formulism of Perdew-Burke-
Ernzerhof (PBE) [30]. A plane wave energy cutoff energy of 500
eV is used. The Gamma-centered k-point meshes are chosen as
25%x25%x1,8%x8x1,6x6x1and 4x4x1 for 1T-VTe, primitive-
cell,2x2x1,3x3x1and 4 x4 x 1 supercells, respectively. The
convergence criteria for energy and force are set to be 1x 1076 eV
and 0.01 eV/A, respectively. To avoid the interaction between ad-
jacent layers, a vacuum space of 16 A is used along the z-axis. We
employed a noncollinear total energy calculation with spin-orbit
coupling (SOC) to determine the magnetization direction. To check
the structural stability, the phonon frequencies were calculated by
using density functional perturbation theory (DFPT) method [31]
and assisted by PHONOPY [32] code. VASPKIT [33] program was
used for electronic structure data processing. The enumeration of
Wyckoff sites was performed by home made structural search soft-
ware SAGAR [34].

3. Results and discussion
3.1. Structure and magnetic ordering
The structure of monolayer 1T-VTe; is presented in Fig. 1a,

which consists of three atomic layers with the vanadium layer
sandwiched by two tellurium layers. It has octahedral coordination
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and belong to the space group of P3m1 (No. 164). For the primitive
cell, the structure was optimized with spin (ferromagnetic (FM))
or without spin (paramagnetic (PM)) polarization, respectively. The
FM state possesses a much lower energy than the PM state, and
its lattice constant (3.59 A) and total magnetic moment (0.79 up)
are consistent with previous research results [13,22]. The effect of
spin-lattice coupling is firstly reflected in the structural changes
and then in the lattice vibrations. As listed in Table S1 in the
Supplementary Material, the lattice constant changes from 3.55 to
3.59 A (increase by 1.1%), and the bond lengths and the bond
angles change significantly. The phonon dispersions and partial
density of states for FM state and PM state are shown in Fig. 1b,
where the overall group velocity for optical phonon branches of
FM ordering is much less than that of PM ordering. Besides, the
phonon bandgap of FM is enlarged as the optical branches of low
frequency shift down, which is also clearly shown by the partial
density of states. The branches with large frequency shifts indicate
that there exists strong spin-lattice coupling in VTe;.

To assess the structural stability of 1T-VTe; monolayers, we
calculate their formation enthalpy by the definition of AH =
(Esystem — MEy — nEte)/(m 4 n), where Esystem is the total energy
of 1T-VTe, monolayer, Ey and Ete is the energy of the elemental
crystal of V (Im3m phase) and Te (P3721 phase), respectively. m,
n denote the number of V and Te atoms. The calculated formation
enthalpy is —0.296 eV per atom, the negative formation enthalpy
implies that 1T-VTe;, is thermodynamically stable. Kinetic stability
of the 1T-VTe; monolayer is confirmed by its phonon band dis-
persion (Fig. 1b), which shows no imaginary frequencies in the
entire Brillouin zone. Fig. 1c shows the energy band structures
and the partial density of states (PDOS) of 1T-VTe;, primitive cell.
Obviously, we find that the monolayer 1T-VTe; exhibits metallic
natures in both spin channels. These results are consistent with
earlier studies reported by Begunovich [13] et al. (a comparison is
shown in Figure S4).

In order to determine the magnetic ground state of 1T-VTe,, we
construct all the possible magnetic structures in 2 x 2 and 3 x 3 su-
percell, as depicted in Figure S1 and Figure S2 (see Supplementary
Information). However, in a 4 x 4 supercell, there are 312 magnetic
configurations in total. The computational efforts for all the possi-
ble configurations in 4 x 4 supercell are huge. Here we selected 12
highly symmetrical magnetic configurations according to the con-
straint that the Wyckoff sites do not exceed 10 (shown in Figure
S3). In order to test the effects of spin lattice, we calculated relative
energies AE = E — Epy (where E is the total energy of magnetic
structure, Epy is the energy of ferromagnetic (FM) state) for all
the magnetic configurations using two different procedures. Proce-
dure 1 is the static calculations using the structure optimized with
FM order, and Procedure 2 is the full calculations in which the
structures are optimized with the corresponding magnetic orders.
The results from both procedures are shown in Fig. 2. When 1T-
VTe; maintains its high symmetry (using Procedure 1), the stepped
antiferromagnetic (Figure S3g or Fig. 2¢, denoted by sAFM) is ener-
getically preferable with AE of —21.8 meV/f.u. (shown in Fig. 2a).
The earlier theoretical studies reported that 1T-VTe; is favored in
FM ground state, merely considering two magnetic configurations
in a 2 x 2 supercell [13,21]. Furthermore, if we release the sym-
metry constriction of VTey, i.e., from our fully relaxed Procedure 2
(cf. Fig. 2b), another AFM configuration (Figure S3k or Fig. 2e, de-
noted by zAFM) energetically prevails over the FM phase by —46
meV/f.u. The magnetic configuration of VTe, is clearly sensitive
to the structural relaxation, suggesting that spin-lattice coupling
is strong in VTey. More importantly, due to spin-lattice interac-
tions, there emerges three diverse metastable phases with different
magnetic states, including P3m1 (156) with an Ferrimagnetic state
(FerriM), P21/m (11) and C2/m (12) with dAFM and zAFM state
respectively. Next we are going to focus on these three structures.



B.-D. Guo, ].-H. Liao, W.-Q. Xie et al.

Physics Letters A 446 (2022) 128260

(a) (b)
or o, = FM % ] o = = FM - I
e FIM A ° e FIM A
20+ A+ AFM E + AFM -
-10F - ® ° 4
3 o {3 Pepan | Moppp
< b = S TR, - ;gg“o" -
S S -20 ® §o°/o°'o°o o'ooko oF 4
[0 1 ° © 8 T AR ° %
E Of = H ] {1 € 8 15 52 3 2 LAGAL ATy
Z o y Z 30} L& F -
ul 10 o 2 ""A"M"ﬁ ]l o A A
w ° u<<‘;”trm‘:7ﬁ(v;b w L ¢
o LR .
. , EEIR N @Mh
-20 | waﬁavowon B S 'O ’0 \ T
A = e,
RL & g,
2x2 Supercell 3x3 Supercell 4x4 Supercell 2x2 Supercell 3x3 Supercell 4x4 Supercell
Vo = g~ g~
0 ¥Po¥o ¥o©, ' 0 0@ 0 ¥ o© ov
- (s) p - (#) w (#] o o Te

2.

Fig. 2. The energy difference between different magnetic configurations in different supercells and FM for using Procedure 1 (a) and Procedure 2 (b), respectively. Red
rectangle represents FM, blue circle denotes FerriM, and cyan is the AFM. The red circles indicate the ground state. (c) SAFM P3m1 phase. (d) dAFM P21/m phase. (e) zZAFM
C2/m phase. (f) FerriM P3m1 phase. Cyan and red isosurfaces represent spin up and spin down densities, respectively. The blue dot lines represent unit cell corresponding

to their magnetic state.

Table 1
Optimized structural parameters and the formation enthalpy of different VTe, phases with the ground magnetic state.
Space group ~ Magnetic state  Lattice parameters (A, deg)  Bond length (A) Angle (deg) AH (eV)
V-Te V-v
P3m1 SAFM a=b=14.35 2.70 3.59 V-Te-V 83.25 —0.301
a=8=90
y =120
P3m1 FerriM a=b=7.20 2.73 (2.67 ~2.76)  3.41(3.21~3.61) V-Te-V 73.35~92.21 —0.305
oa=p=90
y =120
P21/m dAFM a=14.24 2.72 (2.67~2.77) 3.61(3.36~3.86) V-Te-V 77.69~89.42  —0.305
b=14.42
oa=8=90
y =119.58
C2/m zZAFM a=14.35 2.71 (2.66 ~2.76)  3.61(3.25~3.98) V-Te-V 74.39~87.82  —0.309
b=14.46
a=8=90
y =120.25

3.2. Three predicted structures and their stability

The structures of three metastable phases and pure 1T-VTe,
are shown in Fig. 2c-f. The structural information and formation
enthalpy of different structures are summarized in Table 1. Nu-
merically, the optimized C2/m phase with zAFM state is the most
energetically stable structure. Its formation enthalpy is 13 meV/f.u.
lower than that of the P3m1 phase of FM state. The cell param-
eters are a = 14.35 A, b = 14.46 A, i.e, same in a direction while
about 1% stretched in b directions compared with the P3m1 phase
(a =b =14.35 A). No significant deviation from 120° is found for
the y (= 120.25) angle. The calculated bond length of V-V and
V-Te is 3.59 A and 2.71 A on average. We find the shortest V-V dis-
tance of 3.25 A between the same spins, and the longest distance
of 3.98 A between opposite spins. Such different bond lengths in-

dicate that all the magnetic vanadium atoms are in an irregular
octahedron.

For the case of FerriM state with space group P3m1 (156), the
formation enthalpy is 9 meV/f.u. lower than P3m1 phase. The op-
timized structural parameters of P3m1 (4 f.u./cell) structure are
a=b =720 A. It has two non-equivalent V atoms (labeled V1
and V2), locating at (0.000 0.000 0.500) and (0.963 0.482 0.500),
respectively (as shown in Fig. 2f.). The distance between V1 and
V2 is 3.61 A, whereas the bond lengths of V2-V2 have two val-
ues (3.21 A and 4.00 A). The P3m1 phase can be obtained when
the three V atoms of undistorted (2 x 2) 1T-VTe, gathered toward
their center. This phenomenon can be explained by charge density
wave (CDW) behaviors. Looking at the band structures of primi-
tive 1T-VTe, (Fig. 1c), there are the semi-metallic overlap between
the valence band top at I' and the conduction band bottom at M,
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Fig. 3. Evolution of the total energy of P3m1 phase along AIMD simulations with temperature of 200 K (a) and 300 K (b).

which is a critical factor controlling the tendency towards the 2 x 2
distortion [35,36]. Although no phonons with imaginary frequency
appear at the M point (see Fig. 1b), an acoustic branch disperses
downwards and has the lowest frequency at point M, indicating
that the softening of the acoustic branch may cause 1T-VTe, to
become unstable. Therefore, it is likely an unstable phase. In order
to determine its kinetic stability, the phonon frequencies of P3m1
structure (Figure S5a) was calculated. No imaginary frequency and
no softened phonons was found in the calculated spectra, which
demonstrates that P3m1 phase is more stable than P3m1 struc-
ture.

As for the P21/m phase with bi-stripe antiferromagnetic state,
the formation enthalpy is 9 meV/f.u., lower than the F3m1 struc-
ture, while it is almost equal to that of P3m1 phase. The optimized
lattice constants a (= 14.24 A) for P21/m phase undergoes about
0.8% contraction, while b (= 14.42 A) undergoes about 0.5% exten-
sion as compared to P3m1 phase. The bond length of V-V and V-Te
are ranged from 3.36 A to 3.86 A and 2.67 A to 2.77, respectively.
Obviously, the distance of V-V between the opposite spins (3.86 A)
is greater than the same spins (demonstrated in Fig. 2d).

Figure S5 displays the calculated phonon spectra of the P3m1,
P21/m, C2/m phases. No imaginary phonon frequencies in the en-
tire Brillouin zone are found, indicating that they are kinetically
stable. To determine the thermal stability, we have carried out ab
initio molecular dynamics AIMD simulations within the canonical
ensemble (NVT) at temperatures of 200 K and 300 K for P3m1
phase, with a supercell containing 108 atoms. At 200 K, almost no
distortion is observed after 8 ps (as displayed in Fig. 3a) and the
total energy fluctuation no more than 15 meV/atom, confirming
its thermal stability. The structure distorts significantly at temper-
ature of 300 K (as shown in Fig. 3b), indicating its instability at
room temperature. The result is consistent with its Curie tempera-
ture (T, &~ 200 K) (as shown in Figure S7).

3.3. Electronic and magnetic properties

Magnetic studies show that P3m1 phase prefers FerriM cou-
pling, which is more stable than FM state by an energy difference
of 15.7 meV/f.u. The total moment of the P3m1 phase is 4 wg/f.u.,
where V1 and V2 atoms contribute by —0.57 wp and 1.53 g,
respectively. For the C2/m, P21/m phases, the lattice symmetry
is only compatible with the AFM spin ordering. The local mag-
netic moment of V atom is about 1.20 up in absolute value for
C2/m and 1.29 up, 146 wp in absolute value for P21/m. The
spin arrangements on V sites are illustrated in spin charge den-

sity diagram in Fig. 2. Non-magnetic calculations were also per-
formed on the three structures, which were found to relax to the
P3m1 phase and it is energetically unfavored. Particularly, the lat-
tice symmetry of the three phases is only compatible with their
corresponding spin ordering. That is, the lattice as well as the elec-
tronic properties will significantly change when the spin ordering
changes. These peculiar phenomena provide strong evidence for
spin-charge-lattice coupling in VTe;.

Magnetic anisotropy energy (MAE) is a crucial property for
two-dimensional magnetic materials, maintaining its long range
magnetic ordering against thermal fluctuations. Also a large MAE
would increase the density of magnetic data storage and provide
an opportunity of magnetoelectronic application. To obtain the
MAE, noncollinear magnetic calculations were performed for mag-
netization along three directions, i.e., X[100], Y[010], Z[001], where
Z is normal to the surface. We define Exz (Eyz) as the energy dif-
ference between X(Y) and Z directions. All the structures have easy
magnetization direction lying in the plane and the MAE of P21/m
phase reaches the maximum value of 1.26 meV/f.u. compared to
the other phases: P3m1 (~ 0.31 meV/f.u.), C2/m (~ 0.59 meV/f.u.)
and F3m1 (~0.73 meV/f.u.).

Structural changes are often accompanied by changes in elec-
tronic structure and magnetic properties. It reveals that four
phases (P3m1, C2/m, P21/m, P3m1) of VTe, present various mag-
netic properties and rich electronic natures (Fig. 4 and Fig. 5). For
the sAFM P3m1 phase, the band dispersion for spin-up and spin-
down bands crosses the Fermi Level, indicating that P3m1 is an
AFM metal (Fig. 3a). Near the Fermi energy, the electronic DOS is
dominated by V 3d states, with a little contribution of Te 5p, indi-
cating that there is a slight hybridization between V 3d and Te 5p
orbitals. For the P21/m and C2/m structures, the band structures
(Fig. 4b and Fig. 4c) exhibit semiconducting behavior with indirect
bandgaps of 0.11 and 0.07 eV, respectively. For the P3m1 phase,
the spin and orbital projected band structures (Fig. 5) obviously
demonstrated that the spin-up and spin-down channels are non-
degenerate, in which the majority channel exhibits semiconducting
natures while the other channel behaves metallic properties. Such
particular band structures manifest that it is an intrinsic half-
metallic phase that can provide 100% spin-polarization of electrons
near the Ef, ideally for spin injection. The majority spin channel
has the band gap as large as 0.37 eV, enough to prevent flips from
electrons of minority spin channel. Around the Ep, the majority
electronic states are mainly contributed by V2-3d orbitals, while
the minority bands are mainly contributed by V1-d states, both
of them have a minor hybridization with Te-5p states. These phe-
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Fig. 5. Orbital projected band structures of P3m1 phase with spin-up (a) and spin-down (b) channels. (c) Projected density of P3m1 phase. The Fermi level is set to zero.

nomena will be clearer from a combination with TDOS and PDOS.
Under the C3y symmetry, the 3d orbitals of V atoms split into a
non-degenerate (dz?) level and two 2-fold degenerate e; (dxz/dyz)
and ey (dxy/dx* — y?) levels. At Er, no electronic state distribu-
tion can be observed in the majority channel, while in the minority
channel, only V1 e; and e, orbitals are fractionally occupied, and
the occupation of V2-d orbitals are negligible.

3.4. Magnetic and structure phase transition of monolayer VTe,

Strain is a common means that exists or is easily applied in
two-dimensional materials as a control tool to alter the electronic
and magnetic properties of the material. Here, we apply strains
in different directions to P3m1, C2/m, P21/m, P3m1 phases to
observe how their structural, magnetic and electronic properties
evolve. The biaxial strain defined as ¢ = (a — ag)/ap x 100%, where
ap and a are the lattice constant of the unstrained and strained
monolayer. The uniaxial strain (along a-axis direction) is that fixing
lattice a at a length of (1+¢&)ag and allowing lattice b to relax. The
energy evolution of the four phases in terms of strain are shown in
Figure S6. We can clearly observe that the C2/m phase is always

energetically favored under uniaxial or biaxial strains of —2% to 2%,
suggesting that C2/m structure and the associated magnetic order
remain robust against external strain. For P3m1 FerriM half-metal
phase, we also investigate the evolution of the nearest neighbor
magnetic exchange parameter | and magnetic anisotropy energy
under biaxial strain. As exhibited in Fig. 6, ] and MAE is sensi-
tive to strain. As the increase of tensile strain, the MAE increases
to 0.56 meV/V at 4%, twice than that of without strain (0.31 meV),
further confirming the strong interactions between spin and lat-
tice. The first-order spin-lattice coupling strength a]g‘—gi“z (where |
is the magnetic exchange parameter between (1 and o, &; is the
strain) is about 1.25 meV/% under compress strain, greater than
Crl3 (about 0.89 meV/%) [37]. This also provides an evidence of
strong spin-lattice coupling effect in VTe,. The J value decreases
and then increases under tensile strains, likely being attributed
to the competition between superexchange interaction and direct
interaction. It strongly depends on the change of angle V2-Te-V2
with the increasing strain.

Carrier doping is another convenient and efficient approach to
tune the electronic and magnetic properties of 2D films. Previous
work had shown that the magnetization easy axis can be tuned
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from out-of-plane to in-plane by electrostatic doping [38,39]. Addi-
tionally, the magnetic transition can be induced by carrier-doping.
[40] Fig. 7 displays the relative energy changes as a function of car-
rier concentration with different phases corresponding to different
magnetic states. With the electron doping concentration increases,
the energy differences between the zAFM phase of C2/m and Fer-
riM phase of P3m1 decrease. When the electronic doping is 0.1
e/fu. (~7.7 x 103 cm~2), the FerriM phase of P3m1 is more en-
ergy preferable. However, when the hole doping reaches to 0.1
hole/f.u., zZAFM C2/m phase transforms to SAFM P3m1 phase. In
a pristine C2/m phase, the Fermi level relative to the vacuum level
is calculated to be —4.793 eV, which is higher than the pristine
P3m1 (—4.896 eV). Also, the Fermi level of C2/m is in the energy
gap while the Fermi level of P3m1 is in the valance band. Thus,
when electrons are introduced, the energy of C2/m will decrease
less than P3m1. With the number of electrons increases, the P3m1
will become more energy preferable than C2/m. Similarly, the va-
lence band of C2/m is below the Fermi level (—4.793 eV), P3m1
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is a metal with Fermi level of —4.770 eV, so more energy is re-
quired to introduce holes in C2/m, which causes C2/m to become
more unstable than P3m1 when the concentration of hole doping
increases. Experimentally, it is feasible to achieve a carrier concen-
tration reaching 10' ~ 104 cm~2 in 2D systems [41]. Also, we
hypothesize that P3m1 phase with FerriM half-metal properties
can be prepared by electron doping by selecting suitable substrates
[42]. Hence, electron doping can introduce transitions of structural
phase and magnetic state in VTey, leading to a broad application
prospect in spintronic devices.

Considering the electron correlation effect in VTe; monolayer,
we have employed GGA+U method to calculate the evolution of
the four phases, with different Ueg(U-]) from Reference [43]. For
convenience, U is simplified as U below. The energy difference
AE = E — Epjn as a function of U is depicted in Figure S8. Here,
E, Enmin are the total energy of different phases with a specific U
and the minimum energy among these phases, respectively. Cor-
respondingly, the structural and magnetic parameters as well as
band gap of the four phases under different U are listed in Table
S2, where U = 4.3 eV is evaluated from four phases using first-
principles calculations within the linear response approach (Figure
S9) [44]. It is obvious that the ground state changes dramatically
with the adopted U value. Meanwhile, the energy difference be-
tween each phase is not significant when U is less than 2.5, while
the energy difference increases remarkably when U is greater than
2.5. In addition, the band gap and lattice constants of each phase
change dramatically with the U value. As there are no enough ex-
perimental observation to confirm the various ground states and
band gap change, it is hard to determine which value of U is
reasonable. Nevertheless, the results from different U value also
demonstrate the structural, electronic and magnetic diversity of
the monolayer VTe;. Additionally, GGA is also adopted in earlier
studies of VSe;, a similar system to VTe,, with reasonable results
comparing to the experimental observation. [45-47] Therefore, our
main results are still based on the GGA results.

4. Conclusion

In summary, we have systematically studied the crystal struc-
tures, phonon spectrum, electronic and magnetic properties of
1T-VTe,. We have demonstrated theoretically that no-distorted 1T-
VTe, exhibits antiferromagnetic metal properties after considering
various configurations. Peculiarly, three stable VTe, phases, P3m1,
P21/m, and C2/m, are predicted with diverse electronic structures
and magnetic properties. P21/m and C2/m are AFM semicon-
ductors with indirect gap of 0.11 eV and 0.07 eV, respectively,
while P3m1 is a FerriM half-metal with spin up band gap of 0.37
eV. Furthermore, VTe, can be transformed from C2/m AFM semi-
conductor to P3m1 FerriM metal by electron doping, while hole
doping can induce a transition from C2/m AFM semiconductor to
P3m1 AFM metal. The various and interesting electronic and mag-
netic properties of VTe, are likely due to the strong coupling of
charge, lattice, and spin degrees of freedom in VTe,. The diverse
electronic and magnetic properties of VTe, will provide a good
platform for researchers to understand the interactions between
spin, charge and lattice.
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