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ABSTRACT 
Two-dimensional (2D) magnetic crystals have been extensively explored thanks to their potential applications in spintronics, 
valleytronics, and topological superconductivity. Here we report a novel monolayer magnet, namely puckered pentagonal VTe2 
(PP-VTe2), intriguing atomic and electronic structures of which were firmly validated from first-principles calculations. The PP-VTe2 
exhibits strong intrinsic ferromagnetism and semiconducting property distinct from the half-metallic bulk pyrite VTe2 (BP-VTe2) phase. 
An unusual magnetic anisotropy with large magnetic exchange energies is found. More interestingly, the multiferroic coupling 
between its 2D ferroelasticity and in-plane magnetization is further identified in PP-VTe2, lending it unprecedented controllability 
with external strains and electric fields. Serving as an emergent 2D ferromagnetic semiconductor with a novel crystal structure, 
monolayer PP-VTe2 provides an ideal platform for exploring exotic crystalline and spin configurations in low-dimensional systems. 
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1 Introduction 
Since the discovery of van der Waals magnetic crystals CrI3 [1], 
much research interest has been devoted to exploring the 
significant potential of two-dimensional (2D) magnets in various 
fields, such as electronics, spintronics, sensors, information 
storage, and computing technologies [2–7]. Tremendous 
studies have been contributed by two aspects of 2D magnetic 
semiconductors in nanoscale: discovering novel magnetic 
materials through epitaxial growth, and probing unique magnetic 
mechanisms through regulating magnetic interactions [8, 9]. 
Several kinds of 2D materials have been reported to preserve 
intrinsic 2D ferromagnetism such as Cr2Ge2Te6, Fe3GeTe2, 
CrSe2, and CrTe2 [10–13], and both ferromagnetic (FM) and 
antiferromagnetic (AFM) interlayer interactions, as well as 
tunable magnetism, have been confirmed in semiconducting 
CrI3 and CrBr3 bilayers [14–17].  

Recently, the 2D magnetism had been widely investigated 
or predicted in vanadium dichalcogenides (VSe2 and VTe2) 
theoretically and experimentally [18–22]. For example, the 
FM ordering of monolayer VSe2 on highly oriented pyrolytic 
graphite and MoS2 substrates had been reported [18]. 
However, these results remain debated and the agreement 
initially reached is that monolayer VSe2 is not an itinerant 
magnet since its FM ordering is suppressed by charge density 

wave (CDW) [21]. These ambiguous results declare an indecisive 
conclusion of ferromagnetism in monolayer VSe2. On the 
other hand, another vanadium dichalcogenide VTe2, which was 
known for the Kondo effect in transport measurements as 
multilayer nanoplates [23] and a novel (4 × 4) CDW pattern 
as T-phase monolayer thin films [24–27], haven’t been proved 
to hold any long-range magnetism in previous experiments. 
With the expectation of magnetism in VTe2 systems, much 
effort should be devoted to more phases and their magnetic 
properties. Besides the traditional T and H phases, there is 
another unique puckered pentagonal structure for transition 
metal dichalcogenides, which could be considered as a pyrite 
structure when thinned to 2D limits represented by layered 
PdSe2 [28–30]. To the best of our knowledge, however, the 
puckered pentagonal phase of VTe2 (PP-VTe2) has not been 
reported, which could have developed magnetism in VTe2 
monolayers. 

Here, we report a monolayer puckered pentagonal VTe2, 
which is a brand-new phase of vanadium dichalcogenides 
composed of pentagonal motifs. The structural stability of PP- 
VTe2 is dynamically and mechanically confirmed by phonon 
dispersions and Born–Huang criteria, respectively [31]. The 
electronic structure calculations indicate an emergent spin- 
polarized semiconducting band with a 0.33 eV narrow band 
gap. In-plane FM orderings and high Curie temperature are 
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obtained by magnetic exchange energies calculations and Monte 
Carlo (MC) simulations. Besides the magnetic properties, 2D 
ferroelastic phase transitions are realized due to the crystal 
anisotropy induced by lattice distortions and atomic displace-
ments, which further lead to a direct multiferroic coupling. 
Furthermore, electrical control of magnetism [15] is conceived 
because of the entire magnetic density of states (DOS) around 
the Fermi level. Upon that, we proposed that PP-VTe2 may 
provide a favorable platform to study the spin-polarized charge 
carriers’ properties and our work will accordingly extend our 
understanding of 2D semiconducting magnets. 

2  Results and discussion 
To understand the crystal structures and electronic properties 
of PP-VTe2, the bulk VTe2 with pyrite structure should be 
firstly investigated. The bulk pyrite phase of VTe2 (BP-VTe2) 
has a space group Pa3

_
 with a lattice parameter of 6.746 Å. A 

pentagonal ring in BP-VTe2 consists of four V–Te bonds of 
2.802 Å and one Te–Te bond of 2.865 Å. Puckered pentagonal 
structural motif extending along two dimensions within the 
vertical height of 2 Å can be considered as one sub-layer, which is 
illustrated in Fig. 1(a) with V2Te4 per unit cell. The calculated 
spin-polarized band structure of BP-VTe2 is shown in Fig. 1(b) 
with the Brillion zone and high-symmetry momentum paths 
shown in Fig. 1(d). The BP-VTe2 shows a half-metallic property, 
where a metallic band for the spin-up bands and a gap of 
1.088 eV for the spin-down bands are obtained. Each V has 
6 nearest Te neighbors forming an octahedral crystal field, 
further leading to the split of eg and t2g levels, where the three low 
t2g levels are occupied by the 3 unpaired electrons indicating 
a large magnetic moment of 3 B per V atom. The chemical 
formation energy of BP-VTe2 is −0.265 eV per atom, which is 
only a little higher than that of the well-known VTe2 phases 
such as 1T-VTe2 (−0.307 eV), indicating the potential to be 
synthesized in experiments.  

 
Figure 1  (a) Crystal structure of the BP-VTe2, where one sub-layer of 
V2Te4 in its unit cell is denoted by the green dashed lines. (b) Band 
structures of the BP-VTe2 with and without SOC. (c) Top and side views 
of the PP-VTe2. (d) The Brillion zone and high-symmetry momentum paths 
of PP-VTe2 (upper panel) and BP-VTe2 (lower panel). (e) A structural 
model (upper panel) and its corresponding simulated STM topography 
(lower panel) of the PP-VTe2, where topmost Te atoms have been highlighted 
as large spheres. In this figure, all spheres of deep-blue and light-cyan 
represent V atoms and all spheres of orange-red and light-yellow represent 
Te atoms. Unit cells are circled by black lines. 

Figure 1(c) displays the atomic structure of monolayer PP- 
VTe2 with the side view and top view. We find that there 
are two sub-layers chemically bonded with each other in the 
PP-VTe2 monolayer but only one independent sub-layer can 
not stay stable. The space group of the PP-VTe2 is Pca21. 
Symmetry operations are reduced compared with those of the 
BP-VTe2 because of lattice distortions accompanying atomic 
displacements. Therefore, the structural shape of PP-VTe2 
becomes rectangular with a cell parameter a = 6.774 Å and 
b = 6.655 Å, leading to the opportunity for 2D ferroelasticity. 
Moreover, in pentagonal motifs, the nearest distance 
between V and Te from different sub-layers is shorter than 
all of the bond lengths inside one sub-layer, indicating strong 
bonding energy between these two sub-layers as analogous 
to PdSe2 thin films [32, 33]. Figure 1(e) shows a monolayer 
structural model with its corresponding simulated image 
of scanning tunneling microscope (STM) under the bias of 
−0.5 eV. The brightest signals correspond to the topmost Te 
atoms of the buckling top sub-layer, indicating that a zigzag- 
like pattern will be observed under certain experimental 
conditions.  

In order to confirm the structural stability of the monolayer 
PP-VTe2, linear elastic constants and phonon dispersions were 
calculated. The calculated elastic constants of PP-VTe2 are 
listed as: C11 = 49.66 N/m, C22 = 72.92 N/m; C12 = 6.976 N/m; 
C44 = 24.59 N/m (z-axis is perpendicular to the VTe2 plane). It 
can be found that these elastic parameters satisfy the Born– 
Huang criteria, C11C22 − C12

2 > 0, C44 > 0, indicating the 
mechanical stability of the PP-VTe2. The calculated phonon 
dispersions are shown in Fig. 2(a). There is no imaginary 
frequency in the whole Brillion zone, indicating that the PP- 
VTe2 is dynamically stable. To study if there are certain layer 
slidings or displacements, we calculated the total energy by 
manually sliding each sub-layer. Figure 2(b) shows the calculated 
relative total energy of the monolayer PP-VTe2 with different 
relative displacements between two sub-layers. These calculations 
demonstrate that the monolayer PP-VTe2 system has the  

 
Figure 2  (a) The calculated phonon dispersions of the monolayer PP-VTe2. 
(b) The relative total energy with different relative displacements between 
two sub-layers. The coordinate value represents the ratio of the sliding 
length to the cell parameters. (c) Band structures of the PP-VTe2 with and 
without SOC. A 0.33 eV band gap is illustrated. (d) The gradual reduction 
of the band gap with the increase of the layer thickness of the PP-VTe2 
slab. The coordinate value represents the number of sub-layers. The pink 
and light-green backgrounds denote the regions of indirect and direct 
band gap depending on the layer thickness. The inset shows the calculated 
exfoliation energy of PP-VTe2.  
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lowest energy when these two sub-layers don’t have any relative 
displacement (the case in Fig. 1(c)). Besides, as shown in the 
inset of Fig. 2(d), the exfoliation energy of 72.46 meV/Å2 is 
needed from BP-VTe2 to PP-VTe2. Thanks to the decreased 
exfoliated energy, we propose that PP-VTe2 has a great 
possibility to be realized [34] through epitaxial growth like the 
PdSe2 monolayers. 

The calculated band structures of the PP-VTe2 are displayed in 
Fig. 2(c) along high symmetry momentum paths in Fig. 1(d). 
It is revealed that the monolayer PP-VTe2 is a magnetic 
semiconductor with an indirect band gap of 0.33 eV, which 
shows great distinction from the half-metallic band structure 
of the BP-VTe2 in Fig. 1(b). When the thickness of the 2D 
PP-VTe2 slab increases, the band gap of the slab will decrease from 
0.33 eV (2 sub-layers) to 0.11 eV (8 sub-layers) accompanying 
the indirect to direct transition as shown in Fig. 2(d), which 
gradually reflects the electronic property of the bulk phase. It 
is worth noting that the tunable band gap from 0.33 to 0.11 eV 
is smaller than the hitherto reported 2D magnetic semicon-
ductors like CrI3 (1.07 eV), CrBr3 (1.34 eV), and Cr2Ge2Te6 
(0.88 eV at HSE level [35]). Therefore, PP-VTe2 is an unusual 
2D narrow-gap ferromagnetic semiconductor aiming for infrared 
optoelectronics.  

In order to figure out the magnetic ground states of the 
PP-VTe2 system, the magnetic exchange energies were calculated 
at different magnetic states including nonmagnetic (NM), 
FM, and three AFM states without the inclusion of spin-orbit 
coupling (SOC). Possible magnetic configurations of the 
monolayer PP-VTe2 are shown in Fig. S1(a) in the Electronic 
Supplementary Material (ESM). In our calculations, by changing 
the on-site Coulomb (U) and exchange interactions (J) as 
in the Dudarev method [36], the density functional theory 
(DFT) + U approach was performed for V 3d orbitals to study 
the effect of electron Coulomb interaction Ueff (the difference 
between U and J). Different effective Hubbard energy Ueff 
values as 0, 3, and 5 eV have been considered. Figure S1(b) in 
the ESM shows the relative total energies per unit cell of the 
various magnetic states for PP-VTe2, where the total energy 
of the FM state is taken as a reference under any different Ueff. 
We find that the overall relative total energies of the NM and 
AFM states are positive and much higher than that of the 
FM state, which means that monolayer PP-VTe2 is an intrinsic 
ferromagnetic semiconductor.  

With the intrinsic FM ordering nature, the easy-magnetization 
axis of the monolayer PP-VTe2 is obtained by calculating 
magnetic anisotropy energy (MAE). According to Fig. 3(a), 
when rotating the spin orientations and calculating the total 
energies inside the x-y plane, the lowest energy state corresponds 
to the Ma [100] direction with respect to the in-plane Mb [010] 
and Mq [110] directions by 0.45 and 1.83 meV, as well as the 
out-of-plane Mc [001] direction by 1.23 meV per unit cell. 
After examining the MAE from in-plane to out-of-plane 
orientations, we conclude that the in-plane magnetization shown 
in Fig. 3(b), which exactly coincides with the orientation of the 
only screw axis of PP-VTe2 along the x-axis, is energetically 
preferred because of the inherent crystal symmetry. Besides, 
several energy local minimums at symmetrical angles are 
found in Fig. 3(a) corresponding with the directions of V–Te 
chemical bonds. Therefore, we further set the magnetic moment 
vectors approaching the orientations of each V–Te bond as 
inclined-FM states, one of which is shown in Fig. 3(c). Because of 
the different chemical environments for each V atom, the total 
energy of the inclined-FM state is a little higher than that of 
the in-plane FM state in Fig. 3(b) by 0.15 meV, which can be  

 
Figure 3  (a) MAE by rotating the spin orientations within the x-y plane of 
the PP-VTe2, where the calculated relative total energies at certain degrees 
are marked as blue triangles. The relative energy of Ma [100] is set to be 
zero. (b) The energetically preferred magnetic state of the PP-VTe2. (c) An 
inclined-FM state, where the orientation of magnetic moments corresponds to 
the direction of one V–Te chemical bond. (d) The simulated average 
magnetic moments as a dependence of temperature. The inset is the spin 
density for PP-VTe2. The isosurface value for spin density is 0.17 e/Å3. 
(e) The simulated magnetic susceptibility  and specific heat CV as a 
dependence of temperature. In this figure, all spheres of deep-blue and 
light-cyan represent V atoms from the upper and lower sub-layer, respectively. 
The other spheres represent Te atoms.  

considered as a metastable magnetic state determined by the 
puckered pentagonal motifs.  

To estimate the Curie temperature for the FM PP-VTe2 
monolayer, we conducted MC simulations based on a quasi- 
2D Heisenberg model concerning the specific lattice with two 
sub-layers. There are eight nearest magnetic atom neighbors 
for each vanadium, where four of them are located at the same 
sub-layer and the other four are located at another sub-layer 
as shown in the inset of Fig. 3(d). We consider the nearest 
neighbor spin-exchange interaction and ion anisotropy in the 
Hamiltonian of the Heisenberg model [37] 

 2
0

,
  i j i
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Here, J0 = 3.68 meV obtained by the magnetic exchange energy 
represents the nearest coupling of PP-VTe2 [38] and  describes 
the easy axis single-ion anisotropy obtained by MAE. Based 
on the Hamiltonian above, MC simulations were conducted 
on a 2D mesh grids of 100  100. The simulations lasted for 
5,000,000 steps with a temperature step of 5 K. The magnetic  
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H
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T

¶
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¶
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¶
, were both considered through the MC  

simulations simultaneously, where E means the total energy 
of our quasi-2D lattice. As revealed by Figs. 3(d) and 3(e), we 
estimate the Curie temperature of PP-VTe2 as 110 K, which is 
comparable with the experimentally realized 2D magnetic 
semiconductors such as CrI3 (45 K), CrBr3 (27 K), and Cr2Ge2Te6 
(30 K) [39], and other theoretically proposed 2D magnetic 
materials [40–43] or organometallic lattices [44]. 

Due to the lack of four-fold rotational symmetry, the 
monolayer PP-VTe2 exhibits the crystal anisotropy of 1.8% 
between in-plane lattice parameters a and b promising for 
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2D ferroelasticity. Then the relative energies as a function of 
the phase transition pathway were calculated, and the energy  
barriers of ferroelastic switching were estimated by using the 
nudged elastic band (NEB) theory [45]. To constrain the unit 
cell and reduce the influence of lattice deformation during the 
switching procedures, we firstly applied a compressive strain 
along the x-axis and a tensile strain along the y-axis on the 
initial state (IS) in Fig. 4(a) to transform the rectangular lattice 
into a square one. By rotating the IS for 90°, the lattice of the 
final state (FS) was obtained and shown in Figs. 4(c) and 4(e). 
Considering that atomic positions between the IS and FS are 
different, an intermediate state (MS) is proposed as shown in 
Fig. 4(b). Comparing the MS with the IS, all Te atoms in the 
lower sub-layer move horizontally maintaining the puckered 
pentagonal motif intact. The transition switches from the IS to the 
FS via the MS, leading to an overall energy barrier of 258 meV 
per atom as shown in Fig. 4(d), which is comparable with the 
2D nonmagnetic ferroelastic material black phosphorene [46]. 
Such small strains of 1.8% driving the ferroelastic phase 
transitions of PP-VTe2 can be feasibly realized. In particular, 
a 90° rotation of the easy-magnetization axis will be observed 
after the occurrence of ferroelastic phase transitions, indicating 
a direct 2D multiferroic coupling between the ferroelasticity 
and in-plane magnetization controlled by external strains in 
PP-VTe2 monolayer. 

Based on the calculated spin-polarized band structure (Fig. S2(a) 
in the ESM) and projected DOS (Fig. S2(b) in the ESM) of the 
monolayer PP-VTe2, we find out that the total magnetic moments 
completely arise from the spin-polarized states ranging from 
−1 to −0.1 eV, which are almost donated by the V 3d electrons 
as indicated by the blue shadows. As a ferromagnetic semi-
conductor, when the chemical potential (relative to the Fermi 
level) is tuned through gating voltage, the electron occupation 
of the spin-up bands will be changed with respect to the 
spin-down bands. Consequently, the net magnetic moment of 
the PP-VTe2 sample can be tuned from 12 to 10 μB per unit cell 
under a hole concentration of 4.5 × 1014 per squared centimeter, 
indicating that monolayer PP-VTe2 is a great candidate for 
electrical control of magnetism on a high-dielectric substrate [47], 
which is schematically shown in Fig. S2(c) in the ESM. Owing 
to the similar band structure near the Fermi level of PP-VSe2 
and PP-VS2 with PP-VTe2 (Fig. S3 in the ESM), the electrical 

control of magnetism is promising to be realized in the 
puckered pentagonal structures of VSe2 and VS2 as well.  

3  Conclusions 
We have predicted an emergent ferromagnetic semiconductor of 
monolayer VTe2 with a 2D puckered pentagonal configuration 
that is dynamically stable. Distinct from the half-metallic 
BP-VTe2 and other conventional 2D semiconducting magnets, 
we show that PP-VTe2 is a narrow-gap semiconductor proposed 
for infrared optoelectronics. The FM ground state with 
unusual in-plane magnetic anisotropy and the estimated Curie 
temperature as 110 K of PP-VTe2 are demonstrated. The 2D 
multiferroic coupling that ferroelastic phase transitions will 
lead to the switching of the easy-magnetization axis in PP-VTe2 
has also been explained by its exotic crystal structures. Moreover, 
we notice a feasible electrical control of magnetism in PP-VTe2 
since its magnetic DOS completely arises from the spin-polarized 
states near the Fermi level. In a word, as a 2D semiconductor 
with a unique crystal structure and strong ferromagnetism, 
monolayer PP-VTe2 is an ideal 2D material for studying 
magnetic and ferroelastic properties, as well as tunable states 
by external strains and electric fields.  

4  Methods 
The DFT calculations were implemented by Vienna ab initio 
simulation package (VASP) [48]. Ion cores and wave functions 
were described by the projector augmented wave (PAW) [49] 
method. All structural relaxations were conducted by using 
the generalized gradient approximation (GGA) proposed by 
Perdew, Burke, and Ernzerhof (PBE) [50], with a 9 × 9 × 1 
k-point grid generated by Monkhost-Pack. High-precision geo-
metry relaxation would stop only when the total energy 
difference was less than 10−8 eV and Hellmann–Feynman forces 
were less than 10−6 eV/Å, which is critical for annihilating the 
imaginary phonon modes. The plane-wave cutoff energy was 
set to be 500 eV. A vacuum space of 20 Å was adopted. The 
phonon dispersions were obtained by density functional pertur-
bation theory (DFPT). The finite distortion method [51] was used 
when we calculated the linear elastic constants. Additionally, 
SOC was included in self-consistent calculations when calculating 
the MAE.  

Figure 4  Pathway for the ferroelastic switching from the (a) initial state via the (b) intermediate state to the (c) final state. (d) The total energy as a 
function of NEB images during the ferroelastic phase transitions. Three representative states are marked. (e) Another side view of the final state, which is 
same as the side view of the initial state in (a) indicating a successful ferroelastic switching. In this figure, deep-blue and light-cyan spheres represent V 
atoms from the upper and lower sub-layer, respectively. The other spheres represent Te atoms. Red arrows denote the compressive or tensile strains. Green 
arrows denote the direction of the easy-magnetization axis. Blue arrows denote the switching procedures. 
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