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Abstract: In order to design the high-performance spintronics, it is rather critical 
to develop new materials, which can easily regulate the magnetism of nanostructures. 
In this work, the electronic properties of two dimensional (2D) square-pyramidal 

vanadium dioxide (S-VO2) are explored based on first-principle calculations. The 
results reveal that the monolayer S-VO2 is an ideal flexible platform to manipulate the 
magnetic properties by either biaxial compressive strain or surface modification. 
Although the ground state of the pristine S-VO2 is a direct semiconductor with 
antiferromagnetic (AFM) coupling between two nearest V atoms, the monolayer 

S-VO2 becomes ferromagnetic (FM) under a biaxial compressive strain. Furthermore, 
the monolayer S-VO2 can be tuned from nonmagnetic semiconductor to magnetic 
semiconductor and even to half-metal through surface modification. The tunable 
magnetic properties of the monolayer S-VO2 make it promising candidate for 
applications in spin-devices.  
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1. Introduction 

Two-dimension (2D) layered materials1-6 have received tremendous attentions in 
the past ten years due to the unusual physical properties from their three-dimension 

(3D) counterparts. In particular, novel 2D materials with the intrinsic magnetism are 
crucial for the relatively novel field of spintronics7. Much of these technological 
achievements stem from the unique physical properties of the 2D or quasi-2D 
magnetic systems. For example, quasi-2D magnetic multilayers demonstrate the 
extraordinary properties of oscillating exchange coupling8 and giant 

magnetoresistance9 (GMR).  
Recent theory studies demonstrate that some of monolayer transition-metal 

dichalcogenides, such as VX2
10, 11 (X=S, Se) and MnX2

12, 13 (X=O, S, Se), own 
intrinsic ferromagnetism in the pristine layered structures. Moreover, the room 
temperature ferromagnetism of the ultrathin VS2 nanosheets has been detected by 

experimental measurements14. In general, most of the layered MX2 are 
thermodynamically stable in the conventional trigonal (T) and/or hexagonal (H) 
structures15, while some MX2 compounds are stable in multiple forms of crystalline 
structures16.  

Vanadium dioxide (VO2) becomes attractive in both industrial and scientific 

areas because of its reversible metal–insulator transition (MIT) between monoclinic 
VO2 (M) and rutile (R) VO2 phases17, 18, associated with the benefits of huge 
temperature-induced resistivity changes19. In addition, there are other five VO2 phases, 
such as triclinic VO2, tetragonal VO2, monoclinic VO2, paramontroseite VO2, and 
body centered-cubic VO2 structure20, 21. The polymorphic feature of VO2 offers great 

chances to find some possible novel 2D structures with the versatile electronic 
structures. The thermodynamic stabilities of the conventional trigonal VO2 (T-VO2) 
and hexagonal VO2 (H-VO2) monolayers were examined using first-principle 
calculations and finite-temperature ab initio molecular dynamics calculations15. The 
results showed that the layered H-VO2 could be stable only at small size due to the 

instability occurring in long-wavelength acoustical mode. Another possible 
square-pyramidal monolayer VO2 (S-VO2) structure has been experimentally 
fabricated through the dehydration and electrochemical delithiation of 
Li0.6V2-δO4-δH2O

22, 23. The pyramidal monolayer S-VO2 are arranged in the 
up-down-up-down chess-board like manner, which is closely related to the layered 

V2O5
24. While there is still no related theoretical work on the monolayer S-VO2.  
It is well known that theoretical calculation plays an extremely important role in 

the forecasting of novel materials, and many novel 2D crystalline phases have been 
suggested in first-principles calculations25-31. For example, Li et al. put forward the 
novel 2D network of SiC4 by first-principles calculations25. Zhang et al. proposed 2D 

tetragonal TiC monolayer with an indirect band gap26. Then, the properties of 
quasi-2D TimCn

27 and TimNn
28 nanomaterials have been studied in the framework of 

the density functional theory. Besides, 2D tetragonal monolayer MgO (100)29, 
tetragonal monolayer AlX (X=P, As)30 and monolayer B2C

31 are also predicted by 
theoretical calculations. 

In this work, first-principles calculations were carried out to systematically 
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examine the stability, electronic structure, and magnetic properties of the monolayer 
S-VO2. The monolayer S-VO2 is thermodynamically stable, and it is a direct band gap 
semiconductor. The ground state of the monolayer S-VO2 is antiferromagnetic, and 

the magnetic moments are mainly contributed by dxy orbitals of V atoms. Interestingly, 
the magnetism of the monolayer S-VO2 can transform into ferromagnetic under a 
biaxial compressive strain, and the magnetism can be further modulated by surface 
modification. The half-hydrogenated and half-fluorinated monolayer S-VO2 exhibits 
unusual half-metal (HM) properties. The versatile electronic and magnetic properties 

of the monolayer S-VO2 open a new door to explore the spintronics in pristine 2D 
material. 

 

2. Computational Method 

The first-principles structure and energy calculations are performed using the 

Vienna Ab Initio Simulation Package (VASP)25, 26. Projector augmented-wave (PAW) 
pseudopotentials27 were used to account electron-ion interactions. The generalized 
gradient approximation (GGA) with the PBE functional28 was used to treat the 
exchange-correlation interaction between electrons. A vacuum region larger than 15 Å 
perpendicular to the sheets (along the c axis) is applied to avoid the interaction 

between layers caused by the periodic boundary condition. In our calculation, a 
kinetic-energy cutoff for plane-wave expansion is set to 500 eV. All the atoms in the 
unit cell are fully relaxed until the force on each atom is less than 0.005 eV/Å. 
Electronic energy minimization was performed with a tolerance of 10-6 eV. The 

Brillouin-zone (BZ) sampling is carried out with a 21×21×1 Monkhorst-Pack grid for 
the 2D sheets. In order to avoid the shortcoming of conventional PBE calculation, the 
hybrid Heyd-Scuseria-Ernzerhof functional (HSE06)29, 30 calculations are used to 
calculate the accurate electronic structure and band gap based on PBE geometries.  

Phonon dispersion spectrum analysis is an important way to examine the stability 
of a specific system. If any imaginary frequency exists in the phonon spectrum, the 

system is dynamic unstable. In this work, the phonon spectrum is calculated with the 
PHONOPY package31, which uses the Parlinski–Li–Kawazoe approach32. For this 
calculation, a large 4×4×1 supercell is used. In order to determine the force constants, 
three non-symmetry equivalent displacements are applied to the structure.  

 

3. Results and Discussion 

3.1 The structure and stability of the 2D VO2 

As mentioned in the introduction, VO2 is polymorphic, and the typical structures 
are S-VO2 and H-VO2. In this work, the structures and stabilities of the monolayer 
S-VO2 and H-VO2 are considered. The corresponding monolayer structures of S-VO2 

and H-VO2 are shown in Figure 1 (a) and Figure 1 (b), respectively. The S-VO2 
structure is P4/NMM-6M (D4h) point group symmetry, with V atom bonding to five 
neighboring O atoms; and the H-VO2 structure belongs to P-6M2(D3h) point group 
symmetry, with V atom bonding to six neighboring O atoms. The optimized lattice 
constants of the monolayer S-VO2 and H-VO2 with PBE functional are 3.745 and 

2.747 Å, respectively. The lattice constant of the monolayer H-VO2 agrees well with 
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the previous calculated value of 2.70 Å15. 
In order to know the relative stability between these two structures, the formation 

energy, Ef, are calculated, which stands for the released energy when compounds 
form from the corresponding elements. The formation energy of the monolayer VO2 

is defined as follows,11 
                  Ef = Ebulk(V) + Egas(O2) - E(VO2)  

where Ebulk(V), Egas(O2) and E(VO2) represent the total energies of the equilibrium 
bulk V, oxygen molecule and monolayer VO2, respectively. The calculated formation 
energies of the monolayer VO2 are 7.379 and 7.108 eV for S-VO2 and H-VO2, 

respectively. The larger formation energy shows the higher stability relative to free V 
and O atoms. It should be pointed out that the formation energy of the monolayer 
S-VO2 is about 0.271 eV larger than that of monolayer H-VO2, indicating that the 
monolayer S-VO2 is more stable.  

 

Figure 1 The relaxed atomic structures of the monolayers (a) S-VO2 and (b) H-VO2. Phonon 

dispersions are along the high-symmetry directions in the BZ of monolayer S-VO2 (c) and H-VO2 

(d), respectively. (e)The potential energy changes as a function of the simulation time during first 

principle molecular dynamic simulations for S-VO2. The red and grey balls represent O atoms and 

V atoms, respectively. The different atoms of the S-VO2 unit cell are labeled as V1, V2, O1, O2, O3, 
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and O4, respectively. The detailed magnetic moments of these atoms are given in Table 1. 

 
To further check their thermodynamically stabilities, frequencies of the 

monolayer S-VO2 and H-VO2 were further calculated for all k points in the BZ. The 
phonon dispersions along the high-symmetry directions in the BZ of the monolayer 
S-VO2 and H-VO2 are presented in Figure 1 (c) and Figure 1 (d), respectively. For the 
monolayer S-VO2, the frequencies of all phonon modes in the BZ are positive, which 
shows again the high stability of this 2D layered structure. However, the imaginary 

frequencies of the monolayer H-VO2 appears. Recently, Ataca et al. also examined 
the stability of the monolayer H-VO2 by first-principle calculations, and the same 
imaginary frequencies are reported15. Therefore, the monolayer H-VO2 should be 
thermodynamically unstable at room temperature. Besides, first-principle molecular 
dynamics (FPMD) simulations are also performed to confirm the thermal stability of 

the monolayer S-VO2. As shown in Figure 1 (e), no energy jump occurs for the 
monolayer S-VO2 during the whole molecular dynamic simulation of 10 ps at T = 300 
K, and the monolayer S-VO2 remains intact. Thus, S-VO2 sheet are 
thermodynamically stable at the room temperature. In the following, only the stable 
monolayer S-VO2 is further considered. 

 

3.2 The electronic structure and magnetic coupling of the monolayer S-VO2  

As mentioned in the introduction, Chirayil et al. has experimentally synthesized 
a new form of S-VO2 using the hydrothermal reaction of vanadium pentoxide and 
lithium hydroxide in the presence of an organic templating cation22, 23. The hydrated 

lithium S-VO2 formed has the simplest layered structure, containing only square 
pyramids whose apices alternate up and down in the layer. However, the potential 
electronic properties of such monolayer S-VO2 have not been examined in both 
experiment and theory. Considering the partially filled 3d shells of the vanadium (V) 
atom, the monolayer S-VO2 may exhibit special electronic properties in the spin 

polarization and magnetic coupling.  
The calculated results with PBE show that the most stable state of the monolayer 

S-VO2 is antiferromagnetic (AFM), which is about 63 and 537 meV per cell lower 
than the ferromagnetic (FM) and nonmagnetic (NM) states, respectively. The 
calculated band structures and density of states (DOS) of the AFM monolayer S-VO2 

are shown in Figure 2 (a). The band structures with PBE show that the pristine 
monolayer S-VO2 is a semiconductor with a direct band gap of 1.25 eV at the M point. 
The calculated spin density of the monolayer S-VO2 (see Figure 2 (c)) clearly show 
that the spin density of AFM is mainly localized on the V atom with ~1 µB per V atom. 
However, the pristine monolayer S-VO2 does not exhibit macro magnetic properties 

because of the AFM coupling. 
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Figure 2 Calculated band structures for the AFM monolayer S-VO2 by (a) PBE and (b) 

hybrid HSE06, respectively. The red solid lines and blue dashed lines in the band structures 

images represent the spin up bands and spin down bands, respectively. (c) The spin density 

distributions of the monolayer S-VO2. The red and grey balls represent O and V atoms, 

respectively. The yellow and green isosurfaces correspond to the densities of spin up and spin 

down, respectively.  

 

It is well known that the conventional PBE functional usually underestimates the 

band gap of semiconductors because of the self-interaction error33, 34. The hybrid 
functional usually gives the more reasonable electronic structure, while it is rather 
expensive to optimize the geometries to calculate the electronic structure. Thus, in this 
work, the energy differences between AFM and FM coupling of the monolayer S-VO2 
are mainly calculated with PBE, while the electronic structures are analyzed with 

HSE06 based on the PBE geometries. In order to check the reliability of such 
approach, another calculation on the pristine monolayer S-VO2 with HSE06 is also 
carried out. The geometry is fully optimized with HSE06, and then the other 
properties are further calculated with HSE06. Firstly, the optimized lattice constant of 
the stress-free S-VO2 is 3.71 Å with HSE06, which is close to the value of 3.74 Å 
with PBE. Secondly, the energy differences between AFM and FM coupling of the 

stress-free S-VO2 is -27 meV with HSE06 based on the geometries optimized with 
HSE06, which is close to the value of -62 meV with PBE. Thirdly, the electronic 
structures calculated with HSE06 based on both PBE and HSE06 geometries show 
quite similar results. The band gap of the stress-free S-VO2 based on the hybrid 
HSE06 geometry is 4.15 eV, which is quite close to the corresponding ones, 4.14 eV 

(see Figure 2(b)), calculated with HSE06 based on the PBE geometries. Such results 
clearly suggest that the PBE functional can describe well the structure and energy of 
the monolayer S-VO2. In the following, we mainly discuss the structure and energy 
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calculated with PBE, and the electronic properties calculated with HSE06 based on 
PBE geometries except we note. 

To obtain deeper insight into the electronic structure of the monolayer S-VO2, 
the orbital-projected DOS is analyzed. As shown in Figure 3 (a), the dxy orbital of V 

atom (V-dxy) is obviously lower energetically than the other V-3d orbitals, locating 
just below the Fermi level (EF). In addition, there is no any overlap between V-dxy and 
O-2p states. The main reason is that V atom stays in the square-pyramidal O ligand 
field, which has no O ligand atom in the x-y plane, as showed in Figure 3 (b). 
According to the orbital-projected DOS of V and O atom, the schematic coupling 

diagram of the energy levels is plotted in Figure 3 (c). The coupling between different 
energy levels is analyzed by the reciprocal repulsion model35, which is helpful to 
further understand the origin of magnetism in the monolayer S-VO2.  

As for the neutral monolayer S-VO2, most of V-3d sub-orbitals are pushed to a 
higher energy level by O-2p orbital. However, the V-dxy orbital does not change due 
to no interaction between V-dxy and O-2p orbitals around the Fermi level. It is 

well-known that V atom consists of five outer electrons as 3d34s2, and each V atom 
keeps an extra electron after its combination with two O atoms. The only extra 
electron occupies the V-dxy orbital, whereas the other four V-3d orbitals are empty. 
Thus, the magnetic moment of the monolayer S-VO2 comes from V-dxy orbital. This 
explains why the shape of the spin density is a typical dxy orbital (see Figure 2 (c)). 

The coupling between the different energy levels results in the splitting of V-3d 
orbitals and the shape of spin density distribution of the monolayer S-VO2. 

 

Figure 3 (a) The orbital-projected DOS of V-3d and O-2p states in the monolayer S-VO2. (b) 

The square-pyramidal V-O ligand field and the corresponding V-O bond length and O-V-O bond 

angle. (c) Schematic coupling diagram of the energy levels in monolayer S-VO2.  

 

3.3 Compressive strain switch on ferromagnetism of the monolayer S-VO2  
Strain is widely used approach to induce and engineer the magnetic properties of 
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MX2 layered materials10, 36, 37. Thus, it is desirable to know whether the strain can 
effectively tune magnetic behavior of the monolayer S-VO2. Here, we investigate the 
strain effect on the magnetic properties of the monolayer S-VO2 by varying the 
biaxial strain from -10% to 10%. Figure 4 (a) shows the variation of the energy 

difference between AFM and FM state (Eafm-Efm) as a function of applied strain, and 
the positive (negative) values represent that the FM (AFM) is the ground state of the 
monolayer S-VO2. Interestingly, Eafm-Efm changes from negative to positive under a 
compressive strain of about 7%. When a compressive strain of up to 8% applies, a 

typical FM coupling occurs with 2μB magnetic moment per unit cell.  

 

Figure 4 (a) The Eafm-Efm variation of the monolayer S-VO2 with PBE under strains. (b) The 

spin-up (red dots) and spin-down (blue stars) band gaps of the monolayer S-VO2 with strain. The 

band structures of the monolayer S-VO2 under biaxial compressive strain of -10% (c) and biaxial 

tensile strain of 10% (d). All the band structures are calculated with HSE06. The red solid lines 

and blue dashed lines represent the spin up bands and spin down bands, respectively. 

 
The spin polarized band structures under 10% compressive strain and 10% tensile 

strain are shown in Figure 4 (c) and 4 (d), respectively. With a 10% compression, the 
monolayer S-VO2 becomes an indirect semincondutor, and the band gap decreases to 
3.45 eV. Moreover, both the conduction band minimum (CBM) and the valence band 
maximum (VBM) behave as spin up. Thus, the macro magnetism should exist in the 

compressed monolayer S-VO2. The band structure under 10% tensile strain (see 
Figure 4 (d)) exhibit a qualitatively similar behavior with the non-pressure band 
structure in Figure 2 (b), indicating that the tensile strain has little effect on the band 
structure of the monolayer S-VO2. The evolutions of spin-up and spin-down band 
gaps under strains are shown in Figure 4 (b). As for the AFM state, the band gap does 

not change significantly under either compressive or tensile strains. In contrast, the 
spin-up band gap in FM state dramatically drops under compressive strains, implying 
a decreased band gap in the monolayer S-VO2. 
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As mentioned above, the energy differences between antiferromagnetic (AFM) 
and ferromagnetic (FM) coupling of the monolayer S-VO2 are mainly calculated with 
PBE, while the electronic structures are analyzed with HSE06 based on the PBE 

geometries. In order to check the reliability of such approach on the strain monolayer 
S-VO2, the hybrid HSE06 functional are employed to examine whether the structure 
relaxations affect the electronic structure. The typical system of the monolayer S-VO2 
under a compressive strain of 10% is used. The geometries are firstly optimized with 
HSE06, and then the other properties are further calculated. Firstly, the energy 

differences between AFM and FM coupling of the compressived S-VO2 is 10 meV 
with HSE06 (the geometries are also fully optimized with HSE06), which is quite 
close to the value of 16 meV with PBE. Secondly, the electronic structures calculated 
with HSE06 based on both PBE and HSE06 geometries are quite similar results. The 
up and down band gaps of the compressived S-VO2 based on the hybrid HSE06 

geometries are 3.57 eV and 5.33 eV, respectively. The results are quite close to the 
corresponding ones, 3.45 eV and 5.32 eV, calculated with HSE06 based on the PBE 
geometries. Such tests further suggest that the approach used above is reliable to 
examine the electronic properties of the monolayer S-VO2. 

To further understand the distributions of the magnetic moments in the monolayer 

S-VO2, we show the magnetic moment of each atom in Table 1. The different atoms 
are labeled in Figure 1 (a). The total magnetic moment of the monolayer S-VO2 is 2 
and 0 µB per cell in FM and AFM coupling, respectively. Both of the compressive 
strain and tensile strain do not significantly change the magnitude of the magnetic 
moment on single atom. The magnetic moments are localized mainly on the V atom 

with about 1 µB per atom, and the induced magnetic moments on top O atoms (O1 and 
O2) are bigger than those on in-plane O atoms (O3 and O4). The tunable magnetism 
of the monolayer S-VO2, by using biaxial compressive strain, enables it to apply in 
spintronics devices. Given the recent progress in achieving the desired strain on 2D 
graphene38, 39, the monolayer S-VO2 are suitable for experimental verification and 

implementation. 
Table 1 Magnetic moment of VO2 structures under the different strains (The unit is 

µB). The corresponding atoms are labelled in Figure 1. 

Strain (%) Total V1 V2 O1 O2 O3 O4 

-10 2.000 1.072 1.072 -0.133 -0.133 0.002 0.002 

-8 2.000 1.076 1.076 -0.137 -0.137 0.004 0.004 

-6 0.000 -1.052 1.052 0.148 -0.148 0.018 -0.018 

-4 0.000 -1.058 1.058 0.150 -0.150 0.019 -0.019 

-2 0.000 -1.063 1.063 0.153 -0.153 0.020 -0.020 

0 0.000 -1.069 1.069 0.157 -0.157 0.021 -0.021 

2 0.000 -1.075 1.075 0.153 -0.153 0.020 -0.020 

4 0.000 -1.081 1.081 0.165 -0.165 0.022 -0.022 

6 0.000 -1.087 1.087 0.170 -0.170 0.022 -0.022 

8 0.000 -1.094 1.094 0.174 -0.174 0.023 -0.023 

10 0.000 -1.101 1.101 0.179 -0.179 0.023 -0.023 
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3.4 Modulating the magnetic properties of the monolayer S-VO2 by surface 

modification 

It is well known that the electronic and magnetic properties of many 2D materials, 
such as graphene, can be tuned by surface modification40-42. Now the following 

questions arise: since a monolayer S-VO2 is semiconductor with AFM coupling, is the 
hydrogenated monolayer S-VO2 metallic or semiconducting? Is it FM or AFM ground 
state?  

Table 2 The band gap, magnetic coupling and magnetic moment distribution of 

S-VO2 structures with different surface modifications: fully hydrogenated monolayer 

S-VO2 (S-VO2-2H), fully-fluorinated monolayer S-VO2 (S-VO2-2F) and 

half-hydrogenated and half-fluorinated monolayer S-VO2 (S-VO2-HF). 

Structure Eafm-Efm (meV) Egap-up (eV) Egap-down (eV) MV1 (µB) MV2 (µB) Mtotal (µB) 

S-VO2-2H 9 1.37 6.08 1.843 1.843 3.986 

S-VO2-2F -146 3.39 3.39 - 0.384 0.384 0.000 

S-VO2-HF 233 / 5.04 1.728 0.905 2.718 

 

To answer these questions, the relative stability between AFM and FM is explored 
for fully hydrogenated monolayer S-VO2 (S-VO2-2H). The optimized bond lengths of 
V–O (top), V–O (side) and O–H are 1.801, 2.014 and 0.960 Å, respectively. The 
detailed band gap and magnetic moments of the monolayer S-VO2-2H are listed in 
Table 2. The calculated Eafm-Efm of the fully-hydrogenated monolayer S-VO2 suggests 

that the monolayer S-VO2-2H prefers FM coupling, along with about 4μB per unit 
cell.  

As shown in Figure 5, the monolayer S-VO2-2H is an indirect band gap 
semiconductor with a small band gap of 1.37 eV. Both of the valence band and the 
conductance band are contributed by spin up states. The VBM locates at the G point, 

while the CBM is near the X point. The DOS exhibits that the magnetic moments 

mainly come from the V atom. The magnetic moment of a single V atom in 
S-VO2-2H is noticeably larger than the one in pristine monolayer S-VO2 due to the 
electron donations from H atom. More importantly, the FM coupling between the V 
atoms can be obtained by hydrogen modification, which can be concluded as 
carries-controlled ferromagnetism43, 44. 

 

 

Figure 5 The band structures of the (a) monolayer S-VO2-2H, (b) monolayer S-VO2-2F and 
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(c) monolayer S-VO2-HF. The corresponding DOS of the (d) monolayer S-VO2-2H, (e) monolayer 

S-VO2-2F and (f) monolayer S-VO2-HF. The red solid lines and blue dashed lines in the band 

structures images represent the spin up bands and spin down bands, respectively. The black, red, 

blue, purple and green lines in the DOS images represent the total DOS, the partial DOS of V, O, 

H and F atoms, respectively.  

 

To further tune the electronic and magnetic properties by surface modification, the 
fully-fluorinated monolayer S-VO2 (S-VO2-2F) and half-fluorinated monolayer 

S-VO2 (S-VO2-HF) need to be examined. The detailed informations of the band gap 
and magnetic moment distribution are also listed in Table 2. Interestingly, the 
coverages of fluorine also affect the electronic structure of the fluorinated monolayer 
S-VO2. The ground state of the monolayer S-VO2-2F is AFM, whereas the monolayer 
S-VO2-HF prefers FM ground state. The band structure and DOS of the monolayer 

S-VO2-2F (Figure 5 (b) and Figure 5 (e)) suggest that the monolayer S-VO2-2F is also 
a direct band gap semiconductor at the M point with AFM coupling. The band gap of 
the monolayer S-VO2-2F is 3.39 eV, which is smaller than that of the pristine 
monolayer S-VO2. Strikingly, the electronic structure of the monolayer S-VO2-HF 
shows that only the spin-up bands cross the Fermi level but the spin-down channels 

do not (see Figure 5 (c) and 5 (f)), which indicate that the monolayer S-VO2-HF 
becomes half-metallic45, 46. The main feature of half-metallic materials is its high spin 
polarization up to 100%. This fascinating half-metallic magnetism, found in the 
monolayer S-VO2-HF, enables the 2D monolayer to be spin-filtering device.  

Finally, the origin of magnetic moment on the modified monolayer S-VO2 is 

examined by the distribution of the spin density. As shown in Figure 6 (a), it is clear 
that the spin densities of the monolayer S-VO2-2H are mainly localized on the V 
atoms with FM coupling. For the monolayer S-VO2-2F, most of the spin densities are 
localized on the V and F atoms (see Figure 6 (b)). However, the AFM coupling 
between the top half and the bottom half results in that the monolayer S-VO2-2F does 

not exhibit macro magnetism. As shown in Figure 6 (c), the spin-up densities are 
localized on the V atoms with FM coupling, while the spin down densities are 
localized on the F and the nearby O atoms. The monolayer S-VO2-HF still exhibits 
macro magnetism due to the spin up densities obviously larger than the spin down 
densities. 
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Figure 6 The spin density distributions of the (a) monolayer S-VO2-2H, (b) monolayer S-VO2-2F 

and (c) monolayer S-VO2-HF. The red, grey, pink and blue balls represent O, V, H, and F atoms, 

respectively. The yellow and green isosurfaces correspond to the spin up and spin down density, 

respectively.  

 

4. Conclusion 

Based on first-principle calculations, we demonstrate that the monolayer S-VO2 
owns versatile electronic properties, which provide a flexible platform to manipulate 
the magnetic properties. The phonon dispersion spectrums show that the monolayer 

S-VO2 is the thermodynamically stable structure. Although the pristine S-VO2 does 
not own no macro magnetism with AFM coupling between two nearest V atoms, the 
monolayer S-VO2 can become FM under a biaxial compressive strain reaches 8%. 
Furthermore, the FM ground state of the monolayer S-VO2 with the large magnetic 
moments (about 4 µB per cell) can also be achieved by the surface hydrogenate. More 

interestingly, the monolayer S-VO2-HF exhibits unusual HM properties with the spin 
up states exhibit metallic properties while the spin down states are semiconductor, the 
properties can be tuned from nonmagnetic semiconductor to magnetic semiconductor 
and to half-metal by adjusting the structure from S-VO2-2F to S-VO2-2H and to 
S-VO2-HF. The tunable magnetic properties of the monolayer S-VO2 open a new door 
to design the spintronic devices in the pristine 2D nanostructures.  
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