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 In this work, we investigate the strain controllability of magnetic anisotropy energy 

(MAE) in the monolayer form of niobium disulfide (NbS2) using density functional 

theory (DFT). Our calculation reveals a negative MAE of -1.82 meV, indicating a 

preference for spins to align in the in-plane directions (x or y). By systematically 

applying biaxial tensile strain to the NbS2 monolayer, ranging from 1% to 10%, we 

observe a linear relationship between strain and MAE. Interestingly, the strain-induced 

modulation of MAE leads to a remarkable phenomenon, where the easy axis of 

magnetization shifts from the in-plane to an out-of-plane orientation at a critical strain 

of 7%. This ability to switch the magnetic anisotropy by manipulating strain 

demonstrates the promising potential of NbS2 monolayer in the development of 

spintronic devices. 
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I. INTRODUCTION 

The successfully synthesis of graphene, a two-dimensional material, has sparked considerable 

interest in exploring other promising two-dimensional (2D) materials. This enthusiasm is driven by the 

attractive properties exhibited by graphene and the relatively straightforward exfoliation technique 

employed in its production. This interest extends to a class of materials called transition metal 

dichalcogenides (TMDs), which have garnered significant attention. TMDs encompass a range of 

compounds with a general formula of TX2, where T represents a transition metal atom (such as Fe, Mo, 

Nb) and X denotes a chalcogen atom, including S, Se, or Te. A monolayer of 2D TMD consists of three 

atomics layers, with the transition metal (T) situated between two layers of chalcogen atoms (X) 

(Chhowalla et al., 2015). 

Over past decades, TMDs have been extensively studied both experimentally and theoretically 

due to their tremendous potential in technological applications. Computational material research, 

particularly employing density functional theory (DFT), has played a vital role in investigating the 

fundamental properties and controllable aspects of 2D materials (Bhimanapati et al., 2015). Notably, 

voltage modulation of magnetic crystalline anisotropy (MCA) in TMD monolayers has been studied and 

reportedly that the magnetization orientation of certain monolayers can be switched under an electric 

field (Sui et al., 2017). Additionally, external treatments such as strain and interfacial engineering have 

been reported to modify the physical properties of TMD materials (Ghorbani-Asl et al., 2013; Li & 

Tang, 2020; Zhou et al., 2012).  

NbS2 belongs to the family of layered materials, characterized by a hexagonal lattice structure 

comprising niobium (Nb) and sulfur (S) atoms. This structure gives rise to remarkable properties that 

make NbS2 an attractive material for exploration. Some of the key characteristics of NbS2 include its 

intrinsic superconductivity, excellent electrical conductivity, and the ability to undergo a phase 

transition under external stimuli as pressure and temperature. These attributes open up a multitude of 

possibilities for NbS2-based devices and technologies (Wang et al., 2020). In the study (Zhao et al., 

2016) which developed a straightforward chemical vapor deposition (CVD) method for the growth of 

few-layered NbS2 (3R phase) directly on atomically flat hexagonal boron nitride (hBN) substrates, 

enabling the successful creation of 2D metallic TMDs with large single-domain sizes. This breakthrough 

provides a novel synthetic pathway for controlled growth of 2D metallic materials, facilitating the 

exploration of unique physics in 2D metals and the search for novel 2D superconductors. Subsequently, 

numerous studies have emerged, collectively demonstrating the promising potential of NbS2 as highly 

favorable material for various applications (El Youbi et al., 2021; Heil et al., 2017; Najafi et al., 2019; 

Shen et al., 2022; van Loon et al., 2018; Wang et al., 2020; Zhang et al., 2023). 

In this study, we present a first-principles investigation of the magnetic properties of niobium 

disulfide (NbS2) monolayer, one of the TMD materials. We begin providing an overview of the 

computational details, followed by a discussion of the material’s physical properties. Finally, we present 

our conclusions.   

II. COMPUTATIONAL METHOD 

 
Figure 1 Crystal structure of NbS2 monolayer (a) side view, (b) top view 

(a) (b) 
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The niobium disulfide (NbS2) monolayer adopts a layered hexagonal structure, as depicted in 

Figure 1. The unit cell consists of three atoms, S-Nb-S, with a lattice constant a. To avoid interlayer 

interactions, a vacuum region of 15 Å is introduced in the two perpendicular directions. Notably, 

previous studies on NbS2 monolayers have recommended vacuum thicknesses of 10 Å (Heil et al., 2018) 

and 15 Å (Sun et al., 2018) to effectively prevent interlayer interactions. Therefore, based on this 

established research, we assert that a vacuum region of 15 Å is adequate to ensure the absence of 

interlayer interactions in our study. The Nb atom is positioned at (2/3 a, 1/3 a, ½ c), while the S atoms 

are located at the origin, separated from the Nb atom by approximately 1.56 Å in the z-direction (both 

above and below). It should be noted that the structure between the Nb and S atoms may undergo 

changes during geometry optimization and under applied strain. 

For the first-principles calculations based on density functional theory (DFT) (Kohn & Sham, 

1965), we employed the Quantum ESPRESSO code (Giannozzi et al., 2009, 2017, 2020) within the 

generalized gradient approximation (GGA) using the Perdew, Burke, and Ernzerhof (PBE) exchange-

correlation functional (Perdew et al., 1996). Ultra-soft pseudopotentials with scalar relativistic 

pseudopotentials were used for noncollinear/spin-orbit coupling (SOC) calculations. These 

pseudopotentials were obtained from the PSlibrary (Dal Corso, 2014). To calculate the magnetic 

anisotropy energy (MAE), a noncollinear calculation was performed, where the MAE is defined as the 

difference in total energy between two magnetics states with magnetization aligned along in-plane 

(E[100]) and out-of-plane (E[001]) orientations, MAE = (E[100]-E[001]). In Quantum Espresso, to define the 

magnetization angle, two parameters, namely angle1 and angle2, can be utilized. The angle1 

parameter represents the angle in degrees between the initial magnetization and the z-axis, while 

angle2 represents the angle in degrees between the projection of the initial magnetization onto the x-

y plane and the x-axis. For the in-plane direction (E[100]), the angles can be set as follows: angle1 = 90 

degrees and angle2 = 0 degrees. Conversely, for the out-of-plane direction (E[001]), the angles should 

be set as follows: angle1 = 0 degrees and angle2 = 0 degrees. These angle settings enable us to 

accurately define the desired magnetic orientations and subsequently calculate the corresponding MAE 

values for our study. 

The kinetic energy cutoff for the wavefunctions was set to 50 Ry, which was optimized (refer 

to Appendix Figure A.1). The k-point mesh was also optimized (refer to Appendix Figure A.1), and an 

8 × 8 × 1 k-point grid was employed for ionic minimization with a convergence threshold on forces 

smaller than 0.0001 Ry/Bohr. For electronic structural optimization, a 12 × 12 × 1 k-point grid was 

utilized to achieve higher accuracy. Biaxial strain ranging from 1% to 10% was applied along the desired 

directions by varying the lattice constants. For example, if the initial lattice constant 𝑎0 is 3.34 Å, a 1% 

tensile strain would result in a new lattice constant of 𝑎0 + (
1

100
× 𝑎0), which equals 3.38 Å. This 

process continues for each incremental strain level, up to 10%. The MAE is then calculated for each 

applied strain. 

III. RESULTS AND DISCUSSION  

In our study, we initially determined the optimum lattice constant a0 of the NbS2 monolayer, 

where the energy is minimized. Figure 2 shows that using the Birch-Murnaghan equation of state (Birch, 

1947), the calculated a0 for NbS2 is 3.34 Å, which consistent with previous findings (Bianco et al., 2019; 

Güller et al., 2012; Stan et al., 2019; Sun et al., 2018; Zhou et al., 2012). Upon applying biaxial tensile 

strain to the NbS2 monolayer, the lattice constant a increases, resulting in a decrease in the distance 

between the chalcogen atoms S (lS-S), and an increase in the bond length the Nb and S atoms (lNb-S) (see 

Table 1).  

Our calculations for the optimized structural geometry of the NbS2 monolayer align closely with 

a previous study (Zhou et al., 2012). We observed that even at a tensile strain of 10%, the change in the 

Nb-S bond length (lNb-S) was only 4% compared to the unstrained structure. For S-S bond length (lS-S), 

the change was also relatively small, at just 5%. This relatively small variation indicates the material’s 

elastic tolerance, suggesting that it can withstand significant strain without undergoing structural 

breakdown. This characteristic implies the potential for precise control over the electronic and magnetic 

properties of NbS2.  
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Figure 2 Lattice constant optimization using Birch-Murnaghan equation of state 

Moving on to the electronic and magnetic properties, the electronics states depicted in Figure 3 

reveal that the valence band and conduction band overlap near the Fermi level, indicating that the NbS2 

monolayer behaves as a metal. The magnetic character originates from the Nb atom, with a magnetic 

moment of 0.20 µB at 0% strain, which doubles starting from 5% (see Table 1). In light of previous 

research, it is worth noting that the magnetic moment of the material can be significantly enhanced by 

the application of tensile strain, as demonstrated by (Zhou et al., 2012). Furthermore, findings from a 

separate study by (Sui et al., 2017) indicate a positive correlation MAE and the magnetic moment, 

suggesting that an increase in MAE can also result in an increase in the magnetic moment.  

Table 1 NbS2 structure and magnetic properties (lattice constant, a; distance between chalcogen atoms S-S, 

lS-S; bond length of Nb-S, lNb-S; magnetic moment for Nb atom in Bohr magneton, MNb) with respect to 

strain. 

     biaxial tensile 

strain 

      

 0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 

a (Å) 3.34 3.38 3.41 3.44 3.48 3.51 3.54 3.58 3.61 3.64 3.68 

lS-S (Å) 3.13 3.11 3.08 3.08 3.06 3.04 3.02 3.01 2.99 2.98 2.96 

lNb-S (Å) 2.48 2.49 2.51 2.51 2.52 2.53 2.54 2.55 2.57 2.58 2.59 

MNb (µB) 0.20 0.21 0.22 0.22 0.22 0.43 0.44 0.45 0.46 0.46 0.47 

We chose to focus on four specific variations of strain in the PDOS calculation, namely 0% 

strain, 2% strain, 4% strain, and 7% strain, because they were deemed representative enough to 

effectively demonstrate the relationship between strain and MAE (Figure 3). The observed trends in 

MAE at these specific strain levels provided clear insights into how MAE changes with strain, 

particularly highlighting a significant shift in MAE occurring around 7% strain. 

Next, we focused on the determining the magnetic anisotropy energy (MAE) of the NbS2 

monolayer in response to biaxial tensile strain. The results are illustrated in Figure 4. The unstrained 

NbS2 monolayer exhibits an MAE of -1.82 meV, where negative values indicate a preference for spins 

to align in the in-plane direction. As the monolayer is subjected to tensile strain, the MAE linearly 

increases and transitions to the out-of-plane direction at 7%. We do not have direct reference data for 

our strain-induced MAE results. However, previous study on TMDs found that MAE favors an in-plane 

orientation with negative values (Sui et al., 2017). Notably, our unstrained condition also exhibits 

negative MAE values, aligning with Sui's findings and lending support to our results within the broader 

context of TMDs' magnetic anisotropy.  
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Figure 3 Projected density of states (PDOS) of NbS2 monolayer, (a) 0% strain, (b) 2% strain, (c) 4% strain 

and (d) 7% strain. The black lines show the total density of states, whereas the red, green, and blue lines 

represent the density of Nb d orbital states. The Fermi level is represented by the vertical dashed lines. 

To explain the switching of MAE, we introduce the spin-orbit coupling (SOC) as a perturbation 

term in the Hamiltonian. The MAE can be expressed in terms of the coupling between occupied and 

unoccupied states through the orbital angular momentum operators �̂�𝒛 and �̂�𝒙, as well as the energy 

difference between these states (Sui et al., 2017):  
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where ξ represent the SOC constant, 𝜓𝑜
↑(↓)

 and 𝜓𝑢
↑(↓)

 denote the occupied and unoccupied 

majority-spin (minority-spin) states, and 𝐸𝑜
↑(↓)

 and 𝐸𝑢
↑(↓)

 are the respective energies.  

In terms of d orbitals, the magnetic quantum number m splits into three groups: |𝑚| =

0(𝑑𝑧2), |𝑚| = 1 (𝑑𝑥𝑧, 𝑑𝑦𝑧), and |𝑚| = 2 (𝑑𝑥𝑦 , 𝑑𝑥2−𝑦2). The first term in Equation 1 represents the 

coupling states with the same spin (e.g., majority to majority). SOC between occupied and unoccupied 

states with the same m through the �̂�𝑧 operator contributes positively to the MAE. Conversely, SOC 

between occupied and unoccupied states with different m through the �̂�𝑥 operator contributes negatively 

to the MAE. The second term, known as the spin flip term, contributes to the MAE in the opposite 

manner.  

In the case of the NbS2 monolayer at zero strain, the coupling between occupied (below the 

Fermi level) and unoccupied states (above the Fermi level) through the �̂�𝑥 operator for the majority spin 

with different magnetic quantum numbers, |𝑚| = 0 (blue lines) and |𝑚| = 2 (red lines), leads to a 

negative contribution to the MAE. This negative contribution is also observed for the minority spin.  

 

(a) (b) 

(c) (d) 
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Figure 4 Magnetic anisotropy energy (MAE) of NbS2 monolayer with respect to strain. The dashed line is 

curve fitting using linear regression, with slope (s), intercept (c), and coefficient of determination (R2). 

As biaxial tensile strain is applied to the NbS2 monolayer, the d orbitals of the Nb atom shift to 

the occupied for the majority spin, resulting in a significant reduction in the proportion of d orbitals near 

the Fermi level. When the strain reaches 7%, the d states are nearly eliminated around the Fermi level, 

leading to a substantial decrease in the negative contribution to the MAE. Similarly, the d orbitals of the 

minority spin shift to the unoccupied state, further reducing the negative contribution to the MAE. In 

the case of PDOS at 5% strain, we observed that the d states are indeed nearly eliminated around the 

Fermi level. However, it is important to note that despite this change, the coupling of the spin-split term 

is not substantial enough to significantly alter the MAE. As a result, the MAE still favors the in-plane 

orientation.  

Taking into account the second term of the equation (spin-flip term), the coupling between 

occupied states of the minority spin and unoccupied states of the majority spin, or vice versa, with 

different magnetic quantum numbers |𝒎| = 𝟎 (blue lines) and |𝒎| = 𝟐  (red lines) through the �̂�𝒙 

operator, yields a positive contribution to the MAE. Consequently, as the strain increases, the negative 

terms contribute less to the MAE, while the positive terms contribute more, resulting in a shift of the 

MAE from negative to positive.  

IV. CONCLUSION 

In this study, we employed density functional theory and first-principles calculations to examine 

the magnetic anisotropy energy (MAE) of layered NbS2 under biaxial tensile strain. Our findings provide 

valuable insights into the behavior and potential applications of NbS2 monolayers.  

Our results demonstrate that the NbS2 monolayer exhibits metallic behavior, with the magnetic 

properties originating from the Nb atoms. We observed that applying tensile strain to the monolayer 

induces changes in the Nb-S bond length (lNb-S) of up to 4%, while maintaining elastic tolerance and 

avoiding structural breakdown. This suggests the feasibility of precise control over the electronic and 

magnetic properties of NbS2 through strain engineering.  

Notably, we discovered a significant phenomenon: at a strain of 7%, the orientation of the MAE 

can be switched from an in-plane direction to a perpendicular direction. This finding holds promising 

potential for the development of spintronics devices, where the ability to manipulate and switch the 

MAE is of great importance. 

Our study contributes to the understanding of the underlying mechanisms governing the 

electronic and magnetic properties of NbS2 monolayers under strain. However, there are still avenues 

for further exploration. Future investigations could explore alternative strain engineering approaches, 

such as uniaxial strain or strain gradients, to uncover additional means of controlling the electronic and 

magnetic behavior of NbS2. Additionally, the influence of external factors, including temperature and 

defects, on the properties of NbS2 monolayers could be investigated to broaden our understanding and 

pave the way for practical applications.  
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In conclusion, our comprehensive analysis of the MAE in strained NbS2 monolayers sheds light 

on the potential of these materials for spintronic devices. The ability to modulate and switch the MAE 

orientation open ups exciting opportunities for future technological advancements in the field of 

spintronics.  

APPENDIX A. SUPPLEMENTARY DATA 

 
Figure A.1 NbS2 monolayer convergence tests, (a) cutoff energy convergence, (b) k-points convergence 
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