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Abstract

:

Two-dimensional (2D) van der Waals (vdW) magnetic materials show potential for the advancement of high-density, energy-efficient electronic and spintronic applications in future memory and computation. Here, by using first-principles density functional theory (DFT) calculations, we predict a new 2D Janus nitride MXene MnCrNO2 monolayer. Our results suggest that the optimized MnCrNO2 monolayer possesses a hexagonal structure and exhibits good dynamical stability. The intrinsic monolayer MnCrNO2 exhibits semiconductive properties and adopts a ferromagnetic ground state with an out-of-plane easy axis. It can sustain strain effects within a wide range of strains from −10% to +8%, as indicated by the phonon dispersion spectra. Under the biaxial tensile strain, a remarkable decrease in the bandgap of the MnCrNO2 is induced, which is attributed to the distinct roles played by Mn and Cr in the VBM or CBM bands. Furthermore, when the compressive strain reaches approximately −8%, the magnetic anisotropy undergoes a transition from an out-of-plane easy axis to an in-plane easy axis. This change is mainly influenced by the efficient hybridization of the d orbitals, particularly in Mn atoms. Our study of the Janus MXene MnCrNO2 monolayer indicates its potential as a promising candidate for innovative electronic and spintronic devices; this potential is expected to create interest in its synthesis.
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1. Introduction


Following the groundbreaking discovery of graphene, many two-dimensional (2D) materials have entered people’s vision for their unique electronic and magnetic properties and promising applications in nanoscale devices. Various types of 2D materials, such as transition metal dichalcogenides (TMDs), silicene, and phosphorene, have been synthesized so far [1,2,3]. These materials exhibit a wide range of physical properties that are being actively sought to fabricate high-performance electronic devices. While efforts in this area have been focused on the investigation of 2D semiconductors and optoelectronic or thermoelectric materials [4,5], 2D magnetic materials remain largely unexplored. Theoretically, 2D magnetic materials are an ideal platform for investigating how the Hamiltonians of the fundamental magnetism models, such as the Ising, XY, and Heisenberg models, behave in the 2D limit [6]. In practice, robust and tunable magnetic properties in 2D materials can be valuable in quantum computation, logic and memory operations, spintronics, and other electronic devices where the spin degree of freedom of the carriers is manipulated [7,8,9,10]. The magnetic ground states of these materials can be controlled via proximity effects and moiré patterns, or by external perturbations, such as gating and strain [11,12,13,14]. For successful implementation in real devices, it is of the utmost importance to understand and exploit the control of the ground state via strain and gating [15]. In addition to tuning the carrier spin degree of freedom in devices, the search for intrinsically magnetic 2D materials is also of fundamental interest in understanding the basic physics of spin processes.



One class comprising 2D materials that are simultaneously robust, adjustable, and intrinsically magnetic, namely MXenes, is considered to be of research value in spin electronic devices. With the general formula of Mn+1XnTx (where M represents transition metal, X represents C/N, and T is O/OH/F, n = 1–4), MXenes have rich tunability, including compositional tunability, elemental flexibility, and 2D crystallinity, allowing the fine tuning of desirable magnetic properties [16,17,18,19]. In addition, some published works have suggested that MXenes’ tunable electronic and magnetic properties can be tailored remarkably via surface functionalization. For example, K. Yusupov et al. pointed out that metallic Nb2CO2 can be transformed into a semiconductor by the substitution of carbon with nitrogen [20]. In some recent theoretical reports, the effects of different surface terminating species on work function and electronic, vibrational, and thermal properties have been explored; they commonly include O, OH, NH, N, S, F, Cl, Br, I, which are bonded to the outer layer M atoms [20,21]. The experimental work also demonstrates that phosphorous (P) doping on the surface has proved effective in improving the electrochemical properties [22]. These studies provide a guide for researchers who are exploring relevant properties of MXenes. However, there are few reports on double-M 2D nitride MXenes (M’M”Xene) so far. B. Anasori et al. and L. Wang et al. have envisioned in theory that the layering effect owing to different types of M atoms will be even more pronounced [23,24]. Such layering is expected to play a crucial role in improving the properties of many promising 2D magnetic materials and devices. A good example in this category is the implementation of out-of-plane mirror symmetry breaking, i.e., 2D Janus MXenes, which would be an interesting issue due to atomic configuration of M layers in MXenes. Over the past few years, it has been found that the unique characteristics of 2D Janus MoSSe, the 2D Janus TMDC that was first prepared, can lead to its novel phenomena, such as Rashba spin splitting [25,26,27,28], piezoelectric polarization [25,27,28], second-harmonic generation [25,29], catalytic effects [25,26,30], and long carrier recombination [26,29,30,31].



Thus, motivated by the points discussed above, we report the possible existence of a Janus nitride MXene monolayer MnCrNO2. Our exploration includes the structural, electronic, and magnetic properties of Janus MXene MnCrNO2 with a set of first-principles calculations. In addition, mechanical tensile and compressive strain is introduced to probe its effects on the electronic and magnetic properties of monolayer MnCrNO2. A significant change in the bandgap occurs in the 2D ferromagnetic MnCrNO2 when tensile strain is applied and increased up to +8%. A complex dependence of these physical properties on strain induces the distinct evolution of the magnetic anisotropy energies (MAE), which can be accounted for mainly by the contribution from efficient hybridization of the     d   x y    /    d     x   2   −   y   2       and     d   y z    /    d     z   2       orbitals of both Cr and Mn atoms. The MAE can be modulated from negative to positive within the applied strain range of −10% to 10%. All these findings indicate that the stable Janus MXene MnCrNO2 holds great potential for high-performance practical spintronic application under strain.




2. Methods


Our density functional theory (DFT) calculations are carried out using the Vienna ab initio Simulation Package (VASP) [32,33]. Projector-augmented wave (PAW) pseudopotentials [34] are used with a kinetic energy cutoff of 500 eV for plane wave expansions. The Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) [35] is used to approximate the exchange-correlation functional. As validations, the hybrid functional HSE06 is also employed. Dudarev’s GGA+U approach is employed to address the strong correlation influence on Cr and Mn transition metal atoms, requiring all electronic structure calculations and geometry relaxations to be performed with the spin-polarized DFT+U correction [36,37,38]. A U value of 4 eV is used for Cr and Mn, as is typical in the literature [39,40], for the on-site Coulombic repulsion. The convergence criterion for structural relaxations of the unit cell is 10−6 eV for total energies and 0.001 eV·A−1 for the force on each atom. A vacuum layer of 25 Å along the c-axis, perpendicular to the surface, is utilized to prevent spurious interactions between adjacent periodic slabs. The first Brillouin zone is sampled within a set of 12 × 12 × 1 and 15 × 15 × 1 Γ-centered Monkhorst–Pack scheme k-point meshes [41] for structural optimizations and electronic structure calculations, respectively. Spin–orbit coupling (SOC) is included during the electronic structure and MAE calculations. To check the phonon dispersion and the dynamic stability, we perform the density functional perturbation theory (DFPT), as embedded in the Phonopy package [42,43,44,45].




3. Results


3.1. Structural Properties and Stability


The calculated ground-state structural configuration of pristine MXene MnCrNO2 with fully relaxed geometry is discovered to have hexagonal symmetry and to belong to the P3m1 space group (No. 156). The side and top views of the structure are shown in Figure 1a, in which the MnCrNO2 monolayer takes a fivefold layered structure, i.e., O-Mn-N-Cr-O. The primitive cell contains one Mn, one Cr, one N, and two O atoms, where the Mn atoms, the Cr atoms, and the sandwiched N atoms form a trigonal lattice, as shown in the top view. Structurally, the MnCrNO2 monolayer is thus similar to the Mn2NO2 or Cr2NO2 monolayer [6,46]. The optimized lattice parameter of the monolayer MnCrNO2 is a = 2.97 Å. The other relevant parameters with regard to the bond angles and bond lengths are listed in Table 1.



To inspect its stability, we also calculate the phonon spectrum of the monolayer MnCrNO2, as shown in Figure 1b. The phonon dispersion contains tiny imaginary frequencies resulting from common numerical simulation instabilities, but these imaginary frequencies only appear in a small region around the Γ point; they are related to long-wave fluctuations, occupying 0.4% of the total phonon density of states (DOS), and can be reasonably ignored. Such cases were also reported in other 2D materials [47,48]. Therefore, the MnCrNO2 monolayer is thermally stable.




3.2. Magnetic and Electronic Properties


To determine the magnetic ground state of the MnCrNO2 monolayer, we construct a monolayer supercell with 4-unit cells (4 × 1 × 1) and consider one ferromagnetic (FM) and all possible antiferromagnetic (AFM) configurations within this supercell. The initial on-site magnetic moments are set as 4 μB for each Mn and Cr atom and as nonmagnetic for each N and O atom. Figure 2 shows the FM configuration and the two AFM configurations at the magnetic ground states. Among these three magnetic configurations, the FM state takes the lowest energy and is thus the ground state, while the AFM1 and AFM2 configurations take the higher energy, i.e., 406.89 meV and 585.84 meV higher than that of the FM configuration. The monolayer MnCrNO2 at the FM state exhibits a total magnetization of about 6.0 μB per primitive cell, with 3.4 μB attributed to the magnetization of the Mn atom and 3.0 μB from that of Cr, indicating their dominant roles in the magnetism of MnCrNO2. Additionally, the N and O atoms contribute small negative magnetic moments (approximately −0.4 μB), primarily due to the spin polarization of their p orbitals caused by the p-d hybridization with neighboring magnetic Mn and Cr atoms, as evidenced by the spin-resolved projected density of states (PDOS) in Figure S1.



In order to further comprehend the relationship between the magnetic and electronic properties, the spin-polarized band structures and density of states are then calculated based on both PBE functional and hybrid-functional HSE06, as depicted in Figure 3. Near the Fermi level are the spin-majority bands, exhibiting a semiconducting characteristic, which is unlike that of the previously reported metallic MXenes, with an indirect bandgap of 0.69 (1.49) eV, as determined by the GGA-PBE (HSE06) functional. In other words, both the valence band maximum (VBM) and the conduction band minimum (CBM) are spin-up states despite their different locations. The spin-resolved PDOS in Figure S1a shows in more detail that the VBM bands are determined by the significant overlap between the Cr-3d and O-2p orbitals over a large energy range. In contrast, for the CBM bands, there is a similar 3d–2p overlap, but with a greater proportion accounted for by the Mn-3d orbitals. Overall, these electronic properties remain similar for Hubbard U = 1 eV, 2 eV, and 3 eV for Mn and Cr, except for the small and predictable changes in the bandgap, as shown in Figure S2. The different roles played by 3d transition metal atoms (Mn and Cr) in the VBM or CBM bands of monolayer MnCrNO2 demonstrate the potential and effectiveness of energy band engineering for Janus MnCrNO2 through stacking configurations, pressure, strain, and other methods.




3.3. Effect of Biaxial Strains


The effects of biaxial strain on the 2D supercell are modeled by stretching and compressing along the a-axis and b-axis. We investigate the impact of biaxial strains ranging from −10% to +10% on the magnetic and electronic properties of monolayer Janus MnCrNO2. Here, the applied biaxial strain is defined as


  ε =    a −   a   0       a   0      × 100 % ,  








where   a   and     a   0     are the unstrained and strained lattice constants of the monolayer MnCrNO2, respectively. The negative and positive values of   ε   correspond to the biaxial compressive and tensile strains, respectively.



First, we check the biaxial strain (both tensile and compressive strains) effect on the thermodynamic stability of monolayer Janus MnCrNO2. It can be seen in Figure S3 that the monolayer structure is thermodynamically stable for both the strain-free condition and the compression strains, without any imaginary frequency for all the wave vectors in the entire Brillouin zone. For the tensile strains from +2% to +8%, the tiny imaginary frequencies, which may correspond to the transverse acoustic (TA) modes, only appear in a narrow region near the Γ point. This kind of stability is generally similar to that of the strain-free sample. When increased to +10%, the compressive strain results in more significant negative frequency modes, as shown in Figure S3e, implying the possible structural instability.



We then study the effect of strain on the band structure of the MnCrNO2 monolayer. The electronic band structures are calculated with applied strain ranging from −10% to +10%, at 2% intervals. Figure 4 illustrates the bandgaps and band structures of the strained MnCrNO2 monolayer under different strains. As shown in Figure 4a, the application of various strains can effectively tune the bandgap of the MnCrNO2 monolayer obtained with the PBE and HSE06 functionals. With strains ranging from −8% to +8%, the bandgap decreases significantly from 1.33 eV to 0.16 eV within the PBE framework. Although such a decrease may lead to a transition from semiconductor to metal when the tensile strain reaches +10%, the monolayer might be unstable due to imaginary frequencies in the phonon modes. This behavior is distinct from the electronic properties of the MXene counterpart, WCrCO2 [49], but resembles those of TMDs when they are tuned by applying mechanical strains [50]. The subtle difference lies in the orbital contribution. For TMDs, the subsequent semiconductor-to-metal transition is achieved due to the transition between the     d     z   2       orbitals, while in the MnCrNO2 monolayer, several 3d orbitals and O-2p orbitals work together to drive the transition, as can be verified in the Bader charge analysis in Table S1. The band structures under −10% biaxial strain and those under +8% biaxial strain are shown in Figure 4b–e, respectively. Within the framework of the HSE06 functional, the bandgap of the MnCrNO2 monolayer reaches a maximum, i.e., 1.68 eV, under −4% compressive strain. For strains from −4% to +10%, the bandgaps calculated by the HSE06 functional are larger than those by the PBE functional. The PBE- and HSE06-based band structures under strains of ±2%, ±4%, ±6%, and −8% are presented in Figures S4 and S5, respectively. What differs from the PBE-based results is that the CBM obtained within HSE06 under compressive strains from −4% to −10% is spin-down, as shown in Figure S5b–d.



The analysis above reveals that both the compressive and tensile mechanical strains significantly impact the band structures and interfacial charge transfer. In the following section, we further explore how strain influences the magnetic anisotropy. MAE, defined as the difference between energies corresponding to the magnetization in the in-plane (ab-plane) and out-of-plane direction (c-direction), is calculated using the following equation:


  M A E =   E   i n   −   E   o u t   ,  








where     E   i n     and     E   o u t     represent the total energy of the in-plane and out-of-plane magnetic moment configurations of monolayer Janus MnCrNO2, respectively. Therefore, a positive (negative) MAE value indicates that the ferromagnets have an out-of-plane (in-plane) spin polarization direction. Since the FM magnetic configuration takes the ground state among the three magnetic configurations, here we focus on the MAE of the FM configuration for simplicity. Figure 5a demonstrates the variation in MAE under applied biaxial strains. The minimum MAE of −58 μeV is observed under a compressive strain of −10% and then gradually increases to 269 μeV under a tensile strain of 10%. An interesting observation is that the MAE becomes negative at around and below −8% compressive strain, indicating a switch of the magnetic easy axis from the out-of-plane to the in-plane direction. Thus, the applied strains can regulate both the electronic properties and the magnetization of the monolayer MnCrNO2 simultaneously.



Figure 5b presents the increase in magnetic moment of both the Mn and Cr atoms in monolayer MnCrNO2 with the FM state under applied biaxial strain. The magnetic moment of Mn ranges from 3.15 μB at −10% compressive strain to 3.90 μB at +10% tensile strain, whereas the range of magnetic moment for Cr is only one-fifth, i.e., from 2.99 μB to 3.14 μB. The probable reason, as can be inferred from Table S1, is that the Cr-3d and O-2p orbitals have more overlap than the Mn-3d and O-2p. The Mn-3d orbitals are mainly more localized near the Fermi level and are thus more influenced by applied strain, resulting in a larger variation in magnetic moment. The magnetic moment of Mn and Cr in the case of the AFM1 and AFM2 configurations is also evaluated and shown in Figure 5c,d, respectively, given that these two configurations can be meta-stable. These variations are almost the same as the results with the FM state. The slight difference lies in the magnetic moment of Cr atoms within the AFM2 configuration, whose values are higher overall than those with the FM and AFM2 state, as shown in Figure 5d.



Since the 3d orbitals of transition metal atoms around the Fermi level mainly determine the magnetic moments in the Janus monolayer MnCrNO2 and are relevant to the direction of MAE accordingly, we now discuss the 3d-orbital-resolved MAE of Mn and Cr atoms in the MnCrNO2 monolayer under biaxial strains. Based upon the second order perturbation theory, MAE has the following expression [51,52]:


  M A E =   ξ   2       ∑  u , o           u     L   x     o     2       E   u   −   E   o        −        u     L   z     o     2       E   u   −   E   o        ,  








where   ξ   and   u  /  o   denote the strength of SOC and the energy eigenstates, and     E   u     (    E   o    ) is the eigenvalues of the unoccupied (occupied) states. Therefore, MAE originates from the     L   x    /    L   z     operators and the hybridization between occupied and unoccupied states, as reported in [53]. Figure 6 shows the results of the 3d-orbital-resolved MAE of Mn and Cr atoms under both the strain-free condition and the −10% compressive strain, respectively. Obviously, the contribution of MAE mainly comes from the efficient hybridization of the     d   x y    /    d     x   2   −   y   2       and     d   y z    /    d     z   2       orbitals of both Cr and Mn atoms. It can be seen that each     d   x y    /    d     x   2   −   y   2       hybridized orbital leads to a negative difference of matrix elements, and conversely, the     d   x y    /    d     z   2       hybridization brings a positive value. As a result, the nature of magnetization, whether in-plane or out-of-plane, primarily depends on the competition between these two dominant hybridization effects. In addition, the matrix element difference between the other 3d orbitals, such as the     d   x z    /    d   y z     orbitals of Cr,     d   x y    /    d   x z    , and the     d   y z    /    d     x   2   −   y   2       orbitals of Mn, also contributes slightly to the out-of-plane magnetic anisotropy with a positive sign.



Under the strain-free condition, as shown in Figure 6a,b, the out-of-plane magnetic anisotropy is governed by the     d   y z    /    d     z   2       hybridized orbitals, especially for Cr atoms, resulting in the out-of-plane magnetization of monolayer MnCrNO2. On the other hand, under −10% compressive strain, Figure 6c,d shows that the in-plane     d   x y    /    d     x   2   −   y   2       hybridization, particularly for Mn, enhances and dominates the in-plane magnetization of monolayer MnCrNO2. The negative matrix element difference of the Mn     d   x y    /    d     x   2   −   y   2       orbitals reaches −308.9 μeV. We also plotted the 3d-orbital-resolved MAE of Cr and Mn atoms under strains of −2%, −4%, −6%, and −8%, respectively, as shown in Figure S6. All these MAE values undergo a uniform change, and the sum of the negative MAE is superior to that of the positive MAE when the compressive strain is down to −8%. The switch of the magnetic easy axis in the Janus monolayer MnCrNO2 is attributed to the hybridized 3d orbitals of Mn and Cr, as the contribution from the p orbitals of the N and O atoms to MAE is relatively weak compared with the 3d orbitals, despite the slight magnetic moments in N and O. This can be confirmed by the p-orbital-resolved MAE of the N and O atoms in Figure S7.





4. Conclusions


In summary, the structural, electronic, and magnetic properties of the Janus MXene MnCrNO2 monolayer under various biaxial strains were proposed and investigated in detail using density functional theory calculations. It was found that the optimized MnCrNO2 monolayer possesses a hexagonal structure with a P3m1 space group and exhibits good dynamical stability. The intrinsic Janus monolayer MnCrNO2 is semiconductive and adopts the ferromagnetic ground state with an out-of-plane easy axis. The phonon dispersion spectra show that this monolayer structure can sustain strain effects within a wide range of strains from −10% to +8%. By applying biaxial tensile strain, we can induce a decline in the bandgap in the 2D semiconductive MnCrNO2, attributed to the distinct roles played by Mn and Cr in the VBM or CBM bands. Furthermore, the magnetic anisotropy undergoes a transition from an out-of-plane easy axis to an in-plane easy axis when the applied compressive strain reaches nearly −8%. This in-plane magnetization is primarily influenced by the efficient hybridization of the d orbitals, particularly in Mn atoms. We anticipate that the prediction of the Janus MnCrNO2 monolayer will offer a new avenue for exploring 2D magnetic materials with out-of-plane symmetry breaking and for future electronic and spintronic devices.
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Figure 1. (a) Top and side view of the Janus monolayer MnCrNO2. Purple, blue, grey, and red spheres represent Mn, Cr, N, and O atoms, respectively. (b) Phonon spectrum of the monolayer MnCrNO2. 
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Figure 2. Side view of the three magnetic configurations. The red and green arrows represent spin-up and spin-down, respectively. 
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Figure 3. Spin-polarized band structures and DOS of the MnCrNO2 monolayer using (a) PBE functional and (b) hybrid-functional HSE06, respectively. In panel (a), the CBM is situated at the M point, while the VBM is located close to the Γ point along the K–Γ path, indicated in green. In contrast, the CBM in (b) is located close to the K point, and the VBM is near the Γ point. The Fermi level is denoted by a horizontal dashed line at zero energy. The black and red lines represent spin-up and spin-down, respectively. 
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Figure 4. (a) Evolution of bandgaps of Janus monolayer MnCrNO2 under various biaxial strains ranging from −10% to +10%. Black lines and red lines represent the results from the PBE and HSE06 functionals, respectively. The blue dashed line indicates the position of zero bandgap. (b,c) The PBE-based band structures of monolayer MnCrNO2, corresponding to −10% compressive strain and +8% tensile strain, respectively. Both the CBM and the VBM in (b) are located at the M point, forming a direct gap. (d,e) The HSE06-based band structures of MnCrNO2, corresponding to −10% compressive strain and +8% tensile strain, respectively. The Fermi level is denoted by a horizontal dashed line at zero energy. 
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Figure 5. (a) Evolution of MAE of Janus monolayer MnCrNO2 under biaxial strains ranging from −10% to +10%. A switch of the magnetic easy axis occurs at around −8% compressive strain, transitioning from an out-of-plane to an in-plane direction. (b–d) Variations in magnetic moment per Mn or Cr atom under biaxial strain, in units of μB. Insets of (c,d) are the schematics of the AFM1 and AFM2 magnetic configurations. 
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Figure 6. The 3d-orbital-resolved MAE of Cr and Mn atoms in the monolayer MnCrNO2 under both strain-free condition (a,b) and −10% compressive strain (c,d), respectively. 
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Table 1. The fully optimized bond angles and bond lengths for the Janus monolayer MnCrNO2.
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	Bond
	Length (Å)
	Bond
	Angle (°)





	O-Cr
	1.932
	O-Cr-N
	87.004



	Cr-N
	2.228
	Cr-N-Mn
	91.610



	N-Mn
	2.058
	N-Mn-Mn
	84.047



	Mn-O
	1.956
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