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Editorial on the Research Topic 
Computational Modeling of Spintronic Materials

In research topic “Computational Modeling of Spintronic Materials”, we collected 17 articles dealing with themes as below:
i. Recent advances of spintronic materials;
ii. Frontiers in computational modeling of functional materials.
Heulser alloys are famous spintronic materials due to they usually host high Curie temperature and adjustable structures. Zhang et al. (Zhang et al., 2020) proposed quaternary Heusler compound CoCrScSn is a half-metal with 100% spin-polarization. Moreover, the elastic constants and half-metallic states under different lattice constants are touched by Zhang et al. Classic Heusler ferromagnets consist of transition-group d-metals and main-group p-elements. As a new direction of Heusler alloy, Wu et al. (Wu et al., 2020) studied a series of all-d-metal Heusler alloys X2MnTi (X = Pd, Pt, Ag, Au, Cu and Ni). X2MnTi alloys are without main-group p-elements. Wu et al. also investigated the competition of the cubic L21 and tetragonal L10 states of these X2MnTi alloys. It is hoped that the possible martensitic transformation of these all-d-metal X2MnTi can be confirmed experimentally.
Half-metals have two spin-directions, one spin channel shows metallic property and the other one features insulating/semiconducting behaviors, resulting in 100% spin-polarization. Also, half-metals can be used for efficient spin injection in spintronics. Doumi et al. (Doumi et al., 2020) proposed that Ca1-xCrxO (x = 0.25, 0.5, 0.75) are half-metals, where the ferromagnetism is mainly coming from the direct exchange splitting instead of the crystal field. Deng et al. (Deng et al., 2020) studied the magnetic structure and the Curie temperature of LiMgN with Cu doping, they found that these Cu doped LiMgN systems are dilute magnetic semiconductors with high Curie temperature. More interestingly, Li(Mg0.875Cu0.125)N is predicted to be half-metal with a net magnetic moment. Chen et al. (Chen et al., 2020) investigated the electronic structures and magnetism of Li1±y(Mg1−xCrx)P (x, y = 0.125). They found that Li (Mg0.875Cr0.125)P magnet is half-metal.
A series of materials co-exhibiting half-metallic state and topological elements are predicted via first-principles calculations. Chang et al. (Chang et al., 2020) proposed a rhombohedral type GdMnO3 is a half-metal with multiple Dirac-like band crossing points. Li (Li, 2020) proposed CsCrCl3 ferromagnet P63/mmc structure is a hypothetical half metal and it also belongs to nodal surface materials. Jia et al. (Jia et al., 2020) reported sandwich-like hexagonal VI3 monolayer is a half-metal with Weyl fermions. Moreover, a series of topological semimetals and topological metals are reported in the research topic collection: 1) Zhang and Wang (Zhang and Wang, 2020) found that pure Zr is a topological material with type II nodal line and nodal surface states; 2) Li and Xia (Li and Xia, 2020) reported that cubic HfN is a topological semimetal with zero-dimensional (0-D) and one-dimensional (1-D) topological elements (TEs); 3) Li et al. (Li et al., 2020) proposed that tetragonal PtO is a topological material with nodal point and nodal line states; 4) Xu (Xu, 2020) studied the electronic structures and the topological signatures of XPt (X = Sc, Y, and La) via first-principles calculations. XPt (X = Sc, Y and La) materials are proposed to be novel systems with rich nodal line and nodal point states. Remarkably, we can observe opened and closed nodal lines, and triply degenerate and Dirac nodal points in these systems; 5) Xu et al. (Xu et al., 2020) predicted that hexagonal Zr3X (X = Al, Ga, In) are metallic systems with high stability and perfect 0-D and 1-D TEs.
Some functional materials and their related physics behaviors are also investigated by first-principles calculations: 1) Ke et al. (Ke et al., 2020) performed a band-gap engineering work to study the band structures and band-gap tailoring of C-mono-doped, C-Ge, and C-Sn co-doped GaN nanosheets; 2) Y2O3:Ce magnetic semiconductor with R-3 group symmetry was identified by Ju et al. (Ju et al., 2020) via CALYPSO, and the structural behaviors, doping site locations as well as electronic structures of Y2O3:Ce are also studied by Ju et al. via first-principles calculations in details; 3) Yan et al. (Yan et al., 2020) investigated the reaction pathways of H2 release from the hydrolytic NH3BH3 and examined the catalytic roles of small NiCu clusters; 4) Chen et al. (Chen et al., 2020) built an ultrathin van der Waals Fe3GeTe2/In2Se3 heterostructure and they reported that this heterostructure hosts tunable magnetic anisotropy and Dzyaloshinskii-Moriya Interaction (DMI).
We hope this research topic will attract readers. And we would like to thank all the authors, reviewers and editors who contributed to our research topic.
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Trivalent Cerium (Ce3+) doped Yttrium Oxide (Y2O3) host crystal has drawn considerable interest due to its popular optical 5d-4f transition. The outstanding optical properties of Y2O3:Ce system have been demonstrated by previous studies but the microstructures still remain unclear. The lacks of Y2O3:Ce microstructures could constitute a problem to further exploit its potential applications. In this sense, we have comprehensively investigated the structural evolutions of Y2O3:Ce crystals based on the CALYPSO structure search method in conjunction with density functional theory calculations. Our result uncovers a new rhombohedral phase of Y2O3:Ce with R-3 group symmetry. In the host crystal, the Y3+ ion at central site can be naturally replaced by the doped Ce3+, resulting in a perfect cage-like configuration. We find an interesting phase transition that the crystallographic symmetry of Y2O3 changes from cubic to rhombohedral when the impurity Ce3+ is doped into the host crystal. With the nominal concentration of Ce3+ at 3.125%, many metastable structures are also identified due to the different occupying points in the host crystal. The X-ray diffraction patterns of Y2O3:Ce are simulated and the theoretical result is comparable to experimental data, thus demonstrating the validity of the lowest energy structure. The result of phonon dispersions shows that the ground state structure is dynamically stable. The analysis of electronic properties indicate that the Y2O3:Ce possesses a band gap of 4.20 eV which suggests that the incorporation of impurity Ce3+ ion into Y2O3 host crystal leads to an insulator to semiconductor transition. Meanwhile, the strong covalent bonds of O atoms in the crystal, which may greatly contribute to the stability of ground state structure, are evidenced by electron localization function. These obtained results elucidate the structural and bonding characters of Y2O3:Ce and could also provide useful insights for understanding the experimental phenomena.

Keywords: crystal structure prediction (CSP), electronic propercies, structural evolution, rare earth element, theoretical calculation DFT


INTRODUCTION

The rare-earth Cerium ions doped crystals constitute an attractive class of materials that have been extensively used in many kinds of fields including scintillation phosphors, laser medium, and white light emitting diode phosphors (Han et al., 2019; Lin et al., 2019; Masanori et al., 2020). The outstanding optical behaviors of trivalent Cerium ion (Ce3+) has drawn considerable interest due to its popular optical 5d-4f transition. Among various host materials, Yttrium Oxide (Y2O3) crystal is considered to be the most promising sesquioxide host because of its unique chemical and thermal stability. The Y2O3 host crystal is also one of the multifunctional materials that can give rise to many application areas owing to its fabulous capacity of incorporating the activated laser ions (Ming et al., 2018; Wang et al., 2018; Ju et al., 2020). The latest study has indicated that the Ce3+ doped Y2O3 crystals (Y2O3:Ce) exhibit dominant emission bands at around 380 nm and relatively low intensive band at 560 nm (Gieszczyk et al., 2019). The results further demonstrate the ideal applications of energy storage phosphors for Y2O3:Ce. The excellent advantages of Y2O3:Ce can also be evidenced by the effective use as various laser ceramics (Lupei et al., 2017).

It is well-known that the laser actions can be generally identified in the absorption and emission spectra of rare-earth doped materials. In order to explore the luminescent properties of Y2O3:Ce, Jia et al. (2001) had synthesized the Y2O3:Ce nanoparticles in experiments and measured the photoluminescence spectra at room temperature. Their results revealed that the strong emissions cover the ultraviolet band from 240 nm to 380 nm. To explain the emission lines of the spectra, Loitongbam et al. (2013) measured the luminescence intensities of Y2O3:Ce and found that the characteristic blue color emissions at 424 and 486 nm are originated from Ce3+ ion 5d (spectra terms) → 4f (spectra terms). An unexpected optical activity, including up and down conversions, for Y2O3:Ce crystal was firstly observed by Marin et al. (2013). Although the laser actions were established by a few studies, many researchers were motivated to probe the structural properties of Y2O3:Ce. The effect of doping Ce3+ ion into Y2O3 fibers was investigated by Zhu et al. (2008). They found that the obvious quenching of the luminescence occurred at Ce3+ concentration of 5%. By using the solid-state-reactive method, Liu et al. (2020) carried out a study on the structures of a series of Ce3+ doped Y2O3 ternary ceramics. The results demonstrated that the solubility of Ce3+ concentration at 4% could broaden emission spectra and lead to a large red-shift, which is attractive for the white light emitting. A recent research on the structural properties of Y2O3:Ce was conducted by Krutikova et al. (2020). The nanopowders were obtained by laser ablation and the X-ray diffraction (XRD) patterns of Y2O3:Ce crystal were reported. By looking at the investigations concerning Y2O3:Ce in the literatures, it can be concluded that the systematic electronic structures have not yet been explored, especially for the theoretical insights. Furthermore, the lacks of Y2O3:Ce microstructures constitute a problem to exploit its potential prospects in many applications.

In this paper, we have performed a systematic study on the stable structures and electronic properties for Y2O3 doped with Ce3+ system. By using the CALYPSO (Crystal structure AnaLYsis by Particle Swarm Optimization) structure search method (Wang et al., 2010, 2012; Li et al., 2014) combined with first-principle calculation, the low-lying energy structures of Y2O3:Ce are extensively searched. A large number of candidate structures are obtained and the ground state structure together with the first four metastable structures is analyzed in detail. Based on the obtained lowest energy structure of Y2O3:Ce, we thoroughly conduct a calculation of the electronic properties, which could provide powerful guidance for further experimental and theoretical studies.



COMPUTATIONAL DETAILS

We have carried out an unbiased structure search for Y2O3 doped with Ce3+ system based on the CALYPSO method (Wang et al., 2010, 2012; Li et al., 2014). The CALYPSO is able to successfully predict the stable structures only with given chemical composition of the system (Lu et al., 2013, 2017, 2018; Lu and Chen, 2018). The detailed method of CALYPSO has been reported in many papers (Ju et al., 2016, 2017, 2019a,b). In this work, the structure searches are performed for Y2O3 doped with Ce system at 80 atoms in one unit cell. The obtained low-lying energy structures are used to perform further geometric optimizations. We conduct the ab initio structural relaxations and electronic properties calculations in the framework of density functional theory (DFT) by using the local density approximation (LDA) exchange correlation functional, as implemented in the Vienna Ab Initio Simulation Package (VASP) (Kresse and Hafner, 1993; Kresse and Furthmuller, 1996; Perdew et al., 1996). Considering the strong f-electrons correlations within the heavy Ce3+ ion, an onsite Coulomb repulsion U = 5.0 eV is employed in the calculations (Herbst and Waston, 1978). We use the projector-augmented wave method to simulate the valence electron space of Ce, Y, and O atoms. The used electrons are 4f15s25p65d16s2, 4s24p64d15s2, and 2s22p4, respectively. Sufficiently fine Monkhorst-Pack k meshes and 500 eV cutoff energy have been chosen to make sure that the calculated enthalpy of each atom is <1 meV. By using a super cell approach, the phonon dispersion spectra are calculated in PHONOPY code (Atsushi et al., 1993). The electron localization function (ELF) (Becke and Edgecombe, 1990; Savin et al., 1992) analysis of Y2O3:Ce is performed and the results are depicted in the VESTA software (Momma and Izumi, 2011). The projected Crystal Orbital Hamilton Population (COHP) (Richard and Peter, 1993) are calculated by the LOBSTER code (Volker et al., 2011; Stefan et al., 2016).



RESULTS AND DISCUSSIONS


Crystal Structures

The stable structures for Y2O3:Ce system are favorably identified by using the method described in section Computational Details. On the basis of total energies from low to high, we have plotted the lowest-energy structure of Y2O3:Ce in Figure 1, together with the local [CeO6]9− complex ligand. Noticeably, the ground state structure of Y2O3:Ce possesses a novel structure with R-3 (No. 148) space group. To the best of our knowledge, the rhombohedral phase of Y2O3:Ce crystal is uncovered for the first time. This result indicates an interesting phase transition that the crystallographic symmetry of Y2O3 changes from cubic (Ia-3) to rhombohedral (R-3) when the impurity Ce3+ is doped into the host crystal. It is clearly seen from Figure 1 that the host Y3+ ion can be naturally occupied by the impurity Ce3+ ion. Interestingly, the Wyckoff position of Ce3+ is 1b (0.5, 0.5, 0.5), suggesting that the ground state Y2O3:Ce is a standard cage-like structure. This result is different from that of Y2O3:Nd system (Ju et al., 2020). For reference, the coordinates of all atoms for the ground state Y2O3:Ce are summarized in Table 1. The estimated unit cell parameters and volume for Y2O3:Ce are a = b = c = 10.541 Å and 1171.371 Å (Han et al., 2019), respectively. These values are slightly smaller than those of pure Y2O3 but are comparable to the results reported by Kumar et al. (2017). As regard to the local structure, the Ce3+ ion is calculated to be 6-fold coordinated by O2−, forming the [CeO6]9− complex ligand. The cationic site symmetry of Ce3+ is C3i with six equal Ce–O bonds of 2.369 Å. This bond length is similar with that of Y–O bonds because the effective radius of Ce3+ (1.03 Å) is very close to Y3+ (0.90 Å).


[image: Figure 1]
FIGURE 1. The ground state structure of Y2O3:Ce.



Table 1. Coordinates of all atoms for the ground state Y2O3:Ce.

[image: Table 1]

In the structure prediction, we adopt the chemical composition of Ce:Y: O = 1: 31: 48 to obtain the stable structures with nominal concentration of Ce3+. In this sense, the impurity Ce3+ in Y2O3 crystal is equal to 3.125 at %. Apart from the ground state structure, the CALYPSO also identifies a large number of candidate isomers that can be useful to study the structural evolution of the Y2O3:Ce. Figure 2 illustrates the first four metastable structures of Y2O3:Ce. The isomer (a) has the same R-3 space group as the lowest energy structure while the impurity Ce3+ ions are likely to substitute the Y3+ at the lattice vertexes. The Ce3+ ion of isomer (a) takes the 1a (0, 0, 0) position. It is evidenced that the calculated crystal lattice parameters (10.543 Å) are nearly same as those of lowest-energy structure. The group symmetry of isomer (b) is predicted to be P1 with a triclinic phase. The Wyckoff position of Ce3+ is predicted to be 1a (0.25, 0.75, 0.25). Calculated result reveals that the isomer (c) exhibits a monoclinic structure which belongs to P2 symmetry. The impurity Ce3+ ion occupies the 1b (0, 0.47157, 05) position. For the configuration of isomer (d), it is seen that the Ce3+ ions appear at the center sites of bottom and top in the crystal lattice. The isomer (d) is assigned to P1 group symmetry and is 0.27 eV energetically higher than ground state structure.


[image: Figure 2]
FIGURE 2. The (A–D) isomers for Y2O3:Ce.


Although the X-ray powder diffraction (XRD) patterns of Y2O3:Ce crystals have been extensively studied, there appears to be inconsistencies of the spectra (Chien and Yu, 2008; Taibeche et al., 2016; Kumar et al., 2017). In order to clarify the crystal characters of the lowest-energy structure, we simulate the XRD patterns of Y2O3:Ce in the 2θ range of 15–65°. The result compared with experimental data is presented in Figure 3. It is evident that the calculated spectrum is in perfect agreement with the values measured by Kumar et al. (2017), demonstrating the validity of the lowest energy structure as well as the accuracy of our theoretical calculations. It should be pointed out that the simulated diffraction peak at 34° is ascribed to the (400) plane direction. This is accord with the result obtained by Taibeche et al. (2016) but different from the measured value proposed by Chien and Yu (2008). For comparison, the XRD patterns of the four isomers (a), (b), (c), and (d) are also provided in Figure 3. Although the overall distribution of the peaks in isomers is closely similar with each other, there are minor differences in the relative intensities. To evaluate the dynamical stability of Y2O3:Ce, the phonon spectrum within the Brillouin zone of ground state structure are calculated. Figure 4 illustrates the phonon dispersion curves along the high-symmetry directions including F, Γ, and Z. Clearly, the overall values in Figure 4 are positive and no virtual frequencies are observed in the full Brillouin zone. It is concluded that the rhombohedral phase structure of Y2O3:Ce crystal is dynamically stable.


[image: Figure 3]
FIGURE 3. The simulated XRD patterns for ground state Y2O3:Ce and isomers (a–d), compared with measured spectra.



[image: Figure 4]
FIGURE 4. Simulated phonon dispersions of the lowest energy structure for Y2O3:Ce.




Electronic Properties

To further elucidate the electronic properties of Y2O3:Ce crystal, we have performed a series of ab initio calculations including the electronic band structures, total and partial electronic density of states and electron localization functions. The calculated band structure and density of states (DOS) are plotted together in Figure 5. Our calculated results show that both of the conduction band minimum and valence band maximum are identified at Γ site. The band structure is considered to be a typical of semiconductor with relatively flat top of the valence bands. According to the calculations, the band gap value of ground state Y2O3:Ce is equal to 4.20 eV directly at Γ point. This result is very close to the energy gap of Y2O3:Nd system (Ju et al., 2020) but significantly smaller than that of pure Y2O3 crystal (Wilk and Wallace, 2002). The direct band gap of 4.20 eV suggests a semiconductor character of the Y2O3:Ce. In addition to the electronic band gap, the electronic calculations of high-symmetry directions are in accordance with the above analysis based on phonon spectrum. In Figure 5A, we can clearly see that the band structures can be divided into three parts. The high conduction band is above 4.20 eV while the low valence band is below −0.17 eV. Interestingly, an extremely narrow valence band is observed just below the Fermi level. This result is greatly different with the band structures of pure Y2O3. The calculations show that the narrow valence band is caused by the electronic Alpha states. In contrast, the Beta electrons are not identified near the Fermi level. In order to explore the origins of the electronic bands, we further calculate the partial DOS including s, p, d and f states. The calculated DOS are depicted in Figure 5B. It can be clearly seen that the high conduction bands are mainly formed by d and p states. The p electrons are calculated to be the strongest state in the low valence bands. Moreover, the partial DOS of Y2O3:Ce reveals that the extremely narrow valence band near Fermi level is ascribed to the f orbital, which suggests that the impurity Ce3+ ion leads to a dramatic reduction of the band gap. In other words, it is concluded that the incorporation of the doped Ce3+ ion into Y2O3 host crystal results in an insulator to semiconductor transition.


[image: Figure 5]
FIGURE 5. Simulated (A) electronic bands and (B) total and partial DOS of Y2O3:Ce.


To achieve foundational understanding of the bonding character and distribution of electrons of Y2O3:Ce crystal, we have carried out a calculation on the electron localization functions based on the ground state structure. The visually ELF of the structure and (100) plane are presented together in Figure 6. Obviously, the electrons near the cationic atoms are greatly localized with ELF values at ~0.9 while the ELF values in the crystal lattice are nearly zero. This result indicates that the electrons localization on Ce and Y atoms broadens toward O atoms, forming a complete charge delocalization in the vicinity of O atoms. The strong ionic bonds are identified between Ce-O and Y-O. Furthermore, our calculations also show that the value of ELF at Ce atom is relatively larger than the ELF of Y atoms. This phenomenon can be explained as the remaining 4f (Masanori et al., 2020) electron of Ce3+ ion. It should be pointed out that there are strong charge localizations between O-O atoms, demonstrating the covalent bond of O atoms. To further quantitatively estimate the contribution of bonds between O atoms, we have presented the projected Crystal Orbital Hamilton Population (-pCOHP) curves for the O-O bonds in Y2O3:Ce. As shown in Figure 7, the strong bonding contributions of O-O bonds are evidenced. The bond features near the Fermi level can be ascribed to covalent. It is convinced that the excellent stability of Y2O3:Ce crystal is owing to the strong covalent bonds of O atoms.


[image: Figure 6]
FIGURE 6. ELF of the (A) structure and (B) <100> plane for Y2O3:Ce.



[image: Figure 7]
FIGURE 7. The projected Crystal Orbital Hamilton Population (-pCOHP) curves for the O-O bonds in Y2O3:Ce.





CONCLUSION

To summarize, we have systematically reported the structural evolutions, doping site locations and electronic properties of Y2O3 crystal doped with Ce3+ ions. By using the CALYPSO method in conjunction with first-principles calculations, a novel stable phase with R-3 space group is identified for the first time. For the ground state structure, the doped Ce3+ can naturally occupy the central Y3+ site in the crystal lattice of Y2O3, forming a standard cage-like structure. The cationic site symmetry of Ce3+ is calculated to be C3i with six equal Ce–O bonds. The first four candidate isomers present different doping sites for Ce3+, which is helpful to investigate the structural evolution of Y2O3:Ce. By comparing the simulated XRD patterns with experimental data, we demonstrate the validity of the lowest energy structure. The dynamically stability of Y2O3:Ce crystal is carefully examined through the calculation of phonon dispersions. Our results of electronic band structures reveal that both of the conduction band minimum and valence band maximum are located at Γ site, leading to a band gap value of 4.20 eV. This band gap suggests a semiconductor character of Y2O3:Ce system. Interestingly, an extremely narrow valence band near Fermi level is observed in the band structure and the contribution of this band is assigned to f orbital. In addition, the calculated results of visually ELF show that the charge localizations between O-O atoms are dramatically strong, suggesting the covalent bond character of O atoms in the Y2O3:Ce crystal. These findings could provide important information of the microstructures of rare-earth doped laser materials.
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To develop an efficient photocatalyst with intense visible light absorption and high charge mobility is important but still remains a problem. In this work, we have explored the electronic properties of C-monodoped, C-Ge, and C-Sn codoped GaN nanosheets by the hybrid density functional theory in order to find the excellent photocatalytic materials. Results indicate the monodoping of C introduces unoccupied impurity states inside the band gap that serve on recombination centers. Thus, the C monodoping is not suitable to ameliorate visible light absorption. Moreover, the C-Ge and C-Sn codoping not only successfully reduce the band gap of nanosheet GaN but also avoid the unoccupied impurity states. The charge-compensated C-Ge and C-Sn codoped GaN nanosheets are energetically favorable for hydrogen evolution but not insufficient to produce oxygen, indicating that they could serve as Z-scheme photocatalysts. In particular, the minimum defect formation energy of C-Ge is negative and lowest. The C-Ge codoped GaN system has dynamic stability. So, the C-Ge codoped nanosheet GaN is one of the most prospective candidates for the decomposition of hydrogen from water.

Keywords: photocatalysis, hybrid density functional, doped, band structural calculation, GaN nanosheet


1. INTRODUCTION

Gallium nitride (GaN) has attracted considerable interest in recent years for its excellent photoelectric properties. With a large band gap (3.04 eV) (Bastos et al., 2018), GaN is widely used as short-wavelength light-emitting diodes (Ha et al., 2007) and room-temperature laser diodes (Feng et al., 2017). The conduction band edge of bulk GaN is at 0.5 eV higher than the redox potential of H+/H2, which implies that the GaN can decompose hydrogen from water (Maeda et al., 2005; Kida et al., 2006). Its wide band gap, however, makes GaN photochemically active only under UV light irradiation. In order to extend the visible light response of GaN, some efforts have been made based on band gap engineering strategies. It was found that Cr-O codoping significantly narrows the band gap of GaN, but this leads to an intermediate band entering the band gap (Pan et al., 2010), which increases the probability of carrier capture. Similar results were obtained for V-O codoped GaN (Meng et al., 2012).

According to the recent theoretical calculations (Freeman et al., 2006), the monolayer GaN has a honeycomb structure similar to that of graphene (Castro Neto et al., 2009), and boron nitride nanosheets (Golberg et al., 2010). These two-dimensional (2D) atomic-layer nanomaterials are interesting topics for their picturesque properties, which would have advantages over bulk structures in many cases (Onen et al., 2016). Particularly, the 2D GaN has a large specific surface area and shorter carrier migration distance etc., and it can remain in high-temperature environments (Sun et al., 2017). The unique properties of nanosheets GaN motivate our research into whether a tunable band gap could be obtained via chemical modification. In this work, the C-monodoping and C-Ge and C-Sn codoping were used to modulate the band structure of GaN nanosheet. We focused our studies on the structure, electronic properties, and minimum defect formation energies of the doped GaN nanosheets.



2. COMPUTATIONAL METHOD

Our first-principles calculations were executed by using density functional theory (DFT) within generalized gradient approximation (GGA) (White and Bird, 1994) parameterized by Perdew, Burke, and Ernzerhof (PBE) (Ernzerhof and Scuseria, 1999), as realized in VASP code (Kresse and Furthmüller, 1996; Kresse and Joubert, 1999). Projector augmented wave (PAW) (Blöchl, 1994) potentials were employed to treat interactions between ions and valance electrons. The electron configuration of N (2s2p3), Ga (3d104s24p1), C (2s22p2), Ge (3d104s24p2), and Sn (5s25p2) were chosen to construct the potential function, respectively. All the calculations were carried out with a plan-wave cutoff energy of 550 eV. We adopted vacuum space of 20 Å along the z-direction in order to wipe out the interaction between the periodic images. All the atomic structure energy convergence tolerance for self-consistent iteration was set to 1.0 × 10−5 eV, and the convergence criteria force was set to 0.01 eVÅ−1. The Brillouin zone integrations were approximated with a 9 × 9 × 1 k-point (Monkhorst and Pack, 1976) for the GaN nanosheet structure relaxation and electronic properties calculations. The GGA-PBE algorithm will underrate the band gap value of the semiconductor. The accurate electronic structure was calculated by the Heyd-Scuseria-Ernzerhof (HSE06) (Heyd et al., 2003; Heyd and Scuseria, 2004) hybrid functional method. The HSE06 expression for the exchange-correlation energy was written a:

[image: image]

The exchange-correlation energy includes the short- and long-ranged parts. Here, the SR is the short-range parts, and LR stands for the long-ranged. χ represents the mixing coefficient and is set to 0.25. μ indicates the screening parameter and is set to 0.2. In addition, the total density of states (TDOS) and the projected density of states (PDOS) are calculated by the tetrahedral method with Blöchl correction (Blöchl et al., 1994).



3. RESULTS AND DISCUSSION


3.1. Pure GaN Nanosheet

The GaN nanosheet is the (001) facet of the optimized bulk, which has a honeycomb graphite structure. This structure is shown in Figures 1A,B. The Ga-N bond length is 1.849 Å and is smaller than in the bulk GaN case (1.966 Å) (Sahin et al., 2009). Since the sp2 bond is stronger than the sp3 bond, the bond length in the GaN nanosheet becomes shorter. The Figure 1C displays the band structure of the GaN nanosheet with the band gap of 3.41 eV using the HSE06 functional. The VBM is located at the k point while the CBM is at the Γ point, which means that the GaN nanosheet is the indirect band gap semiconductor. According to the Figure 1D, the GaN nanosheet has non-magnetic semiconducting character, and the VBM and CBM are predominantly derived from N 2p, Ga 4p, and Ga 3d orbits. The hybridization between the N 2p, Ga 4p, and Ga 3d orbits are located at the bottom of the conduction band. The bond length dGa−N, lattice constant a, and band gaps calculated by the PBE and HSE06 functionals are given in Table 1. Our theoretical data have exhibited good agreement with previous studies (Maruska and Tietjen, 1969; Armstrong et al., 2005; Zeyan et al., 2008; Sahin et al., 2009; Xia et al., 2013; Bastos et al., 2018), which indicates that the calculation methods in this study are reasonable. It can be found that the PBE algorithm will underestimate the band gap of GaN nanosheet. Therefore, the HSE06 algorithm is adopted to study the electronic structures of the GGA-PBE optimized phases.


[image: Figure 1]
FIGURE 1. The top (A) and side (B) views of GaN nanosheet. The HSE06 calculated band structure (C) and DOS (D) of the pure GaN nanosheet.



Table 1. The obtained lattice constant a, bond length dGa−N, and band gap Eg with the PBE and HSE06 functional.
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3.2. Monodoping in the GaN Nanosheet

In this section, we studied the effect of C doping on the electronic properties of the nanosheet GaN. For GaN1−xCx, the nanosheets (with x = 0.125) were modeled by replacing aneutral N atom (A site in Figure 1A) with a C atom in the 2 × 2 × 1 supercell of the GaN nanosheet. Because the charge number of the doping system is less than that of the pure system, we considered the spin-polarization effect in the calculation.

For the C modoped GaN nanosheet, the bond distance between the C atom and the nearest-neighboring Ga atom is 1.911 Å, which is close to the bond distance (1.849 Å) of Ga-N in nanosheet GaN. The minor difference may be explained by the ionic radius difference between C and N atom. The DOS and band structure of GaN nanosheets with the C doping presented in Figures 2A,B. For both C monodoped systems, the VBM is mainly contributed by mixing of the N 2p, C 2p, Ga 4p, and Ga 3d states, whereas the CBM is primarily contributed by the mixing of the between Ga 4p, N 2p, Ga 3d, and C 2p states. C dopant introduces the unoccupied impurity states on the spin down direction. The impurity state formed by a strong hybrid of C 2p and Ga 4p is very close to the conduction band of GaN. The generation of the impurity state may be due to the fact that the C and N are elements of the same cycle, and the p-orbital energy of C is thus higher than that of N. Electrons in the valence band can easily migrate to the conduction band through these impurity states. Although the band gaps for C doping GaN nanosheet decrease to 1.84 eV, the monodoped system has partially unoccupied impurity states at top of Fermi level. These impurity states can facilitate electron-hole recombination and have destructive influence on the photocatalytic activity. It indicates that C monodoped GaN nanosheet is not suitable for a visible light photocatalyst.


[image: Figure 2]
FIGURE 2. The HSE06 calculated band structure (A) and DOS (B) of the C monodoped GaN nanosheet.




3.3. Codoping in the GaN Nanosheet

To overcome the unoccupied impurity states, the anion-cation passivated codoping was utilized to maintain the charge balance (Gai et al., 2009). In this section, we have discussed the influence of codoping C-Ge and C-Sn on the electronic properties of the supercell 2 × 2 × 1 GaN nanosheet. The C atom substitutes the N atom (A site in Figure 1A), and the Ge (or Sn) atom substitutes the Ga atom (B site in Figure 1A), respectively. For C-Ge and C-Sn codoping, the N-Ge bond length is 1.829 Å, and the N-Sn bond distance is 2.00 Å, decreasing 0.02 Å, and increasing 0.151Å, respectively, with comparison with the N-Ga bond length (1.849 Å). The C-Ge bond length is 1.810 Å and the C-Sn bong length is 1.986 Å. The DOS and band structure for the C-Ge are plotted in Figure 3. According to the DOS, we found that the VBM is dominated by C 2p, Ga 4p, N 2p, and Ga 3d states, whereas the CBM is dominated by N 2s, Ge 4s, Ga 4s, and N 2p states. Since the band structures display that the VBM and CBM are located at the Γ point, the C-Ge system is the direct band gap semiconductor. The calculated band gap of C-Ge codoped GaN nanosheet is 1.83 eV. The DOS of C-Sn doping is plotted in Figure 4B. It indicates that the VBM is dominated by C 2p, Ga 4p, N 2p, and Ga 3d, whereas the CBM is dominated by Sn 5s, N 2p, Ga 4p, and Sn 4d. These configurations have strong hybridization at the top of the valence band and at the bottom the conduction band. According to Figure 4A, the calculated band gap of C-Sn codoped GaN nanosheet is 1.85 eV. The interesting phenomenon is that the impurity states are completely occupied for codoped GaN nanosheets.


[image: Figure 3]
FIGURE 3. The HSE06 calculated band structure (A) and DOS (B) of the C-Ge codoped GaN nanosheet.



[image: Figure 4]
FIGURE 4. The HSE06 calculated band structure (A) and DOS (B) of the C-Sn codoped GaN nanosheet.


As discussed above, those results indicate that the nanosheet GaN changes from an indirect band gap to a direct band gap by C-Ge and C-Sn codoping. The nanosheet GaN band gap decreases from 3.41 to 1.83 eV in the C-Ge codoping case and to 1.85 eV in the C-Sn codoping one. Smaller band gap values and a direct band gap are beneficial for excited state electronics, as they allow for greater ease with which to jump to the conduction band. At the same time, the smaller band gap value is favorable for moving the absorption spectrum to the visible light region. Therefore, the C-Ge and C-Sn codoped nanosheets GaN are likely to remarkable candidates for visible light photocatalyst.



3.4. Defect Formation Energy

We have calculated the defect formation energy (Ef) for evaluating the stability of doping system in each case. The defect formation energy is defined as (Van de Walle and Neugebauer, 2004; Castleton et al., 2006):

[image: image]

Here, E(doped) and E(GaN) indicate the total energies of doped and pure nanosheet GaN, respectively. ni represents the number of the atoms that has been added to (ni>0) or removed from (ni<0) the pure system for the construction doped nanosheet GaN, while μi is the chemical potential of the element i, and its value μi rests with the synthetic environment

[image: image]

Here, μGaN(nanosheet) represents the chemical potential, which is equal to the energy of the unit cell. As the chemical potential of Ga and N cannot exceed that of the Ga bulk μGa(bulk) and N gas μN(gas), the following rules must be obeyed

[image: image]
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To form the nanosheet GaN naturally, the minima of μGa and μN will satisfy

[image: image]
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Here, E(GanNn) is the total energy of perfect system with n primitive cells, E(Gan−1Nn) the total energy with Ga defect, and E(GanNn−1) the total energy with N defect. We set the ΔμGa=μGa−μGa(bulk) and ΔμN=μN−μN(gas). In this article, only the minimum defect formation energies of doped GaN nanosheets have been estimated; e.g., the defect formation energy take the minimum value when μGa equals μGa(bulk). The minimum formation energies for doping GaN nanosheets are shown in Figure 5, and the results are outlined in Table 2.


[image: Figure 5]
FIGURE 5. The obtained minimum defect formation energies for monodoped and codoped GaN nanosheets.



Table 2. The calculated band gaps (Egap), minimum defect formation energies (Ef), and chemical potentials of N and Ga.

[image: Table 2]

From the above discussion, we know that the minimum defect formation energy for the C monodoping is positive, which means that the C monodoping is more difficult to form because the electronegativity of C is less than that of N. The C-Ge and C-Sn codoping minimum defect formation energies are significantly lower than C monodoping. Importantly, the minimum defect formation energy of the C-Ge codoped is negative and lowest, which is greatly reduced by the opposite charge states of C-Ge atoms.



3.5. Band Edge Alignment

It is well-known that an excellent photocatalyst should not only have an appropriate band gap but also suitable band edge positions, i.e., The water reduction level and oxidation level must lie between the CBM and VBM in order to thermodynamically allow for both the hydrogen evolution reaction and oxygen evolution. On the basis of the band edge positions, some photocatalysts are suitable for only hydrogen evolution, and some photocatalysts are good for only oxygen evolution, which is called the Z-scheme photocatalysis system. Here, we have considered the situation of the standard water reduction level (−4.44 eV) and oxidation level (−5.67 eV) with respect to the vacuum level (Chakrapani et al., 2007). A large vacuum space has been used to calculate the absolute position of the band edge for quantitatively comparing with the water redox potentials. As the calculated vacuum level is a relative value, we have shifted the energy value of the CBM (VBM) for each system by subtracting this value to obtain the absolute band edge position.

The calculated positions of the CBM and VBM of the pure and doped GaN nanosheets with respect to the standard hydrogen electrode potentials are indicated in Figure 6. Compared to the band edge potentials of pure GaN, both CB and VB edges of codoped systems are increased. The calculated CBM and VBM of C-Ge (C-Sn) codoped nanosheet are located at −3.50 eV (−3.55 eV) and −5.33 eV (−5.40 eV), respectively. The CBM of C-Ge (C-Sn) is 0.90 eV (0.85 eV) above the water reduction level, and the VBM of C-Ge (C-Sn) is 0.34 eV (0.27 eV) above the water oxidation level. Thus, the C-Sn and C-Ge codoped GaN nanosheets are energetically favorable for hydrogen evolution but not insufficient to produce oxygen, indicating that they could serve as Z-scheme photocatalysts.


[image: Figure 6]
FIGURE 6. The calculated VBM and CBM positions of pure and codoped GaN nanosheets with respect to the water redox potentials.




3.6. Optical Properties

Optical properties play a critical role in evaluating the performance of photocatalysts in the visible light region. Thus, we have investigated the optical absorption spectra of the pure and codoped GaN nanosheets. The absorption coefficient α(ω) satisfies the following relation (Onen et al., 2016)

[image: image]

where ε1(ω) is the real part that is obtained using the Kramers-Kronig transformation, and ε2(ω) is the imaginary part, which has been calculated by summing over a large amount of empty states. Figure 7 shows the obtained absorption coefficient of pure and codoped GaN nanosheets. It can be seen that the C-Sn and C-Ge codoped can harvest a longer wavelength of visible light spectrum compared to the pure GaN nanosheet for visible light photocatalysis, which can be attributed to the reasonable band gap reduction.


[image: Figure 7]
FIGURE 7. The optical absorption spectra of pure and codoped GaN nanosheets.




3.7. Dynamical Stability

Phonon calculations provide a criterion for the stability of one structure and indicate, through soft modes, structural instability (Ahmad Khandy et al., 2019; Xuan et al., 2019; Ahmad Khandy and Chai, 2020). We therefore calculated phonon dispersion curves for the codoped GaN nanosheet. The C-Ge codoping system was considered, as it has a negative formation energy and can be stably formed. Figure 8 shows the phonon dispersion curves (PDCs) of C-Ge codoping system obtained using GGA scheme, which contains 24 phonon branches composed of Ga3GeN3C cell, including three acoustic modes and 21 optical modes. It is obvious from the figure that there is no virtual frequency in this doping system. It can therefore be concluded that the C-Ge codoped GaN system has dynamic stability.


[image: Figure 8]
FIGURE 8. Phonon dispersion for C-Ge codoped GaN nanosheet.





4. CONCLUSIONS

The electronic properties of C monodoped, C-Ge, and C-Sn codoped GaN nanosheets have been investigated at the HSE06 level of theory. For C monodoping, the effective band gap values of the GaN1−xCx(x = 0.125) nanosheet can be decreased. However, the C monodoping will introduce the unoccupied impurity states, which leads to the decrease of carrier concentration. The band gap values for the C-Ge and C-Sn codoping GaN nanosheets are 1.83 and 1.85 eV, respectively. Narrow band gap semiconductors can absorb and utilize visible light, and semiconductors can thus be used in solar energy conversion and photocatalysis. The C-Ge and C-Sn codoping GaN nanosheets are direct band gap semiconductors, which make them more advantageous over other materials. Anionic (C) and cationic (Ge or Sn) compensated cooping, greatly reducing the minimum formation energy of doping. However, the minimum defect formation energy of the C-Ge codoping GaN nanosheet is the smallest. The C-Ge and C-Sn codoped systems may be a potential candidate for photocatalytic water splitting to generate hydrogen because of their appropriate band gap and band edge positions. More importantly, the result of the optical absorption spectral analysis shows that the C-Ge and C-Sn codoped GaN nanosheets absorb a longer wavelength of the visible light spectrum as compared to the pure GaN nanosheet. Those results imply that the C-Ge codoping GaN nanosheet could be promising candidate as a visible light photocatalyst for water splitting.
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The structural, mechanical, electronic, magnetic, and half-metallic properties of quaternary Heusler compound CoCrScSn are studied using the GGA and GGA + U method based on first-principles calculations. It is found that Type-I structure of CoCrScSn compound is the most stable, and its ground state is ferromagnetic. At the equilibrium lattice constant, the electronic structures obtained by GGA and GGA + U methods indicate that CoCrScSn compound have typical half-metal character. The results of elastic constants and half-metallic robustness show that the mechanical stability and half-metallicity of CoCrScSn can be well-maintained in the range of 6.2–6.9 Å under GGA and 5.7–6.4 Å under GGA + U, respectively. When CoCrScSn compound exhibits half-metallic properties, the total magnetic moment per molecular unit is 4.0 μB, which is in good agreement with the Slater-Pauling rule, and Cr atoms are the main source of molecular magnetic moment. All the aforementioned results indicate that quaternary Heusler compound CoCrScSn would be an ideal candidate in spintronics.

Keywords: heusler, half-metal, elastic constant, first-principles, spintronics


INTRODUCTION

Spintronics, also known as magnetoelectronics, is a new discipline and technology that has developed rapidly since the 1990s [1, 2]. The information transport of traditional electronic devices mainly depends on the charge. Spintronics not only uses the charge transport, but also adds the spin and magnetic moment of the electron. Compared with traditional semiconductor electronic devices, spintronic devices have many advantages such as non-volatile, low power consumption and high integration. For spintronic materials, it is necessary to have higher electron polarizability and in this case, half-metallic magnetic materials become the best choice for spintronic applications. In the field of spintronics, half-metallic magnetic materials are widely used in spin diodes, spin valves, spin filters, and other devices due to their special electronic structure [3–5]. The most important feature of half-metallic magnetic materials is that the majority-spin (minority-spin) direction is metal property, and the minority-spin (majority-spin) direction is semiconductor or insulator property, leading to 100% spin polarization at the Fermi level [6, 7]. The unique electronic structure of half-metallic magnetic materials has become a research hotspot recently [8–10].

Heusler alloy compounds have always been one of the most important members of half-metallic magnetic materials. Since the first half-metallic magnetic material, ternary Heulser alloy NiMnSb [11] was predicted, researchers have paid great attention to the this kinds of compounds [12–25]. The crystal of Heusler compounds is generally cubic structure with four atoms. The four atoms occupy A(0,0,0), B(0.25,0.25,0.25), C(0.50, 0.50, 0.50), and D(0.75, 0.75, 0.75), respectively [26, 27]. According to the different ways of occupying atoms, Heusler compounds have derived many types of structures, including full-Heusler, half-Heuler, inverse-Heusler, and quaternary-Heusler, etc. There are many half-metallic magnetic materials in these different Heusler configurations, and they are widely concerned by researchers in experiments and theory [28–34].

In recent years, there are some reports about the CoCr-based quaternary Heusler compounds. In 2012, Gokoglu [35] found that quaternary Heusler compound NiCoCrGa displays a slightly disturbed half-metallic behavior with high-spin polarization ratio at Fermi level. In 2017, Xu et al. [36] found that the quaternary Heusler (Y, La, Lu)CoCr/FeMn(Al, Ga) containing rare earth elements has the characteristics of spin gapless semiconductors. In 2019, Wu et al. [37] found that the Curie temperature of CrCoScZ (Z = Si, Ge, Sn) based on mean field theory is higher than that of room temperature. Huang et al. [38] found that the bulk and surface states of CoCrScBi are half-metallic. In 2020, Khan et al. [39] studied the structural stability, band structure, density of states, magnetic and mechanical properties of CoCr-based quaternary Heusler compounds CoCrYZ (Z = Si, Ge, Ga, Al) and found all these materials possess half-metallic character.

Recent studies on quaternary Heusler compounds show that the Coulomb interaction of 3d electrons in transition metals has a significant effect on the electronic structure of alloys. Gao et al. [40] reveal that the half-metallicity is lost for both CoFeCrAl and CoFeCrGa but retentive for both CoFeCrSi and CoFeCrGe when the Coulomb interactions are considered. Paudel et al. [41] found the band gap width of CoFeZrGe, CoFeZrSb, and CoFeZrSi compounds under GGA + U changed a lot compared with that under GGA. Although CoCrScSn compound has been shown to have half-metallic behavior in previous studies [37], there has been no report on whether it has stable mechanical properties, nor on whether the Coulomb interactions between transition metal atoms in CoCrScSn affect its physical properties. Therefore, in order to reveal the effect of the coulomb interaction on the electronic structure of CoCrScSn, and also to understand its mechanical stability, so that CoCrScSn can be applied in spintronics. In this study, we perform a complete first-principles study of the ground state, mechanical, electronic, magnetic, and half-metallic properties of CoCrScSn compound based on the generalized gradient approximation (GGA) [42] with strong-correlated correction (GGA + U).



CALCULATION METHODS

In this study, the GGA and GGA + U as implemented in the Vienna ab-initio simulation package (VASP) package [43], was used to calculate the physical and mechanical properties of the CoCrScSn compound. The effective U(Ueff) values of 2.7 eV for Co, 2.0 eV for Cr, and 0.5 eV for Sc [44, 45] were selected, respectively, as these values provides correct description magnetic moment and electronic structure in the Heusler compounds [46]. For the self-consistent calculation, the plane wave cutoff energy was chosen to be 500 eV. A mesh of 9 × 9 × 9 Monkhorst-Pack k-point was used. The convergence tolerances were selected as the difference in total energy and the maximum force within 1.0 × 10−5 eV and 1.0 × 10−2 eV/atom, respectively.



RESULTS AND DISCUSSIONS


Structural Properties

According to the results of earlier research, quaternary Heusler compounds usually have three different structures depending on the positions occupied by the atoms. The three structures are defined as type-I, type-II, and type-III, respectively [47–50]. For CoCrScSn compound, the occupancy positions of Co, Cr, Sc, and Sn atoms are shown in Table 1. We must first determine which of the three structures is the most stable. Therefore, we are very concerned about the relationship between the total energy of the three structures and the lattice constant. Through structural optimization, we have obtained the equilibrium lattice constants of three structures of CoCrScSn compounds as shown in Table 1. Table 2 shows the total energies of CoCrScSn compound in non-magnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) states at the equilibrium structures. It can be seen that among these three structures, the energy of the ferromagnetic state with the type-I structure is the lowest, which means that the type-I structure of the CoCrScSn compound is the most stable, and the ground state of this stable structure is ferromagnetic. The next studies only consider the ferromagnetic type-I structure of CoCrScSn compound.


Table 1. Equilibrium lattice equilibrium constants (Å) and atomic positions for three different types of crystals.

[image: Table 1]


Table 2. Total energies (eV) of CoCrScSn compound in NM, FM, and AFM states.

[image: Table 2]

So far, there are no experimental reports about CoCrScSn compound. In order to test the possibility of synthesizing CoCrScSn compound, we performed a calculation of formation energy, which is calculated as follows:

[image: image]

where ETot are the total energy of the CoCrScSn compound per formula unit at equilibrium lattice constants and ECo, ECr, ESc, and ESn correspond to the total energy per atom for the Co, Cr, Sc, and Sn atoms, respectively. During calculation, Co, Cr, and Sc are taken as face-centered cubic structure (space group Fm-3m), Sn is taken as body-centered cubic structure (space group Im-3m). We use the ferromagnetic energy of the title compound as the ETot of formula (1) to obtain the formation energy of type-I, type-II, and type-III as −1.35, −0.55, and −0.85 eV, respectively. The negative values of the formation energy indicate that these three structures of CoCrScSn compounds are energetically stable and may be fabricated experimentally.

In order to examine the dynamical stability, the phonon dispersion curves of the type-I structure of CoCrScSn compound have been calculated and depicted in Figure 1. It is seen that the title compound have positive phonon frequency, which is an key indicator of the dynamical stability of the Heusle compound. There are no available experimental related to the quaternary Heusler compoud CoCrScSn to make a comparison with our data, and we are looking forward to the experimental synthesis of the title compound.


[image: Figure 1]
FIGURE 1. Phonon dispersion curves of the CoCrScSn compound at equilibrium lattice constants.




Mechanical Properties

The mechanical properties of cubic crystals are determined by three elastic constants, C11, C12, and C44. The elastic constants C11, C12, and C44 at are obtained by calculating the strain as a function of total energy. Born and Huang criteria give that the mechanical stability of cubic crystals is determined by the following formula [51, 52]:

[image: image]

The elastic constants C11, C12, and C44 of CoCrScSn compound at equilibrium lattice constant were calculated to be 154.9 GPa, 61.5 GPa, and 62.7 GPa for GGA and 165.2 GPa, 70.3 GPa, and 74.2 GPa for GGA + U, respectively. As a comparison, we found that the C11 and C44 of CoCrScSn in this paper were larger than that of another similar compound CoCrScBi, while C12 was smaller than that of CoCrScBi [38].

[image: image]
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According to formula (3)–(6), the bulk modulus B and shear modulus G calculated are 92.63 GPa, 55.72 GPa for GGA, and 101.93 GPa, 62.02 GPa for GGA + U, respectively. The bulk modulus and shear modulus of CoCrScBi are reported as 127.03 GPa and 31.88 GPa, respectively. The bulk modulus of CoCrScSn is smaller than that of CoCrScBi, indicating that CoCrScSn is more prone to volume deformation than CoCrScBi. However, the larger shear modulus of CoCrScSn confirms its greater resistance to shear strain than CoCrScBi. The elastic constants obtained by using GGA and GGA + U all meet the elastic stability criteria and therefore, ferromagnetic type-I structure of CoCrScSn compound are mechanically stable.

As we all know, the physical properties of compounds will change with the change of crystal structure. The change of lattice constant of compounds under external pressure is one of the simplest ways to change the physical properties of compounds. Next, we study the mechanical stability of CoCrScSn compound when the lattice constant changes.

Under the uniform pressure P, the stress-strain coefficients will replace the elastic constants with the following expression:

[image: image]

Accordingly, the mechanical stability of CoCrScSn compound under uniform pressure is determined by the following formula [53, 54]:

[image: image]

That is

[image: image]

Figures 2A,B shows the change curve of the elastic modulus of CoCrScSn compound with the lattice constant under GGA and GGA + U, respectively. Under GGA, when the lattice constant of CoCrScSn compound is between 5.8 and 7.2 Å, C11-C12-2P, C11+2C12+P, and C44-P are greater than zero, as shown in Figure 2A. This means that the mechanical properties of CoCrScSn compound in this lattice constant range are stable. One can see from Figure 2A that when the lattice constant is too large, it may cause negative values of C11-C12-2P, C11+2C12+P, and C44-P. At this time, CoCrScSn compound will show unstable mechanical properties. This result is consistent with the fact that the interaction between atoms weakens and the stability is destroyed when the crystal expands. Under GGA + U, the mechanical properties of CoCrScSn are stable in the range of 5.6–6.7 Å as shown in Figure 2B. When the lattice constant is lower than 5.6 Å, C11-C12-2P appears a negative value, and when the lattice constant is > 6.7 Å, C44-P may be a negative value, both of which will make the mechanical properties of the CoCrScSn compound unstable.


[image: Figure 2]
FIGURE 2. Elastic modulus of CoCrScSn compound under different lattice constant. (A) GGA, (B) GGA + U.




Electronic Properties

We further calculated the band structures of the CoCrScSn compound under GGA and GGA + U, as shown in Figures 3, 4, respectively. Under the cases of GGA and GGA + U, the majority-spin direction shows metal behavior, while minority-spin direction shows semiconductor behavior, which is a typical half-metal character. Furthermore, the band gap of minority-spin is an indirect under GGA, and direct (at the G point) under GGA + U. Under GGA and GGA + U, the minority-spin band gap of the title compound is 0.66 and 0.93 eV, respectively. The band gap considering Coulomb interaction is larger than that without Coulomb interaction. It shows that the Coulomb interaction has an obvious influence on the electronic structure of the CoCrScSn compound, so it is necessary to consider the Coulomb interaction when studying the electronic structure of the title compound.


[image: Figure 3]
FIGURE 3. Band structures of CoCrScSn compound under GGA. (A) Majority-spin, (B) minority-spin.



[image: Figure 4]
FIGURE 4. Band structures of CoCrScSn compound under GGA + U. (A) Majority-spin, (B) minority-spin.


Figure 5 shows the total and local density of states (DOSs) of CoCrScSn compound under GGA and GGA + U, respectively. Same as the result of the energy band structure, one spin direction is metallic, the other is semiconductor, and the title compound is a half-metal. By comparing the DOS distribution under GGA and GGA + U, it is clear that the shape of density of state in the two cases is roughly the same, but the local position is slightly different due to the Coulomb interaction. Obviously, the majority-spin below the Fermi level moves slightly to the low energy region, the minority-spin below the Fermi level moves toward the Fermi level, and the minority-spin above the Fermi level moves away from the Fermi level when the Coulomb interaction is considered.


[image: Figure 5]
FIGURE 5. Total and local density of states of CoCrScSn compound under GGA and GGA + U, respectively.


The robustness of half-metallicity is a key factor for spintronic materials. For practical applications, it is particularly important whether the half-metallic properties can still exist under external pressure or strain. Next, we will study the stability of half-metallicity of CoCrScSn compound when the lattice constant changes. Figure 6 shows the curve of the minority-spin band gap width with the lattice constant of the CoCrScSn compound under GGA and GGA + U. The results show that the majority-spin direction always shows the metallic property when the lattice constant changes, therefore, the half-metallic property is determined by the minority-spin band gap. That is to say, when there is a band gap in minority-spin, the title compound has half-metallic property, when there is no band gap, the half-metallicity will disappears.


[image: Figure 6]
FIGURE 6. Minority-spin CBM and VBM of CoCrScSn compound at different lattice constant. (A) GGA, (B) GGA + U.


Figure 6 shows that under GGA and GGA + U, the conduction band minimum (CBM) and valence band maximum (VBM) in minority-spin change with the lattice constant. It can be seen that within the lattice constants region of 6.2–6.9 Å, the CBM and VBM are located on the two sides of the Fermi level under GGA. At this time, the semiconductor character of minority-spin is obvious, the title compound has stable half-metallic property. When the lattice constant is lower than 6.2 Å or higher than 6.9 Å, the minority-spin band gap disappears and the half-metallicity disappears.

In the case of GGA + U, the CoCrScSn compound also has similar characteristics, but due to the influence of Coulomb interaction, the lattice constant of the compound maintaining the half-metallicity region is from 5.7 to 6.4 Å. Combined with the mechanical properties research, we can find that in the case of GGA, the mechanical and half-metallic properties of the CoCrScSn compound are very stable within the lattice constant range of 6.2–6.9 Å. In the case of GGA + U, the mechanical properties and half-metallic properties exist stably in the range of 5.7–6.4 Å.



Magnetic Properties

Slater and Pauling in two pioneering papers show that if a minority-spin electron is added to a magnetic compound, the total magnetic moment of the compound will be reduced by 1 μB. If a majority-spin electron is added, the total magnetic moment of the compound will be increased by 1 μB [55–57]. This behavior called Slater-Pauling (SP) rule has been studied not only in binary magnetic compounds [58], but also in half-metallic Heusler compounds. So far, people have summarized some SP relation between the total magnetic moment (Mt) and number of valence electrons (Zt) of per molecular unit in half-metallic Heusler compounds, such as Mt = Zt-18 [59], Mt = Zt-24 [4], and Mt = Zt-28 [57]. Some half-metallic quaternary Heusler compounds mainly satisfy the SP rule of Mt = Zt-18 [60–63] and Mt = Zt-24 [64–66].

In CoCrScSn compound, the number of valence electrons of Co, Cr, Sc and Sn atoms are nine, six, three, and four, respectively, so the Zt is twenty two. The calculations of GGA and GGA + U show that the Mt at equilibrium lattice constant is 4.0 μB. Obviously, the Mt and Zt are in accordance with the SP relation Mt = Zt-18, and CoCrScSn compound conform to the typical characteristics of half-metallic Heusler compound.

Figure 7 shows the total and local magnetic moments of CoCrScSn compound at different lattice constants under GGA and GGA + U, respectively. From 6.2 to 6.9 Å under GGA and from 5.7 to 6.4 Å under GGA + U, the Mt is an integral value 4.0 μB. Within this lattice constant range, the CoCrScSn compound has stable half-metallic character. When the lattice constant under GGA is lower than 6.2 Å or higher than 6.9 Å, the Mt is no longer an integral value, and the half-metallicity of the CoCrScSn compound will disappear.
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FIGURE 7. Total and atomic magnetic moments of CoCrScSn compound at different lattice constant. (A) GGA, (B) GGA + U.


The same situation also occurs when considering the Coulomb interaction. If the lattice constant is <5.7 Å or higher than 6.4 Å, the Mt does not meet the SP rule and the title compound will lose the half-metal character. It can be seen from the local magnetic moment distribution curve that Cr atom is the most important source of the magnetic properties of the title compound, and Co atom also contributes to the total magnetic moment, but the contribution degree is smaller than Cr atom. It seems that Sc and Sn atoms also have certain magnetic moments, but because Sc and Sn atoms are not magnetic themselves, they are induced magnetic moments due to the influence of Cr and Co atoms.

Higher Curie temperature is another key factor for the application of half-metallic magnetic materials in spintronics. Theoretically, the mean field approximation is often used to estimate the Curie temperature (Tc) of materials. The formula can be expressed as follows [37, 67]:

[image: image]

where ΔEAFM−FM is the total energy difference between antiferromagnetic and ferromagnetic states. C is the amount of the magnetic ion, and kB is Boltzmann constant. The Curie temperature calculated based on formula (6) for CoCrScSn is 762 K, which is slightly less than the previous theoretical research result.

Furthermore, Wurmehl et al. [68] proposed a linear relation to estimate the Curie temperature of the half-metal Heusler compound by using the Mt, and the expression is [69]

[image: image]

The Curie temperature for CoCrScSn were estimated according to the model presented is 747K, which is very close to the result of mean field approximation. Although the theoretical estimate of the Curie temperature is often higher than the actual value, we conclude that the Curie temperature of CoCrScSn should be higher than room temperature, which make it interesting for technological applications in spintronics.




CONCLUSIONS

In this study, we focused on quaternary Heusler compound CoCrScSn, and showed a complete first-principles study on the structure, mechanical, electronic, magnetic, and half-metallic properties of this material. It was found that the type-I structure of quaternary Heusler compound CoCrScSn is the most stable, and the type-I structure has a stable ferromagnetic ground state. Elastic constant analysis shows that CoCrScSn compound have stable mechanical properties at the equilibrium lattice constant. The mechanical properties of CoCrScSn will change if the lattice constant changes. The further studies show that if the lattice constant can be maintained within the range of 5.8–7.2 Å under GGA, and 5.6–6.7 Å under GGA + U, the mechanical properties of CoCrScSn compound are also stable. At the equilibrium lattice constant, the electronic structure of CoCrScSn compound under GGA and GGA + U shows that it has obvious half-metal character. The half-metal robustness of the CoCrScSn compound can be maintained in the lattice constant range of 6.2–6.9 Å for GGA, 5.7–6.4 Å for GGA + U. At the equilibrium lattice constant, the molecular magnetic moment of the compound is an integer value of 4.0 μB. No matter how the lattice constant changes, as long as the compound has half-metallic character, the total magnetic moment of the CoCrScSn compound meets the Slater-Pauling rule. The mean field approximation shows that the Curie temperature is higher than room temperature, which makes the title compound a promising application in spintronics.
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The first-principles computations of density functional theory are employed to characterize the structural properties, electronic structures, and ferromagnetism induced by Cr impurities in Ca1-xCrxO compounds at concentrations x = 0. 25, 0.5, and 0.75. The dynamic stability is performed by the phonon spectra calculations. The structural parameters are computed by using Wu-Cohen generalized gradient approximation, while the electronic and magnetic properties are determined by the accurate Tran–Blaha-modified Becke–Johnson exchange potential. The crystal field, direct and indirect exchange splittings were investigated to determine the origin and stability of ferromagnetic state configuration. The Ca1-xCrxO systems have right half-metallicities, which are verified by the spin polarization of 100% and the integer values of total magnetic moments. The Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O are half-metallic ferromagnetic with flip-gaps of 1.495, 0.888, and 0.218 eV, respectively. Therefore, the Ca1-xCrxO materials are suitable candidates for possible applications of spin-injection in future semiconductors spintronics.

Keywords: first-principles calculations, electronic structures, ferromagnetism, exchange splittings, spintronics


INTRODUCTION

In recent years, the exploitation of new materials for technological development has become an attractive area of research for the scientific community. Spintronics is a modern field emerging from quantum electronics relating to exploration and control of the electron spin; it is currently an important research topic because the spin-based devices have interesting multifunctional characteristics such as non-volatility, data-processing speed, higher integration densities (Elilarassi and Chandrasekaran, 2017; Rai et al., 2018). In the last years, the half-metal ferromagnetic (HMF) materials have attracted considerable interest due to their wide application in spintronic devices as magnetic sensors, tunnel junctions, and spin injection sources of electrons (Özdemir and Merdan, 2019). The diluted magnetic semiconductors (DMSs) are obtained from the III–V, II–VI, or IV–VI semiconductors doped with magnetic elements, inducing changes in their structural, electronic, and magnetic properties, which are related to the concentration of magnetic impurities. These materials have received a lot of attention for scientific research because they are promising candidates for innovative applications in spintronics, as an example for non-volatile memories, optical switches, and magneto-optical devices (Ohno, 1998; Dietl et al., 2000; Wolf et al., 2001; Zuti et al., 2004; Sato et al., 2010; Kumar et al., 2014).

Alkaline earth chalcogenides are important materials with a wide technological application ranging from catalysis to microelectronics as well as in the area of electro- and photo-luminescent devices (Hakamata et al., 2005; Speziale et al., 2006; Murtaza et al., 2014). Among these compounds, the CaX (X = O, S, Se) has a closed-shell ionic environment, crystallizing in the rock-salt NaCl-type (B1) structure at ambient conditions (Doll et al., 1996; Mishra et al., 2012). Under high pressure, they undergo a first-order structural phase transition from the NaCl-type (B1) to the CsCl-type (B2) crystal structure (Luo et al., 1994; Doll et al., 1996; Dadsetani and Doosti, 2009; Mishra et al., 2012). The CaO calcium oxide can be a potential candidate as a DMS material according to several theoretical studies (Kenmochi et al., 2004; Kemmochi et al., 2005; An Dinh et al., 2006). Kenmochi et al. (2004) have studied a new class of DMSs based on CaO without transition metals, where the substituted CaO by C and N at the oxygen sites shows room-temperature ferromagnetism with half-metallic property. The ferromagnetism in C-doped CaO is explained by the exchange coupling constants, where it is induced by the strong hybridization between 2p states of carbon and 2p states of oxygen (An Dinh et al., 2006). Further, Kemmochi et al. (2005) have found that the stability of ferromagnetic state in the C-doped CaO is originated from the Zener's double-exchange mechanism.

In this study, we have investigated the structural parameters, electronic performance, magnetism, and exchange splittings of Ca1-xCrxO materials at various concentrations x = 0, 0.25, 0.5, and 0.75. The calculations are performed by the use of first-principle approaches of density functional theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) as implemented in the WIEN2k package (Blaha et al., 2001). The phonon spectra are used to verify the dynamic stability of Ca1-xCrxO materials. The exchange and correlation potential is evaluated by the generalized gradient approximation of Wu and Cohen (GGA-WC) (Wu and Cohen, 2006), and the Tran–Blaha-modified Becke–Johnson potential (TB-mBJ) (Tran and Blaha, 2009).



COMPUTATIONAL METHODS

The calculations of structural, electronic, and magnetic properties of Ca1-xCrxO are carried out using the WIEN2k code (Blaha et al., 2001) based on the first-principle computations of DFT and the full-potential linearized augmented plane-wave (FP-LAPW) method (Singh and Nordstrom, 2006). We have computed the structural parameters using GGA-WC approximation (Wu and Cohen, 2006), while the electronic and magnetic properties are determined by employing the TB-mBJ exchange potential (Becke and Johnson, 2006; Tran and Blaha, 2009). The phonon frequencies are determined by the phonopy code (Togo and Tanaka, 2015) based on the density functional perturbation theory (Giannozzi et al., 1991; Gonze and Lee, 1997). The phonon spectra are calculated using the WIEN2k and the phonopy packages to verify the dynamic stability of Ca1-xCrxO doping compounds.

The averages of Muffin-tin spheres radii are selected for Ca, Cr, and O atoms in condition that Muffin-tin spheres do not overlap. The cutoff of −6 Ry is utilized to separate between the valence and core states. The basic functions and the potentials are extended in combination of spherical harmonics around the atomic sites, that is to say, the atomic spheres with a cutoff lmax = 10, and in the interstitial region are extended into plane waves with a cutoff RMTkmax = 8 (where RMT is the average radius of the Muffin-tin spheres). We have expanded the charge density in Fourier up to Gmax = 14 (a.u.)−1, where Gmax represents the largest vector in the Fourier expansion. The calculations were performed for structures of eight (8) atoms of Ca1-xCrxO at concentrations x = 0, 0.25, 0.5, and 0.75 such as CaO, Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O supercells. The integration of the Brillouin zone was carried out by the Monkhorst–Pack mesh (Monkhorst and Pack, 1976) using the special k-points of (10 × 10 × 10) for CaO and (5 × 5 × 5) for Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O compounds. The self-consistent is achieved when the total energy convergence condition was set to be 10−1 mRy.



RESULTS AND DISCUSSION


Structural Properties
 
Crystal Structures

The calcium oxide CaO is known as a wide-band gap II–VI semiconductor, crystallizing in rock-salt NaCl (B1) structure at ambient conditions (Doll et al., 1996; Mishra et al., 2012). The primitive unit cell of CaO contains two atoms such as the calcium (Ca) and the oxygen (O), which belong, respectively, to the main groups II and VI of the periodic table. Our study is based on the conventional NaCl structure of eight atoms of CaO such as Ca4O4, where the Ca is located at (0, 0, 0) position and the O atom at (0.5, 0.5, 0.5) with space group of [image: image] No. 225. The Ca3CrO4, Ca2Cr2O4, and CaCr3O4 supercells are created by substituting one, two, and three Cr impurities at Ca sites, respectively. Consequently, we have obtained three supercells such as Ca0.75Cr0.25O at concentration x = 0.25, Ca0.5Cr0.5O at x = 0.5 and Ca0.25Cr0.75O at x = 0.75. The Ca0.75Cr0.25O and Ca0.25Cr0.75O have cubic lattices with space group of [image: image] No 221, while the Ca0.5Cr0.5O supercell has a tetragonal lattice with space group of P4/mmm No. 123. We have noticed that all symmetry operations have been considered in the initialization of structures of Ca1-xCrxO supercells for computations of different properties.



Structural Stability

The structural stability of the Ca1-xCrxO compounds in the ferromagnetic rock-salt NaCl (B1) structure is verified by computing the formation energies. The formation energies (Eform) of the Ca4–yCryO4 materials are determined using the following expression (Bai et al., 2011; Doumi et al., 2015a):

[image: image]

where Etotal(Ca4–yCryO4) corresponds to the minimum total energy of Ca4–yCryO4 per atom, and E(Ca), E(Cr), and E(O) refer to the minimum total energies per atom of bulks Ca, Cr, and O, respectively. The y = 1, 2, and 3 are the number of substituted Cr impurities in Ca4–yCryO4 supercells. We have found that the formation energies are −5.99, −6.37, and −6.76 eV, respectively, for Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O. Therefore, the negative values of formation energies suggest that these compounds are thermodynamically stable in the ferromagnetic rock-salt structure.

Furthermore, we have used the phonon spectra to demonstrate the dynamic stability of the Ca1-xCrxO doping compounds. The diagrams of phonon frequencies at high symmetry points in the Brillouin zone of Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O are shown by Figures 1–3, respectively. These figures depicted that all branches of phonons have positive frequencies, and there are no negative frequencies (Deng et al., 2019), confirming the dynamic stability of Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O compounds.


[image: Figure 1]
FIGURE 1. Phonon spectra for Ca0.75Cr0.25O.



[image: Figure 2]
FIGURE 2. Phonon spectra for Ca0.5Cr0.5O.



[image: Figure 3]
FIGURE 3. Phonon spectra for Ca0.25Cr0.75O.




Equilibrium Structural Parameters

The variations of total energies as a function of volumes of Ca1-xCrxO compounds are fitted by Murnaghan (1944) equation of state to determine the equilibrium structural parameters. Table 1 summarizes the lattice constants, the bulk modules, and their first derivatives with other experimental data (Mammone et al., 1981; Kaneko et al., 1982; Richet et al., 1988) and theoretical values (Tran et al., 2007; Wu et al., 2014; Cinthia et al., 2015; Fan et al., 2015; Nejatipour and Dadsetani, 2015; Santana et al., 2016; Yang et al., 2016; Salam, 2018) computed by the generalized gradient approximation of Perdew–Burke–Ernzerhof (GGA-PBE) (Perdew et al., 1996), revised GGA of Perdew–Burke–Ernzerhof (GGA-PBEsol) (Perdew et al., 2008) and the local density approximation (LDA) (Perdew and Zunger, 1981; Perdew and Wang, 1992).


Table 1. Computed structural parameters such as lattice constants (a), bulk modules (B), and their pressure derivatives (B′) for Ca1-xCrxO materials at concentrations x = 0, 0.25, 0.5, and 0.75 with other experimental and theoretical data.

[image: Table 1]

The results of lattice constants and bulk modulus of CaO are closed to theoretical values of Tran et al. (2007) and Fan et al. (2015) calculated with GGA-WC potential (Wu and Cohen, 2006). We see that there is a good agreement between our calculations and experimental results (Mammone et al., 1981; Kaneko et al., 1982; Richet et al., 1988) and theoretical value found by GGA-PBE sol (Perdew et al., 2008). On the other hand, the obtained values of these parameters with GGA-WC (Wu and Cohen, 2006) are better than the calculations of Tran et al. (2007), Wu et al. (2014) Cinthia et al. (2015), Nejatipour and Dadsetani (2015), Yang et al. (2016), Salam (2018), Tran et al. (2007), Fan et al. (2015), and Santana et al. (2016) found, respectively, by GGA-PBE (Perdew et al., 1996) and LDA approximation (Perdew and Zunger, 1981; Perdew and Wang, 1992). The performance of GGA-WC approximation for predicting structural parameters is due to the fourth-order gradient expansion of exchange-correlation functional (Doumi et al., 2015b; Sajjad et al., 2015). For the Ca1-xCrxO doping compounds, the ionic radius of Cr is lower than that of Ca atom, leading to decrease in the lattice constant with increasing Cr concentration. Consequently, the bulk modulus of Ca1-xCrxO increases with increasing concentration of Cr. The Ca1-xCrxO doping compound becomes harder as the concentration of Cr increases.




Electronic Properties
 
Band Structures and Half-Metallicity

We have used the predicted structural parameters to characterize the electronic structures and the half-metallicity in Ca1-xCrxO compounds. The TB-mBJ potential is used to determine the electronic structures and accurate band gaps of Ca1-xCrxO compounds at concentration x = 0, 0.25, 0.5, and 0.75. The band structures of CaO, Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O are shown, respectively, by the Figures 4–7.


[image: Figure 4]
FIGURE 4. Band structures of CaO. (A) Majority spins (up) and (B) minority spins (dn). The Fermi level is set to zero (horizontal dotted line).


According to Figure 4, the CaO is a semiconductor because both majority and minority spins revealed the analogous band structures with indirect gaps. The CaO has an indirect gap(EΓX) between the valence bands maximum and conduction bands minimum situated, respectively, at Γ and X high symmetry points. Figures 5–7 demonstrate that the Ca1-xCrxO for all concentrations are metallic and semiconductors, respectively, for majority- and minority-spin bands. Consequently, the Ca1-xCrxO doping materials are half-metallic ferromagnets. The metallic character is due to localized partially filled 3d-Cr states of majority spins around Fermi level (EF), which interact with carriers of valence states of host semiconductor. For minority spins, the Ca1-xCrxO doping systems keep a semiconductor behavior as CaO compound because the 3d-Cr empty minority-spin states arise in the bottom of conduction band minimum at Γ high symmetry point far than EF. Thus, the gap nature shifted from indirect band gap for CaO to direct gap for Ca1-xCrxO doping systems.


[image: Figure 5]
FIGURE 5. Band structures of Ca0.75Cr0.25O. (A) Majority spins (up) and (B) minority spins (dn). The Fermi level is set to zero (horizontal dotted line).



[image: Figure 6]
FIGURE 6. Band structures of Ca0.5Cr0.5O. (A) Majority spins (up) and (B) minority spins (dn). The Fermi level is set to zero (horizontal dotted line).



[image: Figure 7]
FIGURE 7. Band structures of Ca0.25Cr0.75O. (A) Majority spins (up) and (B) minority spins (dn). The Fermi level is set to zero (horizontal dotted line).


The minority spins of Ca1-xCrxO systems are characterized by direct wide-band gaps called half-metallic ferromagnetic (HMF) gaps located at the Γ high symmetry point. The minimal energies that separate the Fermi level (zero eV), and the conduction band minimums determine the half-metallic (HM) gaps. Table 2 shows the computed band gaps such as the direct HMF gaps (EHMF) and HM gaps (EHM) of Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O, and the indirect gap (EΓX) of CaO with other theoretical (Fan et al., 2015; Nejatipour and Dadsetani, 2015; Yang et al., 2016; Tran and Blaha, 2017; Salam, 2018) and experimental data (Whited et al., 1973). The result of wide-indirect gap of 5.392 eV of CaO is in good agreement with recent calculated value of 5.35 eV of Tran and Blaha (2017) study using the same TB-mBJ potential (Becke and Johnson, 2006; Tran and Blaha, 2009), and it is better than the values ranging from 3.437 to 3.67 eV of Fan et al. (2015), Nejatipour and Dadsetani (2015), Yang et al. (2016), Tran and Blaha (2017), Salam (2018) found by the LDA (Perdew and Zunger, 1981; Perdew and Wang, 1992), GGA-WC (Wu and Cohen, 2006), GGA-PBE (Perdew et al., 1996), and GGA-PBEsol exchange potentials (Perdew et al., 2008). The TB-mBJ provides accurate gap for CaO because he is known for its performance in the calculation of electronic structures of insulators and semiconductors with respect to LDA and all forms of GGA approximations (Bhattacharjee and Chattopadhyaya, 2017a,b; Chattopadhyaya and Bhattacharjee, 2017; Berriah et al., 2018).


Table 2. Computed band gaps such as indirect band gap (EΓx) for CaO, half-metallic ferromagnetic (HMF) gaps (EHMF), and half-metallic (HM) gaps (EHM) of minority-spin bands for Ca1-xCrxO at concentrations x = 0.25, 0.5, and 0.75 with other theoretical and experimental data.

[image: Table 2]

Moreover, the half-metallic gap or flip-gap is an interesting performance for exploring the spin-injection for a half-metallic material in spintronics. The Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O compounds have the HM gaps of 1.495, 0.888, and 0.218 eV, respectively, situated between the conduction bands minimum (CBM) and EF. The CBM moves toward EF due to widening of 3d-Cr empty states at the bottom of conduction band, and hence, the HM gap decreases from Ca0.75Cr0.25O, Ca0.5Cr0.5O, to Ca0.25Cr0.75O. The HM gap behavior is maintained for different concentrations, meaning that the Ca1-xCrxO doping systems are right half-metallic materials.



Densities of States and Spin Polarization

In order to understand the origin of half-metallic feature induced by the substituting effect of Cr, we have plotted the total and partial densities of states (DOS) of Cr, Ca, and O atoms of Ca1-xCrxO compounds. Figures 8–10 show, respectively, the DOS of Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O. We clearly see that all compounds are metallic for majority spin and semiconductors for minority spin, where their bonding, non-bonding, and anti-bonding states are distinguished from each other by the contributions of the DOS formed by different orbitals of each Ca, O, and Cr atoms.


[image: Figure 8]
FIGURE 8. Spin-polarized total and partial densities of states (DOS) of Ca0.75Cr0.25O. The Fermi level is set to zero (vertical dotted line). (A) Total DOS of Ca, Cr, and O and (B) Partial DOS of p-Ca, p-O, d-Cr, t2g_d-Cr, and eg_d-Cr.



[image: Figure 9]
FIGURE 9. Spin-polarized total and partial densities of states (DOS) of Ca0.5Cr0.5O. The Fermi level is set to zero (vertical dotted line). (A) Total DOS of Ca, Cr, and O and (B) DOS of p-Ca, p-O, d-Cr, t2g_d-Cr, and eg_d-Cr.



[image: Figure 10]
FIGURE 10. Spin-polarized total and partial densities of states (DOS) of Ca0.25Cr0.75O. The Fermi level is set to zero (vertical dotted line). (A) Total DOS of Ca, Cr, and O and (B) Partial DOS of p-Ca, p-O, d-Cr, t2g_d-Cr, and eg_d-Cr.


The partial DOS of Figures 8–10B revealed that the 3d-Cr states are splitted into the low-lying t2g and high-lying eg states owing to the effect of octahedral crystal field created by neighboring oxygen (O) ions. For both minority and majority spins, the bonding states are mainly contributed by the p-O states and by the small p-Ca and 3d-Cr states in the ranges of −6.5 to −4, −7.5 to −4.5, and −8.25 to −5.25 eV, respectively, for Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O. For the majority spins of Ca1-xCrxO, the non-bonding states are principally dominated by the t2g-(3d-Cr) fully filled levels that hybridize largely with p-O orbitals, while the anti-bonding states are mostly contributed by the hybridization of the eg-(3d-Cr) levels and p-O states around EF. However, the upper part of valence bands of majority spins is originated from both t2g-(3d-Cr) non-bonding states and eg-(3d-Cr) anti-bonding states, which extend strongly in the gap owing to broadening of 3d-Cr levels around EF.

Furthermore, the upper part of valence bands of minority spins are formed by the bonding states originated from the p-O orbitals, which are centered at −5.25, −6, and −6.75 eV for Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O, respectively. The bottom of conduction band is generated predominantly by the 3d-Cr empty anti-bonding states, which move to lower energies toward Fermi level from Ca0.75Cr0.25O, Ca0.5Cr0.5O, to Ca0.25Cr0.75O with increasing Cr concentration. Therefore, the distinguish half-metallic ferromagnetic and half-metallic gaps are created around EF in minority spins for Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O materials.

The spin-polarized material is known by its spin polarization of electronic structures, which is an important factor for characterizing a half-metal. The polarization (P) of half-metal compound results from the different contributions of numbers of DOS around EF. It is determined from the following expression (Soulen et al., 1998; Wang et al., 2017):

[image: image]

where N ↑ (EF) and N ↓ (EF) indicate, respectively, the DOS of majority and minority spins at EF. From Figures 8–10A, the density of states N ↓ (EF) equals zero because the DOS do not cross EF, leading to a spin polarization of 100%. Therefore, the Ca1-xCrxO compounds appear to be suitable candidates for possible spin-injection in spintronics applications.




Magnetic Properties
 
Magnetic Moments

The spin-polarized electronic structures show an asymmetric character, indicating that the Ca1-xCrxO compounds are magnetic in nature. The magnetism is induced by the magnetic spins arising from the localized 3d-Cr majority-spin states around EF. The Cr impurity contributes two electrons to host carriers of valence bands, resulting in Cr+2 ion. Thus, the 3d-Cr states become partially filled with four electrons. Therefore, the magnetism is originated from the four itinerant electrons of Cr+2 ions in Ca1-xCrxO doping materials.

From the DOS of majority spins, one can see that the non-bonding states enclose three low-lying t2g levels, which are completely occupied by three electrons. In contrast, the two high-lying eg states have an anti-bonding nature, which are partially occupied by one electron because they are crossed by Fermi level in the middle. According to the Hund's rule, the 3d-Cr states generate a total magnetic moment of 4 μB per Cr ion. Consequently, the Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O compounds have total magnetic moments of 4, 8, and 12 μB, respectively, for one, two, and three Cr doping impurities.

The calculated total and partial magnetic moments of Ca, Cr, and O atoms and in the interstitial sites for Ca0.75Cr0.25O, Ca0.5Cr0.5O, and Ca0.25Cr0.75O are given in Table 3. The total magnetic moment per Cr atom is an integer number of 4 μB. It is a typical feature of half-metallic materials (Wang et al., 2017; Zhang et al., 2017). All compounds have negative partial magnetic moments for O atoms, revealing that carriers of host valence bands enclosing p-O states interact anti-ferromagnetically with 3d-Cr states. Besides, the positive partial magnetic moments of Cr and Ca atoms describe the ferromagnetic interaction between Cr and Ca magnetic spins.


Table 3. Computed total and partial magnetic moments of the relevant Cr, Ca, and O atoms and in the interstitial sites (in Bohr magneton μB) for Ca1-xCrxO at concentrations x = 0.25, 0.5, and 0.75.

[image: Table 3]



Exchange Splitting Mechanisms

The ferromagnetism is created from the localized electrons of t2g and e2g of 3d-Cr states mediated by holes, where the empty holes of eg states occur at the top of valence band and generate an acceptor hole type carrier hybridizing with carriers of host valence band (Doumi et al., 2013). The degenerate 3d-Cr into t2g and e2g is due to crystal field generated from the electrostatic environment of surrounding oxygen (O) ions, where the 3d-Cr majority-spin levels contain four unpaired electrons (Noor et al., 2018). According to the Hund's rule, this kind of process mediates magnetism in Ca1-xCrxO materials (Yaqoob et al., 2019). It is understood that both exchange splitting of 3d-Cr states and crystal field take part in the contribution of ferromagnetism in Ca1-xCrxO doping materials.

The magnitude of crystal field energy (ΔECF) is defined as a difference between Eeg and Et2g energies of eg and t2g states (ΔECF = Eeg − Et2g). The direct exchange splitting energy Δx(d) = d↓ − d↑ is determined from the separation between the empty d-Cr (d↓) minority-spin and occupied d-Cr (d↑) majority-spin peaks. Another factor is used to determine the magnitude of ferromagnetism such as the indirect [image: image] exchange splitting resulted from the energy difference between [image: image] and [image: image] valence band maximums of minority- and majority-spin channels, respectively.

The values of ΔECF, Δx(d), and Δx(pd) exchange splitting are shown in Table 4. The obtained values of (ΔECF and Δx(d)) are (1.71 and 4.98 eV), (2.97 and 4.90 eV), and (1.74 and 5.17 eV), revealing that the direct exchange splittings are more dominated compared to the crystal field splittings. Therefore, the ferromagnetism state is mainly favored by the contribution of direct exchange splitting mechanism than that of crystal field (Amin et al., 2018). Besides, the partial magnetic moment of Cr increases from 3.652 μB for Ca0.75Cr0.25O, 7.203 μB for Ca0.5Cr0.5O, to 10.541 μB for Ca0.25Cr0.75O with decreasing Δx(pd), meaning that magnetic moment of Cr is directly related to the indirect exchange splitting. On the other hand, the attraction nature of spin-polarized electrons is measured from the indirect exchange splitting (Verma et al., 2011; Mahmood et al., 2016, 2018). The indirect exchange splittings Δx(pd) have negative values because the valence band maximums of minority-spins are situated at lower energies with respect to the valence band maximums of majority-spins. This means that the minority-spins have more attractive (negative) potential than that of majority-spins, leading to perfectly localized magnetic states. Consequently, the ferromagnetism is preferred in the Ca1-xCrxO compounds. In the DMS based on III–V and II–VI semiconductors doped with transition metals, when the d states of magnetic dopants are partially occupied (Sato and Katayama-Yoshida, 2002; Sato et al., 2003a,b), the stability of ferromagnetism is described by the double-exchange mechanism (Akai, 1998). According to this rule, the anti-bonding states of partially filled 3d-Cr atoms associated with double-exchange mechanism stabilize the ferromagnetic state configuration in Ca1-xCrxO.


Table 4. Computed energies of crystal field ΔECF, direct Δx(d), and indirect Δx(pd)exchange splittings for Ca1-xCrxO at concentrations x = 0.25, 0.5, and 0.75.

[image: Table 4]

The magnitudes of valence and conduction band edge splitting are measured by the two sp-d exchange constants N0α and N0β. The N0α parameter determines the s-d exchange interaction between the s carriers of conduction bands and d-Cr levels, while the N0β describes the p-d exchange coupling between the p states of carriers of valence bands and d-Cr levels. We have used the mean field theory (Sanvito et al., 2001; Raebiger et al., 2004) to calculate the exchange constants of Ca1-xCrxO compounds given by the following relations.

[image: image]
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The [image: image] and [image: image] difference energies correspond, respectively, to the valence band-edge and conduction band-edge spin-splittings at Γ high symmetry point. The 〈s〉 and x are the half total magnetic moment per Cr and the concentration of Cr, respectively (Sanvito et al., 2001). The calculated ΔEv, ΔEc, N0α, and N0β are summarized in Table 5. Yaqoob et al. (2019) have predicted that the negative values of N0α and N0β are due to the quantum confinement effect or structural symmetry changes that modify the coupling of different states. For Ca1-xCrxO materials, the negative values of N0α and N0β describe the anti-ferromagnetic coupling between the valence and conduction bands and the 3d states of magnetic Cr atoms.


Table 5. Computed conduction band-edge ΔEc(eV) and valence band-edge ΔEv(eV) spin-splittings, and sp-d exchange constants N0α and N0β for Ca1-xCrxO at concentrations x = 0.25, 0.5, and 0.75.
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CONCLUSIONS

We have characterized the structural properties, the spin-polarized electronic structures, and ferromagnetic performance induced by the Cr impurities in Ca1-xCrxO compounds at concentrations x = 0, 0.25, 0.5, and 0.75. The Ca1-xCrxO doping materials are dynamically stable due to their positive phonon frequencies. The structural parameters and indirect gap of CaO are very significant with respect to the recent calculations found by GGA-WC and TB-mBJ. For Ca1-xCrxO, the lattice constant decreases with increasing Cr concentration, leading to the increase in bulk modulus, where the sizes of the ionic radii of Ca and Cr atoms are the factors determining these changes. The Ca1-xCrxO systems have a half-metallic ferromagnetic feature, where the ferromagnetism is favored by the large contribution of direct exchange splitting than that of the crystal field. The analysis of magnetic properties shows that both double-exchange and p-d exchange mechanisms participate to stabilize ferromagnetic state configuration. The half-metallic ferromagnets Ca1-xCrxO compounds maintain a half-metal gap feature for all concentrations with spin polarization of 100%, making them suitable spin-injection candidates for possible exploration in semiconductors spintronics.
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In spintronics, half-metallic materials (HMMs) with Dirac-like cones exhibit interesting physical properties such as massless Dirac fermions and full spin polarization. We combined first-principles calculations with the quasi-harmonic Debye model, and we proposed that the rhombohedral GdMnO3 is an HMM with multiple linear band crossings. The physical properties of GdMnO3 were studied thoroughly. Moreover, the changes of multiple linear band crossings and 100% spin polarization under spin-orbit coupling as well as the electron and hole doping were also investigated. It is noted that such spin-polarized HMMs with linear band crossings are still very rare in two-dimensional and three-dimensional materials.

Keywords: half-metal, spintronics, DFT, electronic structures, rhombohedral, spin-polarization

Different from traditional electronics, spintronics mainly use spin rather than charge as a carrier for transmitting and processing information (Awschalom and Flatté, 2007), greatly improving the performance and effectively reducing the power consumption of electronic devices. The field of spintronics has developed rapidly in recent years, but it still faces many challenges, such as long distance spin transport, spin-polarized carrier generation and injection, and spin manipulation and detection. In response to these problems, scientists have proposed a series of spintronic materials such as spin gapless semiconductors (SGS) (Wang, 2008, 2017; Wang et al., 2010, 2016, 2017, 2018; Han et al., 2018), zero-gap half-metals (HMs) (Du et al., 2013), Dirac HMs (Ishizuka and Motome, 2012; He et al., 2016; Liu et al., 2017; Zhang et al., 2017), dilute magnetic semiconductors (DMS) (Furdyna, 1988), and bipolar Magnetic Semiconductor (BMS) (Li et al., 2012).

Currently, the new generation of spintronics also faces a problem of achieving zero-energy consumption and ultra-high speed for electronic transmission. Dirac-type half-metallic materials are excellent candidates for achieving these goals because they have the advantages of having massless Dirac fermions and high spin polarization. The first Dirac half-metal (DHMs) was theoretically verified in triangular ferromagnet (Ishizuka and Motome, 2012). Since then, research on DHMs has mainly focused on two-dimensional materials (He et al., 2016; Liu et al., 2017). Very recently, a three-dimensional material, MnF3 with multiple Dirac cones near the Fermi level was predicted by Jiao et al. (2017). Compared to the materials with a single-Dirac-cone DHM, materials with multiple Dirac band dispersions can exhibit higher carrier transmission efficiency and stronger non-linear electromagnetic response. Subsequently, LaMnO3 (Ma et al., 2018) with the [image: image] type structure was proposed by Du's group in 2018 to display complete spin-polarization and multiple Dirac cones around the Fermi level.

Unfortunately, the types and number of DHMs is extremely limited. Therefore, it is necessary to design more HMMs with Dirac-like band crossings and 100% spin polarization. In this work, we will study the electronic structures, magnetism, and thermodynamic properties of the [image: image] type GdMnO3 using first-principles calculations incorporating the quasi-harmonic Debye model (QDM). Furthermore, the spin-orbit coupling, and the electron and hole doping effects were taken into consideration to examine the stability of the electronic structure. A more detailed description of the Computational Methods is provided in the Supplementary Information.

The [image: image]-type GdMnO3 crystal structure with hexagonal setting is shown in Figure 1 (Left). The GdMnO3 crystal structure belongs to space group number 167 and the optimized equilibrium lattice parameters for the FM state are a = b = 5.63 Å and c = 13.17 Å. The six Mn atoms have four types of magnetic orderings, namely, FM, NM, AFM-1, and AFM-2. As shown in Figure 1 (Right), the spin orderings of the six Mn are ↑↑↑↑↑↑, ↑↓↑↓↑↓, and ↑↑↑↓↓↓ respectively, for FM, AFM-1 and AFM-2 configurations. By fully relaxing the crystal structures of GdMnO3 and checking the magnetic structures of this GdMnO3. From Figure 1 (Right), one can conclude that the most stable magnetic phase is the FM phase due to its lowest total energy. The calculated total magnetic moment of this material under FM and equilibrium lattice constant is 24 μB per unit cell, and arises mainly from the Mn atoms (the spin density of GdMnO3 is given in Figure 2), with the atomic magnetic moment of each Mn atom of ~4.4 μB.


[image: Figure 1]
FIGURE 1. (Left) Crystal structures of the [image: image]-type GdMnO3 material with hexagonal structure; (Right) four magnetic structures, i.e., FM, NM, and two AFM structures (labeled as AFM-1, and AFM-2).



[image: Figure 2]
FIGURE 2. Spin-density of GdMnO3 obtained by the DFT+U method.


Figure 3 shows the spin-polarized band structures of GdMnO3 obtained by DFT+U calculations. To accurately describe the electronic structures of GdMnO3, the on-site Coulomb interaction U and exchange interaction J were set to 10.1 and 0.88 eV, respectively, for Mn-3d based on reference (Ma et al., 2018). An examination of the band structure shows that while the band gap (~4.73 eV) and the half-metallic band gap (~0.75 eV) is found in the spin-down channel, the bands in the spin-up channel show metallic properties, suggesting that GdMnO3 is a half-metallic material (Anjami et al., 2017; Jiao et al., 2017; Ma et al., 2018). Normally, a large energy gap (difference between the energies of the highest occupied and lowest unoccupied in the spin-down channel) and a half-metallic band gap (difference between the energies of highest occupied and the Fermi level in the spin-down channel) are considered to be evidence of robust half-metallic behaviors.


[image: Figure 3]
FIGURE 3. Spin-polarized band structure of GdMnO3 obtained by the DFT+U method.


Interestingly, in the spin-up channel, there are some Dirac-like band crossings that are very close to the Fermi level. In Figure 3, we used yellow squares to highlight the regions of the Dirac-like crossing points near the Fermi level. Clearly, three Dirac-like crossing points are present along the M–Γ path, two Dirac-like crossing points are present along the Γ-K path, one Dirac-like crossing point is located at the A high symmetry point, and a Dirac-like crossing point is found along the A–H path.

Figure 4 shows the TDOS and PDOS of GdMnO3 in both spin directions obtained using the DFT+U method. Spin polarization (%) is a highly important parameter and can be expressed as Jiao et al. (2017): P [image: image] where N ↑ (Ef) and N ↓ (Ef). Here, N ↑ (Ef) is the number of the spin-up states and N ↑ (Ef) is the number of the spin-down states. An examination of Figure 4A shows that the P-value of GdMnO3 is 100%, indicating that GdMnO3 can be selected for using in future spintronic devices.


[image: Figure 4]
FIGURE 4. Calculated TDOS (A) and PDOS (B) of GdMnO3 obtained using the DFT+U method.


An examination of Figure 4B shows a clear energy gap in the vicinity of the Fermi level in the spin-down channel; however, the spin-up electrons show metallic behavior. For the spin-up channel, the density of states primarily arises from the d states of the Mn atoms and the p states of O atoms. It is important to note that the DOS peak at approximately −7 eV (7 eV) of the spin-down channel (spin-up channel) is induced due to the strong spin splitting (Qin et al., 2017; Han et al., 2019) of the Mn atoms. At the same time, the nearly symmetrical DOS of O in both spin directions suggest that the atomic magnetic moments of O can be ignored.

Because the GdMnO3 system contains heavy atoms, the effect of the spin-orbit coupling (SOC) should be discussed in this work. Figure 5 shows the band structures of GdMnO3 obtained by DFT+U+SOC calculations. It is observed that the Dirac-like band crossings is still present when the SOC is taken into account, namely, the conduction and valence bands are still degenerate. Due to the robustness with respect to the SOC effect, GdMnO3 features long spin coherence which is helpful for spintronic applications.


[image: Figure 5]
FIGURE 5. Band structures of GdMnO3 obtained using the DFT+U+SOC method.


It is well-known that electron and hole doping may influence the stability of the electronic structure around the Fermi level. Therefore, in this work, we will study the effect of electron and hole doping on the band structure. The doping concentration of each atom is 0.025 carrier, and the obtained band structures under the electron doping and under hole doping are shown in Figures 6A–D, respectively. An examination of these figures shows that electron doping will increase the energy of the Fermi level, while hole doping will decrease the Fermi level energy. Both electron and hole doping have no obvious effect on the Dirac-like band crossings and half-metallic states (see Figures 6A,C) with the exception of changing the location of the Dirac-like band crossing points. The carrier concentration, can be adjusted by use of a gate voltage (Thelander et al., 2004).


[image: Figure 6]
FIGURE 6. (A,B) Spin-polarized band structures of GdMnO3 under electron doping; (C,D) spin-polarized band structures of GdMnO3 under hole doping.


Then, we calculated some thermodynamic parameters to understand the thermodynamic behavior of GdMnO3 under high temperature and high pressure limits. As mentioned in the Computational method section, in this work, QDM is used to investigate the thermodynamic properties, and the investigated temperature and pressure regions were 0–2,000 K and 0–50 GPa, respectively.

Figure 7 shows the relationship between the V/V0 rate of change and temperature and pressure, where V0 is the initial volume and V is the final volume for a given pressure. In Figure 7 (Left), we can clearly find that for a given fixed temperature, the rate V/V0 decreases with increasing pressure. This is a negative correlation; in other words, the slope is negative. As observed from Figure 7 (Right), the V/V0 rate and temperature are positively correlated.


[image: Figure 7]
FIGURE 7. V/V0 ratio as a function of the pressure (temperature) at different given temperatures (pressures).


The relationships between αV on the one hand and pressure and temperature on the other hand are shown in Figure 8. For a fixed pressure, with increasing temperature, αV increases first sharply and then slowly. This may be due to the higher pressure limiting the rise of αV. Figure 8 (Right) shows that for a constant temperature, although the increase in the pressure will gradually decrease αV, for higher temperature, the increase in the pressure will only increase the initial value of αV without affecting the trend.


[image: Figure 8]
FIGURE 8. αV as a function of the temperature (pressure) at different given pressures (temperatures).


Using the Grüneisen parameter (γ) to predict the thermodynamic properties of the material at high temperatures and pressures, we can evaluate the effect of the crystal anharmonicity. Figure 9 shows the relationship between γ on the one hand and the pressure and temperature on the other hand, and it is observed that with increasing temperature or decreasing pressure, the pressure/temperature relationship increases accordingly.


[image: Figure 9]
FIGURE 9. Grüneisen constant γ as a function of the temperature (pressure) at different given pressures (temperatures).


Figure 10 shows that the heat capacity of GdMnO3 shows a close to cubic dependence on the temperature (T3) at low temperatures, suggesting that lattice vibrations will increase with increasing temperature. Moreover, the high temperature value is constant, as stated by the Dulong-Petti limit, indicating that the thermal energy at high temperature excites all phonon modes. The increase in the absolute pressure increase is a negative effect and will stop lattice vibrations.


[image: Figure 10]
FIGURE 10. Heat capacity CV as a function of the temperature (pressure) at different given pressures (temperatures).


Figure 11 shows the Debye temperature and its relation to the temperature at fixed pressures and the Debye temperature and its relationship to the pressure at fixed temperatures. The value of θp has a negative quasi-linear relationship with temperature and a positive quasi-linear relationship with pressure.


[image: Figure 11]
FIGURE 11. Debye temperature θp as a function of the temperature (pressure) at different given pressures (temperatures).


In this study, a new material, perovskite [image: image] type GdMnO3, with half-metallic behavior and multiple linear band crossing was examined and its electronic, magnetic, and thermodynamic properties were investigated via first-principles and QDM calculations. In this work, different magnetic structures were considered, namely, FM, NM, AFM-1, and AFM-2. We found that FM is the most stable due to its lowest total energy. The SOC effect has a weak effect on the electronic structure and therefore this material may have the potential for long spin coherence for long-range spin transport. The effects of electron and hole doping were also included in this calculation. We found the properties of half-metallicity and multiple linear band crossings are highly robust against electron and hole doping.
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The search for new topological materials that are realistic to synthesize has attracted increasing attention. In this study, we systematically investigated the electronic, mechanical, and topological semimetallic properties, as well as the interesting surface states, of the tetragonal monoxide of platinum, which is realistic to synthesize, via a first-principles approach. Our calculated results indicate that PtO is a novel topological semimetal with double nodal lines in the kz = 0 plane and a pair of triple topological nodal points along the A'-M-A directions. Obvious surface states, including Fermi arc and drum-head-like surfaces, could be found around nodal points and nodal lines. The dynamic and mechanical stabilities of P42/mmc-type PtO were examined in detail via calculation of the phonon dispersion and determination of elastic constants, respectively. Some other mechanical properties, including the bulk modulus, Young's modulus, shear modulus, Poisson's ratio, and Pugh's index, were considered in this study. P42/mmc-type PtO provides a good research platform for investigation of novel behaviors that combine mechanical properties and rich topological elements.

Keywords: double nodal lines, fermi arc and drum-head-like surface states, triple point, DFT, phonon dispersion, mechanical behaviors


INTRODUCTION

As rising stars in the topological material family, topological semimetals (Fang et al., 2012, 2016; Chiu and Schnyder, 2014; Yan and Felser, 2017; Gao et al., 2019), whose band crossing points form 0-D nodal point, 1-D nodal line, or 2-D nodal surface states in momentum space, have recently attracted extensive attention. Topological nodal point semimetals (Hosur et al., 2012; Zyuzin and Burkov, 2012; Hosur and Qi, 2013; Vazifeh and Franz, 2013; Liu et al., 2014; Lundgren et al., 2014; Kobayashi and Sato, 2015; Miransky and Shovkovy, 2015; Xu et al., 2015a; Young and Kane, 2015) enjoy 0-D nodal points in momentum space. Topological nodal line semimetals (Cai et al., 2018; Chen et al., 2018; Gao et al., 2018; Zhou et al., 2018; He et al., 2019; Jin et al., 2019a; Pham et al., 2019; Yi et al., 2019; Zou et al., 2019; Zhao et al., 2020) host 1-D topological nodal lines in momentum space via band crossing along a line in momentum space. Topological nodal surface semimetals (Wu et al., 2018; Zhang et al., 2018; Fu et al., 2019a; Qie et al., 2019; Yang et al., 2020) host 2-D nodal surface states that are composed of continuous band crossing points.

In addition, topological semimetals exhibit many types of band crossing points based on degeneracy. Weyl and Dirac semimetals feature 2-fold and 4-fold degenerate 0-D band crossing points, respectively. In detail, Weyl semimetals (Hosur et al., 2012; Zyuzin and Burkov, 2012; Hosur and Qi, 2013; Vazifeh and Franz, 2013; Lundgren et al., 2014; Yan and Felser, 2017) have nodal points that are protected by inversion (P) or time-reversal symmetries (T). Dirac semimetals (Liu et al., 2014; Lundgren et al., 2014; Kobayashi and Sato, 2015; Miransky and Shovkovy, 2015; Young and Kane, 2015) host quadruple degenerate nodal points that are protected by crystalline symmetry. Furthermore, topological semimetals with 3-, 6-, and 8-fold degenerate band crossing points have been considered (Weng et al., 2016a,b; Cai et al., 2018; Kumar et al., 2020) by researchers. Of these, triply degenerate nodal point-type semimetals (Weng et al., 2016a,b) are well-studied due to their novel topological elements and related surface states. Triple nodal points can appear both in isolation and at nodal line connections.

Many topological semimetals that are realistic to synthesize and have various types of band crossing points have been proposed. Unfortunately, these band crossing points are usually disturbed by other trivial bands near the Fermi level, which covers novel physics behaviors from the band crossing points. Hence, to search for topological behaviors of topological semimetals with rich topological elements, it is necessary to find topological semimetals with clean band structures near the Fermi level. Thus far, there are few potential clean topological semimetals with more than one topological element. This greatly impedes further investigation of realistic topological semimetals with rich topological elements.

In this work, we focus on an old realistic material, tetragonal PtO with ICSD IDs1 164290 and 26599. In 1941, Moore Jr and Pauling (Moore Pauling, 1941) synthesized PdO and PtO by the method of Shriner and Adams, involving fusing palladous chloride and potassium nitrate, and platinous oxide by a similar method. Based on previous powder photographic X-ray data, the tetragonal crystal PtO (Moore Pauling, 1941) exhibits a P42/mmc type structure with lattice constants a = b = 3.04 ± 0.03 and c = 5.34 ± 0.05Ǻ. In this paper, we use a first-principles analysis to investigate its electronic and mechanical properties, as well as its phase stability, systematically. We report its interesting 0-D and 1-D topological elements and the related surface states.



COMPUTATIONAL DETAILS

First-principles calculations were performed using the Vienna ab initio simulation package (VASP) (Hafner, 2007) with density functional theory (DFT) (Lejaeghere et al., 2016). The generalized gradient approximation (GGA) (Perdew et al., 1996) of the Perdew–Burke–Ernzerhof (PBE) functional (Ernzerhof and Scuseria, 1999) was selected for the exchange-correlation potential. The projector augmented wave (PAW) (Kresse and Joubert, 1999) pseudo-potential was employed with a cutoff energy of 600 eV for plane-wave expansions. The energy and force convergence criteria were set to 10−6 eV per atom and 0.0005 eV/Ǻ, respectively. The surface states were obtained using the Wannier-tools package (Villanova and Park, 2018). The phonon dispersion of 2 × 2 × 2 supercell of PtO monolayer was checked based on density functional perturbation theory (DFPT).



RESULTS AND DISCUSSION


Structural Model and Dynamic Stability

PtO (Moore Pauling, 1941) crystallizes in a tetragonal structure (as shown in Figure 1) with space group P42/mmc (no. 131). The minimum energy approach was used for structural optimization. The PtO primitive cell contains two O and two Pt atoms. The atomic positions and equilibrium lattice constants were determined after complete relaxation. The resulting lattice constants are a = b = 3.15 and c = 5.37Ǻ, and are in a good agreement with the experimental data. In their relaxed atomic positions, the Pt and O atoms occupy the 2c (0.0, 0.5, 0.0) and 2e (0.0, 0.0, 0.25) Wyckoff sites, respectively. We would like to point out that the results of current study will retain if the experimental lattice constants are selected, as shown in Figure S1.


[image: Figure 1]
FIGURE 1. Crystal model of tetragonal PtO.


Based on the 3-D bulk Brillouin zone (BZ) selected in Figure 2, the phonon dispersion (Sultana et al., 2018; Abutalib, 2019; Ding et al., 2019; Fu et al., 2019b; Han et al., 2019; Jia et al., 2019) was determined in order to examine the dynamic stability of tetragonal PtO. It is well-known that materials are dynamically stable when no imaginary phonon modes exist in their phonon dispersion curves. Figure 3 shows the calculated phonon dispersion along the Γ-X-M-Γ-Z-R-A-Z-A-M directions. Since only positive frequencies appear in Figure 3, PtO is a dynamically stable material.


[image: Figure 2]
FIGURE 2. The 3-D bulk Brillouin zone (BZ) of tetragonal PtO.



[image: Figure 3]
FIGURE 3. Phonon dispersion of tetragonal PtO along the Γ-X-M-Γ-Z-R-A-Z-A-M directions.




Mechanical Properties and Mechanical Stability

By analyzing the elastic constants, we can obtain information about the mechanical stability of PtO. In this paper, we use the energy-strain method to compute six independent elastic constants. The results are shown in Table 1.


Table 1. Calculated PtO elastic constants.

[image: Table 1]

Tetragonal PtO has six independent elastic constants, C11, C12, C13, C33, C44, and C66. We can use the Born–Huang criteria (see criteria i, ii, and iii) to test the mechanical stability of tetragonal PtO:

Criteria (i) C11 > |C12|;

Criteria (ii) 2C132<C33(C11 + C12); and

Criteria (iii) C44 > 0.

The Born–Huang criteria indicate that PtO is mechanically stable. Other useful mechanical parameters, including the bulk modulus (B), shear modulus (G), Young's modulus (E), Poisson's ratio (v), and Pugh's index (B/G) are shown in Table 2.


Table 2. Elastic behaviors of tetragonal crystal PtO.

[image: Table 2]

The critical value B/G that is used to distinguish between brittle and ductile crystals is 1.75. Obviously, PtO is in hand elastically ductile. Moreover, the critical value of v that distinguishes between the ionic and covalent chemical band natures is ~0.25. The chemical bonds in a PtO tetragonal crystal are mainly ionic. We use the ELATE program to determine the directional dependence anisotropy of PtO on the Young's modulus, shear modulus, and Possion's ratio in Figures 4–6, respectively. The elastic anisotropy of PtO can be determined from these figures. This is quite important for future practical applications of this material.


[image: Figure 4]
FIGURE 4. Directional dependence of the Young's modulus.



[image: Figure 5]
FIGURE 5. Directional dependence of the shear modulus: blue and green indicate the maximum and minimum values, respectively.



[image: Figure 6]
FIGURE 6. Directional dependence of Poisson's ratio: blue and green indicate the maximum and minimum values, respectively.




Topological Elements and Novel Surface States

Without considering the spin–orbit coupling effect, the band structure of PtO at its equilibrium lattice constants along the Γ-X-M-Γ-Z-R-A-Z-A-M directions was calculated using the GGA method, and the result is given in Figure 7. PtO is a typical semimetal (Wang et al., 2020a,b; Yalameha and Nourbakhsh, 2020) with clean band crossing points, These band-crossing points are located around the Fermi level and far from other trivial bands. Interestingly, these band crossing points are concentrated mainly in the R1 and R2 regions. We will discuss each band crossing point in R1 and R2. To confirm the band crossing points near the Fermi level further, one type of meta-GGA method, Tao–Perdew–Staroverov–Scuseria (TPSS) (Sun et al., 2011), was selected to prove the occurrence of the band crossing points in the R1 and R2 regions. The PtO band structure along the X-M-Γ-A-M directions as determined via the TPSS-meta-GGA method is shown in Figure 8. Obviously, the band crossing points in both regions are retained.


[image: Figure 7]
FIGURE 7. Calculated band structure of PtO along the Γ-X-M-Γ-Z-R-A-Z-A-M directions, as determined using the GGA method.



[image: Figure 8]
FIGURE 8. Calculated band structure of PtO along the X-M-Γ-A-M directions, as determined using the TPSS-meta-GGA method.


In R1, we can see that the band crossing point along the A-M direction induces a pair of triple nodal points. Symmetry analysis (with the help of Quantum ESPRESSO) shows that the two bands (conduction and valence bands), respectively, belong to irreducible representations Γ2 and Γ2 of the C4v symmetry for the A-M path (in R1). This pair of triple nodal points is generated by one non-degenerate band and one doubly degenerate band. The triple nodal point locations are given in Figure 9. The Fermi arc surface state (Xu et al., 2015b; Jin et al., 2019b, 2020) can be seen as strong evidence for the appearance of triple nodal points. In Figure 10, we show the projected spectrum on the (010) PtO tetragonal crystal surface. The triple nodal points are highlighted as yellow balls and the obvious Fermi arc non-trivial surface states, which are located inside the band crossing points and marked by black arrows, are near the Fermi level.


[image: Figure 9]
FIGURE 9. Triple nodal point positions (highlighted as green balls).



[image: Figure 10]
FIGURE 10. Projected spectrum on the (010) PtO tetragonal crystal surface. The band crossing points are marked as yellow balls and the Fermi arc surface states are highlighted using black arrows.


As shown in Figure 11, there are four band crossing points along the X-M-Γ directions and near the Fermi level in R2. Band crossing points 1 and 4 are generated by crossing bands 1 and 2. However, band crossing points 2 and 3 are formed by overlaps between bands 1 and 3. Since PtO hosts both P and T symmetries, these four band crossing points along the X-M-Γ directions in the kz = 0 plane cannot be treated as isolated points (Gao et al., 2018; He et al., 2019; Zhao et al., 2020). To further verify that these four band crossing points in R2 belong to nodal lines, 3-D and 2-D plots of bands 1 and 3 in the kz = 0 plane are given in Figure 12. One M-point-centered closed nodal line, marked as a white line, occurs in the kz = 0 plane. Similarly, the 3-D and 2-D plots of bands 1 and 2 in the kz = 0 plane are shown in Figure 13. The other M-point-centered nodal line with a closed shape appears in the kz = 0 plane. However, these two closed nodal lines exhibit different shapes and sizes, and are located at different energies. The closed nodal line shown in Figure 13 is larger than that in Figure 12. An overall illustration of the M-point-centered double closed nodal lines in the kz = 0 plane is shown in Figure 14.


[image: Figure 11]
FIGURE 11. Calculated PtO band structure along the X-M-Γ directions, as determined using the GGA method. The band crossing points, labeled 1, 2, 3, and 4, are marked by yellow balls.



[image: Figure 12]
FIGURE 12. M-point-centered (A) 3-D and (B) 2-D plots of bands 1 and 3 in the kz = 0 plane in R2. The white line indicates the nodal line in this plane.



[image: Figure 13]
FIGURE 13. M-point-centered (A) 3-D and (B) 2-D plots of bands 1 and 2 in the kz = 0 plane in R2. The nodal line is marked as a white line.



[image: Figure 14]
FIGURE 14. Illustration of M-point-centered double closed nodal lines in the kz = 0 plane. Double nodal lines are marked using different colors.


Typically, drum-head-like surface states that originate from the bulk band crossing points can be observed (Zhou et al., 2018; Yi et al., 2019). To further prove this argument, the spectrum is projected on the (001) PtO tetragonal crystal surface in Figure 15. The drum-head-like surface states clearly appear outside and inside band crossing points 1, 2, 3, and 4.


[image: Figure 15]
FIGURE 15. Projected spectrum on the (001) PtO tetragonal crystal surface. Band crossing points 1, 2, 3, and 4 are marked as yellow balls and the drum-head-like surface states are highlighted using black arrows.





CONCLUSIONS

In summary, we have systematically used first-principles calculations to study the electronic, mechanical, and topological properties of tetragonal phase PtO, which is a realistic material. PtO is an excellent topological semimetal with pairs of triple nodal points and double closed nodal lines in the kz = 0 plane when the spin–orbit coupling effect is ignored. The 0-D triple nodal points and 1-D closed nodal lines are further confirmed by the exotic Fermi arc surface states and drum-head-like surface states, respectively. The mechanical properties and phonon dispersion of this material allowed us to determine that PtO is mechanically stable, elastically ductile, and dynamically stable. These results demonstrate that PtO is an interesting material, which can be used to achieve experimental detection of nodal points and nodal lines or to further practical applications.
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Very recently, topological semimetals with nontrivial band crossing and associated topological surface states have received widespread attention. Various types of topological semimetals, including nodal point semimetals, nodal line semimetals, and nodal surface semimetals, have been predicted from first principles. In absence of spin-orbit coupling (SOC) effect, we propose that cubic-type hafnium nitride (HfN) with a [image: image] space group is a novel topological semimetal hosting a rare 0-D triple nodal point and a 1-D topological nodal ring. More importantly, the interesting 0-D and 1-D topological states all occur near the Fermi level, and these topological states are not disturbed by other extraneous bands. When the SOC effect is taken into consideration, 0-D triple nodal point was gapped and a new 0-D topological element, namely, Dirac point appears along Γ-R path. Finally, the dynamical and mechanical stabilities of this semimetal and its associated mechanical properties are discussed in order to provide a reference for future investigations. Our work promises that HfN can serve as a superior topological semimetal with high stability, excellent mechanical properties, and rich topological states.

Keywords: topological nodal ring, triple point, density functional theory, phonon dispersion, mechanical behaviors


INTRODUCTION

After the discovery of topological insulators (Zhang et al., 2009; Hasan and Kane, 2010; Yu et al., 2010; Qi and Zhang, 2011; Rechtsman et al., 2013), topological semimetals (Jiang et al., 2015; Fang et al., 2016; Chang et al., 2017; Yan and Felser, 2017; Gao et al., 2019) with topological band inversion and exotic topological boundary states have attracted widespread attention. To date, many types of topological semimetals have been proposed, including topological nodal point semimetals (Liu et al., 2013, 2019; Li et al., 2014; Xu et al., 2014, 2016, 2020; Dvorak and Wu, 2015; Cheng et al., 2017; Zhong et al., 2017; Gao et al., 2019; Zhang et al., 2019), topological nodal line semimetals (Cai et al., 2018; Chen et al., 2018; Gao et al., 2018; Zhou et al., 2018; He et al., 2019; Jin et al., 2019a; Pham et al., 2019; Yi et al., 2019; Zou et al., 2019; Zhao et al., 2020), and topological nodal surface semimetals (Qie et al., 2019; Yang and Zhang, 2020).

For nodal point semimetals, the most studied members among them are Weyl and Dirac semimetals. Weyl semimetals (Hosur and Qi, 2013; Soluyanov et al., 2015; Zheng et al., 2016; Lin et al., 2017; Zhang M. et al., 2018; Bedoyapinto et al., 2020; Geishendorf et al., 2020; Thakur et al., 2020) possess twofold degenerate 0-D Weyl nodes, which are protected by inversion (P) or time-reversal (T) symmetries. However, Dirac semimetals (Chen et al., 2015; Gong et al., 2017; Yuan et al., 2017; Zhang X. et al., 2018; Jing and Heine, 2019) host quadruple-degenerate 0-D Dirac points, and these massless Dirac points are protected by the crystalline symmetry. In addition to the Weyl and Dirac semimetals generated by twofold- or quadruple-degenerate nodal points, topological nodal point semimetals with triple-degenerate 0-D nodal points have also become a new focus of research due to their novel topological states and related physics properties. Among inversion-asymmetric and centrosymmetric systems, some members are proposed to be triple point-type semimetals (He et al., 2017; Lv et al., 2017).

Moreover, topological nodal line semimetals (Cai et al., 2018; Chen et al., 2018; Zhou et al., 2018; Pham et al., 2019; Yi et al., 2019) possess 1-D topological elements, which are formed by band crossing along a line in momentum space. Compared to the topological nodal point semimetals with 0-D topological elements, topological nodal line semimetals feature more subtypes due to the fact that the 1-D line can deform into many different geometries. Topological nodal ring semimetals with a 1-D nodal loop in momentum space form one well-known type of topological nodal line semimetal. Topological nodal ring semimetals have emerged as a hot research topic very recently because these topological materials have intriguing electronic band behaviors and interesting drum-head-like surface states.

Topological materials are suitable for a range of potential applications, such as superconductivity (Das et al., 2012), chemical sensors (Schoop et al., 2018), and thermoelectricity (Sung et al., 2014). However, the candidates for such topological semimetals that possess more than one topological element are quite limited, which greatly restricts further investigations into those topological semimetals with rich topological elements. We would like to point out that materials with CsCl-type enjoy many interesting properties, such as simple in crystal structure, easy of synthesis and high phase stability, and thus, CsCl-type materials are a good target for searching for now functional materials. In this study, we propose, from first principles, that cubic (CsCl type) hafnium nitride (HfN), which is a phase-stable material, can serve as an interesting topological semimetal exhibiting both 0-D and 1-D topological elements. Furthermore, these topological elements all appear around the Fermi level. We hope the 0-D and 1-D topological elements, as well as the nontrivial surface states in cubic HfN, will soon be confirmed experimentally.



COMPUTATIONAL DETAILS

All atomic and electronic structure calculations were performed by means of the Vienna Ab initio Simulation Package (VASP) (Sun et al., 2003) within the generalized gradient approximation (Perdew et al., 1996) using the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional. The projector augmented wave (PAW) (Perdew et al., 1998) pseudo-potential was employed with a cutoff energy of 600 eV for plane-wave expansions. The whole Brillouin zone is sampled with the Γ- centered k mesh of 11 × 11 × 11. The convergence criteria for energy and force were set at 10−6 eV per atom and 0.0005 eV/Å, respectively. The surface states of HfN were investigated in this study on a basis of a slab model built by WannierTools package (http://www.wanniertools.com) (Mostofi et al., 2008), according to the method of maximally localized Wannier functions. The value of NSlab, i.e., Number of slabs for slab band was set as 20 in this work.



RESULTS AND DISCUSSION

Cubic phase HfN with space group [image: image] and ICSD: 1834201 was chosen for this study. The crystal structure of HfN was optimized and is shown in Figure 1A. The optimized lattice constants are a = b = c = 2.803 Å, which are in good agreement with the calculated results shown in the materials project database1 (a = b = c = 2.816 Å). Subsequently, we will study the electronic structure, topological elements, and surface states using the lattice constants obtained from the crystal structure.


[image: Figure 1]
FIGURE 1. (A) Crystal model of HfN and (B) the bulk Brillouin zone.


The 3-D bulk Brillouin zone (BZ) is shown in Figure 1B. Based on the 3-D BZ, the phonon dispersion was determined in order to examine the dynamical stability of cubic HfN material with this space group. It is noted that materials are dynamically stable when there exist no imaginary phonon modes in their phonon dispersion curves. The phonon dispersion obtained along the Γ-X-M-Γ-R-X direction is shown in Figure 2. The absence of a negative frequency in the figure confirms the dynamical stability of the HfN material.


[image: Figure 2]
FIGURE 2. Phonon dispersion of cubic HfN material.


Because HfN is a cubic system, the mechanical behavior of HfN can be achieved using three elastic constants: C11, C12, and C44. The results for these are as follows: C11 = 551.16 GPa, C12 = 92.96 GPa, and C44 = 24.31 GPa. The mechanical stability of cubic HfN can be examined based on the Born–Huang criteria as follows:

[image: image]

HfN is mechanically stable based on the above-mentioned Born–Huang criteria. Some other important mechanical parameters can also be obtained, such as the bulk modulus (B = 245.68 GPa), shear modulus (G = 72.03 GPa), Poisson's ratio (ν = 0.366), and Pugh's index (B/G = 3.41), based on C11, C12, and C44. B/G and ν are normally used to examine the brittleness and ductility of materials, with critical values of 1.75 and 0.26, respectively. For HfN, it is elastically ductile. Furthermore, the value of ν is also used to examine the nature of the chemical bonds of materials, with a critical value of 0.25; a value of ν greater (or less) than 0.25 implies an ionic (or covalent) nature. The chemical bonds of HfN are mainly ionic.

The calculated anisotropy parameter A value of 0.106 deviates from unity, reflecting the fact that HfN is elastically anisotropic. Furthermore, the directional-dependence anisotropy of Young's modulus, the shear modulus, and Poisson's ratio for HfN were obtained by means of the ELATE (Gaillac et al., 2016) program, as shown in Figures S1–S3, respectively. Young's modulus, the shear modulus, and Poisson's ratio in Figures S1–S3 all show obvious anisotropy. We would like to point out that the mechanical anisotropy of HfN is very important for its practical applications.

Based on the values of the equilibrium lattice constants obtained, we studied the electronic band structures of cubic HfN. The Γ-X-M-Γ-R-X high symmetry points (Figure 1B) in the first BZ were selected to describe the band structure of HfN. Using the generalized gradient approximation (GGA) method, the calculated band structure is shown in Figure 3A. When the spin-orbit coupling effect is ignored, we can see that HfN manifests a semimetallic band structure with conduction and valence bands overlapping each other. Interestingly, one can see that HfN possesses several band crossing points located close to the Fermi energy. We divided these band crossing points into two parts, i.e., regions R1 and R2, and we discuss these in detail separately. Before discussing the band crossing points in regions R1 and R2, the state-of-the-art Heyd–Scuseria–Ernzerhof (HSE) 06 method (Heyd and Scuseria, 2004), which can be seen as a better way of describing the band crossing points than the GGA method, was also selected to further prove the occurrence of the band crossing points in regions R1 and R2. The results of the calculated band structure of HfN with HSE 06 along the X-M-Γ-R directions are shown in Figure 3B.


[image: Figure 3]
FIGURE 3. (A) Band structure of HfN via the GGA method; (B) Band structure of HfN via the HSE 06 method; (C) 3-D plot of both bands in the kz = 0 plane in region R1; (D) 2-D plot of both bands in the kz = 0 plane in region R1.


First, we study the band crossing point in region R2, which indicates a band crossing point at the Γ point. This band crossing point was generated by one non-degenerate band and one doubly degenerate band. That is to say, this band crossing point is a triple nodal point, as shown in Figures 3A,B.

Next, we discuss the band crossing points along the X-M-Γ directions in region R1. Here, one can see that there are two band crossing points in total, generated by the crossing of two non-degenerate bands. Because this cubic HfN system possesses both P and T symmetries, both band crossing points in this system cannot be regarded as isolated points. Normally, both points should reside on the nodal line. To further verify that these two band crossing points in region R1 belong to a nodal line, a 3-D plot of both bands in the kz = 0 plane is shown in Figure 3C. One can see that there is a closed nodal line, i.e., nodal ring, in the kz = 0 plane, and the two band crossing points in region R1 belong to the closed nodal line (marked as a white ring). To confirm the shape of the closed nodal line in the kz = 0 plane, we show the 2-D plot of both bands in the kz = 0 plane in Figure 3D. A near-ring shape can be seen in this figure. It is well-known that the nodal ring (Wang et al., 2020) can be classified into three types: type I, type II, and a hybrid type, according to the degree of tilting of the band crossing points in the nodal ring. Type I (or II) nodal rings are formed only by type I (or II) band crossing points, while the hybrid rings simultaneously host type I and type II band crossing points [more details about the three types of nodal ring can be found in (Wang et al., 2020)]. As shown in Figure 3C, the nodal ring in the kz = 0 plane belongs to type I.

Figure 4 shows the HfN (001) surface state without the effect of SOC, which clearly shows that topological surface states can be found around the triple nodal point at the points marked by the arrows. However, the surface state near the nodal ring is only faintly visible inside the projected topological nodal ring (see the arrow along the direction).


[image: Figure 4]
FIGURE 4. (A) (0 0 1) surface Brillouin zone of HfN; (B) Projection spectrum on the (001) surface state of HfN near the 1-D nodal ring and 0-D triple nodal point. The band crossing points are highlighted by yellow circles and the surface states are marked by black arrows.


In the final, the effect of SOC on the electronic structure has been discussed and results are given in Figure 5. At the Γ point, an energy band gap of 0.25 eV can be found, reflecting that the triple nodal point is gapped under SOC. However, along Γ-R direction, two bands now cross with each other at−0.235 eV below the Fermi level. In this cubic HfN, the time-reversal and inversion symmetries retain, thus each band is twofold degenerate when the SOC is taken into consideration. This band-crossing point at −0.235 eV along Γ-R direction (see the insert figure in Figure 5) is a Dirac point with fourfold degeneracy. We would like to point out that similar triple nodal point - Dirac point transition can also be observed in TiB2 (Zhang et al., 2017) and Li2NaN (Jin et al., 2019b) materials.


[image: Figure 5]
FIGURE 5. Band structure of HfN via the GGA method; The SOC effect was taken into consideration during the calculation. Insert figure: Enlarged band structure of HfN along Γ-R direction.


In R1, two band crossing points are also gapped due to the SOC effect. The SOC gaps are calculated to be ~80 meV, as shown in Figure 5. We would like to point out that most nodal lines proposed so far will be gapped under the effect of SOC. The SOC-induced gaps in HfN are comparable with those in typical nodal line semimetals, such as Cu3NPd (Yu et al., 2015) (60–100 meV), CaAgBi (Yamakage et al., 2016) (80–140 meV), and BaSn2 (Huang et al., 2016) (60–160 meV).



CONCLUSIONS

In this study, we report that cubic HfN is a newly designed topological semimetal with rich topological elements, i.e., 0-D and 1-D band crossing points. When the spin-orbit coupling (SOC) effect is ignored, near the Fermi level, HfN possesses a triple nodal point at the Γ point and a nodal ring in the kz = 0 plane. The topological surface states around the 0-D and 1-D band crossing points were determined. When the SOC effect is taken into consideration, 0-D triple nodal point disappears, however, new topological signature, i.e., 0-D Dirac point occurs along Γ-R direction. The computational results also suggest that cubic HfN possesses mechanical stability, dynamical stability, elastic ductility, and anisotropy. Our investigation has revealed that HfN is a good topological semimetal with rich topological elements, high stability, and important mechanical properties.
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We report the presence of a Weyl fermion in VI3 monolayer. The material shows a sandwich-like hexagonal structure and stable phonon spectrum. It has a half-metal band structure, where only the bands in one spin channel cross the Fermi level. There are three pairs of Weyl points slightly below the Fermi level in spin-up channel. The Weyl points show a clean band structure and are characterized by clear Fermi arcs edge state. The effects of spin-orbit coupling, electron correlation, and lattice strain on the electronic band structure were investigated. We find that the half-metallicity and Weyl points are robust against these perturbations. Our work suggests VI3 monolayer is an excellent Weyl half-metal.

Keywords: topological semimetal, 2D materials, first-principles calculations, half-metal, Weyl state


INTRODUCTION

In recent years, Weyl semimetals (WSMs) have attracted extensive research attentions (Wan et al., 2011; Lv et al., 2015; Shekhar et al., 2015; Soluyanov et al., 2015; Sun et al., 2015; Weng et al., 2015; Deng et al., 2016; Koepernik et al., 2016; Wu et al., 2016; Kumar et al., 2017). In a WSM, at least one of the time reversal and inversion symmetry is broken. The crossing points, namely, Weyl nodes, appear in pairs with different chirality (Ruan et al., 2016a,b). Such chiral anomaly can induce interesting transport properties such as anomalous Hall effect and negative magnetoresistance (Liu et al., 2013; Son and Spivak, 2013; Liu and Vanderbilt, 2014; Hirayama et al., 2015; Huang et al., 2015). Besides, Weyl nodes can be classified into two categories, namely, types I and II, according to the tilt degree of band crossing. Type I WSMs with traditional band dispersion follow the Lorentz symmetry (Wan et al., 2011; Lv et al., 2015; Shekhar et al., 2015; Sun et al., 2015; Weng et al., 2015). However, for type II WSMs (Soluyanov et al., 2015; Deng et al., 2016; Koepernik et al., 2016; Wu et al., 2016; Kumar et al., 2017), the Weyl cones are completely tilted. The tilted Weyl cones can cause the coexistence of electron-like pocket and hole-like pocket at the same energy level. As the results, type II WSMs have different physical phenomena from type I ones, including modified anomalous Hall conductivity, direction-dependent chiral anomaly, and momentum space Klein tunneling (Koshino, 2016; O'Brien et al., 2016; Yu et al., 2016; Zyuzin and Tiwari, 2016).

Up to now, a large number of WSMs have been reported, and some of which have been confirmed in experiments such as TaAs (Lv et al., 2015), NbP (Shekhar et al., 2015), and NbAs (Yang et al., 2019). These examples are all three-dimensional (3D) non-magnetic materials. Recently, WSMs in two-dimensional (2D) materials and magnetic materials have received increasing interests. For 2D WSMs, the interest arises from the promising applications in spintronic nanodevices (You et al., 2019). For magnetic WSMs, the interest comes from the novel interplay between the non-trivial band topology and the magnetic ordering (Xu et al., 2011; Kübler and Felser, 2016; Wang et al., 2016; Chen et al., 2019; He et al., 2019; Jin et al., 2020; Meng et al., 2020a,b,c). Recently, the VI3 material (Kong et al., 2019; Tian et al., 2019; Huang et al., 2020; Long et al., 2020; Zhang et al., 2020), both in 3D and 2D, has attracted great attention. The 3D VI3 material is a ferromagnetic insulator, which is a layered material (Kong et al., 2019). In addition, 3D VI3 compound has a R3 phase at room temperature, and experimental evidence suggests that it may undergo a structure phase transition at 78 K (Huang et al., 2020). Importantly, 2D VI3 had been proved by Long et al. (2020) to be a ferromagnetic half-metal and provides an excellent candidate material for electronic devices. In this work, we report that VI3 monolayer is an excellent 2D WSM. We have systematically investigated the stability, magnetism, and band topology of VI3 monolayer. We find VI3 monolayer is dynamically stable and naturally has the ferromagnetic ordering. The band structure suggests VI3 monolayer is a half-metal, which holds fully spin-polarized conducting electrons. Especially, there exists a band crossing near the Fermi level, which forms three pairs of Weyl fermions in the spin-up band structure. We have further investigated the effects of spin-orbit coupling (SOC), electron correlation, and lattice strain on the electronic band structure. In addition, the non-trivial edge states for the Weyl points are clearly identified. These results suggest VI3 monolayer can serve as a good platform to investigate Weyl states in 2D.



COMPUTATIONAL METHODS AND DETAILS

The first-principles calculations in this work are performed by using the Vienna ab initio Simulation Package (Blochl, 1994; Kresse and Joubert, 1999). The exchange-correlation potential is adopted by the generalized gradient approximation (GGA) of Perdew–Burke–Ernzerhof functional (Perdew et al., 1996). For the crystal structure of VI3 monolayer, we built a vacuum with the thickness >18 Å to avoid potential interactions between layers. The cutoff energy is set as 500 eV. The Brillouin zone is sampled by a Monkhorst–Pack k-mesh with size of 15 × 15 × 1. To account for the Coulomb interaction, the GGA + U method is applied during our calculations (Anisimov et al., 1991). For the V-3d orbitals, the U value is chosen as 3eV. The phonon spectra are calculated by using the PHONOPY code (Togo et al., 2008).



RESULTS AND DISCUSSION

Before studying the structure and electronic band of the monolayer VI3, we want to point out that the layered compound VI3 has already been synthesized by chemical vapor transport method experimentally. The specific synthesis process can be found in Kong et al. (2019). In addition, monolayer VI3 is very promising to be exfoliated from its bulk phase (Miro et al., 2014).

Next, we study the structure of single-layer VI3. Figures 1A,B show the top and side views of the geometric structure of VI3 monolayer. Figure 1C shows the Brillouin zone (BZ) of monolayer VI3. In the structure, each V atom bonds with six I atoms, forming the hexagonal structure. From the side view, we can observe that the material has a triple-layered form, with one V layer sandwiched by two I layers. The circled regions in (A) and (B) show the unit cell of VI3 monolayer, which contains two V atoms and six I atoms. The Cr2C compound shows a hexagonal structure with space group P3M1. The lattice constant of VI3 monolayer is a = b = 7.13 Å. The bond length of V-I is 2.80 Å, and that of I-I is 4.13 Å. These values are very close to the reported results of He et al. (2016). We have calculated the phonon spectrum of VI3 monolayer, as displayed in Figure 1D. We find no negative frequency phonons in all the highly symmetric k paths. This suggests that the VI3 monolayer can be stable.


[image: Figure 1]
FIGURE 1. (A) Top view and (B) side views of VI3 monolayer, the dotted line circles the primitive cell. (C) Brillouin zone for VI3 monolayer. (D) Calculated phonon spectrum of VI3 monolayer.


Before studying the band structure of VI3 monolayer, we first verify its magnetic ground state. In VI3 monolayer, the magnetic moments are mainly contributed by the 3d transition element V. Here, we consider three potential magnetization directions of V moment, including [001], [010], and [100]. Our calculation results show that the [001] magnetization direction has the lowest energy. Then, in the [001] direction, we considered four magnetic configurations including ferromagnet (FM), Néel antiferromagnet (AFM), stripe AFM, and zigzag AFM. Our calculation results show that the energy of FM is lower than that of other magnetic structures in VI3 monolayer. The total magnetic moment is 4 μB per unit cell, which is almost contributed by the V atoms. In addition, we have calculated the exchange energy ΔE of VI3 monolayer, which is approximately 28 meV. Then, we can estimate the Curie temperature (Tc) according to the following equation:

[image: image]

In (1), the parameter “C” represents the number of magnetic atoms in unit cell, and “kB” represents the Boltzmann constant. We calculated that the Curie temperature Tc value of VI3 monolayer is 106 K, which is comparable with the Monte Carlo simulations (98 K) (He et al., 2016).

Here, we discuss the electronic band structure of VI3 monolayer. At first, we did not consider SOC in the calculations. The band structures are shown in Figures 2A,B. In the spin-up band structure, we find one band crosses the Fermi level, manifesting a metallic signature (Figure 2A). In the spin-down band structure, we can find a band gap around the Fermi level, manifesting the insulating signature (Figure 2B). Therefore, VI3 monolayer is in fact a half-metal. In particular, the half-metal gap is about 2.98 eV (Figure 2B), which is much layer than previously reported half-metals in 2D including YN2 (1.35eV) (Liu et al., 2017) and Na2C (0.77eV) monolayer (Ji et al., 2018). In the spin-up band structure, we notice there shows a band crossing point (P) in the M–K path, slightly below the Fermi level (Figure 2B). By checking the density of states, we find the states near the Fermi level mostly come from the d orbitals of V atom.


[image: Figure 2]
FIGURE 2. (A) Spin-up and (B) spin-down band structures of VI3 monolayer without SOC. In (A,B), the total and projected density of states (PDOS) are also shown.


Figure 3A shows the orbital-projected band structure near the crossing point P. We can observe the band inversion of the two bands, suggesting the non-trivial band topology in VI3 monolayer. Then we take into account the SOC effect in the calculation. The comparison of band structure between SOC and without SOC is shown in Figures 3B,C. We can find that the band crossing retains under SOC, even though its position has slightly changed. Without SOC, the crossing point locates at 0.04 eV below the Fermi level; under SOC, it locates at 0.08 eV below the Fermi level. Because the band crossing happens in two bands, the band crossing in fact forms Weyl points. To be noted, in VI3 monolayer, the time reversal is broken, but the inversion symmetry is retained; hence, the Weyl points are time-reversal–breaking Weyl points.


[image: Figure 3]
FIGURE 3. (A) Orbital-projected band structure near the crossing point P. (B,C) Comparison of band structure between SOC and without SOC, where (C) is the enlarged band structure. (D) 3D band dispersions near the Weyl point. (E) 2D Brillouin zone and its projection to the edge. (F) Edge states of VI3 monolayer.


In Figure 3D, we show the 3D plotting of band structure near the Weyl point. We can find that the Weyl cone is titled. Because of the preserved inversion symmetry, there are in total three pairs of such Weyl points in the system. From the symmetry analysis, the Weyl points in monolayer VI3 are protected by the C3v symmetry. It is worth noticing that Weyl points have many special physical phenomena, such as modified anomalous Hall conductivity, direction-dependent chiral anomaly, momentum space Klein tunneling (Koshino, 2016; O'Brien et al., 2016; Yu et al., 2016; Zyuzin and Tiwari, 2016). However, the Weyl fermions have been rarely found in 2D materials. Therefore, the VI3 monolayer reported here can be a good platform to study the Weyl fermions in 2D. In addition, in Figure 3E, the orbital projection is performed on (010) surface, we have also identified the Fermi arc edge states of the Weyl points, as shown in Figure 3F. This further verifies the non-trivial band topology in VI3 monolayer.

Finally, we discuss the effects of electron correlation and lattice strain on the half-metal band structure and the Weyl points. In Figure 4A, we show the positions of the conduction band minimum and the valence band maximum with shifting the U-values of V atom from 0 to 6 eV. The results show that VI3 monolayer is always a ferromagnetic half-metal, and the spin-down band gap will increase with increasing the U-values. For the Weyl points, we find they can exist when U-values are at 2–4 eV. Figure 4B shows the positions of the Weyl points at different U-values. Similarly, in Figures 4C,D, we show the strain effects on the half-metal band structure and the Weyl points. We can find that the half-metal band structure can retain from 4% compressive stain to 4% tensile strain (Figure 4C). Meanwhile, as shown in Figure 4D, we find the Weyl points can exist from 1% compressive stain to 2% tensile strain (Figure 4D). These results show that the half-metal band structure and the Weyl points are in some degree robust against electron correlation effects and lattice strain.


[image: Figure 4]
FIGURE 4. (A) The curves of the valence band maximum (VBM) and the conduction band minimum (CBM) under different U-values in the spin-down channel. The shadowed area shows the band gap. (B) The position of Weyl points under different U-values. (C,D) Similar with (A,B), but for the changes under different stains.




SUMMARY

We have reported the Weyl fermion in 2D VI3 monolayer. The phonon spectrum suggests VI3 monolayer is dynamically stable. We have verified that VI3 monolayer has the ferromagnetic ground state. In the ground state, we find VI3 monolayer has a half-metal band structure with the half-metallic gap as large as 2.98 eV; thus, the conducting electrons can be fully spin-polarized. Very interestingly, VI3 monolayer shows three pairs of Weyl points near the Fermi level, locating in the spin-up band structure. Importantly, the three pairs of Weyl points show clear Fermi arcs on the edge. Moreover, we verify that the half-metal band structure and the Weyl points in VI3 monolayer are robust against proper electron correlation effects and lattice strain. These properties make VI3 monolayer have promising applications in spintronic nanodevices.
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The hydrolysis of AB (AB, NH3BH3) with the help of transition metal catalysts has been identified as one of the promising strategies for the dehydrogenation in numerous experiments. Although great progress has been achieved in experiments, evaluation of the B-N bond cleavage channel as well as the hydrogen transfer channel has not been performed to gain a deep understanding of the kinetic route. Based on the density functional theory (DFT) calculation, we presented a clear mechanistic study on the hydrolytic reaction of AB by choosing the smallest NiCu cluster as a catalyst model. Two attacking types of water molecules were considered for the hydrolytic reaction of AB: stepwise and simultaneous adsorption on the catalyst. The Ni and Cu metal atoms play the distinctive roles in catalytic activity, i.e., Ni atom takes reactions for the H2O decomposition with the formation of [OH]− group whereas Cu atom takes reactions for the hydride transfer with the formation of metal-dihydride complex. The formation of Cu-dihydride and B-multihydroxy complex is the prerequisite for the effectively hydrolytic dehydrogenation of AB. By analyzing the maximum barrier height of the pathways which determines the kinetic rates, we found that the hydride hydrogen transferring rather than the N-B bond breaking is responsible to the experimentally measured activation energy barrier.

Keywords: DMol3, first-principal calculation, bimetal clusters, catalytic, DFT


1. INTRODUCTION

Among many practical hydrogen storage materials, ammonia-borane (AB, NH3BH3) is believed to be an attractive solid hydrogen storage candidate owing to its high hydrogen content, nontoxic, excellent solubility, and stability in water (Peng and Chen, 2008; Hamilton et al., 2009; Staubitz et al., 2010; Jiang and Xu, 2011; Sanyal et al., 2011; Thorne et al., 2011; Lu and Xu, 2012; Xi et al., 2012). To enhance the kinetics of the hydrogen release for its on-board applications, intensive efforts have been made in solid state by thermolysis dehydrogenation (Demirci and Miele, 2009; Hamilton et al., 2009) and in solution by hydrolysis and methanolysis dehydrogenation (Xu and Chandra, 2007; Umegaki et al., 2009; Chua et al., 2011). In the absence of suitable catalysts, the thermal/hydrolytic decomposition to generate the hydrogen is a very slow process and it has to undergo several step reactions at very high temperature (Hu et al., 1978; Matus et al., 2007; Stowe et al., 2007; Huang and Autrey, 2012), which seriously restricts the development of AB as a promising hydrogen storage material. In the perspective of hydrolysis dehydrogenation, finding high active and low-cost catalysts to make AB completely release its hydrogen under moderate conditions is a key point for this system.

Up to now, there has been a steady growth in a number of publications dealing with the catalytic hydrolysis of AB to generate the hydrogen at low temperature (Jiang and Xu, 2011; Patel and Miotello, 2015). Originally, noble metal catalysts such as Au (Chandra and Xu, 2007), Pt (Chandra and Xu, 2006a, 2007; Mohajeri et al., 2007; Chen et al., 2014), Pd (Chandra and Xu, 2007; Metin et al., 2011; Kılıç et al., 2012), Rh (Chandra and Xu, 2006a, 2007; Zahmakiran and Özkar, 2009; Karahan et al., 2012), Ru (Chandra and Xu, 2007; Rachiero et al., 2011a; Can and Metin, 2012; Liang et al., 2012; Zhou Q. et al., 2016), and Ir (Wang et al., 2017b) were extensively explored, although their expensive costs are the dominate disadvantage for the potential applicability. Along with the development of cheaper catalysts without the loss of highly efficient, nanoparticle based on more abundant first-row transition metals Fe (Xu and Chandra, 2006; Yan J. M. et al., 2008; Dinç et al., 2012), Co (Xu and Chandra, 2006; Demirci and Miele, 2010; Yan et al., 2010b; Metin and Özkar, 2011; Li et al., 2017), Ni (Xu and Chandra, 2006; Kalidindi et al., 2008a; Yan et al., 2009; Metin et al., 2010; Metin and Özkar, 2011; Li et al., 2017; Wang et al., 2017a), and Cu (Xu and Chandra, 2006; Kalidindi et al., 2008a,b; Zahmakiran et al., 2010) have also been tentatively studied, however, they have only moderate catalysis and lack the desiring stability in the hydrolysis conditions. To get over the challenges of cost expensiveness of the noble metal as well as the catalytic limitation of transition metal, the modulation of the noble metal content by alloying with first-row transition metal was considered as a feasible solution, because their active sites could be maintained and their active capabilities could be improved in alloying catalysts. As one expected, most bimetallic catalysts such as Cu(Fe, Ni, Ru) (Rachiero et al., 2011b; Lu et al., 2013, 2014; Zhang et al., 2016), (Pd, Au, Ru)Co (Yan et al., 2010a; Chen et al., 2011; Sun et al., 2011; Lu et al., 2012; Wang et al., 2012), (Au, Ag, Pt, Ru)Ni (Chen et al., 2007, 2012; Yao C. F. et al., 2008; Jiang et al., 2010), and (Ni, Cu)Pd (Çiftci and Metin, 2014; Güngörmez and Metin, 2015) have been reported to exhibit the better performance than the monometal catalysts for the hydrogen generation from the hydrolysis of AB. It was deduced that the formations of the heterometallic bonds can adjust the bonding (molecular) orbitals of catalyst surface atoms to reactant with AB and H2O molecules. This can stabilize the reaction intermediates and lead to the improvement of catalytic activity on AB for hydrogen generation (Lu et al., 2013). The behind reason is attributed to the synergistic effect between the heterometallic atoms that originates from the electronic effect (such as the adjustment of d-band level or charge transfers) and the structural morphology (such as the formation of core-shell or mixing structures).

By measuring the composition of hydrolytic products in the presence of various transition metal-based catalysts (Yao C. F. et al., 2008; Rachiero et al., 2011b; Chou et al., 2012; Liu et al., 2012; Komova et al., 2016), it was confirmed that 1 mole of AB is hydrolyzed to give nearly 1 mole of [image: image] ions and 3 moles of H2 gas. For example, Yao C. F. et al. (2008) have chemically identified that the gaseous product is exclusively H2 molecules and the soluble product is [image: image] ions. Based on NMR experiment, Rachiero et al. (2011b) have demonstrated that the initial product [image: image] is adsorbed over the catalyst surface without B-N adducts or intermediates desorbing. Consequently, the overall hydrolysis reaction of AB can be described as NH3BH3+3H2O[image: image]catalyst·NH3+B(OH)3+3H2↑, which was readily confirmed by the composition of reaction products using the x-ray diffraction analysis (Mohajeri et al., 2007; Brockman et al., 2010; Chou et al., 2012; Liu et al., 2012; Komova et al., 2016). The NH3 and B(OH)3 are being dissolved in water as described by a well known acid-base equilibrium NH3+H2O↔[image: image]+OH− and B(OH)3+OH−↔[image: image]↔[image: image]+2H2O (Brockman et al., 2010; Komova et al., 2016). These final products suggest that one portion of H2 molecule is generated through the H-O bond breaking in H2O and the other is generated through the H-B bond breaking in AB, and NH3 molecule is formed by B-N bond cleavage. In addition, the observations of these experiments are consistent with the Langmuir-Hinshelwood mechanism for the heterogeneous catalysis (Basu et al., 2010; Rakap and Özkar, 2010), i.e., AB and H2O adsorb over the catalytic surface to be hydrolyzed upon the formation of the final by-product [image: image]. Although great progress has been achieved in the experiments for the fast and complete H2 release, evaluations of the B-N bond cleavage channel and the hydrogen transfer channel have not been performed to gain a deep understanding of the kinetic route, to suggest a methodological scheme which properly describes these reactions, and to find out crucial step to tune the reactions for future application in H2 storage. In our opinion, this is a substantial gap in this field of research.

By using the density functional theory (DFT) calculations, herein, we investigate the reaction pathways of H2 release from the hydrolytic AB and examine the catalytic roles of small NiCu clusters. Experimentally, NiCu bimetallic nanoparticles have been successfully fabricated and the catalytic activity was evaluated in the hydrolytic dehydrogeneration of AB (Lu et al., 2014; Zhang et al., 2016). The results shown that NiCu bimetallic nanoparticles exhibit the excellent catalytic activity and the low activation energy barriers owning to the charge transfer between Cu and Ni atoms (Lu et al., 2014; Zhang et al., 2016). Since the dehydrogenation reaction of AB involves an ionic recombination of hydridic Hδ− and protic Hδ+, the positively Ni atom would play an attractive role to interact with the [OH]− group by hydrolyzing H2O while the negatively Cu atom would act as an agent to accept the hydrolyzed H+ ion. Considering the dissociation of NH3 molecule from AB in the experiments, we naturally deduce the hydrolytic dehydrogenation of AB that the hydridic H(B) atoms from –BH3 edge of AB would like to interact with the protic H(O) atoms from H2O, aggregating and forming three H2 molecules. Firstly and importantly, validation of the aforementioned rules and trends is crucial and necessary from the electronic structure. Secondly, the potential energy surfaces on the reaction channels describe the heights of activation energy barriers and thermodynamic stabilities, which can be used to compare with the experimental measurement. Finally, our results are important in developing the evidence-based experimental requirements for the safe handling of this hydride in everyday laboratory and industrial practice. In what follows, we will firstly describe the computational methodology used in the work in section 2, and then present our results and discussions in section 3. Finally, a summary is given in section 4.



2. METHODS

Our calculations have been performed by using the Density Functional Theory (DFT) based DMol3 code (Delley, 2000), where the Perdew-Wang (PW91) exchange-correlation potential (Becke, 1988; Perdew and Wang, 1992) to the generalized gradient approximation (GGA) (White and Bird, 1994) was adopted. The double numerical basis sets with the p-polarization function (DNP), all electrons treated as the valance electrons, and the thermal corrections were employed in the calculations for the equilibrium geometries of all molecular species, i.e., the reactant-complex (R), transition states (TS), intermediates (IM), and products (P). The DNP basis set is quite a bit better than Gaussian 6-31G** basis set under the accurate level, and the former one is more effective than the latter one (Hirshfeld, 1977; Wu et al., 2013). The harmonic vibrational frequencies were determined at the same level to confirm whether the optimized structures are local minima (no imaginary frequency) or transition states (one imaginary frequency) and to evaluate the zero-point vibrational energy. To obtain the TS, linear synchronous transit (LST) and quadratic synchronous transit (QST) methods were firstly utilized to execute an extensive search, and then the TS optimization has been done with the eigenvector-following methods, following which the TS confirmation was performed to produce a refined reaction path based on LST or QST (Peng and Schlegel, 1993; Peng et al., 1996; Ayala and Schlegel, 1997). The convergence criterions were set to 2 × 10−5 Ha for the maximum energy change, 4×10−3 Ha/Å for the maximum force, 5×10−3 Å for the maximum atomic displacement, respectively. The activation energy barrier (Eact) determines whether or not the reactions take place spontaneously and reach to the final state without the extra-energy absorbed from the outside. It was calculated as the energy difference between the initial reactants and the highest transition state of a whole reaction pathway, i.e., Eact = EHTS-EReact. The energy values hereafter are enthalpy except for specially mentioned. The zero-point energy and enthalpy corrections have not been considered, because the corrections always reduce the values in a small magnitude (Zhou T. et al., 2016).

For free AB, we found that the bond-lengths of B-N, B-H, and N-H bonds are 1.66, 1.22, 1.02 Å, respectively, which are in good agreement with the experimental measurements (Thorne et al., 2011) and theoretical values under more precise calculations (Gaussian-B3LYP/6-311+g*) (Zhou T. et al., 2016). Thus, we have a high degree of confidence in our structural configurations. To validate our method in calculating the dehydrogenation dynamics, we have calculated the dehydrogenation pathways of AB without (Figures 1A,B) and with (Figures 1C,D) the help of Cu2 catalyst by using the DMol3 and Gaussian methods. From Figure 1, we noted that the DMol3 method (BPW91/DNP) gives a similar variational trend as the Gaussian method does (Zhou T. et al., 2016). Although the IM states and TS states under the former calculations are higher in energy than under the latter calculations, both methods report the same energy orderings of these states. Typically, the highest energy barrier (the decisive reaction step) (1.953 eV) and the exoergic energy (0.162 eV) of the whole reaction path are well reproduced by DMol3 method. Furthermore, the Van der Waals correction (Bucko et al., 2010) has been taken into account (BPW91/DNP/OBS) for the benchmark calculations, however, the results (red lines) shown that it does not present the superiority. Therefore, the following calculations were performed within the DMol-BPW91/DNP method.


[image: Figure 1]
FIGURE 1. The reaction pathways of AB dehydrogenation without (A) and with (C) the catalyst Cu2 dimer. The comparison of counterpart reactions in Gaussian and DMol3 software (B,D).




3. RESULTS


3.1. Synergistic Adsorption of H2O and AB Molecules on NiCu Dimer

The initial interactions between the reactants (AB and H2O) and catalyst (NiCu dimer) can be demonstrated by the energetically most favorable configurations shown in Figure 2. Although the AB hydrolysis reaction is complex in nature and it involves multistep mechanism, the configuration of the pre-equilibrium complex AB (reactants adsorbed on catalyst) is very important for the following reactions. By examining the possible adsorption styles of AB on NiCu dimer, including: –BH3 (–NH3) edge solely linked with Cu (Ni) atom; –BH3 and –NH3 edges synchronously linked with Cu and Ni atoms (and viceversa); B and N atoms directly linked with Cu (Ni) atom, we found that the configuration within –BH3 edge approaching Ni atom is the most stable (R0). It is similar to the structure IM31 we proposed in previous literature (Zhou T. et al., 2016). The reason that –BH3 edge prefers to bond with Ni atom instead of Cu atom can be understood from the Lewis base and acid reactions (Roach et al., 2009; Reber et al., 2010; Li et al., 2013). Since the overall negatively charged –BH3 fragment [specifically for the hydridic H(B) donors] can be regarded as the Lewis base, it would like to interact with the positively charged Ni atom that can be regarded as the Lewis acid. In Figure 2, the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), and Mulliken atomic charges are presented on each structural configuration. From the point of view of the frontier orbital theory (Li and Evans, 1995), the LUMO/LUMO+1 site serves as the Lewis acid which will accept electrons readily, while the HOMO site serves as the Lewis base which will donate electrons. Consequently, –BH3 edge would like to interact with Ni atom, because HOMO (LUMO) charge distribution is primarily localized around the –BH3 fragment of AB molecule (Ni site of NiCu dimer).


[image: Figure 2]
FIGURE 2. The bond-length (in Å), Mulliken population charges (in e), as well as the schematic diagram of the frontier molecular orbitals (HOMO, LUMO/LUMO+1) for the energetically favorable reactant structures.


By inspecting the changes of bond-lengths between the adsorbed AB (R0) and the free AB, we found that two H-B bonds near Ni atom are elongated by 0.048 Å while one H-B bond far from Ni atom is compressed by 0.011 Å. The B-N bond is also compressed by 0.027 Å. There are the negligible changes for two of H-N bond-lengths on –NH3 edge whereas the other H-N bond is stretched by 0.025Å. Since Ni/Cu atoms are positively/negatively charged in NiCu dimer, they would like to present the moderate interactions with different hydrogen species because the former/latter one is the hydridic-hydrogen/protic-hydrogen acceptor. After the adsorption, the hydridic H(B) atoms donate their partial electrons to Ni atom, resulting in H(B) atoms in the less negatively charged state (−0.178 e → −0.057 e). Meanwhile, the Ni atom back donates its electrons to B and Cu atoms, resulting in B atom in the less positively charged state (0.194 e → 0.023 e) and Cu atom in the more negatively charged state (−0.038 e → −0.270 e). Note that the drawing force of Ni atom on its neighboring H(B) atoms has stretched the B-H bond-lengths. These activated H(B) atoms are then being ready for the subsequent dehydrogenation reactions owning to the formation of the agostic-bonds [B-H(B)⋯Ni] (Brookhart et al., 2007; Zins et al., 2015).

In the hydrolysis reaction process, it has been proposed that AB molecule firstly diffuses onto the catalyst surface and forms an activated intermediate. Upon the attack of a water molecule, the intermediate of AB molecule is dissociated to release H2 (Chandra and Xu, 2006a,b; Xu and Chandra, 2006; Lu et al., 2013). Consequently, H2O molecule should to adsorb on the AB-NiCu complex. Note that the adsorption of H2O molecules plays a negligible role on the bond-lengths and bond-angles of AB fragment (R1 and R22 in Figure 2). For one H2O adsorption in R1 configuration, one protic H(O) atom is bonded with both Ni and Cu atoms, stretching the corresponding H-O bond by 0.045 Å. If O atom is bonded with Ni atom, it is 0.183 eV higher in energy. For two H2O adsorption in R22 configuration, O atom of the second H2O with the lone-pair electrons will nucleophilically attack the well-defined electrophilic Ni site, because O atom tends to donate its lone-pair electrons to the LUMO and/or LUMO+1 orbitals around the Ni site (R1). Relative to O atom in free H2O, we found that the O atom of the O-bonded H2O in R22 losses 0.031 electrons (−0.489 e → −0.458 e) while the O atom of the H-bonded H2O acquires 0.019 electrons (−0.489 e → −0.548 e). Although the R1 and R22 configurations present the negligible differences in bond-lengths and Mulliken charges, their HOMO (LUMO) charge distributions are significantly different. Previously, the investigation has proposed that the HOMO (LUMO) distributions can be used as a fine guidance to determine the sub-reaction pathway (Li et al., 2013). Here, the HOMO (LUMO) differences between R1 (one H2O adsorption) and R22 (two H2O adsorption) suggest that the stepwise and simultaneous H2O attacking would give rise to different reaction pathways.



3.2. The Hydrolysis of AB Catalyzed by NiCu Dimer via the Stepwise H2O Attack

In Figures 3A–C, we shown two preferential reaction pathways (path1 and path2) for the hydrolytic dehydrogenation of AB molecule catalyzed by NiCu dimer. These reactions undergo the stepwise attacks of H2O molecules, named as H2Ost, H2Ond, H2Ord. The energies of R, IM, TS, P, together with their structural configurations were illustrated on each step. For the R1 reactant-complex that H2Ost and AB molecules are simultaneously adsorbed on NiCu dimer (Figure 3A), it situates at an energy level of 1.587 eV below the initial reactants AB+H2Ost+NiCu. In the next reaction step, the cationic Ni atom would like to interact with the nucleophilic [–OHst] but the anionic Cu atom would like to interact with the protic H(O) acceptor. Under the synergistical roles of Ni and Cu atoms, the H2Ost molecule is decomposed into one hydrogen atom H(O) and one hydroxy group [–OHst] in IM111* or IM111 state. In terms of the reaction principle for the bond activation, [–OHst] group will attack the positively charged B atom. If the O atom of [–OHst] hydroxy is close enough to the B atom, the stronger interactions between O and B atoms than between N and B atoms will split the B-N bond via the activation energy barrier of the TS112* state (1.445–1.079 = 0.366 eV), i.e., –NH3 is dissociated from BH3-NH3 fragment in IM112* state by releasing the energy of 2.147–1.079 = 1.068 eV. Previously, Banu et al. (2015) have found that when the H2O molecule directly interacts with BH3-NH3 fragment yet without TM catalyst, the breaking of B-N bond at the assistant of [-OH] group needs to cross a very high energy barrier of 1.19 eV, and the counterpart TS state is even 0.91 eV above the separated reactants AB+H2O. Clearly, the present of NiCu dimer can significantly reduce the activation energy barrier during the hydrolytic AB. If the O-B interaction doesn't play the role this time, the O atom maintains its interactions with Ni and Cu atom in IM112 state (presenting a three-membered Ni-O-Cu ring). Whichever the reaction it happens, one H(B) atom of AB is somewhat activated by Ni atom and being ready to adsorb on Cu atom, because the corresponding H-B bond in IM112* is elongated by 0.169 Å (elongated by 0.056Å in IM112) with respect to 1.218 Å of free AB. Following the IM112* or IM112 state, H(O) and H(B) atoms on Cu atom move close to each other to form a Cu-dihydride complex in IM113* state or IM113 state. Ultimately, the H2(st) molecule is released from the first-step-product P113* ([OH]·BH2·NiCu+NH3+H2) or product P113 ([OH]·NiCu·NH3BH2+H2), which releases the energy of 0.114 or 0.606 eV.
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FIGURE 3. Schematic energy profiles of hydrogen production from the catalytic hydrolysis of AB in the presence of NiCu dimer. The stepwise attacks involving three H2O molecules, named as H2Ost, H2Ond, H2Ord, are sequentially considered in (A–C). The reactant, transition state, intermediate state, and product are denoted by R1, TS, IM, P, respectively.


Apart from the above dehydrogenation pathways, we have considered other reaction routes from the R1 reactants: the first dissociation of H(B) atom and then H(O) atom; the stepwise dissociations of H(N) and H(O) atoms. However, these reaction routes have not any superiority with respect to the path1 and path2. For example, the reaction that one H(B) atom in R1 is activated and interacted with Cu atom has to go across a very high energy barrier (1.146 eV). It is 0.789 eV higher in energy than IM111* state. There are the possibilities that the released H2 molecule is comprised of H(B) and H(N) atoms from AB fragment, which is analogous to what we have proposed in Zhou T. et al. (2016). Nevertheless, our primary goal is to explore the reaction mechanism that the hydrolytic dehydrogenation is happening with the assistant of H2O. Consequently, these routes have been discarded owning to no dissociation of H(O) atom from H2O. As a mater of fact, Shevlin et al. (2011) have indicated that the dehydrogenation via the combination of the protic atoms from the N-moiety and the hydridic atoms from the B-moiety is energetically unfavored for the metal amidoboranes MNH2BH3. In addition, another possible pathway could follow the IM111* or IM111 states: (i) One H(N) atom transfers to [–OH] group to produce the adsorbed H2O and BH3-NH2 fragment once again; (ii) One H(O) atom is dissociated from the H2O and then shifted to Cu atom, forming the Cu-dihydride complex and [–OH] group; (iii) The B-N bond of BH3-NH2 fragment is broken by [–OH] group, yielding the NH2 and H2 products. However, the B-N bond has an obvious contraction as one H(N) atom was migrated from –NH3 edge after the first step reaction. It will be of ever-increasing difficulty to break the B-N bond by [–OH] group. Typically and importantly, the released product of NH2 in this pathway does not agree with the experimental product of NH3 (Yao C. F. et al., 2008; Rachiero et al., 2011b; Chou et al., 2012; Liu et al., 2012).

For the adsorption of the second H2Ond on the first-step-products, both Ni and Cu atoms are considered as the tentatively adsorbing sites. Our calculations demonstrate that the Ni site is 0.176 eV lower in energy than the Cu site in adsorbing O atom for the product P113*, whereas it reverses for the product P113. In Figure 3B, we show the subsequent reactions that the first-step-products are attacked by the H2Ond. The crucial reaction steps for the path1 are follows: (i) One of two hydridic H(B) atoms in IM114* is activated by the Lewis acid of Ni atom, and then it is optimally adsorbed on Cu atom in the formation of Cu-monohydride complex in IM115*; (ii) The protic H(O) atom and [-OHnd] of the H2Ond are synergistically activated by Cu and Ni atoms, and then this protic H(O) atom shifts to Cu atom yielding the Cu-dihydride complex in IM116*; (iii) The [-OHnd] group moves close to B atom to form the B-dihydroxy and Cu-dihydride fragments in IM117*, which is followed by the releasing of H2(nd) molecule (the second-step-products P117*). For the successive reactions along the path2, there presents a thermodynamically downhill trend from IM114 to IM118 as well as from TS115 to TS118, revealing that these reactions would take place spontaneously due to their overall exothermic processes. In analogous with the dehydrogenation mechanism involving the H2Ost attack, three critical processes can be clearly concerned for the H2Ond attack: (i) The protic H(O) atom is somewhat activated by Ni atom and then it links with both Ni and Cu atoms in IM115; (ii) The [-OHnd] group breaks the N-B bond and dissociate –NH3 fragment through IM116 to IM117; (iii) The B-dihydroxy and Ni-dihydride complex comes into being through IM118 to IM119, from which H2(nd) is subsequently liberated (second-step-products P119). Generally speaking, since each energy barrier can be crossed at the available energies provided by the exothermic reaction, the overall reactions are thermodynamically feasible for either path1 or path2. Nevertheless, P119 state is the predomination state, because each IM state together with the counterpart TS state in path2 lies lower in energy than that in path1.

After the adsorption of the third H2Ord on the second-step-products (Figure 3C), IM118* and IM120 states come into being, respectively. Again, Ni atom serves as the activation site for dissociating H(O) atom from H2Ord, and its neighboring Cu atom serves as the attractive site for adsorbing H(O) atom. The last H(B) atom is gradually transferred to Cu atom to form the Cu-dihydride fragment. It is synchronously/succesively accompanied by the shifting of [-OHrd] group from Ni atom to B atom (forming the B-trihydroxy fragment) and by the releasing of H2(rd) molecule. All IM and TS states are accessible for proceeding the dehydrogenation reactions. Viewing the pathway as a whole, we found that TS113* and TS113 states are only 0.055 and 0.088 eV lower in energy than the initial reactants. Since they present the highest energy barriers, these states are the rate determining barriers of the overall dehydrogenation processes. Nevertheless, it is nothing to be worried about this requirement, because the foregoing reactions are overall exothermic process and TS113* and TS113 states can be overcome. Ultimately, the hydrolytic dehydrogenation reaction is completed, NH3BH3+3H2O[image: image]NH3+B(OH)3+3H2↑, which is catalyzed by the NiCu dimer and orderly attacked by three H2O molecules. We can conclude that the formation of Cu-dihydride and B-multihydroxy fragments in IM states is crucial for the hydrolytic dehydrogenation, and both metal atoms are acted as the catalytic sites for breaking the H-O bond of H2O and N-B bond of NH3BH3.



3.3. The Hydrolysis of AB Catalyzed by NiCu Dimer via the Simultaneous H2O Attack

For the hydrolytic AB via the simultaneous adsorption of a few H2O molecules, we considered the reaction case: AB is simultaneously attacked by H2O(1) and H2O(2) and subsequently attacked by H2O(3). In the configuration of R22 reactant (Figure 4B), H2O(1) with O atom is attached to Ni atom while H2O(2) with H atom is bridged with Cu and Ni atoms. From R22 to IM22 states along the path3, one H-O bond of H2O(1) and one H-B bond of AB are successively broken. Then, H(O) and H(B) atoms are bonded with Cu atom to generate the Cu-dihydride complex and [–OH](1) group, following which the B-monohydroxy complex (IM22) comes into being. In this situation, N-B bond-length is elongated by 0.050 Å with respect to 1.622 Å in R22. For the subsequent reaction from IM22 to IM23, H2O(2) is shifted from Cu site to Ni site. After releasing the first H2(st) in P23, several steps related to the atomic transfers are crucial: (i) One H(O) atom of H2O(2) is dissociated and subsequently bonded with Cu atom (IM24), yielding [–OH](2) group that is ready to break the N-B bond of AB (IM25); (ii) One H(B) atom gradually moves to Cu atom to generate the Cu-dihydride (IM26), which is the prerequisite in releasing the second H2(nd) (P27); (iii) The adsorption site of [–OH](2) is adjusted to connect with B atom (TS27), which contributes to the B-dihydroxy fragments (IM27). Thus, above reactions can be described as: NH3BH3+2H2O[image: image]NH3⋯HB(OH)2+2H2↑. When H2O(3) is adsorbed on the resulting product P27 (Figure 4C), analogously, one H(O) atom of H2O(3) and the last H(B) atom are gradually transferred to Cu atom (from IM29 to IM31). It is followed by the movement of [–OH](3) group to B site, again yielding the Cu-dihydride and B-trihydroxy complex (IM32). Then, the releases of NH3 and H2(rd) via P32 and P33 states can be achieved. Finally, we complete the experimental reactions in an overall exothermic and barrierless pathway, NH3BH3+3H2O[image: image]NH3+NiCu·B(OH)3+3H2↑. On the whole, the key mechanism of the path3 is that H(O) and H(B) atoms are alternately dissociated from H2O and AB molecules, successively yielding Cu-dihydride and B-multihydroxy complexes in IM states.


[image: Figure 4]
FIGURE 4. Schematic energy profiles of catalytic hydrolysis of AB involving the simultaneous H2O attacks (A). The hydrolysis AB is simultaneously attacked by H2O(1) and H2O(2) (B) and subsequently attacked by H2O(3) (C).


Unlike the dehydrogenation mechanism of the path3, we consider the reaction path 4 that two H(O) atoms are firstly detached from H2O(1) and H2O(2) (IM22*) and then H(B) atoms are departed from AB molecule (IM24*). However, high energy barrier of 1.729–0.583 = 1.146 eV is encountered at TS23* state when [–OH](1) group acts as an attacker to dissociate –NH3 fragment (IM23*). Although this reaction step is thermodynamically unfeasible, to verify our findings that the hydrolytic dehydrogenation reaction undergoes via the specific intermediate states, we continue the reactions irrespective of TS23* state. To one's expectation, the formations of the Cu-dihydride complexes (IM24*, IM30*, and IM35*) together with the B-multihydroxy complexes (IM23*, IM27*, IM34*) can be clearly discerned from the sequential steps in Figures 4B,C. Experimentally, the activation energy for the catalytic hydrolysis of AB dehydrogenation has been conjectured to be the step reaction of B-N bond breaking (Xu and Chandra, 2006; Chandra and Xu, 2007), where an apparent value was estimated around 0.4 eV for CuNi catalysts (Lu et al., 2014; Zhang et al., 2016). Our Eact = 0.58 eV determined by the highest energy barrier of the reaction path4 at TS113* state is approach to these experimental activation energies. Here, we found that the hydride transfer is responsible for the rate-determining step for all pathways we studied.



3.4. The Hydrolysis of AB Catalyzed by Ni3Cu Cluster via the Simultaneous H2O Attack

Since the tetrahedral structure is the block-unit for constructing large metal nanoclusters, Ni3Cu tetrahedron cluster is treated as an ideal model to underline the catalysis effect on the hydrolytic dehydrogenation of AB. Importantly, experimental synthesizing has shown the Cu@Ni core-shell structure, where Ni atoms are on the structural surface and as the active sites (Lu et al., 2014; Zhang et al., 2016). After considering the different adsorption styles, i.e., -BH3 fragment (or -NH3 fragment) is adjacent to Ni atom (or Cu atom) as well as H2O(1) and H2O(2) molecules are attached on various metal sites, we found that R333 configuration is the most favorable adsorption style (Figure 5). Although the reaction steps are more and complex in the present of Ni3Cu cluster, according to the criterion of the dehydrogenation that the reactions should follow the pathway in an exothermic, overall barrierless, and the minimum energy profile, we found that the accessible pathway for the catalytic dehydrogenation by Ni3Cu cluster is exactly identical to that by NiCu dimer. The subsequent reaction steps are following: the alternation of the breaking of three H-O bonds from three H2O molecules (IM321, IM322, IM336) with the breaking of three B-H bonds from AB molecule (IM323, IM328, IM338); the dissociation of NH3 from AB molecule (IM326); the adjustment of the adsorbing sites of H(O) and H(B) atoms and [-OH] groups to yield the metal-dihydride and B-multioxhydryl fragment (IM327, IM334, IM343); the liberation of three H2 molecules through three intermediate products (P327, P334, P343); the recovery of Ni3Cu catalyst after the complete reactions (P344). Throughout all procedures of the path5, the hydrolytic dehydrogenation process is feasible both in kinetics and thermodynamics: NH3BH3+3H2O[image: image]NH3BH3⋯(H2O)3 → Ni3Cu·NH3+B(OH)3+3H2↑.


[image: Figure 5]
FIGURE 5. Similar to that of Figure 4 but for the catalyst of Ni3Cu tetramer: (A) hydrolysis of AB simultaneously attacked by H2O(1) and H2O(2); (B) subsequently attacked by the third H2O(3).





4. CONCLUSIONS

A novel reaction strategy to the prediction of the dehydrogenation sequences for catalytic hydrolysis of AB by NiCu bimetal catalyst has been developed, NH3BH3+3H2O[image: image]NH3+B(OH)3+3H2↑, and the plausible mechanisms were analyzed under a molecular level by using the density functional theory method. Our proposed catalytic hydrolysis of AB for the hydrogen generation are illustrated in Figure 6.


[image: Figure 6]
FIGURE 6. The proposed schematic representation of hydrolytic AB for hydrogen generation in the presence of metal catalyst: (A) hydrolysis of AB catalyzed by metal catalyst via the stepwise H2O attack; (B) hydrolysis of AB by metal catalyst via the simultaneous H2O attack.


The driving force behind the formations of NH3 and H2 is the development of [-OH] group and Cu-dihydride complex species after the H2O participation. The former resultant attack the B-N bond to dissociate NH3 and the latter resultant is the prerequisite toward the H2 elimination. The activation energy barrier for the hydrolytic AB is most likely caused by the hydride transfer from H(B) to metal atom rather than the B-N bond breaking. The formation of heterometallic NiCu bonds and the charge transfers might be the key factor to tune the frontier molecular orbitals of the catalyst surface atom, which play the decisive role to react with the molecules (AB and H2O) and to stabilize the possible intermediate states, leading to the improved catalytic activity and selectivity in comparison with those of the corresponding monometallic counterparts.
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Type II nodal line states have novel properties, such as direction-reliant chiral anomalies and high anisotropic negative magneto-resistance. These type II nodal line states have been widely investigated. Compared to nodal line materials, there are far fewer proposed nodal surface materials, and furthermore, a very recent challenge is to find a realistic material that co-exhibits both nodal line and nodal surface states. In this manuscript, we present the study of the electronic and topological states of pure zirconium within the density functional theory. We found that pure Zr is an interesting material that rarely exhibits both the type II nodal line state (in kz = 0 plane) and nodal surface state (in kz = π plane). The nontrivial topological states are explained based on the orbital-resolved band structures. Our study shows that pure Zr can serve as a new platform to investigate the interplay between the nodal line state and the nodal surface state.

Keywords: pure Zr, nodal line state, nodal surface state, electronics structures, first-principle prediction


INTRODUCTION

Topological semimetals and topological metals (Fang et al., 2016; Yan and Felser, 2017; Schoop et al., 2018; Zhou et al., 2018; Gao et al., 2019; Hu et al., 2019; Klemenz et al., 2019; Pham et al., 2019; Xie et al., 2019; Yi et al., 2019) have been widely investigated because they can be regarded as good candidates for use in the areas of spintronics and quantum computers. Weyl and Dirac materials (Ouyang et al., 2016; Zhong et al., 2016; Zhou et al., 2016; Liu et al., 2017; Fu et al., 2018; Meng et al., 2019, 2020a; Zhang et al., 2020), which host 2-fold and fourfold degenerate band-crossing points, have been explored in real materials and their exotic properties have been confirmed in experiments. Moving forward, a series of three-dimension materials, with 1D and 2D band crossing points, have been predicted to be nodal line semimetals/metals (Phillips and Aji, 2014; Gan et al., 2017; Jin et al., 2017, 2019, 2020; Lu et al., 2017; Yang et al., 2017; Chen et al., 2018; Gao et al., 2018; Liu et al., 2018) and nodal surface semimetals/metals (Wu et al., 2018; Zhang et al., 2018; Wang et al., 2020), respectively.

Moreover, topological semimetals/metals can also be classified by the tilting degree of the fermion cone. Hence, Weyl materials can be roughly divided into two main categories, namely, type I Weyl semimetals/metals (Osterhoudt et al., 2019) where the two bands have opposite velocities and type II Weyl materials (Soluyanov et al., 2015; Ma et al., 2019) where the two bands have the same velocity. Type II Weyl materials are expected to exhibit many interesting features (Koepernik et al., 2016; Yu et al., 2016; Sharma et al., 2017), such as signals in magneto-oscillations, anisotropic chiral anomalies, and an unusual magneto-response.

Besides the two types of Weyl materials, a third type exists, named hybrid Weyl materials (Alisultanov, 2018), in which one Weyl point is type I while the other one is type II. Similar to Weyl materials, nodal line materials are composed of numerous band crossing points and they can also be classified as type I, type II, and hybrid types on the basis of the band dispersion around the band crossing points.

Nodal surface materials have been proposed in some 3D materials with different families, such as the Ti3Al family (Zhang et al., 2018), BaVS3 family (Liang et al., 2016), and HfIr3B4 (Wang et al., 2020). The predicted nodal surface materials are far fewer, compared to nodal line and nodal point materials. What is more, up to now, there has been no experimental verification of nodal surface materials. Noted that the nodal surface properties can be predicted among magnetic materials due to the bands for each spin channel can be effectively seen as a spinless system with a chosen spin polarization axis. Therefore, nodal surface materials can be seen as good candidates for using in spintronic.

In this manuscript, we aim to present a first-principle study of the electronic structures and the topological signatures of a new metal (i.e., pure Zr) co-featuring the type II nodal line state and the nodal surface state. Importantly, P63/mmc Zr is a realistic material and its experimental lattice constants are a = b = 3.232 Å; c = 5.147 Å, respectively (Wyckoff, 1963). Our results provide a realistic material platform for exploring the fundamental physics of type II nodal line and nodal surface states, and their hybridization.



COMPUTATIONAL DETAILS

We performed this study by the following main steps: (i) We investigated the most stable configuration by volume optimization and calculation of lattice parameters for P63/mmc Zr, (ii) We computed band structures, including the 2D band structure along Γ-M-K-Γ-A-L-H-A high-symmetry points and the orbital-resolved band structures. These two investigations were completed with the Vienna ab initio Simulation Package (Sun et al., 2003). Volume optimizations and lattice parameter estimations were carried out with the generalized gradient approximation (GGA) (Perdew et al., 1996) of the Perdew–Burke–Ernzerhof (PBE) functional (Perdew et al., 1998). The cutoff energy was set as 600 eV. The Brillouin zone was sampled by a Monkhorst–Pack k-mesh with a size of 11 × 11 × 6. The self-consistent field convergence for the total energy and the force variation were set as 1 × 10−6 eV and 0.00001 eV·Å−1, respectively.

Experimentally, Zr is a realistic material and it naturally shares a hexagonal phase, with 194 space group numbers, a P63/mmc space group, and a series of ICSDs (such as 653524, 653525, 653528, 653529)1. The crystal structure of Zr was fully relaxed before the band-structure calculation. The crystal model as well as the atomic positions were determined and are shown in Figure 1A. From this, one can see that this crystal model contains two Zr atoms; one located at the (0.6666, 0.3333, 0.75) position, and the other located at the (0.3333, 0.6666, 0.25) position. The achieved optimized lattice constants are a = b = 3.234 Å; c = 5.161 Å, respectively, which are in good agreement with the experimental ones (Wyckoff, 1963). The calculated electronic density of states of Zr is shown in Figure S1, the metallic properties of Zr can be observed due to a large peak appears around the Fermi level.


[image: Figure 1]
FIGURE 1. (A) Primitive cell and (B) the bulk Brillouin zone of pure Zr.




RESULTS AND DISCUSSION

We first consider the electronic band structure of pure Zr in the absence of spin-orbit coupling. The GGA-PBE result for the band structure along Γ-M-K-Γ-A-L-H-A high-symmetry points (see Figure 1B) is exhibited in Figure 2. From this figure, one can see the metallic behavior of this material with some obvious band crossing points. These band crossing points are formed by the overlapping between band 1 (labeled as 1) and band 2 (labeled as 2). These two bands belong to the irreducible representations A1 and B2 of the C2v symmetry. Furthermore, these band crossing points are mainly located at two regions, named as A1 and A2, respectively. In Figure S2, the band structure of Zr metal under experimental lattice constants is also computed via GGA method and one can see that these band-crossing points are still retained.


[image: Figure 2]
FIGURE 2. Band structure of pure Zr via the GGA-PBE method. A series of band crossing points can be found near the Fermi level, and these band crossing points are divided into two regions (i.e., region A1 and region A2).


In the A1 region, two band crossing points (i.e., P and Q) can be found along the Γ-M and M-K paths, respectively. All of these band crossing points are located quite close to the Fermi level. Because the pure Zr system enjoys spatial inversion and time reversal symmetries, the P and Q band crossing points belong to a nodal line instead of isolated points (Jin et al., 2019). Moreover, the Γ-M and M-K paths are situated in the mirror-invariant plane kz = 0, which can protect a nodal line.

The enlarged band structures (in the absence of spin-orbital coupling) around P and Q band crossing points are given in Figures 3A,B, respectively. Around these band crossing points, the band structures host a large linear energy region (see Figures 3A,B). Based on the slopes of the involved bands in crystal momentum space around the band crossing points P and Q, one can see that they belong to type II. To determine whether P and Q band crossing points are isolated nodal points or belong to a nodal line, the shape of the nodal line at the kz = 0 plane is exhibited in Figure 4. From this figure, a Γ-centered nodal line (highlighted by the white line) can be obviously observed at the kz = 0 plane.


[image: Figure 3]
FIGURE 3. Enlarged band structures of pure Zr via the GGA-PBE method along Γ-M (A,C) and M-K (B,D) paths, respectively. The band structures calculated in (A–D) do not have spin–orbit coupling (have spin–orbit coupling).



[image: Figure 4]
FIGURE 4. The shape of the nodal line at the kz = 0 plane. The Γ-centered nodal line is marked as a white line.


One should note that the nodal line state is protected by two independent mechanisms for Zr system: one is the spatial inversion and the time reversal symmetries; the other one is mirror symmetry Mz, because the two crossing bands have opposite mirror eigenvalues. Therefore, the nodal line state in the Zr system is robust because Zr hosts two kinds of symmetry-protected mechanisms. That is, if we break only one kind of symmetry protection, the nodal line state will be retained. The same symmetry protection mechanism has also been reported in previous work, such as TiB2 with the type I nodal line state (Zhang et al., 2017).

The SOC effect was also taken into consideration in the Zr system in region A1, and the calculated band structures around P and Q band crossing points are given in Figures 3C,D, respectively. From these figures, one can see that the SOC-induced gaps around P and Q are ~17 and ~27 meV, respectively. We noted that these opened gaps around the band crossing points are indeed small and these values of Zr are smaller than the values of some previously proposed nodal line materials (Meng et al., 2020b), such as Cu3NPd (60–100 meV), CaAgBi (80–140 meV), BaSn2 (60–160 meV).

The band structure of pure Zr along A-L-H-A paths is given without SOC in Figure 5A. In region A2, there are two bands linearly crossing at the A point, and they then become degenerate in plane kz = π forming a nodal surface. The nodal surface state is essential because it can be indicated by symmetry (i.e., the non-symmorphic S2z and the time reversal symmetries T). Consider the twofold screw rotation S2z in pure Zr, S2z (x,y,z)→(-x,-y,z+1/2). In the kz = π plane, each k point is invariant under S2zT. Because (S2zT)2 = T001 = on plane kz = π, the bands on this plane have a Kramer-like degeneracy. A nodal surface can be also understood as a result of Kramer degeneracy.


[image: Figure 5]
FIGURE 5. Band structures of pure Zr via the GGA-PBE method along A-L-H-A paths. The band structures calculated in (A,B) are without spin–orbit coupling (with spin–orbit coupling).


To further confirm the nodal surface state in the kz = π plane, the band structure along the A-M-L-R paths (see the insert figure in Figure 6) is given in Figure 6. From it, one can see that the two bands are also degenerated with each other in this plane, which results in a nodal surface state in plane kz = π. The effect of spin–orbit coupling (SOC) on the electronic structure is examined and the results of band structure along A-L-H-A (with SOC) are given in Figure 5B. The values of the SOC-induced gaps along A-L-H-A directions are up to 61 meV. The gaps in Zr are smaller than those in some topological materials (Meng et al., 2020b), such as Cu3NPd (60–100 meV), and BaSn2 (60–160 meV).


[image: Figure 6]
FIGURE 6. Band structures of pure Zr via the GGA-PBE method along A-M-L-R paths. The insert figure is selected k-paths at the kz = π plane.


Finally, the orbital-resolved band structures of Zr-dxy, Zr-dyz, Zr-dxz, [image: image], [image: image] orbitals are given in Figure 7. One can see that band 1 (see Figure 2) is mainly coming from the hybridization between the Zr-dyz and Zr-dxz orbitals. However, band 2 forms the hybridization among Zr-dxy, [image: image], [image: image] orbitals. In the A1 region, as shown in Figure 7, the band crossing point P is mainly coming from Zr-dxz and Zr-dxy orbitals, however, the band crossing point Q is mainly arising from the Zr-dyz and [image: image] orbitals. In region A2, the band crossing points of the surface states (kz = π plane) are dominated by the [image: image] orbital, however, the contribution of other orbitals of Zr atom cannot be ignored.


[image: Figure 7]
FIGURE 7. Orbital resolved band structures of pure Zr via the GGA-PBE method along A-M-L-R paths. (A–E) are for Zr-dxy, Zr-dyz, Zr-dxz, [image: image], Zr- orbitals, respectively.




CONCLUSIONS

In conclusion, based on symmetry analysis and first-principle calculations, we have shown a realistic material, pure Zr, which features a type II nodal line state at the kz = 0 plane and a nodal surface state at the kz = π plane when the SOC effect is ignored. The nodal line state at the kz = 0 plane is protected by the spatial inversion, time reversal, and horizontal mirror symmetries. The nodal surface state at the kz = π plane is protected by the screw rotation and time reversal symmetries. The effect of SOC on the topological nodal line and nodal surface states was tested and the SOC-induced band gaps for both A1 and A2 regions were found to be smaller than 61 meV.

The orbital-resolved band structures of Zr-dxy, Zr-dyz, Zr-dxz, [image: image], [image: image] orbitals for the pure Zr system were exhibited. In region A1, the point P is mainly coming from Zr-dxz and Zr-dxy orbitals, however, the point Q is mainly arising from the Zr-dyz and [image: image] orbitals. In region A2, the surface states (kz = π plane) are dominated by the [image: image] orbital, however, the contribution of other orbitals of the Zr atom cannot be ignored.
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This work focuses on the electronic, magnetic, and half-metallic behaviors and interesting surface state of a hypothetical CsCrCl3 ferromagnet with a P63/mmc space group, investigated using the spin-polarized generalized gradient approach (GGA) and spin-polarized GGA plus Hubbard U correction within the framework of density functional theory. The calculated total magnetic moment of P63/mmc CsCrCl3 is ∼7.397 μB, and the main contribution to the total magnetism is from the Cr atoms. Based on the obtained spin-polarized band structures, we confirm that this hypothetical CsCrCl3 ferromagnet is a half-metal with 100% spin-polarization. Without spin-orbit coupling, i.e., when the spin and orbit degrees of freedom are dependent, we found an interesting nodal surface state at the kz = π plane due to the P63/mmc type lattice structure having a twofold screw axis S2z. Our study provides strong evidence that a protected nodal surface state can be achieved in magnetic materials.
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INTRODUCTION

The search for half-metallic materials (De Groot et al., 1983; Pickett and Moodera, 2001; Elfimov et al., 2002; Kusakabe et al., 2004; Zhang et al., 2018) with 100% spin-polarization (P) (Žutic et al., 2004) is a hot research topic in next-generation spintronics (Li and Yang, 2016). Half-metallic materials (Ding and Wang, 2016; Hu et al., 2017; Wang et al., 2017; Wu et al., 2017; Bhattacharyya et al., 2018; Du et al., 2019; Huang et al., 2019; Wang et al., 2019; Zhang et al., 2019) are so called owing to their unique electronic band structures in both spin channels: the bands in one spin channel exhibit a metallic property, whereas those in the other spin channel have semiconducting or insulating behaviors. Therefore, based on the formula: [image: image], where (n↑(EF) and n↓(EF) are the spin-up density of states (DOS) and the spin-down DOS at the Fermi level (EF), respectively, the half-metallic materials should have 100% P in theory. Notably, half-metallic materials are good spin injectors into semiconductors, with maximum efficiency in spintronics devices. Various families of materials, including Heusler alloys (Kandpal et al., 2007; Wang et al., 2015; Cui et al., 2019; Han et al., 2019; Singh and Gupta, 2019), metallic oxides (Szotek et al., 2004), perovskite compounds (Li et al., 2015), wurtzite compounds (Wu et al., 2006), nanowires (Li et al., 2017), nanoribbons (Son et al., 2006), and some two-dimensional (2D) monolayers (Gao et al., 2016; Ashton et al., 2017; Feng et al., 2018; Liu et al., 2019), have been predicted to be half-metallic materials. Half-metals can be used for pure spin generation and injection. To develop practicable spintronic devices using half-metals, the spin-flip (half-metallic gap) should be wide enough to prevent thermally agitated spin-flip transition and preserve half-metallicity.

Wu et al. (2018) proposed a new class of topological bulk materials, 3D nodal surface semimetals. They are topological materials with 2D nodal surface states, which are different from topological semimetals with a 0D nodal point (Soluyanov et al., 2015; Young and Kane, 2015; Kumar et al., 2017; Jin K. et al., 2019) and 1D nodal line (Chen et al., 2018; Liu et al., 2018; Zhou et al., 2018; He et al., 2019; Jin L. et al., 2019; Pham et al., 2019; Yan et al., 2019; Yi et al., 2019; Zou et al., 2019; Zhao et al., 2020). To date, only a few nodal surface semimetals (Wu et al., 2018) have been the subject of theoretical investigations. Nodal surface semimetals have a 2D nodal surface state composed of numerous band-crossing points. That is, each point on the surface is an intersection point between the two bands, and its dispersion is linear along the surface normal direction. Coarse-grained quasiparticles excited from a nodal surface effectively behave as 1D massless Dirac fermions along the surface normal direction and may show novel physical behaviors.

In this work, we use density functional theory (DFT) calculations to systematically investigate the electronic, magnetic, and half-metallic properties of the hypothetical CsCrCl3 ferromagnet, as well as a topological nodal surface signature, with respect to its potential applications in next-generation spintronics and electronics devices. We predict that the hypothetical CsCrCl3 ferromagnet is a novel material co-featuring a half-metallic property and nodal surface state at the kz = π plane. The formation energy of the ferromagnetic type CsCrCl3 with P63/mmc space group and 194 space number was calculated to be -1.736 eV in https://www.materialsproject.org/materials/mp-570326/, indicating that this hexagonal ferromagnet is theoretically stable.



COMPUTATIONAL DETAILS

All atomic and electronic structure calculations were performed using the Vienna ab initio simulation package (Sun et al., 2003) with generalized gradient approximation (GGA) (Perdew et al., 1996) using the Perdew–Burke–Ernzerhof (Perdew et al., 1998) exchange-correlation functional. The projector augmented wave pseudo-potential was employed, with a cutoff energy of 600 eV for plane-wave expansions and a Monkhorst–Pack special 5 × 5 × 9 k-point mesh. The convergence criteria for energy and force were set to 10–6 eV per atom and 0.0005 eV/Ǻ, respectively. For the CsCrCl3 material, we considered strong correlation effects in the transition-metal Cr atoms. The Hubbard U correction was also used in the rotationally invariant DFT + U approach to further confirm the band structure.



RESULTS AND DISCUSSION

The crystal structure of CsCrCl3 from different perspectives is given in Figures 1A,B, respectively. CsCrCl3 has a BaVS3 type hexagonal structure, with a P63/mmc space group and a space number of 194. As shown in Figure 1, the Cr atoms are surrounded by octahedrons of Cl atoms, which form 1D chains along the z-axis and share common faces. These chains are arranged in a trigonal lattice in the x-y plane, with Cs atoms inserted between the chains. We fully optimized the crystal model (Figure 1), and the obtained equilibrium lattice constants for the CsCrCl3 ferromagnet were a = b = 7.40130 Ǻ and c = 6.1870 Ǻ. Our calculated results were in good agreement with those in the materials project database1 (a = b = 7.395 Ǻ, c = 6.173 Ǻ) and topological materials database2 (a = b = 7.249 Ǻ, c = 6.228 Ǻ).


[image: image]

FIGURE 1. Crystal model of CsCrCl3 from different perspectives (A,B).


Based on the obtained equilibrium lattice constants, we studied the electronic band structures of the CsCrCl3 ferromagnet. The Γ-M-K-Γ-A-L-H-A high-symmetry points (Figure 2) in the first Brillouin zone were selected to describe the spin-polarized band structures of the CsCrCl3 ferromagnet. The spin-up and spin-down band structures were calculated using the GGA method and the results are shown in Figures 3A,B, respectively. One can see that the spin-up electronic bands and the EF overlapped with each other, reflecting the metallic property. For the spin-down channel, a clear band gap appeared, indicating the semiconducting behavior. Moreover, the values of the band gap and half-metallic gap (Guo et al., 2016; Wang et al., 2016) were calculated to be 3.78 and 0.7 eV, respectively, indicating that the half-metallic state of the CsCrCl3 system is very robust. To properly account for the strong correlation effects in the transition-metal Cr atoms, a Hubbard U correction was adopted in the rotationally invariant DFT + U approach. In Figure 4, the spin-polarized band structures obtained via the DFT + U method (U = 3 eV for Cr-d orbitals) are shown. One can see that the half-metallic state for this CsCrCl3 system was retained. That is, the metallic state and semiconducting state, in the spin-up and spin-down directions, respectively, could still be observed. However, the band gap and the half-metallic band gap in the spin-down channel increased to values of 4.496 and 2.375 eV, respectively.


[image: image]

FIGURE 2. Selected high-symmetry points in the first Brillouin zone. The kz = π plane is shown in green.
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FIGURE 3. Spin-polarized band structures of CsCrCl3 system via GGA method. (A) for spin-up and (B) for spin-down.
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FIGURE 4. Spin-polarized band structures of CsCrCl3 system via DFT + U method. (A) for spin-up and (B) for spin-down.


Furthermore, we would like to point out that the half-metallic states of the CsCrCl3 ferromagnet are very robust to the Hubbard U correction and the uniform strain. In Figure 5, the band structures of the CsCrCl3 ferromagnet with U = 5 eV for Cr-d orbitals and with 5 GPa uniform strain, respectively, are given. One can see that the CsCrCl3 ferromagnet still hosts half-metallic properties under the above-mentioned situations.


[image: image]

FIGURE 5. Spin-polarized band structures of CsCrCl3 system with DFT + U method (A) and with uniform strain (B), respectively.


The primitive cell of the CsCrCl3 ferromagnet contained eight atoms, i.e., two Cr atoms, two Cs atoms, and six Cl atoms. The total magnetic moment for this system was 7.397 μB, and the atomic magnetic moments of Cr atoms (∼3.693 μB) dominated the total magnetism. To further examine the magnetism of this system, the spin-density in both spin channels was determined (Figure 6). The spin-density was mainly located around the Cr atoms, indicating that they have large atomic magnetic moments. The contributions of other atoms, including Cs and Cl atoms, to the total magnetism were almost negligible.


[image: image]

FIGURE 6. Spin-density for the CsCrCl3 ferromagnet.


Note that the spin-orbit coupling (SOC) effect was not considered in this work. Without SOC, the spin and orbit degrees of freedom are independent; therefore, the spin degree and the orbit degree can be regarded as different subspaces (Wu et al., 2018). With a selected spin-polarization axis, the spin-up and spin-down directions are decoupled; therefore, the bands for each spin species can be effectively seen as for a spin-free system. Thus, the protected nodal surface state can be realized in one spin of a ferromagnet when the SOC effect is neglected. As shown in Figure 3, along the A-L-H-A direction, two bands (in the range of -0.1 to 0.1 eV) were totally degenerate with each other. The lattice structure of the CsCrCl3 ferromagnetic system features a 2-fold screw axis S2z. As discussed by Wu et al. (2018), a nodal surface state (at the kz = π plane) must occur in the ferromagnetic material if the crystal structure of the ferromagnetic material hosts a 2-fold screw axis S2z. To further investigate whether there was a nodal surface state in this CsCrCl3 system, the 3D band structure (A-point-centered) in the spin-up channel was examined from different perspectives. In Figures 7A,B, one can see that a nodal surface state existed in the kz = π plane near the EF. Furthermore, one can see that the nodal surface state (at the kz = π plane and in the spin-up channel) was relatively flat in energy, that is, the energy variation was less than 0.2 eV. Finally, in Figure 8, the calculated orbital-resolved band structures of the Cl-p and Cr-d orbitals states are shown. The orbital-resolved band structure of the Cs-s orbitals is not shown, as it had little effect on the nodal surface state near the EF in the spin-up channel. The main contribution to the nodal surface state was from the Cr-d orbits; however, the contribution of the Cl-p orbitals was not negligible.


[image: image]

FIGURE 7. A-point centered 3D band structures of CsCrCl3 ferromagnet at kz = π plane in spin-up channel (without SOC effect). (A,B) are from different view sides.
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FIGURE 8. Orbital-resolved band structures of Cl-p (A) and Cr-d (B) orbitals of CsCrCl3 in the spin-up channel. The nodal surface state, formed by the crossing of two bands near the EF, is highlighted by an arrow along the A-L-H-A direction.




CONCLUSION

In conclusion, in this study, a hypothetical CsCrCl3 ferromagnetic system with a P63/mmc space group and a space number of 197 was investigated in detail with respect to its electronic structures, magnetism, half-metallic behavior, and topological signature via DFT and DFT + U. We predict that the CsCrCl3 ferromagnet is an excellent half-metal with a large band gap and a half-metallic gap. Moreover, this CsCrCl3 ferromagnet has a nodal surface state (at the kz = π plane) in the spin-up channel when the SOC effect is not taken into consideration. The nodal surface state in the spin-up channel is due to the P63/mmc lattice structure, which features a twofold screw axis S2z. Based on the spin-density and the orbital-resolved band structure, we confirmed that the main contribution to the total magnetism and the surface state near the EF was from the Cr-d orbitals. It is hoped that our theoretical work will inspire further research to explore the half-metallic behaviors and the nodal surface states of many other materials in the future.
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The promise of future spintronic devices with nanoscale dimension, high-density, and low-energy consumption motivates the search for van der Waals heterostructure that stabilize topologically protected whirling spin textures such as magnetic skyrmions and domain walls. To translate these compelling features into practical devices, a key challenge lies in achieving effective manipulation of the magnetic anisotropy energy and the Dzyaloshinskii-Moriya (DM) interaction, the two key parameters that determine skyrmions. Through the first-principles calculation, we demonstrate that the polarization-induced broken inversion symmetry in the two-dimensional Fe3GeTe2/In2Se3 multiferroic heterostructure does cause an interfacial DM interaction. The strong spin-orbit coupling triggers the magnetic anisotropy of the Fe3GeTe2/In2Se3 heterostructure. The magnetic anisotropy and the DM interaction in Fe3GeTe2 can be well-controlled by the ferroelectric polarization of In2Se3. This work paves the way toward the spintronic devices based on van der Waals heterostructures.
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INTRODUCTION

Two-dimensional (2D) van der Waals (vdW) materials have many novel properties compared to their three-dimensional (3D) counterparts, such as topology, spin frustration, and magnetic skyrmion [1]. The vdW bulks can be cleaved/exfoliated down to the monolayer limit with their structural integrities and chemical stabilities retained [2], which brings great convenience to the building of heterostructures (HSs). When cleaved, the specific surface area of the vdW material greatly increases, which is suitable to be tuned by many kinds of experimental stimuli. These advantages would provide completely new platforms with all magnetic atoms participating in the magnetoelectric coupling, and largely reshape the landscape of 2D vdW multiferroics [3, 4]. Inspired by the new physical picture of 2D materials, exploring the atom-thick vdW HS is the frontier of current spintronics research. The Dzyaloshinskii-Moriya (DM) interaction has recently received a lot of attention due to new findings on the magnetic skyrmions, spin waves, and chiral domain walls [5–8]. Magnetic skyrmion and domain wall are the smallest components that can be used in the next-generation magnetic race-track memories [9]. A critical constant of DM interaction [image: image] is defined to evaluate the stability of the skyrmions [10], where J and K are the exchange coupling and magnetic anisotropy, respectively. The DM interaction and the magnetic anisotropy manipulated in 2D HS will greatly improve the practical applications of spintronic devices.

The coupling between ferroelectricity and ferromagnetism allows the control of spin via electric field or the control of charge via magnetic field, which leads to multifunctional performance of spintronic devices [11]. Thesore, the co-existence of these two ferroic orders in 2D materials is very attractive. The single-phase multiferroics are extremely rare because ferroelectricity arising from the off-center cations requires empty d-orbitals, while ferromagnetism usually results from partially occupied d-orbitals [12]. Scientists have built various heterostructures from the ferroelectric (FE) and ferromagnetic (FM) materials. Not only the coexistence of ferroelectricity and ferromagnetism, but also the magnetoelectric couplings were achieved in these HSs [1, 4, 12]. Since the first prediction of 2D FE hydroxyl-decorated graphene in 2013, more and more 2D FE materials have been discovered, e.g., SnSe, SnS, GeS, Bi2O2Se, and Bi2O2Te (in-plane FE) [13, 14], as well as MoS2, CuInP2S6, In2Se3, and MXenes (perpendicular FE) [13, 15]. The mechanisms involved in these in-plane and perpendicular polarizations are the polar functional groups, the hopping of halogen adatoms, or polar phonon modes [11]. In recent years, dozens of 2D ferromagnets have been found experimentally or predicted theoretically [14, 16]. The emerging of more novel 2D vdW ferroelectric materials and 2D vdW magnetic compounds indicates an enhanced probability to form multiferroic HSs.

The bulk Fe3GeTe2 (FGT) belongs to 2D vdW magnetic materials with a layered hexagonal lattice, where the weakly bonded Fe3Ge layers are sandwiched between two Te slabs. As a strongly correlated itinerant ferromagnet, FGT contains two inequivalent Fe coordinates: the Fe1 atoms form a hexagonal net, while the Fe2 atoms are bonded covalently with Ge. This compound has many excellent properties, for example: a mixed valence state (Fe2+)(Fe3+)2(Ge4−)(Te2−)2 [17], a [001] oriented easy axis [18], and a FM configuration down to the monolayer regime [19, 20]. In particular, FGT can be easily exfoliated along the [001] direction due to the weak vdW interaction [19]. Recently, Yi et al. [21] have demonstrated a new phase of FGT (namely a competing AFM configuration) and the FM slabs become AFM order below 152 K. Nevertheless, Tian et al. [22] reported that the AFM configuration originates from the movement of pinned magnetic domain walls. The above-mentioned arguments indicate that the fundamental properties of FGT are still under development. The experimentally confirmed 2D vdW ferromagnets are mainly focused on three materials: CrI3, Cr2Ge2Te6, and Fe3GeTe2 [23– 25]. Even though the Curie temperature (TC) of 230 K [17] is below (but not too far below) the room temperature, FGT show a much higher TC than the CrI3 (TC = 61 K) and Cr2Ge2Te6 (TC = 61 K) bulks [26, 27]. The combination of high TC and the above-mentioned properties makes FGT a promising candidate for exploring itinerant ferromagnetism in a truly 2D form.

Having the FM part at hand, we now investigate the FE part of our multiferroic HS. As an all-known fact, the perpendicular polarization is usually more important than the in-plane one because the perpendicular polarization can effectively penetrate the FM layers in a FE/FM HS, thus manipulating the magnetism of the FM slabs. The 2D vdW materials with perpendicular polarization are relatively rare, which is mainly due to the fact that incomplete screening of surface charges induced depolarization field opposes the spontaneous polarization of the vdW materials, thereby suppressing the ferroelectricity. Recently, In2Se3 has been widely used in spintronic devices for memory and logic applications. Ding et al. [28] have reported that α-In2Se3 is a room-temperature FE material (down to the stable single-layer regime) with intrinsic in-plane and controllable perpendicular polarizations, which may open avenues for developing new concepts of magnetoelectric devices.

Very recently, Huang et al. [29] have investigated the effect of asymmetric interfacial coupling on the FE stability of 2D Fe3GeTe2/In2Se3 HS through the first-principles calculation, but some important physical properties such as the MAE and DM interaction are not included in their work. Besides, a large hole doping induced magnetic anisotropy reduction is demonstrated in Fe3−xGeTe2 layered structure [30]. They also found the sharp decrease in magnetic anisotropy energy (MAE) caused by the change of electronic structure. Nevertheless, the reason for the change of electronic structure, hence the change of MAE is still unclear. Motivated by recent developments, we now study the DM interaction and magnetic anisotropy manipulated by a ferroelectric polarization in a truly 2D form. Control the magnetism of 2D materials, as well as modulate the magnetic order and electronic spin are of great importance in novel spintronic devices since they have smaller size and lower energy consumption compared with traditional electronic devices. We have first demonstrated the reversible control the DM interaction and MAE by the FE polarization in the Fe3GeTe2/In2Se3 HS, as well as its underlying mechanisms. A magnetoelectric coupling is expected in our FE/FM HSs, opening up the possibility to control the magnetic skyrmions by the FE-polarization.



MODELS AND METHODS

The freestanding FGT monolayer is composed of two Fe1 layers, two Te layers and one mixed layer of Ge and Fe2 atoms, as shown in Figure 1A. The Fe atoms in the FGT monolayer can be divided into two inequivalent Fe1 and Fe2 atoms with the valence states of (Te2−)(Fe13+)/(Ge4−)(Fe22+)/(Te2−)(Fe13+) [31]. Excitingly, the exfoliation of mono-layer or few- layer Fe3GeTe2 has been experimentally achieved by Fei et al. [32] and Deng et al. [2]. Due to the relatively strong FE polarization, we choose In2Se3 as the substrate with its most stable structure [28] [see Figure 1B]. Figure 1C shows the coefficients of the DM interaction. Besides, the perpendicular FE polarization of the In2Se3 quintuple layers (QLs) can be easily reversed through several kinetic pathways given in Ding et al. [28]. In this work, four In2Se3 QLs are applied to form a substrate because the magnitude of the FE polarization reaches its maximum value at the thickness of 3 or 4 QLs [28]. Huang et al. [29] found that the energy difference between the up-polarization and down-polarization became a constant when the thickness of In2Se3 is more than 4 QLs. This result proven that our In2Se3 substrate is thick enough to get reliable results. The unit cell is chosen to be equal to that of ferromagnetic Fe3GeTe2 with the experimental lattice parameters a, b that also commensurate to the In2Se3 layers. In order to comprehensively describe the AFM configuration, we build a[image: image] supercell with the x-y planes of FGT and In2Se3 changed from rhombus to rectangular, as shown in Figure 1D. Our HSs have idealized hard interfaces without any defects or adsorbates. More importantly, the calculation methods and detailed parameters are given in the Supplementary Information.


[image: Figure 1]
FIGURE 1. The crystal structures of the van der Waals Fe3GeTe2/In2Se3 HS. The top view of the bulk Fe3GeTe2 (A) and In2Se3 compounds (B); the side view of the coefficients of Dzyaloshinskii-Moriya (DM) interaction in the Fe3GeTe2 monolayer, only the Fe atoms are shown in the structure (C); and the side view of the Fe3GeTe2/In2Se3 HSs with the ferroelectric polarization directed downward (–P) and upward (+P) (D). These two HSs are built along the (001) direction within the [image: image] in-plane supercells.




RESULTS AND DISCUSSIONS

As it can be seen in Table 1, the lattice constants of the FGT monolayer agree well with the experimental data (a = 0.4050 nm, b = 0.7014 nm) [33]. Our calculated magnetic moments of the freestanding FGT monolayer are also in agreement with the experimental data (m1 = 2.18 μB, m2 = 1.54 μB) [34], which partially proved that our results are reliable. The lattice mismatch between FGT and In2Se3 is only 1.2% for both a and b axes, which indicates that these two materials can form heterostructures perfectly. It is worth noting that 2D FGT retains its FM configuration not only in the freestanding state, but also in the heterostructures. The orientation of the FE polarization has little effect on the magnetic moments and magnetic order of the FGT/In2Se3 HS.


Table 1. The calculated lattice parameters a, b, the magnetic order, the energy difference between the FM order and the lowest-energy AFM order (ΔE = EFM−EAFM), the magnetic moments m1, m2 of the two inequivalent Fe atoms, the net magnetization M, the magnetic anisotropy energy (MAE) per Fe atom, the exchange parameters J1 and J2 of the freestanding Fe3GeTe2 monolayer and the FGT/In2Se3 HS.

[image: Table 1]

Our calculated exchange parameters J1 and J2 are shown in Figure 1C, which are in general agreement with Deng's results (J1 =5.79 meV, J2 = −6.48 meV) [2]. Although the in-plane exchange interaction J1 is AFM, it is much weaker when compared to the FM interaction between the Fe1 and Fe2 atoms [2]. Hence the FM configuration can be retained in the freestanding FGT monolayer. When coupled with the In2Se3 substrate, J2 increases quickly. The sign of the exchange parameter for the FGT/In2Se3 HS, found positive for J1 and negative for J2, while J2 is predominantly stronger than J1. The parameter J2 is strong and negative so as to stabilize the FM order of the FGT/In2Se3 HS.

The MAE is calculated as the total energy difference between the HS with in-plane and perpendicular magnetization axes, which can be written as [35]

[image: image]

To obtain the MAE, we consider the SOC effect in our calculation. The calculated MAE is 0.39 meV per Fe atom, indicating strong easy axis anisotropy in the freestanding FGT monolayer. Our result is in good agreement with the data obtained by Zhuang et al. [19] (0.52 meV per Fe atom). The significant MAE exhibited by the freestanding FGT monolayer, which caused by strong SOC, suggests that the 2D FGT has potential for applications in magnetic data storage applications [19]. The FGT monolayer shows a perpendicular magnetic anisotropy in all cases involved, which agrees well with the experimental data of the bulk FGT [17]. The MAE of the HS is reduced by 28% and enhanced by 77% in the down-polarization and the up-polarization directions, respectively. Our calculated average orbital moment of Fe1 and Fe2 is ~0.08 μB, which is much smaller than that of an isolated Fe2+ ion (2 μB) according to Hund's rule. The relatively sizable value of 0.08 μB shows that orbital magnetic moment is not completely quenched and hence causing the strong SOC and a large MAE [19]. Therefore, we conclude that the strength of SOC is enhanced by the +P polarization, leading to the enhancement of MAE.

Figure 2 shows the spin-resolved total and partial DOS of the fully relaxed FGT monolayer, in which the Fermi level (EF) is set as zero. According to Figure 2A, we find that our system is metallic with several high peaks in the valence band (VB). The VB is mainly contributed by the non-localized Fe-3d, Ge-4p, and Te-5p states, while the Fe-3p, Ge-4s, and Te-5s states are small and negligible. The DOS just below the Fermi level is mainly contributed by the majority spin state of Te-4p, as well as the majority and minority states of Fe-3d. We observe the stronger Fe-Te hybridization and weaker Fe-Ge interaction mainly in the −4.5 — −2, eV and −5.5 — −4 eV region, respectively. According to the Stoner criterion [36], I·N(EF)>1 reflects the itinerant ferromagnetism of the material, where N(EF) is the spin-averaged DOS at the EF and I is the Stoner parameter [19]. From Figure 2B, our calculated value of I·N(EF) is 2.05, which reflects an itinerant ferromagnetic nature of the FGT monolayer. This is in agreement with the results given in Zhuang et al. [19]. Moreover, the ferromagnetic order of the freestanding FGT monolayer has also been confirmed in Table 1.


[image: Figure 2]
FIGURE 2. The spin-polarized total/partial DOS (A) and the spin-averaged total DOS (B) of the freestanding Fe3GeTe2 monolayer.


Figure 3 shows the total DOS (TDOS) and partial DOS (PDOS) of the Fe3GeTe2/In2Se3 HS for the –P case, which is useful in understanding the specific contributions of different atomic orbitals. We can see less TDOS near the EF in the freestanding FGT monolayer. When combined with the In2Se3 substrate, the TDOS near the EF increases dramatically, inducing a sizable DOS at the Fermi level. Namely, the metallicity is much better in the Fe3GeTe2/In2Se3 HSs than in the freestanding FGT monolayer. This novel feature is quite different from the case when the anisotropic SOC plays a decisive role in stabilizing the FM configuration in another famous 2D material CrI3 [37]. In the CrI3 monolayer, a spin gap at the center of the Brillouin zone can be found below the Curie temperature. The spin-up and spin-down DOSs are asymmetric, indicating significant spin polarization of our HS system. The spin polarizability can be defined as: SPF = [N(EF)α-N(EF)β]/[N(EF)α+ N(EF)β] × 100%, where N(EF)α and N(EF)β are the DOS at Fermi level for the spin-up and spin-down channels, respectively [38]. The SPF of the freestanding FGT monolayer, the –P HS, and the +P HS are 34.01, 35.57, and 29.69%, respectively. This indicates a much weaken quantum confinement effect in our HS system than in the strained FGT nanoribbons (SPF = 45–85.6%) shown in Han et al. [38].


[image: Figure 3]
FIGURE 3. Total DOS of the Fe3GeTe2/In2Se3 HS for the –P case (A); the partial DOS of the five 3d orbitals for the four Fe1 (B); and two Fe2 atoms (C); the DOS of the inequivalent Fe1 and Fe2 atoms (D); the DOS of Te-5p and Ge-4p states (E); the layer-resolved DOS of the In2Se3 layers (F–I).


To further explore the difference between the two inequivalent Fe atoms, we show the PDOS of Fe1 and Fe2 in Figures 3B,C, respectively. Remarkably our HS system presents a metallic character, strictly confined in the FGT layer. The metallic FGT layer exhibits ferromagnetism, with a magnetic moment of 2.2 μB/Fe atom. Both the majority and minority spin states of the five split 3d orbitals are non-zero states near the EF. They mainly assemble between −4 to 1 eV, while the smaller spin-down states are around −3 to −0.5 eV, which produces large magnetic moments in Fe1 atoms. For the Fe2 atoms, there are more spin-down states between −3.5 to −0.5 eV than for Fe1 atoms, which compensate the difference between spin-up and spin-down states. This causes the Fe2 atoms to have lower magnetic moments than Fe1. In the VB region, the contribution of Fe atoms at the EF is mainly due to the Fe1 dxy, dyz, dxz, and [image: image][image: image] orbitals as well as the Fe2 dxz, [image: image][image: image], and [image: image] orbitals (dxy and dyz orbitals are almost degenerated). The rest of the orbitals are either too small or too far from the Fermi level. In the CB region, the Fe-3d PDOS is mainly contributed by the spin-down channels. The TDOS shown in Figures 3A, 4A and the PDOS shown in Figures 3B,C, 4B,C are quite similar, especially in the valence band region.
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FIGURE 4. Total DOS of the Fe3GeTe2/In2Se3 HS for the +P case (A); the partial DOS of the five 3d orbitals for the four Fe1 (B); and two Fe2 atoms (C); the DOS of the inequivalent Fe1 and Fe2 atoms (D); the DOS of Te-5p and Ge-4p states (E); the layer-resolved DOS of the In2Se3 layers (F–I).


It is also shown in Figures 3D,E, 4D,E that the Fe and Te atoms contributing to the DOS near EF, but Fe1 does more than others [39]. Contrastingly, the Ge atoms, which can hardly be seen near the EF, play a less significant role in the FGT/In2Se3 HS. In Figures 3F–I, 4F–I, we can see that the upper VB is dominated by the states of selenium atoms and a slight contribution of indium atoms, while the lower VB and the CB are the results of strong hybridization of In and Se. The DOSs of the Layer 1 to Layer 4 are almost alike, but the –P DOS and +P DOS gradually move to the high energy and low energy regions, respectively. This is mainly due to the change of electric potential induced by polarization discontinuity. We found that all the insulating In2Se3 layers have little effects on the magnetic properties of our HSs. For the Fe1 and Fe2 atoms, we find essentially the same features with minor changes in the hybridization peaks when the FE-P reverses. The very similar DOS for both the ±P cases indicating the almost unchanged magnetic properties of the FGT/In2Se3 HSs. It is worthy of note that the DOS of FGT layer given by Huang et al. [29] is also metallic, and our DOS is in topological resemblance with the DOS shown in Huang et al. [29].

Figure 5 illustrates the charge density difference of the ferromagnetic Fe3GeTe2/In2Se3 HS for both the ±P cases. We only show the charge of the FGT/In2Se3 interface (not the whole HS) because the charge transfer mainly occurs near the interface. Here, the yellow (blue) region represents charge accumulation (depletion). For the –P case, there is obvious charge transfer between the Te-Se atoms than between the Te-Fe atoms. This reflects the importance of Te orbitals in bridging the exchange-coupling between the Fe atoms, which agrees well with the DOS result. For the +P case, the charge redistribution at the FGT/In2Se3 interface are less obvious. This is mainly due to the fact that the positive FE polarization leads to an increment of the distance between the FGT layer and the In2Se3 substrate, hence greatly reducing the interfacial charge transfer. Figure 5 reveals three features: (1) Fe1 and Fe2 atoms are non-equivalent; (2) when the FE-P reverses, the charge transfer of the Fe atoms is mainly along the z-axis, implying the importance of dz2 electrons that give rise to the inter- and intra-layer FM order; (3) The very little charge transfer of Fe leads to almost unchanged magnetic moments of the Fe1 and Fe2 atoms.
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FIGURE 5. Charge density difference of the Fe3GeTe2/In2Se3 heterostructure for the –P (A) and +P cases (B). The isosurface value is set to be 0.00035 e/bohr3.


On the one hand, 2D vdW ferromagnetic materials with the FM orders are of great scientific interesting and technological importance for the next-generation storage devices. On the other hand, the DM interaction plays a key role in stabilizing the chiral domain walls and magnetic skyrmions in magnetic thin films with broken inversion symmetry. Therefore, it is important to control the DM interaction in 2D vdW materials with their FM orders unchanged. In order to obtain the coefficients of DM interaction, we have built a 2 × 2 × 1 supercell of our FGT/In2Se3 HS containing 24 Fe atoms. As shown in Figure 1C, the coefficients D (D1, D2, D3, D4, D5, and D6) can be obtained by mapping different spin configurations on the Hamiltonian H given in equation (1) [40]. For our rectangular HS along the z-axis, the Dx and Dy will cancel each other out due to the C3v symmetry of Fe atoms. Here only the Dz is calculated for simplicity. We first set all the spins along the z-axis, and then change the spins of two neighbors Fe positions 1 and 2 (S1 and S2) into four configurations: (i) S1 = (0, S, 0), S2 = (0, 0, S); (ii) S1 = (0, S, 0), S2 = (0, 0, –S); (iii) S1 = (0, –S, 0), S2 = (0, 0, S); (iv) S1 = (0, –S, 0), S2 = (0, 0, –S); where S represents the magnetic moment of Fe [41]. These energies of the four spin states are described as E1, E2, E3, and E4. Then, the coefficient D can be determined by D = (E1+E4-E2-E3)/(4S2) [41]. There are a large number of literatures calculate the coefficients of the DM interaction using VASP [42–44]. Although the coefficients are very small, these works confirm the accuracy of the VASP results. In this work, only the DM interactions between the nearest-neighboring Fe ions are considered.

To validate the plausible mechanism of ferroelectrically-driven DM interaction, we performed first-principles calculation on the FGT/In2Se3 HS (see Supplementary Information for details). The coefficients of the DM interaction D1-D6 for first-nearest neighbors are listed in Table 2, resulting in a magnitude D of −0.0224 (−0.0185) meV for the HS at the –P (+P) case, that is about two orders of magnitude smaller than the exchange parameter J1. When the FE polarization changes from +P to –P, the D2 and D3 change from positive to negative, and other coefficients D1, D4, D5, D6, and D [D=(D1+D4+D5)/3] vary −24, 102, −92, −65, and −58%, respectively. This indicates that the FE polarization effects on the in-plane D1, D6 and hence the average D is moderate. These DM interaction energies may be result of the broken inversion symmetry and the strong SOC effect [45, 46]. Our FGT/In2Se3 HS has the polarization-dependent DM interaction, which can be used in skyrmion-based racetrack memory. Although our results are small, there are many ways to enhance the DM interaction in experiments. For example, one way is enhancing the spin-orbit coupling [47], and doping of heavy atoms is another way [48]. Using criticality analysis, Tan et al. [20] have demonstrated that the coupling length between vdW layers in Fe3GeTe2 is estimated to be 5 layers. Wu et al. [45] have confirmed that the increasing of the thickness of FGT up to 4–60 layers will lead to greatly enhanced DM interaction. In short, we have demonstrated that the strong SOC in the In2Se3 layers does induce an interfacial DM interaction at the interface with FGT, and have achieved the robust manipulation of DM interaction in the Fe3GeTe2/In2Se3 heterostructure. Enhancing the DM interaction through the above-mentioned schemes can make our results more valuable in potential application of spintronics.


Table 2. The coefficients of the DM interaction on the FGT/In2Se3 HS for both the ±P cases.
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CONCLUSION

In this work, the vdW material In2Se3 with both in-plane and perpendicular spontaneous polarization and the vdW ferromagnetic compound Fe3GeTe2 are used to form a two-dimensional artificial 2D heterostructure. Through the first-principles calculation, we have demonstrated the magnetoelectric coupling in the two-dimensional Fe3GeTe2/In2Se3 system. This ferroelectric polarization of In2Se3 can manipulate the magnetic anisotropy and the DM interaction in Fe3GeTe2. When the FE polarization is switched from –P to +P, the DM interaction of the heterostructure varies moderately, which is affected by the strong spin-orbit coupling. Through the reorientation of the polarization, we also realized the robust control of DM interaction which originates from the broken inversion symmetry. The spin polarizations shown in the density of states reflect spin-polarized states in the FGT/In2Se3 system, which are important in spintronic devices. We hope that our results can promote the research on the spintronic devices with low power consumption, non-volatile, and high-speed.
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The electronic structures, magnetic and optical properties of Li1±y(Mg1−xCrx) P (x, y = 0.125) are calculated by using the first principles method based on density functional theory. We find that the incorporation of Cr causes the strong hybridization between Li-2s, P-2p, and Cr-3d orbitals, resulting in a spin-polarized impurity band and forming stronger Cr-P polar covalent bonds. Li(Mg0.875Cr0.125)P becomes half-metallic ferromagnetism. The properties of the doped systems can be regulated by Li off-stoichiometry. When Li is deficient, the narrower impurity band and stronger p-d orbital hybridization enhance the half-metallicity. While the half-metallicity disappears, the band gap becomes wider, and the conductivity decreases for Li excess system, but its magnetic moments increase. Comparing optical properties show that the imaginary part of dielectric and complex refractive index function and optical absorption spectrum all have a new peak in the low energy region after Cr doping, and the new peaks are significantly enhanced when Li is deficient. The absorption range of low frequency electromagnetic wave is enlarged, and the energy loss functions show obvious red-shift effect for the doped systems. The results indicate that the properties of Li(Mg,Cr)P can be controlled by Cr doping and Li off-stoichiometry independently, which will benefit potential spintronics applications.

Keywords: Cr doped LiMgP, electronic structure, ferromagnetism, optical properties, first-principles calculations
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INTRODUCTION

Diluted magnetic semiconductors (DMS) combine the charge freedom and spin freedom of the electrons in the same matrix and have both advantages of semiconductor and magnetic materials. Although a lot of studies have been carried out for the traditional DMS (Wolf et al., 2001; Zutic et al., 2004; Jungwirth et al., 2006; Dietl, 2010), there are still some obstacles that need to be solved. Firstly, for II-V-based diluted magnetic semiconductors, only local magnetic moments are introduced by replacing equivalent metal ions with Mn. The antiferromagnetic super-exchange interaction between local magnetic moments makes them have different magnetic behaviors at different magnetic ion concentration and temperature. Secondly, for III-V-based diluted magnetic semiconductors, due to the non-equivalent substitution of doping, the solubility of the magnetic ions is limited and only metastable film materials can be formed (Ohno, 1998), which results in the specimens only available as thin films and sensitive to preparation methods and annealing treatments. The coupled spin and charge is an obstacle not only for fundamental understanding of ferromagnetic mechanism but also for effective improvement of controllable Curie temperature (Potashnik et al., 2001; Han et al., 2019).

These challenges have attracted great attention for finding a series of new generation DMS materials. Maŝek et al. (2007) and Deng et al. (2011) firstly through theory and experiment, respectively, discovered a kind of new diluted magnetic semiconductor Li(Zn,Mn)As based on I-II-V groups. In the system, the spin is introduced by injecting Mn2+ in the site of Zn2+, and the equivalent doping makes the system has higher Mn solubility. The carrier concentration can be controlled by changing the content of Li, making Li(Zn,Mn)As has higher Curie temperature (Tc) than (Ga,Mn)As. Following this, Wang et al. (2014) synthesized Li1.1(Zn1−xCrx)As, resulting in a ferromagnetic ordering below TC ~218 K, nearer to the room temperature. However, one shortcoming of Mn-doped and Cr-doped LiZnAs is the using of the toxic element Arsenic. The transition metal doped LiZnP (Tao et al., 2017) and LiZnN (Cui et al., 2019) show that the magnetic moments come mainly from the TM-3d orbitals. Kacimi et al. (2014) calculated the structurel, electronic and optical properties of 96 I–II–V and I–III–IV compound semiconductors by using first-principles theory and found that LiMgP is a direct gap semiconductor with wider band gap, which is conducive to obtaining the new DMS materials with better properties through Cr doping.

In this work, the electronic structures, magnetic and optical properties of Li1±y(Mg1−xCrx)P (x, y = 0, 0.125) are calculated by using the first principles method based on density functional theory. We find that the Cr doped systems exhibit half-metallic ferromagnetism. The electrical, magnetic and optical properties of Li(Mg,Cr)P can be controlled by Cr doping and Li off-stoichiometry independently, which will benefit potential spintronics applications.



COMPUTATIONAL DETAILS

LiMgP is an antifluorite structure (space group F[image: image]3 m) with the lattice constant a = b = c = 6.005 Å (Kuriyama et al., 1998). The anion P is cubic close packed, the cations Mg and Li fill the gaps in the tetrahedral, and the coordination numbers of anions and cations are 4 and 8, respectively. LiMgP can be made from high temperature solid reaction between Li, Mg, and P (Kuriyama et al., 1998). LiMgP tetrahedral lattice can be viewed as a zinc blende MgP binary compound, filled with Li atoms at tetrahedral interstitial sites near P. LiMgP is a wide-gap semiconductor with a direct forbidden band gap of 2.43 eV (Kuriyama et al., 1998). To our calculations, a 2 × 1 × 1 (24 atoms) supercell of ZB-type LiMgP is constructed containing 8 Li, 8 Mg and 8 P atoms, as shown in Figure 1A. For the doping system, the model is constructed by replacing one Mg atom in the supercell with one Cr atom, and the doping concentration is 12.5% (Figure 1B). Besides, to study the effect of Li off-stoichiometry on the properties of Li(Mg,Cr)P, the models of Li vacancy and excess systems also are constructed by removing or adding a Li atom. The different symmetry vacancy and interstitial sites (VLi1, VLi2, VLi3, and I Li1, I Li2, I Li3) have been designated in Figures 1C,D, respectively.


[image: Figure 1]
FIGURE 1. Supercell structures of Li1±y(Mg1−xCrx)P: (A) LiMgP, (B) Li(Mg0.875Cr0.125)P, (C) Li0.875(Mg0.875Cr0.125)P, and (D) Li1.125(Mg0.875Cr0.125)P.


The first-principles calculations are carried out with the Cambridge Serial Total Energy Package (CASTEP) code based on the density functional theory (DFT) method (Payne et al., 1992; Segall et al., 2002). The periodic boundary condition is applied in all calculations, and the generalized gradient approximation (GGA) in Perdew Burke Ernzerhof (PBE) (Perdew et al., 1996) is performed to deal with the electronic exchange-correlation potential energy. In order to reduce the number of the plane wave basis vector groups, the plane-wave ultrasoft pseudo potential (USPP) method (Vanderbilt, 1990) is implemented to describe the interaction between ionic core and valence electrons. The valence electronic configurations for Li, Mg, P, and Cr are Li:2s1, Mg:2p63s2, P:3s23p3, and Cr: 3d54s1, respectively. Single-particle Kohn-sham wave functions are expanded using the plane-wave with a cut-off energy of 400 eV. Sampling of the irreducible edge of the Brillouin zone is performed using the regular Monkhorst-Pack grid (Monkhorst and Pack, 1976) with a k-point mesh of 5 × 5 × 5. The self-consistent convergence accuracy is set at 2.0 × 10−6 eV/atom.



RESULTS AND DISCUSSION


Structure Optimization of Li1±y(Mg1-xCrx)P

To study the magnetoelectric and optical properties of novel magnetic semiconductor Li(Mg,Cr)P, the geometric structure of the original LiMgP supercell is firstly optimized by local Density Approximation (LDA) and General Gradient Approximation (GGA), respectively. The obtained lattice constant, band gaps and total energies are listed in Table 1, and compared with experimental data (Kuriyama et al., 1998). It can be found that the results obtained using the GGA reach a better agreement with the experimental data than those calculated using the LDA. As a consequence, it is more suitable to adopt GGA for the following calculations of Li(Mg,Cr)P. Besides, the geometric structures of the doping systems are also optimized with different symmetry vacancy and interstitial sites. The corresponding lattice constants, total energies and formation energies are shown in Table 2. We can find that the formation energies of VLi1 and ILi1 sites are the smallest, indicating that the doping systems of VLi1 and ILi1 sites are the most stable structures in the corresponding Li off-stoichiometry system, respectively.


Table 1. The calculated lattice constants, band gaps and total energies of LiMgP with LDA and GGA.
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Table 2. The lattice constants, total energies and formation energies of Li1±y(Mg1−xCrx)P.
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Electronic Structure of Li1±y(Mg1-xCrx)P

The spin polarized band structures of Li1±y(Mg1−xCrx)P are shown in Figure 2. The insets are enlarged views of the vicinity of the Fermi energy level. We can find in Figures 2A,B that both the valence band maxima and the conduction band minima are at the high symmetry Γ point of Brillouin-zone, indicating that LiMgP is a direct gap semiconductor. The band structures of majority-spin and minority-spin are symmetrical completely, implying that the system has no net magnetic moments. The calculated band gap for LiMgP is 1.533 eV (shown in Table 3), which is smaller than the experimental result of 2.43 eV (Kuriyama et al., 1998). This is not surprising as the underestimation of the band gap is due to the generic nature of the density functional theory (Perdew and Levy, 1983; Godby et al., 1988). Nevertheless, this has no effect on the investigation of the electronics structure and relevant properties for Cr doped LiMgP systems (Shang et al., 2004).


[image: Figure 2]
FIGURE 2. The band structures of Li1±y(Mg1−xCrx)P: (A,B) LiMgP, (C,D) Li(Mg0.875Cr0.125)P, (E,F) Li0.875(Mg0.875Cr0.125)P, and (G,H) Li1.125(Mg0.875Cr0.125)P. Inset: enlarged views of the vicinity of the Fermi energy level.



Table 3. The band gaps, impurity band widths, half-metallic gap and magnetic moments of Li1±y(Mg1−xCrx)P.
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As shown in Figures 2C,D, when Cr doped, the conduction band minima occur at the Γ point, while the valence band maxima are located around the Z point, in the Brillouin Zone. This result indicates that the material transforms into an indirect semiconductor. The band gap of Li(Mg0.875Cr0.125)P is 2.544 eV (Table 3), which obviously increases compared with that of LiMgP. This is because ten new spin impurity levels are emerged in band gap after doping Cr. Among them, each of the majority-spin and minority-spin bands has five impurity levels. The majority-spin impurity bands slightly cross the Femi level, demonstrating that the majority-spin bands exhibit metallic properties. While the minority-spin bands reveal still semi-conductive natures, making Li(Mg0.875Cr0.125)P system become a half-metallic material with 100% spin-polarized ratio of conduction electron. The spin-flip band gap is 0.767 eV, which are much larger than many other 3d-transition-metal-element-based materials (Guo et al., 2016). Usually, the larger spin-flip band gap, the more robust half-metallic behavior to lattice deformation and temperature (Guo et al., 2016). So the Cr doped LiMgP compounds reported in this work can be regarded as the good candidates for spintronics devices due to their large spin-flip gaps and robust half-metallicity.

Li0.875(Mg0.875Cr0.125)P is also an indirect band gap semiconductor with the band gap of 2.531 eV (as show in Figures 2E,F). Three majority-spin impurity bands cross the Fermi level exhibiting a metallic nature, while the minority-spin impurity bands are above the Fermi level, resulting in that the Li vacancy system also exhibits a half-metallic nature. The spin-flip band gap of Li0.875(Mg0.875Cr0.125)P is 0.854eV, and the half-metallicity is enhanced obviously when Li is deficient. Li excess system is also an indirect band gap semiconductor with the band gap of 2.560 eV. However, neither of the majority-spin and minority-spin impurity bands crosses the Fermi level. Therefore, Li1.125(Mg0.875Cr0.125)P change back to semiconducting nature again.

The calculated total and partial density of states (DOS) for Li1±y(Mg1−xCrx)P are shown in Figure 3. For pure LiMgP, we can find that there are two peaks in the valence band of TDOS (1 and 2 in Figure 3A). Peak 1 is mainly contributed by the electrons of Mg-3s and P-3p states and peak 2 mainly contains the electrons of Li-2s, Mg-2p, and P-3p states. The conduction band is mainly composed of the electrons of Li-2s, Mg-2p, and Mg-3s, and the Mg-2p states. The states of spin-up and spin-down are well-symmetry, revealing that pure LiMgP has no net magnetic moment. For Cr doped system, Li-2s, P-3p, and Cr-3d orbitals hybridize near the Fermi energy (Figure 3B), resulting in that the t2g and eg energy levels of Cr-3d state are separated from each other, and the t2g energy level is pushed toward the Fermi level, induce Li(Mg0.875Cr0.125)P to become half-metallic ferromagnetism. When Li is deficient, the electrons of P-3p and Cr-3d states have the stronger p-d orbitals hybridization (Figure 3C). The t2g levels are pushed up even further, making its occupation states reduce from three to one, which causes that the spin-flip band gap of Li0.875(Mg0.875Cr0.125)P increases. When Li is excess, only a weak hybridization of p-d orbitals appears near the Fermi energy, and the t2g levels is completely occupied by electrons. The half-metallicity disappears.


[image: Figure 3]
FIGURE 3. The density of states of Li1±y(Mg1−xCrx)P: (A) LiMgP, (B) Li(Mg0.875Cr 0.125)P, (C) Li0.875(Mg0.875Cr0.125)P, and (D) Li1.125(Mg0.875Cr0.125)P.


Moreover, the net magnetic moment is also calculated by integrating the occupied states below the Fermi energy and shown in Table 3. The obtained net magnetic moments are 4.08 μB, 2.98 μB, and 4.90 μB for the Cr doped, Li vacancy, and l Li excess system, respectively. The result indicates that the impurity band width and the net magnetic moments increase with the increasing of Li concentration.

Figure 4 shows the plots of charge density difference for Li1±y(Mg1−xCrx)P. For pure LiMgP (Figure 4a), the electron cloud of the P atom close to the Mg atom is denser. The second orbital of the P atom is polarized, and the electrons move inward. The Mg and P atoms form polarized covalent bonds. When Cr doped (Figure 4b), the P atoms gain more electrons from Cr atoms than the Mg atoms, indicating that the Cr-P polarized covalent bonds are stronger than that those of the Mg-P, which can be attributed to the strong hybridization between Li-2s, P-2p, and Cr-3d orbitals. When Li is deficient, the charge density between Li and P atoms becomes weaker, meanwhile, the charge density between Cr and P atoms turn stronger, indicating that P atoms cannot gain electrons from Li atoms, so the more charges need to be gained from Cr atoms. It can be seen in Figure 4d that P atoms can gain more electrons from Li atoms, resulting in that the charge loss of Cr atoms becomes less and the Cr-P polar covalent bonds become weaker for Li excess system.


[image: Figure 4]
FIGURE 4. The charge density difference of Li1±y(Mg1−xCrx)P: (a) LiMgP, (b) Li(Mg0.875Cr0.125)P, (c) Li0.875(Mg0.875Cr0.125)P, and (d) Li1.125(Mg0.875Cr0.125).




Optical Properties of Li1±y(Mg1-xCrx)P

To further investigate the effects of Cr doping and Li off-stoichiometry on properties of Li1±y(Mg1−xCrx)P, the imaginary part of dielectric functions, complex refractive index functions, optical absorption spectra and energy loss spectra are also calculated and shown in Figure 5. We can find from Figure 5A that there is a dielectric peak at E = 4.27 eV, corresponding to the direct transition of P-3p in valence bands to Li-2s, Mg-3s, and Mg-2p states in conduction bands. It is worth noting that a new peak occurs in the low energy region and the peak at E = 4.27 eV reduces after Cr doping. Moreover, we also find that the new peak is significantly enhanced when Li is deficient, but when Li is excess the new peak disappears, and the main peak moves slightly toward the low energy region. The refractive index for pure LiMgP is 2.571 (Figure 5B). In the lower energy (E < 1.82 eV) and higher energy (E > 11.54 eV) region, the imaginary part of the complex refractive index function is zero, and the real part is a constant, indicating that the absorption of LiMgP is limit to a certain frequency range. Similarly to the dielectric functions, there are also new peaks in the low energy region of complex refractive index functions after Cr doping, implying that the absorption range of low frequency electromagnetic wave is enlarged for the doped systems. It can be seen in Figure 5C that a new peak of the optical absorption spectrum also appears in the low energy region after Cr doping, the main peak of absorption spectrum moves slightly toward the low energy region, demonstrating again that the absorption of low frequency electromagnetic wave is enhanced. As shown in Figure 5D, the energy loss functions also move obviously toward the low energy region, implying the red-shift effect for the doped systems. The energy loss for Li(Mg0.875Cr0.125)P, Li0.875(Mg0.875Cr0.125)P, and Li1.125(Mg0.875Cr0.125)P are about 63%, 29% and 138% of that for LiMgP, respectively.


[image: Figure 5]
FIGURE 5. The optical properties of Li1±y(Mg1−xCrx)P: (A) imaginary part of dielectric functions, (B) complex refractive index functions, (C) optical absorption spectra, (D) energy loss spectra.





SUMMARY

The electronic structures, magnetic and optical properties of Li1±y(Mg1−xCrx)P (x, y = 0, 0.125) are calculated by using the first principles method based on density functional theory. We find that the Cr doped systems exhibit the half-metallic ferromagnetism. Due to the Cr doping, sp-d orbitals hybridization leads to spin-polarized impurity bands and form stronger Cr-P polar covalent bonds. Moreover, we also find that the properties of the doped systems can be regulated by Li off-stoichiometry. The impurity band width and the net magnetic moment increase with the increasing of Li concentration, but the half-metallicity and the conductivity decrease. When Li is excess, the p-d orbitals hybridization obviously becomes weaker and the half-metallicity disappears. Comparing optical properties shows that the imaginary part of dielectric, the complex refractive index function and the optical absorption spectrum all have a new peak in the low energy region after Cr doping, and the new peaks are significantly enhanced when Li is deficient. The absorption range of low frequency electromagnetic wave is enlarged, and the energy loss functions show obvious red-shift effect for the doped systems. The results indicate that the properties of Li(Mg,Cr)P can be controlled by Cr doping and Li off-stoichiometry independently, which will benefit potential spintronics applications.
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Realizing rich topological elements in topological materials has attracted increasing attention in the fields of chemistry, physics, and materials science. Topological semimetals/metals are classified into three main types: nodal-point, nodal-line, and nodal-surface types with zero-, one-, and two-dimensional topological elements, respectively. This study reports that XPt (X = Sc, Y, La) intermetallic compounds are topological metals with opened and closed nodal lines, and triply degenerate nodal points (TNPs) when the spin–orbit coupling (SOC) is ignored. Based on the calculated phonon dispersions, one can find that ScPt and YPt are dynamically stable whereas LaPt is not. When SOC is added, the one-dimensional nodal line and zero-dimensional TNPs disappear. Interestingly, a new zero-dimensional topological element, that is, Dirac points with 4-fold degenerate isolated band crossings with linear band dispersion appear. The proposed materials can be considered a good platform to realize zero- and one-dimensional topological elements in a single compound and to study the relationship between zero- and one-dimensional topological elements.

Keywords: 4-fold degenerate nodal point, triply degenerate nodal point (TNP), spin-orbit coupling (SOC), topological element, phonon dispersion


INTRODUCTION

In the last decade, with the discovery of topological insulators (Cava et al., 2013; Kou et al., 2013; Zhao et al., 2013; Shen and Cha, 2014; Wang et al., 2014; Luo et al., 2015; Zhou et al., 2015; Liu et al., 2016; Chen et al., 2017a; Loïc and Izmaylov, 2017; Pan et al., 2017; Pielnhofer et al., 2017; Politano et al., 2017; Andrey et al., 2018; Hu et al., 2018, 2019; Gao et al., 2019; Mal et al., 2019; Qiao et al., 2019; Narimani et al., 2020), topologically non-trivial materials have attracted significant interest in the chemistry, physics, and materials science communities. Recently, studies have increasingly focused on topological semimetals/metals (Bin et al., 2018; Chenguang et al., 2018; Zhou et al., 2018; He et al., 2019, 2020; Jin et al., 2019a, 2020b; Li et al., 2019; Qie et al., 2019; Xie et al., 2019; Yi et al., 2019; Zhong et al., 2019; Ma and Sun, 2020; Meng et al., 2020b; Wang et al., 2020a,c,d; Yang and Zhang, 2020; Zhang et al., 2020; Zhao et al., 2020) with non-trivial band topology. For example, in 2018, Schoop et al. (2018) described the key features of the electronic structures of topological semimetals/metals and how these structures can be realized based on chemical principles.

Topological semimetals/metals can be roughly classified into three main parts: nodal-point (Chen et al., 2015; Yuan et al., 2017; Zhang et al., 2017a,c, 2018c; Jing and Heine, 2018; Ma et al., 2018; Tsipas et al., 2018; Khoury et al., 2019), nodal-line (Chang et al., 2016; Liu et al., 2018b; Guo et al., 2019; Sankar et al., 2019; Tang et al., 2019; Xu et al., 2019; Zhang et al., 2019; Jin et al., 2020a; Kirby et al., 2020; Zhou et al., 2020), and nodal-surface (Türker and Sergej, 2018; Wu et al., 2018; Zhang et al., 2018b,d; Fu et al., 2019; Yang et al., 2019b, 2020; Chen et al., 2020; Wang et al., 2020e; Xiao et al., 2020) semimetals/metals enjoying zero-, one-, and two-dimensional topological elements, respectively. The main examples of nodal-point semimetals/metals are Weyl and Dirac semimetals/metals with 2- and 4-fold degenerate band-crossing points with linear dispersion. In addition, 3-, 6-, and 8-fold (Cano and Vergniory, 2016; Lu et al., 2016; Weng et al., 2016b) band degenerates also exist. Among them, nodal-point semimetals/metals with 3-fold band degenerates [i.e., triply degenerate nodal point (TNP)] are of importance owing to their special properties. Many investigations have been conducted to predict and confirm new TNP semimetals/metals (Weng et al., 2016a; Xia and Li, 2017; Zhang et al., 2017b,d; Guo et al., 2018; Owerre, 2018; Jin et al., 2019b; Yang et al., 2019a). For example, in 2019, Jin et al. (2019b) reported that centrosymmetric Li2NaN is a topological material with critical-type TNPs. A critical-type TNP is an interesting topological metal phase that lies between type-I and type-II TNPs. In 2018, Guo et al. (2018) proposed that YRh6Ge4, LaRh6Ge4, and LuRh6Ge4 are TNP materials, and what is more, Zhu et al. (2020) performed transport measurements and confirmed TNP fermions in YRh6Ge4. In 2019, Yang et al. (2019a) experimentally demonstrated TNP as well as double Fermi arc surface states in a three-dimensional phononic crystal.

Nodal-line semimetals/metals with one-dimensional topological elements may show various forms according to the shape of the nodal lines, such as nodal link (Yan et al., 2017), nodal chain (Yan et al., 2018), nodal box (Sheng et al., 2017), nodal ring (Zhang et al., 2018a; Wang et al., 2020b), nodal knot (Bi et al., 2017; Lee et al., 2018), and nodal net (Feng et al., 2018). For example, in 2018, Zhou et al. (2018) proposed that two-dimensional B2C hosts opened and closed nodal-line states based on first-principles calculation. In 2020, Yi et al. (2019) predicted that NaAlGe and NaAlSi nodal-line materials would be good cathode materials for sodium ion batteries. In 2020, Wang et al. (2020d) proposed that a two-dimensional Nb3GeTe6 monolayer is a topological nodal-line material with a nearly flat nodal line around the Fermi level and that it led to a remarkable thermoelectric power factor platform. In 2018, Liu et al. (2018a) proposed that graphene monolith, a three-dimensional nodal-line semimetal, is a candidate lithium ion battery anode material. In 2019, Yan et al. (2019) proposed that the Cu2Si monolayer is a topological material with possible superconductivity and nodal-line fermions.

The electronic structure, dynamical stability, and topological signatures of ScPt, YPt, and LaPt, a cubic-type family of materials with [image: image] space group are investigated in the present study. This study shows that opened and closed nodal lines and 3-fold degenerate nodal-point states can be realized in ScPt, LaPt, and LuPt when the spin-orbit coupling is ignored. Moreover, the effect of spin-orbit coupling on the topological signatures of these systems is also considered. A 3- to 4-fold degenerate nodal-point transition can be found in these systems when spin-orbit coupling is added.



MATERIALS

The topological signatures of cubic-type ScPt, YPt, and LaPt are investigated. As an example, Figure 1A shows the structural model of cubic ScPt. This primitive ScPt cell contains one Sc atom and one Pt atom at the (0.5, 0.5, 0.5) and (0, 0, 0) sites, respectively. Using first-principles calculation, the structural models of ScPt, YPt, and LaPt are fully optimized; Table 1 lists the calculated results.


[image: Figure 1]
FIGURE 1. (A) Crystal structures of cubic ScPt; (B) Brillouin zone and the considered high-symmetry points Γ-X-M-Γ-R-X; (C) calculated phonon dispersion of cubic ScPt at its optimized lattice constant; (D) calculated band structure of cubic ScPt with PBE method, where (A–C) indicate the band-crossing points around the Fermi level; and (E) calculated band structure of ScPt with Heyd–Scuseria–Ernzerhof (HSE) screened hybrid functional.



Table 1. Optimized lattice constants for ScPt, YPt, and LaPt.

[image: Table 1]

The phonon dispersions of cubic-type ScPt, YPt, and LaPt are calculated using the force-constants method with Phonopy code (Togo and Tanaka, 2015). For these three compounds, 2 × 2 × 2 supercells are built to calculate the phonon dispersions. The considered high-symmetry points are Γ-X-M-Γ-R-X, as shown in Figure 1B. Figures 1C, 2A exhibit the calculated phonon dispersions of ScPt and YPt; one can find that ScPt and YPt are dynamically stable owing to the absence of the imaginary frequency (Han et al., 2019; Wu et al., 2019). However, the obtained phonon dispersion shown in Figure 2B indicates that LaPt is not dynamically stable.


[image: Figure 2]
FIGURE 2. (A,B) Calculated phonon dispersion of cubic YPt and LaPt, respectively, at their optimized lattice constants. The phonon dispersions of both intermetallic compounds are obtained using the force-constants method with Phonopy code.




COMPUTATIONAL METHODS

In this study, first-principles calculations are used, and the generalized gradient approximation (GGA) (Perdew et al., 1996) of the Perdew–Burke–Ernzerhof (PBE) (Perdew et al., 1998) functional is adopted for the exchange-correlation potential. In the calculations, the cutoff energy is set as 600 eV, and the Brillouin zone is sampled using a Monkhorst-Pack k-mesh with a size of 9 × 9 × 9. To ensure good convergence, the calculations continue until the energy deviation is <10−6 eV/atom. The atomic positions and lattice constants of the structures were totally relaxed until all the force components were smaller than 10−3 eV/Å.



RESULTS AND DISCUSSION

First, the physical natures of ScPt, YPt, and LaPt are determined. Figures 1D, 3A,C, respectively, show the band structures of ScPt, YPt, and LaPt along the R-X-M-R-Γ paths. The spin–orbit coupling (SOC) is not added for the band structures in these figures; the effect of SOC on the electronic structures of these compounds will be discussed later in this paper. These three figures show that the bands and the Fermi level overlap each other, indicating common metallic behaviors.


[image: Figure 3]
FIGURE 3. (A–D) Calculated band structures of cubic YPt and LaPt with their optimized lattice constants. The spin–orbit coupling effect is neglected for (A,C) and added for (B,D).


Moreover, some obvious band crossings are seen around the Fermi level, namely, point A along the R-X path, point B along the X-M path, and point C along the M-R path. A careful study of these three band-crossing points indicates that points A and B are doubly degenerate band-crossing points, whereas point C is a 3-fold degenerate band-crossing point formed by a doubly degenerate band and a non-degenerate band. Apart from these three clear band-crossing points, the band structure near the Fermi level is very clean; therefore, these three points dominate the topological signatures of these compounds. For clarity, hereafter, ScPt is used as an example to investigate the band topology considering that the band structures of ScPt, YPt, and LaPt are almost the same near the Fermi level.

Figure 1E shows the band structure of ScPt with the revised Heyd–Scuseria–Ernzerhof (HSE) (Heyd and Scuseria, 2004) screened hybrid functional. The HSE method is well-known to be accurate for describing the band gap of topological materials. In particular, for some d-orbital-dominated systems, the GGA method cannot provide a fair evaluation of the band gap around the Fermi level. Figures 1D,E show that the band-crossing points A, B, and C are still maintained under the HSE method; this confirms that the GGA method is suitable for investigating the electronic structure of the ScPt system.

In addition to SOC, the ScPt system enjoys time reversal (T) and spatial inversion (P) symmetries. Basically, doubly degenerate band crossings like points A and B should not be isolated (Weng et al., 2016b; Zhang et al., 2018b). Instead, they should belong to one type of nodal structure; they most commonly belong to a nodal-line structure. As shown in Figures 1D, 3A,C, two bands cross each other and form two band-crossing points A and B along the R-X and X-M paths. Symmetry analysis shows that these two bands belong to irreducible representations A1g and A2u of D4h symmetry, respectively.

Figure 4A shows the X-centered 3D band dispersion of the kz = π plane. The two above-mentioned bands form a closed nodal line in the kz = π plane (highlighted by a white line), and points A and B belong to this closed nodal line. The crystal symmetry of the ScPt cubic system implies three closed nodal lines in the kx/y/z = π planes. The nodal lines are located in the mirror-invariant plane, and they protect the mirror symmetry Mx,y,z. As an example, Figure 4B shows the shape of the X-centered closed nodal line in the kz = π plane.
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FIGURE 4. (A) X-centered 3D band dispersion in the kz = π plane; (B) shape of closed X-nodal line in the kz = π plane (nodal line is indicated by white lines and marked by arrows); (C) R-centered 3D band dispersion in the kz = π plane, where TNPs and bands 1, 2, and 3 are marked by arrows; (D) top view of (C); and (E) bottom view of (C). The TNPs and the opened nodal lines (formed by degenerate bands 1 and 2) are indicated by green balls and white lines, respectively.


Figure 4C shows the R-centered 3D band dispersion in the kz = π plane; here, TNPs are indicated by green balls. As shown in Figures 1D, 3A,C, the band-crossing point C is formed by a 2-fold degenerate band and a non-degenerate band along the M-R path. This 2-fold degenerate band can be seen as two independent bands that are completely degenerated along the whole M-R path. Therefore, this 2-fold degenerate band (named as band 1 and band 2) should contain a series of band-crossing points along the whole M-R path and form an opened nodal line along the M-R path. To clearly present the opened nodal lines and the TNPs in ScPt, Figures 4D,E, respectively, show top and bottom views of Figure 4C. These figures clearly show the opened nodal lines formed from bands 1 and 2 along the R-M path as well as the TNPs. Therefore, ScPt, YPt, and LaPt are topological metals that co-exhibit opened and closed nodal lines when the spin-orbit coupling is ignored. Based on the above-mentioned results, the ScPt family of materials is a good platform to study the relationship of closed and opened nodal lines.

Moreover, band-crossing point C along the M-R path is a TNP. Normally, TNP can not only occur in isolation but also be linked by nodal lines in the momentum space. One pair of TNPs exists in ScPt, YPt, and LaPt. Figure 1B shows a schematic of the pair of TNPs (indicated by yellow balls) along the R-M-R′ path. As shown in Figure 4C, the TNPs are located at the crossing of band 3 (non-degenerate band) and bands 1 and 2 (2-fold degenerate band). Therefore, ScPt is concluded to have one-dimensional topological elements, namely, opened and closed nodal lines (in the kx/y/z = π plane) and a zero-dimensional topological element, namely, TNP, along the R-M-R′ path when the spin-orbit coupling is ignored. Therefore, ScPt, LaPt, and YPt are excellent target materials for studying the entanglement between nodal-line and nodal-point fermions.

Finally, the effect of SOC on the band structures of ScPt, YPt, and LaPt is investigated. The corresponding results are shown in Figures 5A, 3B,D, respectively. The gaps induced by SOC for band-crossing points A and B are 53.9 and 83.2 meV, 68 and 152 meV, and 182 and 190 meV for ScPt, YPt, and LaPt, respectively. In comparison, the gaps induced by SOC in the well-known nodal-line materials Cu2NPd (Yu et al., 2015), CaAgBi (Chen et al., 2017b), and BaSn2 (Huang et al., 2016) are 60–100 meV, 80–140 meV, and 60–160 meV, respectively. Therefore, ScPt and YPt are comparable to these reference materials.
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FIGURE 5. (A) Band structure of ScPt with spin–orbit coupling; the insets show schematics of types I and II nodal points, indicated by blue and red lines, respectively; for type I nodal points, they are conventional type band dispersion, however, for type II nodal points, they enjoy a tilted band dispersion; (B) enlarged band structure of ScPt along the M-R path slightly above the Fermi level.


Moreover, Figures 5B, 3B,D show that the TNPs disappear in ScPt, YPt, and LaPt systems. However, a new topological signature reveals a nodal point with linear band dispersion around the Fermi level. When the SOC effect was considered, each band was doubly degenerate. Therefore, the newly occurring nodal point along the along R-M path should be a Dirac nodal point (DP) with 4-fold degeneracy. Specifically, a pair of DPs with 4-fold degeneracy is found along the R-M-R′ path. Notably, similar SOC-induced TNP–DP transitions have also been reported in ErAs (Meng et al., 2020a), TiB2 (Zhang et al., 2017d), and Li2NaN (Jin et al., 2019b) topological materials. However, unlike the type-I DP predicted for ErAs, this is a type-II DP that may show strong anisotropy (Zhang et al., 2018b).



SUMMARY

In summary, cubic-type ScPt, YPt, and LaPt are shown to be newly designed topological materials through the use of density functional theory. ScPt and YPt are dynamically stable whereas LaPt is not. Without SOC, XPt (X = Sc, Y, La) metals show closed and opened nodal-line states and one pair of TNPs. With SOC, the TNPs (along the R-M-R′ path) change to type-II DPs and the nodal-line states in kx/y/z = π planes are gapped. A series of interesting topological signatures has been predicted in XPt (X = Sc, Y, La), and it is hoped that these proposed topological elements can be confirmed through experiments in the future.
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In recent years, topological semimetals/metals, including nodal point, nodal line, and nodal surface semimetals/metals, have been studied extensively because of their potential applications in spintronics and quantum computers. In this study, we predict a family of materials, Zr3X (X = Al, Ga, In), hosting the nodal loop and nodal surface states in the absence of spin–orbit coupling. Remarkably, the energy variation of the nodal loop and nodal surface states in Zr3X are very small, and these topological signatures lie very close to the Fermi level. When the effect of spin–orbit coupling is considered, the nodal loop and nodal surface states exhibit small energy gaps (<25 and 35 meV, respectively) that are suitable observables that reflect the spin-orbit coupling response of these topological signatures and can be detected in experiments. Moreover, these compounds are dynamically stable, and they consequently form potential material platforms to study nodal loop and nodal surface semimetals.

Keywords: nodal loop states, nodal surface states, first-principles, electronic structures, spin-orbit-coupling


INTRODUCTION

The exploration of non-trivial topologies in crystalline solids has attracted significant attention from chemists, physicists, and material scientists (Kong and Cui, 2011; Cava et al., 2013; Banik et al., 2018; Zhang et al., 2018a; Tang et al., 2019). The main features of these topological solids are enclosed in their electronic-band structures. Initially, research was conducted in the context of the insulating state (Zhang et al., 2011; Li et al., 2012; Peng et al., 2012; Rasche et al., 2013; Wang et al., 2013; Kambe et al., 2014; Chang et al., 2015; Walsh et al., 2017; Barton et al., 2019; Zeugner et al., 2019), and the concept of band topology has now been extended to the metallic and semi-metallic states (Bradlyn et al., 2017; Bernevig et al., 2018; Schoop et al., 2018; Zhou et al., 2018; Gao et al., 2019; Hu et al., 2019; Klemenz et al., 2020; Wang et al., 2020b,c; Zhao Z. et al., 2020) as well.

The dimensionality of band-crossings is a criterion used to classify topological semimetals/metals. The most famous topological semimetals/metals with zero-dimensional band-crossings, i.e., zero-dimensional nodal points, are Dirac semimetals/metals (Chen et al., 2015, 2020; Bradlyn et al., 2017; Zhong et al., 2017; Jing and Heine, 2018; Liu et al., 2018b; Zhang et al., 2018b; Khoury et al., 2019; Wang et al., 2020f; Xu et al., 2020) and Weyl semimetals/metals (Peng et al., 2016; Lin et al., 2017; Fu et al., 2018; Zhang et al., 2018c; Zhou et al., 2019; Gupta et al., 2020; Jia et al., 2020; Liu et al., 2020; Meng L. et al., 2020; Zhao B. et al., 2020). We selected Weyl semimetals/metals as examples here because there exists a band-crossing of the valance band and conduction band at an isolated nodal point in the momentum space of these solids. Particularly, around this isolated nodal point, the quasiparticle acts similarly to the behavior of Weyl fermions, which are particles of considerable interest in high-energy physics. We summarize some recent studies on Weyl materials as follows: (i) Zhao and Ma (2020) stated that hexagonal MnO ferromagnet is a magnetic Weyl semimetal with spin-gapless state; (ii) Meng W. et al. (2020b) predicted that HfCuP compound is a newly designed Weyl semimetal with different types of Weyl nodes; and (iii) Jia et al. (2020) reported that the VI3 monolayer hosts a Weyl fermion and 100% spin-polarization. Furthermore, under the protection from certain crystalline symmetries, two Weyl points of opposite chirality can be stable at the same point, forming a Dirac point.

In the case of three-dimensional materials, besides the zero-dimensional nodal point metals/semimetals, in principle, there should exist one-dimensional and two-dimensional band-crossing metals/semimetals as well. For three-dimensional materials with one-dimensional band-crossings, some members, named as nodal line/loop semimetal/metals, have garnered considerable attention owing to their rich properties. Based on the shape of the nodal lines, they may host various forms, such as nodal link (Yan et al., 2017), nodal chains (Bzdušek et al., 2016), nodal boxes (Sheng et al., 2017), nodal ring (Wang et al., 2020d), nodal knot (Bi et al., 2017), and nodal net (Feng et al., 2018; Wang et al., 2018). So far, numerous types of nodal-line semimetals/metals have been predicted (He et al., 2019, 2020; Jin et al., 2019a,b, 2020a,c; Zhang et al., 2019; Meng W. et al., 2020a; Wang et al., 2020a,e; Zhou et al., 2020), and it is assumed that the node-line states have interesting characteristics in terms of their electronic, transport, and magnetic properties.

Zhong et al. (2016) had first observed topological semimetals/metals with two-dimensional band-crossings, i.e., nodal surface states. However, investigations into nodal surface semimetals/metals are very rare (Wu et al., 2018), and the energy variation of the nodal surface state is great.

If one material hosts two or more types of band-crossings, it can be considered a good platform to investigate the relationship among different topological signatures. Very recently, tetragonal PtO was proposed by Li et al. (2020b) as an effective material to study the one-dimensional nodal line and zero-dimensional nodal point states. Furthermore, Li and Xia (2020) predicted that cubic HfN is a topological material that co-exhibits nodal line and nodal loop states.

Motivated by the above-mentioned information and based on the first principles, we report a new family of topological materials, Zr3X (X = Al, Ga, In) with one-dimensional nodal loop and two-dimensional nodal surface states. The progress in the field of nodal line/surface states, including the conceptual development, the character and classification of these nodal structures, and the material realization, can be found in Wang et al. (2019). Moreover, the dynamical stable as well as the effect of spin-orbit coupling on the electronic structures of these materials are discussed in detail.



MATERIALS

In this study, we have focused on the hexagonal type Zr3X (X = Al, Ga, In). As an example, the primitive cell structure of hexagonal P63/mmc type Zr3Al from different sides are shown in Figures 1A,B. From the figures, it is evident that Zr3X has eight atoms, namely, two X atoms and six Zr atoms. The structures of Zr3X have been totally relaxed with the help of first principles. The equilibrium lattice parameters of Zr3X (X = Al, Ga, In) have been computed via minimizing the crystal total energy calculated for different values of lattice constant by means of Murnaghan's equation of state (EOS) (Murnaghan, 1944). The achieved lattice constants for these compounds are shown in Table 1.
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Figure 1. (A,B) Structures of Zr3Al as viewed from different sides; (C) Brillouin zone and the considered high-symmetry points; (D) calculated phonon dispersion of Zr3Al; (E) calculated band structure of Zr3Al; here, the obvious band-crossings can be found in region A and B.



Table 1. Optimized lattice constants for Zr3X compounds.
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Based on the Brillouin zone and considered high-symmetry points Γ-M-K-Γ-A-L-H-A (as shown in Figure 1C), dynamic stability was examined for these three compounds according to the calculated phonon dispersions, and the results are given in Figures 1D, 2A,B, respectively. These Zr3X compounds are obviously dynamically stable due to the absence of the imaginary frequency (Han et al., 2019; Wu et al., 2019; Li et al., 2020a). These materials are therefore proposed to be experimental platforms to study topological semimetals/metals.



COMPUTATIONAL METHODS

In this study, calculations have been carried out using the Vienna ab initio simulation package (VASP) (Kresse and Furthmüller, 1996) based on the first-principles density functional theory (DFT), and the generalized gradient approximation (GGA) (Perdew et al., 1996) of Perdew–Burke–Ernzerhof (PBE) (Perdew et al., 1998) functional is adopted for the exchange-correlation potential. During the calculations, the cutoff energy is set as 600 eV, and the Brillouin zone is sampled by the Monkhorst–Pack k-mesh with a size of 6 × 6 × 6. Furthermore, we set the energy/force convergence criteria as 10−6 eV/10−3 eV.



RESULTS AND DISCUSSION

Observing the calculated band structure of Zr3Al in Figure 1E, we find that Zr3Al is a metal in which the bands and the Fermi level overlap. In addition to the metallic property, we find that there are several band-crossings near the Fermi level. These band-crossings are mainly located in two regions, named as region A and region B, which have been highlighted by green backgrounds. Similar properties are observed in Zr3Ga and Zr3In, as shown in Figures 2C,D, respectively.


[image: Figure 2]
Figure 2. (A,B) Phonon dispersions of Zr3Ga and Zr3In, respectively; (C,D) calculated band structures of Zr3Ga and Zr3In, respectively; here, band-crossings around the Fermi level are highlighted by green rectangles.


In Figures 1E, 2C,D, one may notice that the band structures for these Zr3X compounds are approximately the same; hence, in the following discussion, Zr3Al was selected as an example with which to study the band topology of Zr3X compounds. As an example, the band structural of Zr3Al via GGA+U (U = 4 eV for Zr-d orbitals) is given in Supplementary Figure 1. One can find that the band topology of Zr3Al is still kept under GGA+U method.

In Figure 1E, we find that the band-crossings in region A and region B are quite close to the Fermi level. Specifically, the band-crossings in region A are along M-Γ-K paths, and the band-crossings in region B are along A-L-H-A paths. These band-crossings in both the regions may thus dominate the main features of Zr3Al.

As shown in Supplementary Figure 1, in region A, we observe two obvious band-crossings; one is along M-Γ, and the other one is along Γ-K. Zr3Al is a system with inversion P and time-reversal T symmetries; thus, the two band-crossings along M-Γ-K paths cannot be isolated points (Xu et al., 2017; Fu et al., 2019) on the plane kz = 0. To determine that the two band-crossings in region A belong to a nodal loop on the plane kz = 0, we selected Γ-a1, Γ-a2, Γ-a3, Γ-a4, and Γ-a5 paths (see Figure 3A) to further calculate the band structures of Zr3Al (a1, a2, a3, a4, and a5 are equally spaced between M and K). The calculated band structures are shown in Figure 3B, and we find that band-crossings (marked as yellow circles) appear along Γ-a1, Γ-a2, Γ-a3, Γ-a4, and Γ-a5 paths, implying that a nodal loop should occur on the plane kz = 0. The Γ-centered three-dimensional band dispersion in region A of the kz = 0 plane and the shape of Γ-nodal line in region A are shown in Figures 3C,D, respectively. As shown in Figures 3B,C, these band-crossings in region A host very little energy variation. That is, Zr3X materials can be seen as exceedingly flat in energy, which may exhibit special properties that have exceptional applications. For example, very recently, Wang et al. (2020e) proposed that a nearly flat nodal line around the Fermi level will induce an exceptional thermoelectric power factor in the Nb3GeTe6 monolayer. Moreover, as shown in Figure 3B, we find that all the band crossing points on the plane kz = 0 are type I (Liu et al., 2018a; see Supplementary Figure 2); this nodal line is thus type I.
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FIGURE 3. (A) Considered paths Γ-Q (Q = M, a1, a2, a3, a4, a5, K) in the kz = 0 plane; (B) calculated band structures along Γ-a1, Γ-a2, Γ-a3, Γ-a4, Γ-a5 paths; (C) Γ-centered three-dimensional band dispersion in region A of the kz = 0 plane; (D) shape of Γ-nodal line in region A of the kz = 0 plane (the nodal line is shown as white lines and marked by arrows).


In region B, one can see that there are degenerate bands along the A-L-H-A direction. This indicates that the bands in the plane kz = π are doubly degenerate, reflecting a nodal surface state that appeared in the plane kz = π. To further confirm that the two bands are degenerated in kz = π plane, we show the A-centered three-dimensional band dispersion in region B of the planes kz = 0.90 π, kz = 0.99 π, and kz = π in Figures 4A–C, respectively. In Figure 4C, the two bands are obviously totally degenerate, leading to a new topological signature, i.e., nodal surface state, in the kz = π plane (as shown in Figure 4D). Furthermore, as shown in Figure 4C, the energy variation of the nodal surface state is very small (range from −0.15 to 0.05 eV). Similar to the situation of the nearly flat nodal line state in the kz = 0 plane, the small energy variation of the nodal surface state in the kz = π plane may benefit the future experimental investigations.


[image: Figure 4]
Figure 4. (A–C) A-centered three-dimensional band dispersion in region B of the planes kz = 0.90 π, kz = 0.99 π, and kz = π, respectively; (D) schematic diagram indicating the nodal surface state in the kz = π plane.


Finally, we discuss the electronic-band structure in the presence of spin–orbit coupling. The corresponding calculations results are shown in Figure 5. We find that Zr3Al is an excellent topological material whose band structure shows marked signatures (energy gaps) induced by the spin–orbit coupling effect (Fang et al., 2015). The spin–orbit coupling effect induces energy gaps of 23.05 and 20.08 meV (see Figure 5A) in region A. Furthermore, the band-crossings in region B have open energy gaps of 19.56 meV resulting from the spin–orbit coupling effect (see Figure 5B). The band structures of Zr3Ga and Zr3In with the effect of spin–orbit coupling are also exhibited in Figures 5C,D, respectively. The open energy gaps observed in these topological signatures, exhibited by Zr3X metal (X = Al, Ga, In), are very small compared to the other well-known topological semimetals/metals (Fang et al., 2016). A detailed collection of SOC gaps of typical nodal line materials can be found in the Supplementary Information of (Jin et al., 2020b).
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Figure 5. (A,B) Band structures of Zr3Al in the presence of spin–orbit coupling in region A and B, respectively; (C,D) band structures of Zr3Ga and Zr3In in the presence of spin–orbit coupling effect.




SUMMARY

In summary, the topological band structures of Zr3X (X = Al, Ga, In) have been studied via DFT calculations in this study. Neglecting spin-orbit coupling, there is a nodal loop in the kz = 0 plane and nodal surface state in the kz = π plane. The rich topological signatures are quite near to the Fermi level, which can be detected experimentally. Remarkably, the loop is nearly flat and the nodal surface features small energy variation. These above-mentioned topological signatures are not sensitive to the effect of spin–orbit coupling. Further, these compounds are proved to be dynamically stable based on the calculated phonon dispersions and host simple and clear band structures. It is expected that these non-trivial band-crossings can be experimentally observed via angle-resolved photoemission spectroscopy (ARPES).
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In this work, we investigated the phase transition and electronic structures of some newly designed all-d-metal Heusler compounds, X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni), by means of the first principles. The competition between the XA and L21 structures of these materials was studied, and we found that X2MnTi favors to feature the L21-type structure, which is consistent with the well-known site-preference rule (SPR). Under the L21 structure, we have studied the most stable magnetic state of these materials, and we found that the ferromagnetic state is the most stable due to its lower energy. Through tetragonal deformation, we found that the L21 structure is no longer the most stable structure, and a more stable tetragonal L10 structure appeared. That is, under the tetragonal strain, the material enjoys a tetragonal phase transformation (i.e., from cubic L21 to tetragonal L10 structure). This mechanism of L21-L10 structure transition is discussed in detail based on the calculated density of states. Moreover, we found that the energy difference between the most stable phases of L10 and L21, defined as ΔEM (ΔEM = ECubic-ETetragonal), can be adjusted by the uniform strain. Finally, the phonon spectra of all tetragonal X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) phases are exhibited, which provides a powerful evidence for the stability of the tetragonal L10 state. We hope that our research can provide a theoretical guidance for future experimental investigations.

Keywords: spintronic, electronic structure, DFT, electronic properties, Heusler alloys


INTRODUCTION

Magnetic shape memory compounds (MSMAs) (O'Handley, 1998) are a new type of intelligent materials which integrates magnetic controlled shape memory and magnetic field-induced strain simultaneously. It can be used as key components of sensors and brakes in the future. MSMAs have both thermoplastic martensitic transformation (Oikawa et al., 2001) and magnetic transformation (Oikawa et al., 2002), and their shape memory effect can be controlled by the magnetic field. That is to say, under the effect of magnetic field, their size or volume will be changed, resulting in a great strain, i.e., the magnetostrictive effect (Populoh et al., 2012). In addition, MSMAs enjoy magnetoresistance (Ullakko et al., 1996) and magnetocaloric (GschneidnerJr et al., 2005) effects, so they have been regarded as a research hot spot in recent years.

Heusler (Graf et al., 2011; Birkel et al., 2013; Ahmadian and Salary, 2014; Kirievsky et al., 2014; Xue et al., 2016; Miranda and Gruhn, 2017; Ghunaim et al., 2018; Li et al., 2019, 2020) compounds belong to intermetallic compounds. Heusler compounds naturally have many excellent properties, such as high Curie temperature (TC) (Wurmehl et al., 2005), adjustable electronic structure, suitable semiconductor lattice constants, and various magnetic properties. Therefore, Heusler compounds can be seen as good candidates for spin gapless semiconductors (SGSs) (Gao and Yao, 2013; Skaftouros et al., 2013; Wang et al., 2016; Wang X. et al., 2017), thermoelectric materials (Downie et al., 2013; Huang et al., 2018; Mallick and Vitta, 2018), shape memory compounds (SMAs) (Aksoy et al., 2009; Li et al., 2018), half metals (Shigeta et al., 2018; Singh and Gupta, 2019; Hao et al., 2020), and topological insulators (Hou et al., 2015; Lin et al., 2015). Because Heusler compounds possess excellent properties, they have been regarded as a research hot spot over the past 100 years. To date, researchers have discovered thousands of Heusler compounds. Heusler compounds roughly can be divided into three structures, namely, full Heusler (Wang X. T. et al., 2017), half Heusler (Silpawilawan et al., 2017), and quaternary Heusler (Cui et al., 2019), whose stoichiometric compositions are X2YZ, XYZ, and XYMZ, respectively. X, Y, and M are usually transition elements, while the Z atom is a main group element. In recent years, a new type of Heusler compounds has been found by researchers, and this type of Heusler compounds is named as all-d-metal Heusler compounds (Wei et al., 2015).

In the early 1990s, all-d-metal Heusler compounds Zn2AuAg and Zn2CuAu (Muldawer, 1966) were synthesized experimentally, which proved that all-d-metal Heusler compounds can be successfully prepared. This interesting study opened up a new direction for the research of Heusler compounds. All-d-metal Heusler compounds are different from common Heusler compounds in that they are composed of transition metal elements without the participation of main group elements. Compared with common Heusler compounds, all-d-metal Heusler compounds have the following advantages: (1) all-d-metal Heusler compounds do have not many restrictions on atomic site preference, so they can show more phase space and versatility than traditional materials; (2) they have high strength and toughness; and (3) in addition to magnetic phase transitions, all-d-metal Heusler compounds also have many untouched physical properties, such as spintronics properties.

Recently, an effective method, i.e., adjusting composition, was proposed by Tan et al. (2019) to make regular the phase transition of all-d-metal Heusler compounds. In their work, the atomic ordering, structural stability, tetragonal deformation, magnetism, and electronic structures of the Mn–Ni–V system, including Mn2−xNi1.5+xV0.5, Mn2−xNi1+xV, and Mn2−xNi0.5+xV1.5 compounds, are studied by employing the first principles. They stated that the tetragonal phase is more stable than the cubic phase for these all-d-metal Heusler compounds: MnNi2V, Mn1.25Ni1.75V, MnNi2.5V0.5, and Mn0.5Ni2V1.5.

Based on the above information, we focus on the electronic structures and phase transition of all-d-metal Heusler compounds X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) with the help of the first principles. To the best of knowledge, the physical properties of the X2MnTi system have not been studied yet by other researchers up to now. We will reflect that a L21-L10 phase transition can be found in all-d-metal Heusler compounds X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) under the tetragonal distortion. The effect of uniform strain on the cubic–tetragonal transition for this X2MnTi system was also discussed in detail in this work. The mechanism of the L21-L10 phase transition is discussed according to the calculated density of states in both cubic and tetragonal phases, and finally, we will further prove the stability of the tetragonal phase by calculating the phonon spectrum of the tetragonal L10 phase.



COMPUTATIONAL METHODS

Electronic structure calculations were performed using density functional theory (DFT), within the VASP code (Hafner, 2007). The exchange–correlation potential is treated by using the generalized gradient approximation (GGA) (Perdew et al., 1996) with the Perdew–Burke–Ernzerhof (PBE) (Perdew et al., 1998) functional. We also use the projection enhanced wave (PAW) (Kresse and Furthmüller, 1996) method to deal with the interaction between the ion nucleus and valence electron. In the calculations, the cutoff energy was set at 450 eV. A Monkhorst-Pack special 12 × 12 × 12 k-point mesh was used in the Brillouin zone (BZ) integration. The unit cell was optimized until the force and total energy were <0.001 eV/Å and 1 × 10−5 eV, respectively. The crystal models of cubic L21 phase and tetragonal L10 phase of Heusler alloys are built via VESTA. To calculate the dynamical stabilities of these alloys, phonon dispersion is obtained by means of the force-constants method using Nanodcal code. For the L21-type X2MnTi alloys, two magnetic states are considered: one is the ferromagnetic state with spin orderings of X-1, X-2, Mn, and Ti that are ↑↑↑↑; the other one is the antiferromagnetic state with spin orderings of X-1, X-2, Mn, and Ti that are ↓↓↑↓, respectively.



RESULTS AND DISCUSSION


The Crystal and Magnetic Structures of the X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) Heusler Compounds

Heusler compounds, X2YZ, enjoy a highly ordered cubic structure (Han et al., 2019a). There are generally four different positions in a primitive cell, namely, A (0, 0, 0), B (0.25, 0.25, 0.25), C (0.5, 0.5, 0.5), and D (0.75, 0.75, 0.75), respectively. The transition metal elements X and Y occupy the A, B, and C positions, and the main group element Z is preferred to occupy the D position. Different occupation positions of X and Y atoms will lead to different structures, namely, L21 and XA structures (Suzuki and Kyono, 2004) (as shown in Figures 1A,B). In the former, two X atoms occupy A and C positions, and Y and Z atoms enter B and D positions, respectively; in the latter, two X atoms occupy A and B positions, and Y and Z atoms are located at C and D positions, respectively.


[image: Figure 1]
FIGURE 1. Crystal structure of the (A) XA-type X2MnTi and (B) L21-type X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni); X is highlighted by gray balls, Ti is marked by blue balls, and Mn is marked by purple balls, respectively.


Next, we studied the competition between the XA structure and the L21 structure of X2MnTi. In Figure 2, the total energy of X2MnTi at the ground state with different structures (L21 and XA) is determined, and we set the ground state energy of the L21 structure as 0 eV as reference. One can clearly see that, for X2MnTi, the total energy of XA is higher than L21, reflecting that the most stable ordered structure is L21 for the X2MnTi system. In Figure 3, we further give a comparison of the total energy of two magnetic states [ferromagnetic (FM) and antiferromagnetic (AFM)] for the L21-type X2MnTi. We set the total energy of AFM to 0 eV as reference. As shown in Figure 3, the energy of X2MnTi in the FM structure is lower than 0, which indicates that the X2MnTi tends to exhibit the FM magnetic state.


[image: Figure 2]
FIGURE 2. Total energy difference E(XA) – E(L21) of X2MnTi under the L21 and XA structure (in FM state) with the energy of L21 set as 0 eV for reference.



[image: Figure 3]
FIGURE 3. Total energy difference (EFM – EAFM) of different magnetic states (AFM and FM) of X2MnTi (L21 structure) with the total energy of AFM set as 0 eV.




The L21-L10 Phase Transition of All-d-Metal Heusler-Type X2MnTi

In this section, our research goal is to explore the possible competition between the L21 (see Figure 4A) and L10 (see Figure 4B) of the all-d-metal Heusler compounds X2MnTi. We used Bain paths to investigate the reversible transformation between the ordered L21 and L10 phases during tetragonal distortion. Bain paths (Alippi et al., 1997) have tetragonal states along the geometries which connect the bcc and fcc phases of a material. It is assumed that there is no cell volume change after applying deformation on the cubic phase, then the energy difference ΔE in respect to c/a ratios is calculated to estimate whether it is a stable or metastable phase. It is a commonly used method to predict reversible transformation, and a number of literature (Barman et al., 2007; Özdemir Kart et al., 2008; Qawasmeh and Bothina, 2012; Zeleny et al., 2014) have used this method to estimate shape memory effect in Heusler FSMAs, such as Ni2MnGa and Mn2NiGa.
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FIGURE 4. Cubic phase (L21) (A) and tetragonal phase (L10) (B) of X2MnTi compounds.


In Figure 5, we can see that all X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) compounds present a L21-L10 (possible martensitic transformation) under the effect of tetragonal distortion. In detail, we found that X2MnTi (except for X = Au) compounds have two local minimum energies, one locates at c/a < 1 and the other locates at c/a > 1. The value of the local minimum energy with c/a > 1 is lower than that of the local minimum energy with c/a < 1, which means that the local minimum energy with c/a > 1 is the most stable state. Moreover, when c/a < 1, the local minimum energy of X2MnTi (except for X = Au) is a metastable phase. For the Au2MnTi compound, there is only one local minimum energy, which locates at c/a >1. This local minimum energy is the most stable phase and there is no metastable structure during the cubic–tetragonal transformation. The c/a ratio values of the most stable tetragonal L10 structure of these materials are summarized in Table 2.


[image: Figure 5]
FIGURE 5. (A–F) Relationship between the c/a ratio and ΔE (ΔE = ET – EC) for X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) compounds.


Next, we studied the influence of uniform strain on the competitiveness of the L21 and L10 structures. We give Cu2MnTi and Ni2MnTi as examples in Figure 6 for a detailed discussion.


[image: Figure 6]
FIGURE 6. Relationship between c/a ratio and ΔE (ΔE = ET – EC) with different volumes (insert figures: the relationship between the |ΔEM| and 1 + X%Vopt) for (A) the Cu2MnTi compound and (B) the Ni2MnTi compound.


By adjusting the lattice parameters of X2MnTi (X = Cu, Ni), their volume was changed between −2 and +2%, and then tetragonal distortion is applied to the cubic crystal structures. As shown in Figure 6, under the effect of tetragonal distortion, we can see that all substances with a volume of −2 and +2% still have two local energy minimums, which is the same as the optimized volume (Vopt). However, the difference is that during the volume changes from +2 to −2%, the minimum value of local energy gradually becomes lower, that is, the L10 state becomes more and more stable as the volume decreases.

In addition, it can be seen that the value of the c/a ratio for the most stable L10 phase also changes with the volume changes. During the volume changes from −2% to +2%, the c/a ratio (for the most stable L10 phase) gradually decreases. A smaller c/a ratio means a smaller degree of tetragonal distortion.



The Calculated Density of States of All-d-Metal Heusler-Type Compounds X2MnTi

We calculated their total density of states (TDOSs) and partial state density of states (PDOSs) (Han et al., 2019b) in cubic and tetragonal states, respectively, and we plotted them in Figures 7, 8.


[image: Figure 7]
FIGURE 7. (A–F) Calculated TDOSs of X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) compounds in cubic and tetragonal phases.



[image: Figure 8]
FIGURE 8. (A–F) PDOS diagrams of X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) compounds in cubic and tetragonal phases.


We found that the TDOS of tetragonal structure around the Fermi level is softer than the cubic TDOS. For example, we can find some strong peaks (see the red lines) near the Fermi level in the spin-down direction and some small peaks in the spin-up direction (see the black line) for the cubic phase (see Figure 7A). Note that one of the contributions to the total energy is the band energy [image: image]; a reduction of the DOS near EF in a tetragonal phase, in conjunction with the conservation of the integral for the number of valence electrons [image: image], often leads to a lower band energy and, thus, to a lower total energy for the tetragonal phase than for the cubic phase. As shown in Figure 7, we can find that, under the effect of the tetragonal strain, the energy states near EF tend to decrease or move to a high energy level. We give two more detailed explanations as follows: (1) as shown in Figures 7A,C–F, we can clearly observe that the local energy states (blue lines) near the Fermi level of the tetragonal L10 phase are significantly lower than those of the cubic L21 phase (black lines). Thanks to the TDOSs above, the total energy of the system will be released, resulting in cubic–tetragonal transformation; (2) as shown in Figures 7A,C, we find that the peaks (red line) of the cubic structure near the Fermi level disappeared in the tetragonal structure; however, a very small valley at the same energy (see the pink line) occurred. The peak to valley transition of TDOS near the Fermi level also proves that the tetragonal L10 structure is more stable for X2MnTi compounds.

In Figure 8, we also show the PDOSs of each atom in the cubic and tetragonal phases. As shown in Figure 8A, the PDOS of the L21-type Ag orbitals is almost located in the energy areas of −4.5 to −6 eV. In this region, the spin-up and spin-down PDOSs of Ag-d are almost symmetrical, reflecting that the contribution of Ag atoms to the total magnetism is relatively small. In the energy range from −1.5 to −4 eV, two large energy peaks, which come from the Mn-d orbitals, can be found in the spin-up channel; however, the DOS in the spin-down is nearly flat. Above the Fermi level, the TDOS in the spin-up channel is coming from the Ti-d orbital, and the TDOS in the spin-down channel is arising from the hybridization between the Ti-d and Mn-d orbitals. A similar phenomenon can also be found in L21-type Au2MnTi as shown in Figure 8B.

As shown in Figures 8C–F, some large peaks can be obviously found below the Fermi level in the spin-up channel for the L21-type X2MnTi (X = Ni, Cu, Pd, Pt) alloys. The formation of these peaks owes to the hybridization between X-d and Mn-d orbitals. For Ni2MnTi, the energy peak of the Ni-d orbital is larger than that of the Mn-d orbital around −1.2 eV; however, for the other three cases, the energy peaks of the X-d orbital are smaller than those of the X-d orbitals. Above the Fermi level, the TDOS is mainly coming from the Mn-d orbital in the spin-up channel and from the Mn-d and X-d orbitals in the spin-down channel.

As shown in Figure 8, near the Fermi level, PDOSs of the Mn atom will produce a strong spin splitting in two spin channels, and then result in strong magnetism. Thus, the total magnetism of X2MnTi is mainly coming from the Mn atoms. We also exhibit the total and atomic magnetic moments in Tables 1, 2.


Table 1. Total and atomic magnetic moments for cubic L21 type X2MnTi (X = Pd, Pt, Cu, Ni, Ag, Au).

[image: Table 1]


Table 2. Total and atomic magnetic moments, and c / a ratio for tetragonal L10 type X2MnTi (X = Pd, Pt, Cu, Ni, Ag, Au).

[image: Table 2]

Finally, we calculated the phonon spectrum of the X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) tetragonal L10 phase by means of the force-constants method using Nanodcal code and the results are collected in Figure 9. In Figure 9, we can clearly see that there are no virtual frequencies in the phonon spectrum of the X2MnTi, and the absence of virtual frequencies further confirms that their tetragonal L10 states are theoretically stable. Unfortunately, the possible L21-L10 phase transition of X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) has not been studied experimentally, and therefore, a comparison between the theoretical and experimental results cannot be shown in the current work. However, this investigation can help in understanding the physics in all-d-metal alloys. Moreover, we would like to point out that Bain paths are a sophisticated way to investigate the reversible transformation between the L21 and L10 phases during the tetragonal distortion. This method has been widely used to design new MSMAs, and some designed MSMAs have been experimentally verified, such as the Mn–Ni–Co–Ti system.


[image: Figure 9]
FIGURE 9. (A–F) Calculated phonon energy of X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) with tetragonal L10 phase.





CONCLUSIONS

In this study, we investigated the phase transition and electronic structures of X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) compounds based on first-principle calculations. First, we examined the L21 and XA competition of Heusler compounds X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni). The results show that the L21 type is the most stable ordered structure for these newly designed materials. Based on the L21 structure, we also compared the total energies of the L21 X2MnTi system with different magnetic states, i.e., FM and AFM. We found that these compounds have lower ground state energy when in the FM state, that is, the most stable state of X2MnTi is the FM state under the L21 structure. Subsequently, we studied the possible tetragonal transformation of Heusler compounds X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) and found that these materials all feature a stable L10 tetragonal phase. The energy difference ΔEM (ET – EC) in X2MnTi can be adjusted by a uniform strain. By analyzing the DOS diagram, it can be found that the magnetic moment of X2MnTi mainly comes from Mn atoms, which is due to their strong spin splitting around EF. The lower TDOS of the tetragonal L10 state near the Fermi level can be used to explain the stability of the tetragonal L10 state of X2MnTi. Finally, we gave the phonon spectra of the tetragonal L10 phase of X2MnTi (X = Pd, Pt, Ag, Au, Cu, and Ni) to further prove their stability.
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New diluted magnetic semiconductors represented by Li(Zn,Mn)As with decoupled charge and spin doping have received much attention due to their potential applications for spintronics. However, their low Curie temperature seriously restricts the wide application of these spintronic devices. In this work, the electronic structures, ferromagnetic properties, formation energy, and Curie temperature of Cu doped LiMgN and the corresponding Li deficient system are calculated by using the first principles method based on density functional theory, combined with Heisenberg model in the Mean-Field Approximation. We find that the Cu doped systems have high temperature ferromagnetism, and the highest Curie temperature is up to 573K, much higher than the room temperature. Li(Mg0.875Cu0.125)N is a half metallic ferromagnet and its net magnetic moments are 2.0 μв. When Li is deficient, the half metallic ferromagnetism becomes stronger, the magnetic moments increase to 3.0 μв. The bonding and differential charge density indicate that the half metallic ferromagnetism can be mainly attributed to the strong hybridization between N 2p and doped Cu 3d orbitals. The results show that Cu doped LiMgN is a kind of ideal new dilute magnetic semiconductor that will benefit potential spintronics applications.
Keywords: Cu doped LiMgN, electronic structures, ferromagnetism, Curie temperature, first-principles
INTRODUCTION
In the modern information technology, the transmission and processing of information mainly use the charge of electrons, while the storage of information mainly uses the spin of electrons. The two degrees of freedom are independent of each other. Diluted magnetic semiconductors (DMS) utilize the electron’s charge and spin degrees of freedom simultaneously to achieve novel quantum functionalities, which can combine the properties of semiconductor with ferromagnetism and have potential applications in spintronics (Ohno, 1998). Therefore, the designed spintronic devices have the advantages of lower energy consumption, faster running speed and smaller volume (Zutic et al., 2004; Dietl, 2010; Kacimi et al., 2014). However, there are some insurmountable difficulties for traditional III-V group based dilute magnetic semiconductors prepared by doping transition metals. For example, since the magnetic moments and carriers are provided by the same doped element, the binding effect of the spin and charge precludes the possibility of tuning electric and magnetic properties individually (Kaczkowski and Jezierski, 2009). The heterovalent substitution of Mn2+ into Ga3+ leads to severely chemical solubility of the magnetic ions (Potashnik et al., 2001). The average solubility for Mn is less than 1%, and only metastable films can be formed, resulting in that it is difficult to study the origin and mechanism of magnetism in dilute magnetic semiconductors Potashnik et al., 2001). Besides, the impurity ions often have higher ionization energy, restricting the contribution of free carriers in the system (Yan et al., 2007).
To overcome these difficulties, Mašek et al. (2007) theoretically proposed a kind of new diluted magnetic semiconductor Li(Zn,Mn)As based on I-II-V group elements, wherein magnetism due to isovalent substitution can be decoupled from carrier doping with excess/deficient Li concentrations. Deng et al. (2011), Jin et al. (2013) successfully prepared polycrystalline Li(Zn,Mn)As bulk materials with TC as high as ∼50 K. Muon spin rotation measurements have established that the magnetically ordered volume reaches 100% below TC, and the magnitudes of the ferromagnetic exchange coupling and the ordered moment are comparable to those of (Ga,Mn)As (Deng et al., 2011). Sato et al. (2012) theoretically calculated the electronic structures of Mn doped LiZnAs, LiZnP and LiZnN, and found that introduced Li vacancies could strongly suppress spinodal decomposition, induce ferromagnetic interaction and improve Tc in these systems. Following this, a series of new generation diluted ferromagnetic semiconductors, e.g., “111” type Li(Zn,Mn)P (Deng et al., 2013; Ding et al., 2013) and Li(Cd,Mn)P (Han et al., 2019), “122” type (Ba,K) (Zn,Mn)2As2 (Zhao et al., 2013; Zhao et al., 2014),“1111” type (La,Ca)(Zn,Mn)SbO (Ding et al., 2014), and “32522” type (Sr3La2O5)(Zn,Mn)2As2 (Man et al., 2014), were successfully synthesized. A number of progresses of these new DMSs have been made on both fundamental studies and potential applications. Among them, the highest Tc is 230 K of the (Ba,K)(Zn,Mn)2As2 system (Zhao et al., 2014). However, it remains below room temperature.
Improvement of TC is always a fundamental issue for diluted ferromagnetic semiconductor materials. To explore new dilute magnetic semiconductor materials with better performance, in this work, the electronic structures, ferromagnetic properties, formation energy, and Curie temperature of Cu doped LiMgN and the corresponding Li deficient system are investigated by using the first principle calculation method based on density functional theory (DFT), combined with Heisenberg model in the Mean-Field Approximation. We find that the Cu doped systems have high temperature ferromagnetism, the highest Tc is up to 573 K, which indicate that Cu doped LiMgN is a kind of ideal new dilute magnetic semiconductor.
COMPUTATIONAL DETAILS
LiMgN is an antifluorite structure (Kuriyama et al., 2002) with the lattice constant a = b = c = 4.955 Å, belongs to the space group F-43 m. It can be prepared by the reaction of Li, Mg and N2 at high temperature (800°C) (Kuriyama et al., 2002). The LiMgN tetrahedral lattice can be viewed as a zinc blende MgN binary compound, analogous to GaN, filled with Li atoms at tetrahedral interstitial sites near N. In the present work, a 2 × 2 × 1 (48 atoms) supercell of ZB-type LiMgN was constructed, containing 16 Li, 16 Mg and 16 N atoms, as shown in Figure 1A. Two Mg atoms were substituted by two Cu atoms, thus the doping concentration was 12.5%. When one Cu atom was fixed, another Cu atom was selected three asymmetric positions for comparison (as shown in Figure 1B). One Li atom closest to the Cu atom was removed in order to introduce a Li vacancy (VLi) in the 2 × 2 × 1 supercell.
[image: Figure 1]FIGURE 1 | Supercell structures of LiMgN with 48 atoms: (A) LiMgN, (B) Li(Mg0.875Cu0.125)N.
All the first-principles calculations were carried out with the Cambridge Serial Total Energy Package (CASTEP) code (Segall et al., 2002) based on the density functional theory (DFT) method. The periodic boundary conditions were applied in all calculations, and the generalized gradient approximation (GGA) in Perdew Burke Ernzerhof (PBE) (Perdew et al., 1996) was performed to deal with the electronic exchange-correlation potential energy. In order to reduce the number of the plane wave basis vectors groups, the plane-wave ultrasoft pseudo potential (USPP) method (Vanderbilt, 1990) was implemented to describe the interaction between ionic core and valence electrons. The valence electronic states were Li:2s1, Mg:2p63s2, N:2s22p3 and Cu:3d104s1, respectively. The cut-off energy for the plane-wave was 400 eV, and the Monkhorst-Pack mesh was 3 × 3 × 6 for the integral calculation of the total energy and charge density in the Brillouin zone. The self-consistent convergence accuracy was set at 2.0 × 10−6 eV/atom. The structures of each doped configuration were optimized before the calculations of total energies and the electronic structures.
RESULTS AND DISCUSSION
Electronic Structures
In order to achieve the equilibrium lattice constants, the structures of Li1-y(Mg1-xCux)N were optimized firstly. The geometry optimization curves are plotted in Figure 2. It can be seen that the optimized lattice constant for LiMgN is 5.04 Å, which is slightly overestimated comparing with the experimental value (4.955 Å) (Kuriyama et al., 2002). The optimized lattice constants of Li (Mg0.875Cu0.125) and Li0.9375 (Mg0.875Cu0.125) N are 5.02 and 5.01 Å respectively, slightly less than that of the pure LiMgN.
[image: Figure 2]FIGURE 2 | The relative energy as a function of lattice constants for Li1-y(Mg1-xCux)N.
Pure LiMgN is a direct band gap semiconductor. The valence band is mainly composed of N-2p, Mg-2p state and Li-2s electronic states, and the conduction band is mainly composed of Mg-2p and Mg-3s electronic states. Figure 3 shows the spin polarized energy band structures of Cu doped LiMgN and the corresponding Li deficient system, and the inset is enlarged views of the vicinity of Fermi level. It can be seen in Figures 3A,B that some impurity levels are introduced near the Fermi level by Cu doping. In the majority-spin bands, the impurity bands merge into the valence band top, and the Fermi level still lies in the band gap, so the majority-spin bands remain semiconducting nature. While in the minority-spin bands, the Fermi level penetrates through the impurity bands, resulting in that two of the impurity levels cross the Fermi level, which demonstrates that the minority-spin bands exhibit metallic properties. So the Cu doped LiMgN system becomes a half-metallic material with 100% spin-polarized ratio of conduction electron. The spin-flip band gap is 0.13 eV (shown in Table 1). Figures 3C,D are the energy band structures of Cu doped LiMgN with Li vacancies. They are similar to that of Cu doped LiMgN, indicates that Li0.9375(Mg0.875Cu0.125)N also exhibits half metallic property. However, the minority-spin bands are somewhat different. The impurity levels across the Fermi level increase to three, and the spin-flip band gap increases to 0.22 eV, which indicates that the more robust half-metallic behavior to lattice deformation and temperature for Li deficient system.
[image: Figure 3]FIGURE 3 | The spin polarized band structures of Li(Mg0.875Cu0.125)N (A,B); and Li0.9375(Mg0.875Cu0.125)N (C,D). Inset: Enlarged views near Fermi level.
TABLE 1 | The band gaps (Eg), the spin-flip/half-metallic gaps (HM gap), magnetic moments (M), and formation energies (Ef) of Li1-y(Mg0.875Cu0.125)N.
[image: Table 1]Figure 4 shows the density of states (DOS) of Cu doped LiMgN and the corresponding Li deficient system. It can be seen in Figure 4A that the sub-bands crossing the Fermi level mainly come from Li-2s, N-2p and Cu-3d states of the minority-spin. Besides, one can also note that a resonance peak appears near the Fermi surface, indicating that the electron orbitals of Li-2s, N-2p and Cu-3d states have strong sp-d hybridization near the Fermi level. The t2g energy level split from Cu-3d states of the minority-spin is pushed across the Fermi level, which makes it become a half-filled state. This causes that the states of the majority-spin are slightly more than those of the minority-spin, resulting in the net magnetic moments. The calculated net magnetic moments are 2.0 μв for Li(Mg0.875Cu0.125)N as shown in Table 1. Figure 4B shows that when Li is deficient, the DOS of Li-2s, N-2p and Cu-3d states near the Fermi level increase obviously. This indicates that the Li vacancies enhance the sp-d orbital hybridization. The t2g energy levels are pushed further above the Fermi level, which makes none of the three levels is occupied by electrons. This increases the spin-flip band gap and net magnetic moments for Li0.9375(Mg0.875Cu0.125)N. The formation energy of the two systems is also calculated and shown in Table 1. The stability of the doped system decreases slightly with respect to pure LiMgN.
[image: Figure 4]FIGURE 4 | The density of states of Li(Mg0.875Cu0.125)N (A); Li0.9375(Mg0.875Cu0.125) (B).
Ferromagnetism and Bonding
To explore the magnetic properties of the systems, the ferromagnetic and antiferromagnetic coupling energy of Li1-y(Mg0.875Cu0.125)N with different Cu doped position are calculated and shown in Table 2, where EFM is the ferromagnetic coupling energy of the systems, EAFM is the antiferromagnetic coupling energy, and ΔE is the difference between the ferromagnetic and antiferromagnetic coupling energy. It can be seen obviously that ΔE < 0 for each doped position, indicating that the ferromagnetic order is more stable than the antiferromagnetic order. The Cu doped LiMgN systems are half-metallic ferromagnet. To further understand the ferromagnetic properties of Li1-y(Mg0.875Cu0.125)N, the variation of ΔE with the distance between two Cu atoms is plotted in Figure 5A. It can be seen that ΔE decreases with the distance, implying that the half-metallic ferromagnetism become stronger as the two Cu atoms is closer. Moreover, when Li is deficient, the half-metallic ferromagnetism is further enhanced.
TABLE 2 | The ferromagnetic and anti-ferromagnetic coupling energy of Li1-y(Mg0.875Cu0.125)N with different Cu doped position.
[image: Table 2][image: Figure 5]FIGURE 5 | The energy difference of the ferromagnetic and antiferromagnetic state (A) and the Curie temperature (B) as a function of the two doped Cu atoms distance for Li1-y (Mg0.875Cu0.125)N.
The ideal DMS should have Curie temperature (Tc) higher than the room temperature. The Curie temperature of the Cu doped LiMgN systems is estimated by using the Heisenberg model in the Mean-Field Approximation (Sato et al., 2003):
[image: image]
where x is the number of doped particles, ΔE is the difference between the ferromagnetic and antiferromagnetic coupling energy, and KB is the Boltzmann constant. The variation of Tc with the distance between two Cu atoms is shown in Figure 5B. It can be seen that Tc of the doped systems is significantly enhanced when Li is deficient, and the maximum Tc is up to 573 K, much higher than the room temperature. Which shows that Cu doped LiMgN is a kind of ideal new dilute magnetic semiconductor that will benefit potential spintronics applications.
Table 3 shows the bond length and charge population overlap of the doped systems. It is found that the numbers of the charge population overlap for the Li-N and Mg-N bonds in pure LiMgN are negative, which indicates that they are ionic bonds. For Cu doped system, the numbers of the charge population overlap for Li-N and Mg-N bonds decrease. Meanwhile, the number of the charge population overlap for Cu-N bond is positive, demonstrating the covalent nature for the Cu-N bond, which is due to the strong hybridization between N 2p and doped Cu 3d orbitals. In general, the radius of Cu ion is larger than that of Mg ion. However, the bond length decreases for Cu doped system because of the Cu-N covalent bond nature, resulting in that the lattice constant also decreases. When Li is deficient, the numbers of the charge population overlap for Li-N and Mg-N bonds further decreases, whereas that of Cu-N bond further increases. This indicates that more charges transfer from the Li and Mg atoms to the Cu and N atoms, resulting in that the covalent nature for the Cu-N bond become stronger.
TABLE 3 | The charge population overlap and bond length of the chemical bonds for Li1-y(Mg1-xCux)N.
[image: Table 3]Figure 6 shows the charge density for Li1-y(Mg1-xCux)N along (2,2,1) plane. It can be seen that the values of charge density around Li and Mg atoms (Figure 6B) also decrease compared with those of pure LiMgN (Figure 6A). Besides, we can find that the charges transfer from the Li and Mg atoms to the Cu and N atoms, resulting in that the interaction between Cu and N atoms is stronger than that between Mg and N atoms. When Li is deficient, the charges further transfers and the interaction between Cu and N atoms become stronger. These results indicate that the effect of Cu doping on the ferromagnetic properties and bonding of the doped system is mainly attributed to the strong hybridization between N 2p and doped Cu 3d orbitals.
[image: Figure 6]FIGURE 6 | The maps of charge density for Li1-y(Mg1-xCux)N in (2,2,1) surface. (A) LiMgN; (B) Li(Mg0.875Cu0.125)N; (C) Li0.9375(Mg0.875Cu0.125)N.
CONCLUSION
In this work, the electronic structures, ferromagnetism, formation energy, and Curie temperature of Cu doped LiMgN and the corresponding Li deficient system are calculated by using the first principles method based on density functional theory, combined with Heisenberg model in the Mean-Field Approximation. We find that the Cu doped systems exhibit half-metallic ferromagnetism, which is helpful for spin injection. The net magnetic moments for Li(Mg0.875Cu0.125)N are 2.0 μв. When Li is deficient, the half-metallic ferromagnetism becomes stronger, the magnetic moments increase to 3.0 μв. The density of states, bonding and charge density indicate that the half-metallic ferromagnetism can be mainly attributed to the strong hybridization between N 2p and doped Cu 3d orbitals. Besides, we also find that the highest Curie temperature is up to 573 K when Li is deficient, much higher than the room temperature. These results indicate that Cu doped LiMgN is a kind of ideal new dilute magnetic semiconductor and will benefit potential spintronics applications.
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