[bookmark: _Hlk112483397][bookmark: _Hlk151007130]Impact of nitrogen on charge-to-spin conversion efficiency in antiferromagnetic Mn3PtN compared to Mn3Pt thin films

[bookmark: _Hlk120205068]Nitipriya Tripathi,* and Shrawan K. Mishra
[bookmark: _Hlk120205173]School of Materials Science and Technology, Indian Institute of Technology (BHU), Varanasi-221005, India

Yoshio Miura, and Shinji Isogami**
Center for Magnetic and Spintronic Materials, National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan

Corresponding authors:
* nitipriyatripathi.rs.mst20@itbhu.ac.in; ** isogami.shinji@nims.go.jp
(N. T. and S. I. equally contributed to this work.)





<Abstract>
The bilayer structures consisting of Mn3PtN (5 nm)/CoFeB(3 nm) and Mn3Pt(5 nm)/CoFeB(3 nm) were fabricated via magnetron sputtering to investigate the role of nitrogen on charge-to-spin conversion efficiency in the noncollinear antiferromagnets (AFMs). The crystal structure of Mn and Pt in Mn3PtN (MPN) is consistent with that of Mn3Pt (MP) with L12-ordered structure, which allows us to study the different charge-to-spin conversion efficiency for AFMs with and without N. The spin-torque ferromagnetic resonance and second harmonic Hall measurements were performed for both samples. It was revealed that the spin-Hall angle (SH) of the MPN with spin polarization in y-direction was observed to be ~0.033, exceeding the corresponding value of MP (~0.025), which was qualitatively supported by the first-principles calculation. These results led us to conclude that N plays a crucial role in stabilizing the noncolliear antiferromagnetic structure and creating an electronic state advantage for the enhanced SH.




<Main text> 
I. Introduction
The manipulation of magnetization in ferromagnets (FMs) by spin-current has been a key technology in recent spintronics. There are some origins for the charge-to-spin conversion phenomena, which are the bulk spin-Hall effect (SHE)1 that is typically observed in the non-magnetic heavy metals (HM) and the Rashba-Edelstein effect (REE)2 originating from inversion symmetry breaking at the interfaces of bilayer structures. The spin-current by these phenomena provides the magnetization of adjacent FMs with spin-orbit torques (SOTs), leading to the efficient current-induced magnetization switching in spintronic devices such as non-volatile memories with significantly low power consumption.
In recent years, noncollinear antiferromagnets (AFMs) have been paid more attention as one of the new spin sources whose mechanisms are different from the conventional SHE and REE. The specific characteristic of charge-to-spin conversion in the AFMs is the appearance of not only y-polarized spin (y) but also x- and z-polarized spins (xand z), originating from the low-symmetry triangular magnetic structures of which magnetic moment has both in-plane and out-of-plane components with respect to the current flow.3-6 These findings bring so-called an anisotropic SOTs, leading to the field-free magnetization switching of perpendicular magnetization,5 which strongly contributes to the high integration of nonvolatile memories. In order to realize these devices based on such advantages in AFMs, the next topic to focus on is boosting the charge-to-spin conversion efficiency by material engineering such as elemental doping, ordering, and alloying in AFMs.
Although the charge-to-spin conversion in the L12-ordered Mn3Pt compound with a Néel temperature of 475 K has been extensively studied 3-5 as one of the metallic AFMs like Mn3Ir,7,8 transition metal nitrides (TMNs) with antiperovskite structure denoted by A3BN (in which N occupies the body-centered site of the face-centered-cubic structure formed by the sublattices of transition metals A and B) have been attracted more attention due to their various magnetic and spintronic properties:9-14 inverse/negative magnetoresistance,15-19 current-induced spin-transfer torque (STT)/SOT switching,20-24 thermoelectric conversion,25-27 propagation of magnetic domains and skyrmions,28-32 and giant magetostriction.33 These properties in the TMNs are generally attributed to the topological features of electronic band structures,34 resulting from the hybridization effects between the A and B and N ions. In particular for A = Mn, Mn3BN (B = Pt, Ir, Cu, Ni, etc.), the noncollinear AFM structure and the efficient anomalous-Hall effect (AHE) as well as anomalous Nernst effect (ANE) are predicted by first-principles calculations within the framework of AFM spintronics.35,36 It should be highlighted that the field-free current-induced magnetization switching of ferromagnetic layers triggered by SOTs has been demonstrated in the bilayer systems with noncollinear AFMs, Mn3GaN 37 and/or Mn3SnN.38 However, the role of N for enhancing the SOTs with TMNs has not been fully investigated to date.
In this study, the charge-to-spin conversion in the Mn3PtN/CoFeB bilayer systems was investigated by spin-torque ferromagnetic resonance (ST-FMR) and second harmonic Hall measurements in comparison to the control Mn3Pt/CoFeB systems. Note that the host crystal structure of Mn3PtN without N atoms and its noncollinear AFM structure are consistent with Mn3Pt.39 Therefore, it is possible to extract the impact of N on charge-to-spin conversion by comparing these bilayer systems, in which the only difference is the presence of N. As a result, it was revealed that the y dominates the charge-to-spin conversion in both systems, while the components of xand z slightly coexist in the Mn3PtN system. The Mn3PtN system showed a ~32 % increase in the spin-Hall angle (SH) compared to the Mn3Pt system, which is the impact of N ordering at the preferential site of antiperovskites. The first-principles calculation of the spin-Hall conductivity qualitatively supported the experimental results.
II. Methods
A. Experimental procedure
The multilayer structure, MgO(001)sub. / Mn3PtN (hereinafter referred to as MPN) (5, 7, and 10) / CoFeB (hereinafter referred to as CFB) (3) / MgO (3) (thickness unit in nm), were deposited using the DC and RF magnetron sputtering systems with the base pressure of less than 1×10-6 Pa. For the deposition of MPN, the reactive nitride sputtering technique was employed, and the N2 gas flow ratio that is defined by N2/(Ar+N2) was 10 %. The growth temperature of MPN is optimized to be 723 K. The CFB and MgO layers were deposited at room temperature. The atomic ratios of MPN and CFB were evaluated to be (Mn : Pt = 3 : 1) and (Co : Fe : B = 1 : 3 : 1), respectively, by X-ray fluorescence. For a comparison, the same multilayer structure was fabricated by replacing the MPN layer with Mn3Pt (hereinafter referred to as MP) layer. The structural analysis was performed by X-ray diffraction (XRD) with the Cu-K radiation. The crystal order parameter (S) was estimated using the formula, , where  represents the integral intensity of the XRD from the 001(002) plane given by the calculation (experimental profile). The detailed procedure has been shown in the previous papers.40,41 The surface roughness (Ra) and the magnetic property of the CFB layer were evaluated using the atomic force microscope and the vibrating sample magnetometer (VSM), respectively. Microfabrication was performed using Ar ion milling and photolithography to fabricate the wire devices for ST-FMR and second harmonic Hall measurements, the size of which was 6 m width and 20 m length. These measurements were performed at room temperature.
B. Computational details
The first-principles calculations of MP and MPN were performed by the Quantum Espresso code.42 The projector augmented wave (PAW) pseudo-potentials43 were used for the atomic potentials of Mn, Pt and N with the plane-wave and the charge-density cut-off energies 60 and 400 Rydberg, respectively. We adopted the generalized gradient approximation44 for the exchange and correlation energy including the spin-orbit interaction with 16  16  16 k-points in the first Brillouin zone. The lattice parameters of both MP and MPN were taken from the experimental value for the 5-nm-thick MPN film, which were slightly distorted to the tetragonal unit cell a = 0.40046 nm and c/a = 0.9862. We performed the calculations of spin-Hall conductivity () for the MP and MPN with 4g-type noncollinear AFM structure based on the liner response theory45,46 using following equation,

 is the spin Berry curvature47 given by,

where  is the volume of the unit-cell,  is the electron mass, m and n are the occupied and unoccupied band indices,  () is the ()-axis component of the momentum operator,  is the spin angular momentum operator with the spin quantum axis along  direction,  is the eigenstate with the eigenenergy , and  is the occupation function for the band n and wave-vector k at the energy (E) relative to the Fermi level (EF). In the spin-Hall conductivity calculations, the tight-binding Hamiltonian was constructed by the Maximally Localized Wannier function basis with the WANNIER90 code.48,49 Then, the  was computed using 100  100  100 k-points in the first Brillouin zone.
III. Results and discussions
A. [bookmark: _Hlk111542794]Characterization of Mn3PtN and Mn3Pt thin films 
Figure 1(a) illustrates the unit cell of MPN, displaying the magnetic structure of Mn. A possible 4g-type noncollinear AFM structure, commonly known as head-to-head and tail-to-tail configuration on the (111) plane, could be formed in the present film. Figure 1(b) shows the out-of-plane XRD profile for the MgOsub. / MPN (5) / CFB (3) / MgO (3). The diffraction peaks observed at 2 ≈ 23° and 46° originate from the (001) superlattice and (002) fundamental lattice, respectively. The result of fitting with Pseudo-Voigt function is shown by the dashed line, and the S of Pt, Mn, and N in the 5-nm-thick MPN layer was estimated to be S ≈ 0.77, indicating a relatively high level of atomic order. An element-selective synchrotron anomalous XRD was additionally performed to focus on the atomic order of Mn in the MPN (see §S1 in the supplemental material). These results show that the unit cell depicted in Fig. 1(a) could be a dominant crystal structure in the present MPN film. Note that the XRD from the 3-nm-thick CFB was not detected, corresponding to an amorphous and/or nanocrystalline structure. The inset of Fig. 1(b) displays the surface morphology for the 25-nm-thick MPN single layer, of which Ra value was remarkably small, indicating a smooth interface could be expected between the present MPN(5)/CFB(3) sample.
Figure 1(c) displays the unit cell of MP with an L12-ordered structure. The arrow-shown possible magnetic structure of Mn is consistent with that of MPN, namely, a noncollinear AFM configuration of the 4g-type. Figure 1(d) shows the out-of-plane XRD profile of the MgOsub. / MP (5) / CFB (3) / MgO (3). Similar to the bilayer system with MPN [Fig. 1(b)], the observed XRD peaks originated from the (001) superlattice and (002) fundamental lattice. The S ≈ 0.72 was obtained, indicating that the dominant phase in the present MP layer is L12. The Ra of 30-nm-thick MP single layer was comparable to that of MPN. Note that the out-of-plane lattice constant of the 5-nm-thick MPN (c  0.395 nm) was larger than that of the MP (c  0.379 nm), which was consistent with the findings of a previous report.39 The in-plane lattice constant (a) of the 5-nm-thick MPN was estimated to be a  0.400 nm; therefore, the present 5-nm-thick MPN film involved tetragonal distortion along the out-of-plane direction with c/a  0.99. This tetragonal distortion might originate from the in-plane tensile strain at the interface between the MgO substrate (with a  0.420 nm) (see §S2 in the supplemental material).
B. Possible magnetic structures of Mn3PtN and Mn3Pt thin films
In order to assess the possible magnetic structure of MPN and MP, magnetic properties and AHE were investigated. The out-of-plane magnetic hysteresis loop of the 5-nm-thick MPN film is shown by the solid symbols in Fig. 2(a), where the diamagnetic background of the MgO substrate was subtracted. Soft magnetic switching was observed around the zero field, consistent with the previous reports for the Mn3Pt films with a thickness of 12-15 nm.3,5 The present film involves tetragonal distortion, with the lattice constant ratio of c/a  0.99 as mentioned above. Thus, it is inferred that the soft magnetic behavior observed around the zero field in Fig. 2(a) is due to the uncompensated magnetic moment of Mn originating from the distortion. The anomalous-Hall resistivity (xy) is plotted as a function of the magnetic field pointing in the out-of-plane direction and indicated by open symbols in Fig. 2(a). Based on the theoretical prediction,50,51 the finite AHE implies the potential existence of a noncollinear AFM structure of the 4g-type, as shown in Fig. 1(a).
Figure 2(b) presents the same experiments depicted in Fig. 2(a), but regarding the 5-nm-thick MP film. Comparable to the MPN scenario, a significant uncompensated Mn moment might contribute to the soft magnetic behavior observed at near-zero field. The saturation magnetization of the MP film was 0Ms  0.2 T, which was almost 10 times magnitude larger than that of the 15-nm-thick MP film on the MgO substrate in another report.3,5 The interpretation for this discrepancy has not been fully understood; however, based on the thickness dependent c/a values, it is speculated that the component of uncompensated Mn moment could be more prominent in the thinner MP film compared to the thicker film. For further details, refer to Fig. S2 in the supplemental material. Based on these magnetic properties and AHE results, it should be highlighted that the 4g-type noncollinear AFM structure is predominant in both MPN and MP.
Figure 2(c) shows the magnetic hysteresis loops at room temperature for the samples MPN/CFB and MP/CFB bilayers. The 0Ms and coercivity of the CFB layer differed between the MPN/CFB and MP/CFB, while the lateral shift resulting from the interlayer exchange interaction was tiny for both samples. Therefore, it is expected that there is not large difference in the spin injection efficiency at their interfaces at room temperature, if any. The speculation could be validated limited at room temperature, because the interlayer exchange interaction was remarkably different between two samples at low temperatures (see §S3 in the supplemental material).
C. Spin-Hall angles evaluated via ST-FMR
Because the effective demagnetization field (Meff) is required to estimate the SH as shown in Eq. (8), we first analyzed the FMR spectra observed in the measurement of ST-FMR [Fig. 3(a)]. The blue magnetic wire shown in Fig. 3(a) connects to the coplanar wave guide made of patterned Cu films. The rectified DC voltage (Vmix), originating from the magnetization precession in the CFB layer induced by the AC current from the signal generator, was recorded using the lock-in amplifier and the broadband bias tee circuit. The direction of AC current (x-axis) corresponds to the [100] direction of the unit cell of MPN and MP. The in-plane magnetic field (H) was applied at an azimuthal angle () with respect to the y-axis.
The inset of Fig. 3(a) shows the representative Vmix as a function of H with  = 45° and f = 8 GHz for the MPN/CFB sample. The Vmix can be reproduced by the combination of symmetrical Lorentzian (Vs) and anti-symmetrical Lorentzian (Va) components as,52
 ,                      (3)
where H and Hr are the FMR line width and the resonance field, respectively. The experimental data plots can be fitted well with Eq. (3) by using the fitting parameters, Vs = 0.59 V, Va = 1.4V, H = 4.8 mT, and Hr = 55 mT, as shown by the solid lines.
Figures 3(b) shows the correlation between f and Hr to estimate the Meff for the CFB layer on both the MPN and MP layers. The plots were fitted by Kittel’s formula for in-plane magnetized ferromagnetic films,53
 ,                            (4)
where  represents the gyromagnetic ratio. The dashed lines reproduced the plots using Eq. (4) with the  = 1.12 T for the MPN/CFB and 1.03 T for the MP/CFB. Here, we define the effective demagnetization field as the superposition of the anisotropy field: , where Ku represents the uniaxial magnetic anisotropy energy density, originating predominantly from the MPN/CFB and MP/CFB interfaces. Therefore, the second term  corresponds to the anisotropy field applied in the perpendicular direction of film plane, which was estimated to be 0.41 T for the MPN/CFB and 0.409 T for the MP/CFB. Note that these similar anisotropy fields are strongly supported by the fact that the interlayer exchange interaction for both samples is similar at room temperature, as explained in Fig. 2(c). Figure 3(c) shows the correlation between H and f, which allows for assessing the effective damping factor (eff) of the CFB layer on the MPN and MP layers. The plots were fitted by Kittel’s formula,53
.                           (5)
The dashed lines reproduced the plots employing Eq. (5) with   0.0122 for the MPN/CFB and 0.0138 for the MP/CFB, indicating similar values for both samples. We thus infer that the intrinsic and/or extrinsic line broadening mechanisms at the interface of MPN/CFB are comparable to those of MP/CFB.54
In order to investigate the characteristics of SOTs, we evaluated the dependence of Vs and Va on  for both MPN/CFB and MP/CFB. The Vs and Va are generally caused by the current-induced damping-like torque () and field-like torque () acting respectively on the magnetization (m) of adjacent ferromagnetic layers. This occurs in the conventional heavy metal/ferromagnet systems, where the dominant spin-current is induced by  via the ordinary SHE. However, the SOTs also arise from additional spin components such as  and  in the case of noncollinear AFMs. Therefore, the equations for the extended signals in ST-FMR are given by,3,5,23,37,38
   ,         (6)
  ,         (7)
where Vs,DL(FL) (s = x, y, and z) represents the measured voltage generated by the damping-like (field-like) torque due to . Figures 3(d) and 3(e) show the dependence of Vs and Va on  for the MPN/CFB and the MP/CFB, respectively. We used Eqs. (6) and (7) to fit the plots, and found that the dominant SOT is associated with  as the conventional SHE in heavy metals. However, further analysis suggested the coexistence of  and  components, although the contribution was minor (Table I). 

TABLE I  Fitting parameters of Eqs. (6) and (7) to reproduce the plots in Figs. 3(d) and 3(e), where the unit is V.
	MPN/CFB
	
	MP/CFB

	Vx,DL
	Vy,DL
	Vz,FL
	
	Vx,DL
	Vy,DL
	Vz,FL

	~0
	1.7
	~0
	
	~0
	1.3
	~0

	Vx,FL
	Vy,FL+Oe
	Vz,DL
	
	Vx,FL
	Vy,FL+Oe
	Vz,DL

	-0.20
	3.6
	~0
	
	-0.20
	2.8
	0.10



The estimation of SH relies on the ratio of the Vs and Va components found in the ST-FMR spectra as,55
 ,                      (8)
where e, μ0, dAFM(CFB), and  represent the elementary charge, the vacuum permeability, the film thickness of MP and MPN (CFB) layer, and Dirac’s constant, respectively. Assuming that  dominates the entire SOT, the SH of MPN (MP) was estimated to be 0.0330.0045 (0.0250.0035) for f = 8 GHz using Eq. (8) with 0Ms  1.58 T (1.40 T), 0Meff  0.11 T (0.10 T), and Vs/Va  Vy,DL/Vy,FL+Oe = 0.530.065 (0.460.064). It was evident that the charge to y-spin conversion efficiency in the MPN was greater than that in the MP. These are also confirmed regardless of f from 7 GHz to 10 GHz [Fig. 3(f)], and the SH increased with increasing dAFM [Fig. 3(g)]. Taking into account the tetragonal distortion depending on thickness dMPN (see §S2 in the supplemental material), the 4g-type noncollinear AFM structure could be stable and predominant by increasing dAFM. Therse results provide insight into the relationship between the SH and the stability of magnetic structures.
D. SOT effective fields evaluated via second harmonic Hall measurements
To confirm the fact that SH for  of the MPN was greater than that of the MP, the second harmonic Hall measurement was performed at room temperature with the measurement configuration shown in Fig. 4(a). Figure 4(b) shows the evaluation of the resistivity of MPN, MP, and CFB layers based on the DC four-point-probe resistance measurements for the realistic samples with various CFB thicknesses. The MPN, MP, and CFB were measured to be 109  cm, 125  cm, and 140  cm, respectively. Here we used the formula:  for analysis, where dCFB is the thickness of CFB layer and dAFM is the thicknesses of MP and MPN layers. We confirmed that the CFB was comparable to the previous study.56 Figures 4(c) and 4(d) show the representative second harmonic Hall voltages (Vxy2) as a function of the azimuthal angle () of in-plane external field (Hinp) with respect to the direction of AC current flow (IAC) for the MPN/CFB and MP/CFB samples, respectively, where we applied IAC = 2 mA (JAC  2.5  106 A/cm2) and 0Hinp = 50 mT. Since the component of  dominates the SOT origin judging from the ST-FMR results, the Vxy2 was decomposed by using following equations:57,58

 ,			(9)
 ,				(10)
.					(11)
VPHE(AHE), VDL, VFL+Oe, and VANE represent the measured voltage originating from the planar-Hall effect (anomalous-Hall effect as shown in §S4 in the supplemental material), the dumping-like torque, the total of field-like torque and current-induced field, and anomalous Nernst effect, respectively. The anisotropy field (Hk) was defined as the saturation magnetic field in the hysteresis loop of AHE as shown in Fig. S4 in the supplemental material. The data in Figs. 4(c) and 4(d) can be fitted by Eqs. (9)-(11) with the best parameters A and B. Although A is contaminated by the component of ANE, note that the component of HDL can be separated as the slope of linear fit to the plots of A vs. (Hinp+Hk)-1 as shown in Eq. (10). Therefore, the measurements of Vxy2 with various Hext were performed as shown in Figs. 4(e) and 4(f). The A for weak Hext showed different trend compared to that for strong Hext, so that we excluded these data from the linear fit. Consequently, the |HDL| values were estimated to be ~0.3830.0056 mT/(MA cm-2) for the MPN/CFB and ~0.2910.011 mT/(MA cm-2) for the MP/CFB. The results demonstrate the positive effect of N for SOT, which qualitatively agreed with the conclusion by ST-FMR.
E. Spin-Hall conductivity based on first-principles calculation
In discussion, the spin conductivities with each polarization when the charge and spin current respectively flow along x- and z-direction [see coordinates described in Figs. 1(a) and 3(a)], ,  and , were calculated for the MP and MPN as shown in Figs. 6(a)-6(c). Note that the lattice constants of MP and MPS were set to be a = b = 0.40046 nm and c = 0.395 nm which are the realistic value of the 5-nm-thick MPN film evaluated via XRD structural analysis [Fig. 1(b) and Fig. S2 in the supplemental material], in order to discuss the pure contribution of N. We confirmed that the 4g-type noncollinear AFM structures for three face-centered Mn atoms with head-to-head and tail-to-tail configuration on the (111) plane are energetically more stable than the collinear ferromagnetic structures on the (100) plane. Although finite spin conductivities were found for all components, the  for MPN increased at the EF compared to MP. Note that the enhancement is significant for  rather than those of  and . These results are consistent with the present experimental results shown in TABLE I. We show the spin Berry curvature  along the high symmetry line of MP and MPN in Fig. 5(d). It was revealed that the  along A-Z-R line of MPN was much larger than that of MP, which could be a possible mechanism of the enhanced  in the MPN. It is inferred that the large  along A-Z-R line of MPN can be attributed to the hybridization of Mn(d) and N(p) orbitals (see §S5 in the supplemental material). In order to provide an insight into the hybridization effect, we investigated the projection of each atomic orbitals on the band dispersion along the high symmetry line as shown in Figs. 5(e) and 5(f). The bands around the EF of MP are mainly composed of d orbitals of Mn and Pt, while those of MPN composed of Mn and N orbital components especially along A-Z-R line. In addition, the dominant component of N orbital presents ~ -1.0 eV as well. Therefore, these bands are mainly responsible for the large  in MPN system as shown in Fig. 5(d), leading to the enhancement of  due to the p-d dipole transition in MPN as compared to MP.59
	Understanding the impact of ordering or vacancy at the N site in the antipervskites is crucial due to its direct correlation with the band dispersion near the EF as predicted by the calculation mentioned above. In antipoerovskites such as Mn3AN, in which N and Mn atoms form a stable octahedral structure, the narrow band near the EF primarily composed of d orbitals of Mn and p orbitals of N.39 Therefore, the magnetic and transport properties are influenced strongly by the presence of N, and the enhanced charge-spin conversion obtained in this study might be one of the positive properties caused by N. Although the present study emphasizes the significance of N in the Mn-based AFM antiperovskite Mn3AN with A = Pt, this might be applicable to various A, judging from the previous reports on the Mn3GaN 37 and Mn3MnN (denoted by Mn4N) films 23,60 with highly efficient current-induced magnetization switching by SOT. Therefore, selecting the other candidates of A that can maximize the effect of N might be a remaining issue from the perspective of material engineering for efficient charge-to-spin conversion without the need for heavy metals.
IV. Conclusion
The impact of N on the charge-to-spin conversion was investigated by comparing the MPN/CFB and MP/CFB bilayers. Both MPN and MP films deposited on the MgO substrate involved tetragonal distortion with a lattice constant ratio of c/a ≈ 0.99. The presence of AHE indicates a possible magnetic structure of the 4g-type. The angular dependent ST-FMR revealed the dominant contribution of y as in the conventional SHE of heavy metals. Furthermore, the H based on they of MPN was greater than that of MP. These findings were supported by the second harmonic Hall measurements and first-principles calculation of xzy at the EF. N plays a crucial role to stabilize the 4g-type magnetic structure and provide the advantages to boost intrinsic xzy dominantly due to the Mn(d)-N(p) hybridized band in A-Z-R line toward the EF.
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FIG. 1. (a) Unit cell of Mn3PtN (MPN) crystal with antiperovskite structure together with the possible 4g-type magnetic structure. (b) Out-of-plane XRD profile for the stacking of MgOsub. / MPN(5) / CoFeB(3) / MgO(2) (in nm). The dashed lines represent the fitting curves with Pseudo-Voit function to estimate the degree of order (S). Inset shows an atomic force microscopy image of the 25-nm-thick MPN surface. (c, d) The same as Figs. 1(a) and 1(b), but regarding the Mn3Pt (MP).
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FIG. 2. (a, b) Magnetic hysteresis (solid circles) and anomalous-Hall resistivity (xy) (open triangles) for the 5-nm-thick Mn3PtN (a) and the 5-nm-thick Mn3Pt (b) as a function of the out-of-plane magnetic field (Hperp) at room temperature. (c) Magnetic hysteresis for the stacking of MgOsub. / MPN(5) / CFB(3) / MgO(2) (red) and that of MgO sub. / MP(5) / CFB(3) / MgO(2) (blue) (in nm) as a function of in-plane magnetic field (Hinp) at room temperature. The inset represents the enlarged magnetic hysteresis loops near the zero field.
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FIG. 3. (a) Spin-torque ferromagnetic resonance (ST-FMR) setups together with the typical field domain spectrum (Vmix) recorded at the in-plane magnetic field (H) with the azimuthal angle of  = 45. The blue and green solid lines represent the Lorentzian and anti-Lorentzian fitting results using Eq. (3), respectively. (b, c) Relationship between the resonance field (Hr) and the applied RF frequency (f) (b), and the f and ST-FMR line width (H) (c) for both MgOsub. / MPN(5) / CFB(3) / MgO(2) and MgOsub./ MP(5) / CFB(3) / MgO(2) (in nm). (d, e)  dependence of symmetric Lorentzian (Vs) and anti-symmetric Lorentzian (Va) components for the same samples. The solid and dashed lines represent the fitting curve using Eqs. (6) and (7), respectively. (f, g) Dependences of spin-Hall angles (SH) on f (f) and the thickness of MPN and MP layers (g) estimated using Eq. (8), which is dominated by the spin-torque originating from the polarization in y-direction.
[image: ]
FIG. 4. (a) Measurement configuration of the second harmonic Hall voltage. (b) Electric conductance as a function of the CoFeB layer thickness (dCFB). The dashed lines represent the fitting results using the formula, . (c, d) Second harmonic Hall voltage (Vxy2) as a function of azimuthal angle of in-plane field () with IAC = 2 mA and Hext = 50 mT. Solid and dashed lines represent the fitting results by Eqs. (9)-(11). (e, f) Fitting parameter |A| under the various H, where Hk represents the anisotropy field evaluated by AHE (see Fig. S4 in supplemental material). Dashed lines represent the linear fit to the plots for higher H region to obtain the HDL as shown by Eq. (10).
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[bookmark: _Hlk156402252][bookmark: _Hlk156402483][bookmark: _Hlk156402689][bookmark: _GoBack]FIG. 5. (a-c) Calculated spin-Hall conductivities for MP and MPN  as a function of energy (E) relative to the Fermi level (EF), where , , and  are the direction of current flow, the direction of spin-current, and the polarization direction of the spin (spin quantum axis), respectively. (d) Spin Berry curvature at the  along the high symmetry line in the first Brillouin zone for Mn3Pt and Mn3PtN. (e, f) Projections of each atomic orbital on the band dispersions of Mn3Pt and Mn3PtN along high symmetry line around the . The projections on N orbitals are magnified by a factor of 3 compared to other atomic orbitals. The high symmetry k-points  are ,  , , ,  in the Brillouin zone , respectively. The  are the reciprocal vectors of the tetragonal cell. 
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