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Impact of nitrogen on the charge-to-spin conversion efficiency in antiferromagnetic
Mn;PtN compared to Mn;Pt thin films
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The bilayer structures consisting of MnzPtN (5 nm)/CoFeB(3 nm) and Mn;Pt(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;PtN (MPN) without N is consistent with
that of Mn;Pt (MP) with L1,-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 (6sy) of the MPN
with spin polarization in the 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 Ogy.
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I. INTRODUCTION

The manipulation of magnetization in ferromagnets (FMs)
by spin current has been a key technology in recent spintron-
ics. 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 nonmagnetic heavy metals 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 spin-
tronic devices such as nonvolatile memories with significantly
low power consumption.

In recent years, noncollinear antiferromagnets (AFMs)
have received 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 con-
version in the AFMs is the appearance of not only y-polarized
spin (o,) but also x- and z-polarized spins (o, and o), originat-
ing from the low-symmetry triangular magnetic structures, the
magnetic moment of which has both in-plane and out-of-plane
components with respect to the current flow [3—6]. These find-
ings bring so-called anisotropic SOTs, leading to the field-free
magnetization switching of perpendicular magnetization [5],
which strongly contributes to the high integration of non-
volatile memories. In addition, the recent study also suggests
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the other origins of field-free magnetization switching such as
interfacial Dzyaloshinskii-Moriya interaction and cubic mag-
netic anisotropy [7]. In order to realize the highly integrated
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 L1,-ordered
Mn;Pt compound with a Néel temperature of 475 K has been
extensively studied [3-5] as one of the metallic AFMs like
Mn;lr [8,9], transition-metal nitrides (TMNs) with antiper-
ovskite structure denoted by A3BN (in which N occupies
the body-centered site of the face-centered-cubic struc-
ture formed by the sublattices of transition metals A and
B) have been attracting more attention due to their var-
ious magnetic and spintronic properties [10-15]: inverse
(negative) magnetoresistance [16-20], current-induced spin-
transfer torque—spin-orbit switching [21-25], thermoelectric
conversion [26-28], propagation of magnetic domains and
skyrmions [29-33], and giant magnetostriction [34]. These
properties in the TMNSs are generally attributed to the topolog-
ical features of electronic band structures [35], resulting from
the hybridization effects between the A and N ions as well as
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 [36,37]. It should
be highlighted that the field-free current-induced magnetiza-
tion switching of ferromagnetic layers triggered by SOTs has
been demonstrated in the bilayer systems with noncollinear
AFMs such as Mn3zGaN [38] and Mn3;SnN [39]. However, the
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role of N for enhancing the SOTs in the TMNSs has not been
fully investigated to date.

In this study, the charge-to-spin conversion in the
Mn;PtN/CoFeB bilayer systems was investigated by spin-
torque ferromagnetic resonance (ST-FMR) and second-
harmonic Hall measurements in comparison to the control
Mn;Pt/CoFeB systems. Note that the host crystal structure of
Mn;PtN without N atoms and its noncollinear AFM structure
are consistent with Mn3Pt [40]. Therefore, it is possible to
extract the impact of N on charge-to-spin conversion by com-
paring these bilayer systems, in which the only difference is
the presence of N. As aresult, it was revealed that the o, dom-
inates the polarized spins converted from the charge current
in both systems, while the components of o, and o, slightly
coexist in the Mn3PtN system. The Mn3PtN system showed
an ~32% increase in the spin-Hall angle (fsg) compared
to the Mn3Pt system, which is the impact of N ordering at
the preferential site of Mn3;PtN with antiperovskite structure.
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 (here-
inafter referred to as MPN) (5, 7, and 10)/CoFeB (hereinafter
referred to as CFB) (3)/MgO (3) (thickness unit in nanome-
ters), were deposited using the dc and rf magnetron sputtering
systems with the base pressure of less than 1 x 107 Pa. For
the deposition of MPN, the reactive nitride sputtering tech-
nique was employed, and the N, gas-flow ratio that is defined
by N,/(Ar + N,) was 10%. The growth temperature of MPN
was 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 MnsPt (hereinafter referred to
as MP) layer. The structural analysis was performed by x-ray
diffraction (XRD) with the Cu-K,, radiation. The crystal-order
Toor /Mo
e
where I&?&%g;‘) represents the integral intensity of the XRD
from the 001(002) plane given by the calculation (experi-
mental profile). The detailed procedure has been shown in
previous papers [41,42]. The surface roughness (R,) and the
magnetic property of the CFB layer were evaluated using the
atomic force microscope and the vibrating sample magne-
tometer (VSM), respectively. Microfabrication was performed
using Ar ion milling and photolithography to fabricate the
wire devices for ST-FMR and second-harmonic Hall measure-
ments, the size of which was 6-um width and 20-um length.
These measurements were performed at room temperature.

parameter (S) was estimated using the formula § =

B. Computational details

The first-principles calculations of MP and MPN were
performed by the QUANTUM ESPRESSO code [43]. The projec-
tor augmented-wave pseudopotentials [44] were used for the
atomic potentials of Mn, Pt, and N with the plane-wave and

the charge-density cutoff energies 60 and 400 Ry, respectively.
We adopted the generalized gradient approximation [45] for
the exchange and correlation energy including the spin-orbit
interaction with 16 x 16 x 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 (o) for the MP and MPN with I'y,-
type noncollinear AFM structure based on the liner response
theory [46,47] using the following equation:

e
o (E) = D QUK. E). e
k
Qr (K, E) is the spin Berry curvature given by [48]

hz
Uk, E) =23 [fion(E) = fin(E)]

o Im{km|(ppSy + Sy pp)lkn) (kn|pu[km)

(8kn - £km)2

@)

where V is the volume of the unit cell, m, is the electron
mass, m and n are the occupied and unoccupied band indices,
Do (Pg) is the a(B)-axis component of the momentum op-
erator, §, is the spin angular momentum operator with the
spin quantum axis along the y direction, |kn) is the eigen-
state with the eigenenergy &x,, and fx,(E) is the occupation
function for the band n and wave vector k at the energy (E)
relative to the Fermi level (Ep). In the spin Hall conductivity
calculations, the tight-binding Hamiltonian was constructed
by the maximally localized Wannier function basis with the
WANNIER90 code [49,50]. Then, the o was computed using
100 x 100 x 100k points in the first Brillouin zone.

II1I. RESULTS AND DISCUSSION
A. Characterization of MnzPtN and MnzPt thin films

Figure 1(a) illustrates the unit cell of MPN, displaying the
magnetic structure of Mn. A possible I'4,-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 20/w = 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 § ~ 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 [51]. 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 struc-
ture. The inset of Fig. 1(b) displays the surface morphology
for the 25-nm-thick MPN single layer, the R, value of which

224406-2



IMPACT OF NITROGEN ON THE CHARGE-TO-SPIN ...

PHYSICAL REVIEW B 109, 224406 (2024)

O
)
T

o 10*
P> @Mn 9 103
' " 1021

10"

2 P 10°F
J \& <) 10 A
] J 20 30 40 50 60

Log intensity (cps)

26/ (deg.)

—
(2]
~
—

Q.
e

Log intensity (cps)

" B 75 i
J & J 1020 310 410 510 60
26/ (deg.)

FIG. 1. (a) Unit cell of Mn;PtN (MPN) crystal with antiper-
ovskite structure together with the possible I'y,-type magnetic
structure. (b) Out-of-plane XRD profile for the stacking of MgO-
sub./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 1(a) and 1(b), but
regarding the Mn; Pt (MP).

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 L1,-
ordered structure. The possible magnetic structure of Mn
shown by the arrow is consistent with that of MPN,
namely, a noncollinear AFM configuration of the I'y, type.
Figure 1(d) shows the out-of-plane XRD profile of the MgO-
sub./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 § ~ 0.72 was obtained, indicating that the dominant
phase in the present MP layer is L1,. The R, 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 distor-
tion along the out-of-plane direction with ¢/a~ 0.99. This
tetragonal distortion might originate from the in-plane ten-
sile strain at the interface between the MgO substrate (with
a ~ 0.420 nm) [51].

B. Possible magnetic structures of Mn;PtN and Mn;Pt 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(5nm)
T T T

/10Hperp (T)
2 T T T T T
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FIG. 2. (a), (b) Magnetic hysteresis (solid circles) and anomalous
Hall resistivity (p,,) (open triangles) for the 5-nm-thick MPN (a) and
the 5-nm-thick MP single layers (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 (Hi,,) at room temperature. The inset
represents the enlarged magnetic hysteresis loops near the zero field.

MPN single layer 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 Mn3;Pt
films with a thickness of 12—15 nm [3,5]. The present film
involves tetragonal distortion, with the lattice constant ratio
of ¢/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
(pxy) 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 [52,53], the
finite AHE implies the potential existence of a noncollinear
AFM structure of the 'y, 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 single layer. Com-
parable 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 puoM, ~ 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 Ref. [S51]. Based
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FIG. 3. (a) Spin-torque ferromagnetic resonance (ST-FMR) setups together with the typical field-domain spectrum (V) 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 (H,) and the applied rf frequency (f) (b), and the f
and ST-FMR linewidth (AH) (c) for both MgOsub./MPN(5)/CFB(3)/MgO(2) and MgOsub./MP(5)/CFB(3)/MgO(2) (in nanometers). (d), (e)
¢ dependence of symmetric Lorentzian (V;) and antisymmetric Lorentzian (V,) components for the same samples. The solid and dashed lines
represent the fitting curve using Eqgs. (6) and (7), respectively. (f), (g) Dependences of spin Hall angles (6sy) 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.

on these magnetic properties and AHE results, it should be
highlighted that the I'4,-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 woM; 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 a 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 [51].

C. Spin Hall angles evaluated via ST-FMR

Because the effective demagnetization field (M) is re-
quired to estimate the Osy 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 waveguide made of patterned Cu
films. The rectified dc voltage (Viix), 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] direc-
tion 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 Viix as a
function of H with ¢ =45° and f = 8 GHz for the MPN/CFB
sample. The Vp,ix can be reproduced by the combination of
symmetrical Lorentzian (Vs) and antisymmetrical Lorentzian
(Va) components as [54]

AH(H — H,)

Vo v AH?
mix — aAH2+(H_Hr)27

*AH? + (H — H,)?

3

where AH and H, are the FMR linewidth and the resonance
field, respectively. The experimental data plots can be fitted
well with Eq. (3) by using the fitting parameters, V; = 0.59uV,
Va=1.40uV, noAH = 4.8 mT, and poH; = 55 mT, as shown
by the solid lines.

Figure 3(b) shows the correlation between f and H; to
estimate the M.¢ 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 [55],

f= %MO\/H(H + Mer), “)

224406-4



IMPACT OF NITROGEN ON THE CHARGE-TO-SPIN ...

PHYSICAL REVIEW B 109, 224406 (2024)

where y represents the gyromagnetic ratio. The dashed lines
reproduced the plots using Eq. (4) with the uoMeg = 1.12
T for the MPN/CFB and 1.03 T for the MP/CFB. Here, we
define the effective demagnetization field as the superposi-
tion of the anisotropy field: woMeg = oM, — ZI)LM, where K,
represents the uniaxial magnetic anisotropy energy density,
originating predominantly from the MPN/CFB and MP/CFB
interfaces. Therefore, the second term 2K, ” corresponds to the
anisotropy field applied in the perpendlcular 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 AH and f, which allows for assessing the
effective damping factor (c.sr) of the CFB layer on the MPN
and MP layers. The plots were fitted by Kittel’s formula [55],

27 f otett

HoAH = + noAHy. 5)

The dashed lines reproduced the plots employing Eq. (5)
with o &~ 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 mech-
anisms at the interface of MPN/CFB are comparable to those
of MP/CFB.

In order to investigate the characteristics of SOTs, we eval-
uated the dependence of V; and V, on ¢ for both MPN/CFB
and MP/CFB. The V; and V, are generally caused by the
current-induced damping-like (DL) torque (m x oy, X m) and
field-like torque (FL) (m x oy) acting, respectively, on the
magnetization (m) of adjacent ferromagnetic layers. This oc-
curs in the conventional heavy-metal-ferromagnet systems,
where the dominant spin current is induced by o, via the
ordinary SHE. However, the SOTs also arise from additional
spin components such as o, and o, in the case of noncollinear
AFMs. Therefore, the equations for the extended signals in
ST-FMR are given by [3,5,24,38,39],

Vs = Vi pL sin 2¢ sin ¢ + V, pLsin 2¢ cos ¢ + V_ g sin 2¢,
(6)

Va = Vi pL sin 2¢ sin @ + (V, FLy0e)Sin 2¢ cos ¢
+ V_pL sin 2¢, (7

where V; p(rL) (s = X, ¥, and z) represents the measured volt-
age generated by the DL (FL) torque due to o;. Figures 3(d)
and 3(e) show the dependence of V5 and V, on ¢ for the
MPN/CFB and the MP/CFB, respectively. We used Egs. (6)
and (7) to fit the plots, and found that the dominant SOT is
associated with o, as the conventional SHE in heavy metals.
However, further analysis suggested the coexistence of o, and
o, components, although the contribution was minor (Table I).
The estimation of Osy relies on the ratio of the V; and V,
components found in the ST-FMR spectra as [56]

Vs epoMdarmdcrs
by = > PO darmders [y
SH =3 P

oM
/’LOHr '

®)

TABLE I. Fitting parameters of Egs. (6) and (7) to reproduce the
plots in Figs. 3(d) and 3(e), where the unit is uV.

Ve DL(FL) V. DLFL+0e) V. DL(FL)
MPN/CFB ~0 (—0.20) 1.7 3.6) ~0 (~0)
MP/CFB ~0(—0.20) 1.3 (2.8) 0.10 (~0)

where e, 1o, darm(crs), and 7 represent the elementary charge,
the vacuum permeability, the film thickness of MP and MPN
(CFB) layer, and Dirac’s constant, respectively. Assuming that
o, dominates the entire SOT, the Osy of MPN (MP) was
estimated to be 0.033 &£ 0.0045 (0.025 % 0.0035) for f =8
GHz using Eq. (8), with oM, =~ 1.58 T (1.40 T), noMeg ~
0.11 T (0.10 T), and V/V, ~ V, pL/V, FL+0e = 0.53 £ 0.065
(0.46 £ 0.064). It was evident that the charge to y-spin con-
version 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 6sy increased with increasing
darm [Fig. 3(g)]. Taking into account the tetragonal distortion
depending on thickness dyipn [S1], the I'4,-type noncollinear
AFM structure could be stable and predominant by increas-
ing dapm. There results provide insight into the relationship
between the Osy and the stability of magnetic structures.

D. SOT effective fields evaluated via
second-harmonic Hall measurements

To confirm the fact that 8sy for o, 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 eval-
uation of the resistivity of MPN, MP, and CFB layers based
on the dc four-point-probe resistance measurements for the
samples with various CFB thicknesses. The pmpn, omp, and
pces were measured to be 109, 125, and 140 uS2 cm, respec-
tively. Here we used the formula R (&) = Zﬁ;}; jﬁm for
analysis, where dcgg is the thickness of CFB layer and dapy is
the thicknesses of MP and MPN layers. We confirmed that the
pcrs Was comparable to the previous study [57]. Figures 4(c)
and 4(d) show the representative second-harmonic Hall volt-
ages (V.2*) as a function of the azimuthal angle (¢) of in-plane
external field (Hj,p) with respect to the direction of ac current
flow (I,.) for the MPN/CFB and MP/CFB samples, respec-
tively, where we applied I, = 2 mA (J,c = 2.5 X 10°A /cm?)
and poHi,p = 50 mT. Since the component of o, dominates
the SOT origin, judging from the ST-FMR results, the szy“’
was decomposed by using the following equations [58,59]:

Vi? = VoL + ViLtoe + Vane = —A cos ¢

+ B(2cos® ¢ — cos @), ©)]
A=YV, VANE, 10
AHE 77 +H + Vane (10)
Hrr 1oe
B =2Vpyp ———. 11
PHE (11)
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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 R ( )= "g;g Z‘&Eﬁ. (¢), (d) Second-harmonic
Hall voltage (V2°) as a functlon of azimuthal angle of in-plane
field () with I, ‘=2 mA and H. = 50 mT. Solid and dashed lines
represent the fitting results by Egs. (9)—(11). (e), (f) Fitting parameter
|A| under the various H, where Hy represents the anisotropy field
evaluated by AHE (see Fig. S4 in Supplemental Material [51]).
Dashed lines represent the linear fit to the plots for higher H region
to obtain the Hp;. as shown by Eq. (10).

VeHeaHE), VDL, VFL+0e. and Vang represent the measured
voltage originating from the planar Hall effect (anomalous
Hall effect as shown in Ref. [51]), the DL torque, the total
of FL torque and current-induced field, and anomalous Nernst
effect, respectively. The anisotropy field (Hy) was defined
as the saturation magnetic field in the hysteresis loop of
AHE as shown in Ref. [51]. The data in Figs. 4(c) and 4(d)
can be fitted by Eqgs. (9)—(11) with the best parameters A
and B. Although A is contaminated by the component of
ANE, note that the component of Hpy can be separated
as the slope of linear fit to the plots of A vs (H + Hy)™!
as shown in Eq. (10). Therefore, the measurements of szy‘”
with various H were performed as shown in Figs. 4(e)
and 4(f). The A for weak H showed a different trend com-
pared to that for strong H, so we excluded these data from
the linear fit. Consequently, the |Hpr | values were estimated
to be ~ 0.383 0.0056 mT/(MA cm~?) for the MPN/CFB
and ~ 0.291 4 0.011 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 polariza-
tion when the charge and spin current, respectively, flow along
x- and z direction [see coordinates described in Figs. 1(a)
and 3(a)], o3.(E), o o0;,(E), and o (E), were calculated for the
MP and MPN as shown in Figs. 5(a)-5(c). Note that the lattice
constants of MP and MPN were set to be a = b = 0.40046
nm and ¢ = 0.395 nm, which are the realistic values of the
5-nm-thick MPN film evaluated via XRD structural analysis
(Fig. 1(b) and Ref. [51]), in order to discuss the pure contribu-
tion of N. We confirmed that the I'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 energeti-
cally more stable than the collinear ferromagnetic structures
on the (100) plane. Although finite spin conductivities were
found for all components, the o3, (Er) for MPN increased at
the Er compared to MP. Note that the enhancement is signif-
icant for oy, (Er) rather than those of 0. (Er) and o, (EF).
These results are consistent with the present experimental
results shown in Table I. We show the spin Berry curvature
QY. (k, Er) along the high-symmetry line of MP and MPN
in Fig. 5(d). It was revealed that the Q3. (k, Er) along the
A-Z-R line of MPN was much larger than that of MP, which
could be a possible mechanism of the enhanced o7,(Er) in
the MPN. It is inferred that the large . (k, Er) along the
A-Z-R line of MPN can be attributed to the hybridization of
Mn-(d) and N-(p) orbitals [51]. In order to provide an insight
into the hybridization effect, we investigated the projection
of each atomic orbital on the band dispersion along the high-
symmetry line as shown in Figs. 5(e) and 5(f). The bands
around the Er of MP are mainly composed of d orbitals of
Mn and Pt, while those of MPN are mainly composed of Mn
and N orbital components especially along the A-Z-R line.
In addition, the dominant component of N orbital presents
~—1.0 eV as well. Therefore, these bands are mainly respon-
sible for the large Q3. (k, Er) in MPN system as shown in
Fig. 5(d), leading to the enhancement of o},(Er) due to the
p — d dipole transition in MPN as compared to MP [60].

Understanding the impact of ordering or vacancy at the N
site in the antiperovskites is crucial due to its direct correlation
with the band dispersion near the Ef as predicted by the calcu-
lation mentioned above. In antiperovskites such as Mn3; BN, in
which N and Mn atoms form a stable octahedral structure, the
narrow band near the Ef is primarily composed of d orbitals
of Mn and p orbitals of N [40]. Therefore, the magnetic and
transport properties are influenced strongly by the presence
of N, and the enhanced charge-to-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 Mn3 BN with B =
Pt, this might be applicable to various B, judging from the
previous reports on the Mn3GaN [38] and Mn3MnN (denoted
by MnyN) films [24,61] with highly efficient current-induced
magnetization switching by SOT. Therefore, selecting the
other candidates of B that can maximize the effect of N
might be a remaining issue from the perspective of material
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reciprocal vectors of the tetragonal cell.

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 bilay-
ers. Both MPN and MP films deposited on the MgO substrate
involved tetragonal distortion with a lattice constant ratio
of ¢/a =~ 0.99. The presence of AHE indicates a possible
magnetic structure of the I'4,-type. The angular-dependent
ST-FMR revealed the dominant contribution of o, as in the
conventional SHE of heavy metals. Furthermore, the 6Osy
based on the o, of MPN was greater than that of MP. These
findings were supported by the second harmonic Hall mea-
surements and first-principles calculation of o, at the Er. N

plays a crucial role to stabilize the I'4,-type magnetic structure
and provide the advantages to boost intrinsic o3, dominantly
due to the Mn(d)-N(p) hybridized band in the A-Z-R line
toward the Ef.
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