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Interconversion of charge and spin currents via spin Hall effect is one of the key physical phenomena in
spintronics. However, the spin polarizations are orthogonal to both the charge and spin flows due to the restricted
symmetry conditions. Here, we use noncollinear antiferromagnet Mn;Pt, which has different magnetic mirror
planes in different orientations, to investigate magnetic symmetry dependent atypical spin-orbit torques. We
observed weak generation of out of plane spin polarization (o) in Mn3;Pt/permalloy bilayers when current was
applied perpendicular to the magnetic mirror plane of Mn3Pt, and strong generation of ¢, when current was
applied parallel to the magnetic mirror plane. All three oriented Mn;Pt films show the same pattern, indicating
the generation of unconventional o, has strong dependence on magnetic symmetry. Controlling spin-orbit
torques by changing current directions in differently oriented Mn;Pt films provides a strategy for optimizing

antiferromagnetic spintronics.

DOI: 10.1103/PhysRevB.104.104401

I. INTRODUCTION

For seeking nonvolatile memories with high speed, high
density, and low power consumption, the next-generation
magnetic memories have been intensively investigated.
Wherein, current-induced spin-orbit torque (SOT) is one of
the most important topics because the torque can be used
to switch magnetization [1-5]. Various materials, such as
heavy metals (HMs) [1,3], topological insulators [6], two-
dimensional materials [7], and antiferromagnets (AFMs) [8],
have been used as the source of SOT. In the classic picture
of SOT induced by spin Hall effect (SHE), charge currents
flowing along the in-plane direction (x direction) can generate
out of plane spin currents (flowing in the z direction) with
spin polarization o along the y direction (o). Such an orthog-
onal relation is not satisfied in materials with low-symmetric
crystalline structure, where both the spin flow and spin polar-
ization can be along the z direction (o;) when a current goes
through the x axis [9—12]. For materials with high-symmetric
crystalline structure, other low-symmetric elements such as
the ordered magnetic moments can also give rise to the gener-
ation of o, [13—-15]. Those efforts would further improve the
dimension of SOTs in electrical control of magnetic moments,
as well as the efficiency of spintronics devices.

Recently, crystal symmetry dependent field-free SOT
switching of perpendicular magnetization was reported in a
CuPt/CoPt bilayer, where CuPt is a heavy metal alloy with
a low-symmetry point group. In this system, SOT switch-
ing strongly depends on the relative orientation between the
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current flow and the crystal symmetry of CuPt [16]. For
high crystal symmetric materials, it is pursued to investigate
magnetic symmetry dependent atypical spin current, which
can be achieved by applying current along different magnetic
orientations.

Noncollinear AFMs have triangular spin structure with
magnetic moments aligned in the kagome plane. The special
magnetic structure gives rise to abundant transport phe-
nomenon [17,18] and effective charge-spin conversion [8].
Mn;Pt is a typical noncollinear AFM with Néel temperature
Tn ~ 475 K. The crystal structure of Mn3Pt is face-centered
cubic (fcc), where Mn atoms are at face-centered positions.
Magnetic moments of Mn atoms in a (111) kagome plane
are aligned 120 ° to each other [19,20], which can reduce the
magnetic symmetry [13]. Thus, Mn3Pt has the potential to
generate spin current with different spin polarization direc-
tions as well as atypical spin torques, which would strongly
depend on the relative direction of the current flow and the
magnetic symmetry of Mn3Pt.

In this work, we study the influence of facet and crystallo-
graphic direction on the current-induced atypical spin torques
in noncollinear AFM Mns;Pt by spin torque ferromagnetic
resonance (ST FMR). Different from the in-plane spin po-
larization (o,) induced by conventional SHE, out of plane
spin polarization may exist in Mn3;Pt, which is related to the
magnetic symmetry. As shown in Fig. 1, when the current
is parallel to the magnetic mirror plane of MnsPt, out of
plane spin polarization (o) is allowed; otherwise, when the
current is perpendicular to the magnetic mirror plane, o, is
forbidden. We demonstrate that the atypical spin polarization
has dependence on the facet and crystallographic direction
of Mn;Pt, enabling the manipulation of spin polarization by
just changing the current directions, which would advance the
understanding of the anisotropic spin current generation in
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FIG. 1. Schematics of (a) conventional spin Hall effect in heavy metal, (b) spin generation in Mns;Pt with current perpendicular to the
magnetic mirror plane (jcLM’), and (c) spin generation in Mn;Pt with current parallel to the magnetic mirror plane (jc || M’). Here, blue
arrows (jc) represent charge current; red arrows (js) represent spin current. M’ represents the magnetic mirror plane.

noncollinear AFM as well as pave the way for controllable
SOT.

II. EXPERIMENTS

Mn;Pt films of 20 nm thickness were deposited on MgO
substrates at 573 K by dc magnetron sputtering with a vacuum
of 2 x 1075 Pa. After the deposition, Mn;Pt films were in situ
annealed at 873 K for 1 h. The x-ray diffraction (XRD) results
show that Mn;Pt films are well crystallized and have (100),
(110), and (111) orientations when grown on MgO (100),
(110), and (111) substrates, respectively (see Supplemental
Material, Fig. S1 [21]. All the films are single phase and
quasiepitaxial growth. Magnetic hysteresis loops of Mn3Pt
films were measured by a superconducting quantum interfer-
ence device (SQUID). Saturation magnetizations (My) of all
oriented Mn3Pt films are about 10 emu/cm?, revealing that
our Mn;Pt films are antiferromagnetic, as shown in Fig. S3
[21]. The good growth of multioriented Mn3Pt films provides
a precondition for the study of facet-dependent SOT in Mn;3Pt
as discussed below.

Mn;Pt (12 nm)/permalloy (NigoFeyp, 10 nm) bilayers were
grown and patterned into microstrip devices with a length
of 50 um and a width of 20 um by standard photolithog-
raphy and Ar-ion milling techniques. Top electrodes of Ti
(10 nm)/Au (50 nm) were deposited by e-beam evaporation.
After the lift-off, the fabrication is completed, and the opti-
cal image is shown in Fig. 2(a). In order to investigate the
dependence on magnetic symmetry, we fabricated different
directional ST FMR devices [Fig. 2(a)]. The current direction
can be controlled parallel or perpendicular to the magnetic
mirror by controlling the direction of ST-FMR microstrips.
The calibration of relative orientation between applied current
and the magnetic mirror plane is discussed in the Supplemen-
tal Material [21]. ST FMR measurements were carried out by
injecting a microwave current into the Mn3Pt/permalloy (Py)
bilayers. Figure 2(b) shows the schematic diagram of ST FMR
measurement. A magnetic field H was applied in the sample
plane and at an angle ¢ to the current direction. Spin torques
generated by the charge current excited the precession of the
magnetic moment of Py. The anisotropy magnetoresistance
(AMR) of the precessing magnetic moment induces electrical
resistance oscillating at the same frequency as the rf current,
which ultimately gives rise to dc voltage due to the rectifi-
cation effect. The rectified voltage was detected by a lock-in
amplifier.

III. RESULTS

A. Magnetic configuration analysis of Mn;Pt

Noncollinear antiferromagnet Mn3;Pt has two possible
magnetic structures, 77 and 7, [19,20], as shown in Fig. 2(c).
For the 7 configuration, magnetic moments of Mn atoms
are aligned head to head or tail to tail, while for the 75
configuration, magnetic moments of Mn atoms are aligned
head to tail. Note that the energy difference between 7 and
T, configurations is very tiny and sensitive to epitaxial strain
[22]. Strain in our Mn3Pt film is about 0.8%, larger than
the strain induced by ferroelectric substrates [23]. Detailed
calculation is discussed in the Supplemental Material [21].
The anomalous Hall effect (AHE) provides a criterion for dis-
tinguishing the two magnetic configurations. Theoretical and
experimental results show that noncollinear AFM with the T}
configuration presents robust AHE, whereas AFM with the T
configuration presents no AHE, in both the Mn3;X (X = Rh, Ir,
Pt) [24-26] and the antiperovskite Mn3; YN (Y = Ga, Zn, Ag,
Ni, etc.) [27-29]. As shown in Fig. 2(d), the dependence of
Hall resistance on magnetic field in our (100)- oriented Mn3;Pt
film presents only a straight line, revealing the contribution of
AHE is absent. Therefore we consider our grown Mn3Pt has
the 7, configuration.

B. Symmetry analysis of atypical out of plane spin polarization

ST FMR spectra of Mn3Pt (12 nm)/Py (10 nm) are obtained
using the standard ST FMR setup. Figure 3(b) shows a typical
ST FMR spectrum; the resonance peaks can be well fitted by
the following equation [30]:

AH?
VS am + (H — Hy)?

AH(H — Hy)
YAH? + (H — Hp)*’
€))

where AH (H)) is the width (position) of the resonance peak.
The first term represents a symmetric Lorentzian line shape
with an amplitude Vg; the second term corresponds to an
antisymmetric line shape with an amplitude V.

We perform an angle-dependent measurement to investi-
gate the property of the torque acting on Py when a charge
current is passed through the MnsPt. According to the spin
rectification theory for AMR, the intensity of Vs (V) depends
on the product of the angular related AMR (~sin2¢) and in-
plane (out of plane) torque [31]. For example, for the simple
Pt/Py bilayer, the current-induced dampinglike torque m x
oy x m produces an in-plane torque with dependence of cosg,

V(H) =
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FIG. 2. (a) Optical images of ST FMR devices along different orientations on the same film. (b) The schematic diagram for ST FMR device
of Mn;Pt/Py bilayer with spin torques. (c) The schematic magnetic structures of 77 and 7, Mn3Pt. (d) The normalized Hall resistance recorded

as a function of magnetic field in our grown (100)-oriented Mn;Pt film.

hence the amplitude of Vg = S sin 2¢ cos ¢ [31]. The current-
induced Oersted field produces an out of plane torque m x o,
leading to V4 = Asin2¢cos¢ [31]. Vs and V,; show same
angular dependence for the simple heavy metal/ferromagnet
system, where the in-plane spin polarization (o,) is mainly
caused by conventional SHE.

The low magnetic symmetry of Mn;Pt can induce the
generation of o, and result in additional torque terms. In this
case, angular dependences of both Vs and V4 are different
from the conventional ~sin2¢cosg. The fieldlike torque of o,
contributes to Vg by an additional term (Bsin2¢), while the
dampinglike torque of o, contributes to V4 by an additional
term (Csin2¢). B and C are constant terms. Thus, the ST FMR
signal of the Mn3;Pt/Py bilayer can be well fitted by simply
adding a term to Vg and Vj:

Vs = Ssin2¢ cos ¢ + Bsin2¢p, 2)

V4 = Asin2¢ cos ¢ 4 C sin 2¢, 3)

where S, A, B, and C are amplitudes of different angular-
dependent contributions of the ST FMR signal. The angular
dependences for the in-plane (7)) and out of plane torque (7, )
have the following forms:

7(@) = T5COS @ + Tp, “4)

71(p) = T4 C08¢ + TC, Q)

where tg, T4, Tg, and 7¢ are independent of ¢. The 75 cos¢
represents the contribution of the dampinglike torque of
0y XX m X 0, X m, T4 COs @ represents the contribution from
Oersted field torque o< m x h and fieldlike torque of o o
m x oy, both two terms are widely observed in heavy

metal/ferromagnet system. The new terms, 3 and 7¢, corre-
spond to in-plane fieldlike torque of o, &« m x o, and out of
plane dampinglike torque of o, ox m x o, x m, respectively.
We discuss in detail the angular dependences of the Oersted
field and all possible spin torques in the Supplemental Mate-
rial [21].

Then broken symmetry is the prerequisite for the genera-
tion of o,, where a crystal mirror (M) or a magnetic mirror
(M) is the key element for the analysis of broken symmetry.
The M’ is different from M, because M’ contains time-reversal
symmetry T; i.e., M' = MT [5,9,13]. In this case, both axial
vectors and polar vectors show the same pattern: Becoming re-
vised if perpendicular to M’ and staying unchanged if parallel
to M’ [5,13], for example, E, — —E |, Ej — E;. Spin torque
T is a pseudovector, so it stays unchanged after the magnetic
mirror operation (t; — 7, Ty — 7)) [13]. Detailed analysis
of the magnetic mirror operation is shown in the Supplemental
Material [21]. Since SOT is a function of electric field E and
relative angle ¢, i.e., T = T (E, ), the effects of M’on the three
parameters (7, E, @) cause constraints on .

According to the Fourier formula, the spin-orbit torques
7(E, ¢)and T, (E, ) can be expanded in the following forms
[9,13]:

T (E, ¢) =E[So + Sicos(¢) + S»sin(gp)
+ S3c08(2¢) + S4sin(2p) + - - -], (6)

7. (E, ) =E[Ao + Ajcos(p) + Azsin(e)
+ Azcos(2¢) + Aygsin(Re) + - - -]. 7

According to the angular dependence in Egs. (4) and (5),
the ESy and EA, terms, respectively, represent the fieldlike
and dampinglike torque of o.
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FIG. 3. Current direction dependent o, in (100)-oriented MnsPt. (a) The schematic of magnetic configuration and current direction. The
long blue arrow represents the direction of applied current. Short red, blue, and green arrows represent magnetic moments of Mn atoms, which
are perpendicular to each other. The black dashed line represents the magnetic mirror plane. In this case, the current along the [001] direction
is 45° from the magnetic mirror plane. (b) ST FMR resonances under positive and negative magnetic field with ¢ = 45°. Here, circles are
measured data; red and blue lines are, respectively, symmetric and antisymmetric components of the raw data, which are fitted by Eq. (1).
(c) In-plane magnetic field angular dependence of symmetric (Vs) and antisymmetric line shape (V). Red lines represent the simulation lines
fitted by Eq. (2) or (3). Results of (b), (c) are measured for current tilted to the magnetic mirror plane at 45 °. (d) The schematic for the current
along the [011] direction, which is parallel to the magnetic mirror plane. () ST FMR resonances under positive and negative magnetic field
with ¢ = 45°. (f) In-plane magnetic field angular dependence of symmetric (Vs) and antisymmetric line shape (V). Results of (e), (f) are
measured for current parallel to the magnetic mirror plane.

When E_LM’, after the magnetic mirror operation, £ — Because 1(E, ¢) = 17(E, —¢), we get

—E, ¢ — —¢ (analyzed in the Supplemental Material [21]), S,5in0 4 Ssin? 0 (13)
»sing + Sysin2¢ = 0,

T(—E, —¢) = — E[So + Sicos(—¢) + Sysin(—¢) so that

+ 850082(=9) + Sasin2(=¢) + -1 (§) W(E, ¢) = ElSo + S1cosp + Ssc0s29) 4. (14)

Because 1(E, ¢) = 1(E, —), we get

Similarly,
So + Sasing + Sysin2¢ = 0, ©)] T (E, p) = E[Ag 4+ Ajcosp + Azcos(2¢) + - - -], (15)
so that where Sp and Ao are not zero and the generation of o is
allowed.
71 (E, ) = E[Sicosg + S3c0s(2¢) + - - -]. (10) In summary, when E_LM’, o,-induced fieldlike torque ()

and dampinglike torque (t¢) are theoretically absent. But

Similarly, the out of plane torque presents analogous  when E || M’, o.-induced 73 and 7¢ are theoretically existent.
forms:

T1(E, 9) = E[A;cosg + A3cos(2¢) + - - -], (11) C. Experimental results of magnetic symmetry dependent SOT

For (100)-oriented Mn3Pt, the magnetic configuration is
shown in Figs. 3(a) and 3(d), from which we can find the
mirror plane is the (011) plane. In order to investigate the
dependence of SOT on the magnetic symmetry, ST FMR
measurements were carried out in two different directional
1/(E, — @) =E[Sy + Sicos(—¢) + Sysin(—g) devi.ces, with currept applied along the [001] and [011] di-

] rections, as shown in Figs. 3(a) and 3(d). We first show the
+8530082(=¢) + Sasin2(—=¢) +---]. (I2) ST FMR spectra under positive and negative magnetic field

where Sy and Ay are zero and the generation of o, is not
allowed.

When E || M’, after the magnetic mirror operation, E —
E, ¢ — —¢ (analyzed in the Supplemental Material [21]),

104401-4



CONTROL OF SPIN-ORBIT TORQUES THROUGH ...

PHYSICAL REVIEW B 104, 104401 (2021)

(a)l F Data
VS
I —V,
1.6 -08 08 16 0 90 180 270 360
H (kOe) @ (deg)

(d)

strong o5

O Ve

12 -06

H (kOe)

06 1.2 0 90 180 270 360
® (deg)

FIG. 4. Current direction dependent o, in (110)-oriented MnsPt. (a) The schematic of magnetic configuration and current direction. The
current direction along [001] is perpendicular to the magnetic mirror plane. (b) ST FMR resonances under positive and negative magnetic
field with ¢ = 45°. (c) In-plane magnetic field angular dependence of symmetric (V) and antisymmetric line shape (V,). Results of (b), (c)
are measured for the current direction perpendicular to the magnetic mirror plane. (d) The schematic for the current along the [110] direction,
which is parallel to the magnetic mirror plane. (¢) ST FMR resonances under positive and negative magnetic field with ¢ = 45°. (f) In-plane
magnetic field angular dependence of symmetric (Vs) and antisymmetric line shape (V). Results of (e), (f) are measured for the current

direction parallel to the magnetic mirror plane.

measured at ¢ = 45° in Figs. 3(b) and 3(e). The symmetric
line shape (Vs) and antisymmetric line shape (V) are fitted by
Eq. (1); the corresponding results are depicted as red and blue
lines in Figs. 3(b) and 3(e). According to the above analysis
of angular dependence (~ sin2¢ cos¢ for o, and ~ sin2¢
for o), conventional oy-induced Vs and V4 have opposite
signs with the same amplitudes at positive (¢ = 45°) and
negative magnetic field (¢ = 225°), while the unconventional
o,-induced Vg and V,4 have the same sign and amplitudes at
positive and negative magnetic field. Comparing the sign and
amplitude of Vg and V4 under positive and negative magnetic
field may qualitatively reveal whether o, exists.

For the case of current tilted 45° to the magnetic mirror
plane, both Vs and V4 show opposite sign and nearly the
same amplitude under positive and negative magnetic field
[Fig. 3(b)], indicating the robust contribution of o, and weak
contribution of o,. In the scenario of current parallel to the
magnetic mirror, it is clear that Vs under positive and negative
magnetic field has the same sign [Fig. 3(e)], implying strong
fieldlike torque of o, (rp). Although V4 has the same sign
under positive and negative magnetic field, the amplitudes
are different [Fig. 3(e)], which is possibly caused by the
superposition of o,-induced fieldlike torque and o,-induced
dampinglike torque (7¢). In order to calculate the relative
intensity of o, and o, angle-dependent ST FMR measure-
ments were carried out for the same devices, i.e., current

tilted 45° and parallel to the magnetic mirror plane. ST FMR
spectra under distinct angles are fitted by Eq. (1) to get angle-
dependent Vs and Vy, as shown in Figs. 3(c) and 3(f). The
angle-dependent Vs and V4 can be well fitted by Eq. (2) or (3),
as depicted with red lines in Figs. 3(c) and 3(f). A detailed
discussion about the separation of Vs and V4 as well as the
amplitudes of o,- and o;-induced spin torques is presented in
the Supplemental Material [21]. After the simulation, contri-
butions from different spin polarization can be distinguished,
giving rise to the fieldlike (t3/74) and dampinglike torque
ratios (zc/ts) between o, and oy. In detail, the values of 75/74
are, respectively, 0.041 and 0.363 for current along the [001]
and [011] directions of Mn3Pt; ¢ /7y are, respectively, 0.222
and 1.358 for current along the [001] and [011] directions
of MnsPt. Obviously, the o,-induced spin torques are much
stronger for current along the [011] direction (parallel to the
magnetic mirror plane) than that along the [001] direction (45°
tilted to the magnetic mirror plane) in (100)-oriented Mn;Pt,
which is consistent with the above symmetry analysis.

To prove the generation of o, is commonly dependent
on the current direction in MnsPt, we carried out ST FMR
measurements and got the fitted Vs and V4 in both (110)- and
(111)-oriented Mn3Pt. For (110)-oriented Mn3Pt, the mag-
netic structure is shown in Figs. 4(a) and 4(d); the magnetic
mirror plane of (001) is depicted as a black dashed line. When
current flows perpendicular to the magnetic mirror plane (i.e.,
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FIG. 5. Symmetry-dependent o, in (111)-oriented Mn;Pt. (a) The schematic of magnetic configurations and current direction. Three
magnetic configurations are degenerate for (111)-oriented Mn3Pt. For two configurations at the bottom panel, current along the [112] direction
is perpendicular to the magnetic mirror; o, is absent. The orthogonal relation is not satisfied for another configuration, giving rise to weak o;.
(b) ST FMR resonances under positive and negative magnetic field with ¢ = 45°. (c) In-plane magnetic field angular dependence of symmetric
(Vs) and antisymmetric line shape (V,). Results of (b), (c) are measured for the current direction mainly perpendicular to the magnetic mirror
plane. (d) The schematic for the current direction mainly parallel to the magnetic mirror plane. For two configurations at the bottom panel,
current along the [110] direction is parallel to the magnetic mirror, giving rise to strong o.. The parallel relation is not available for another
configuration, giving rise to weak o;. (¢) ST FMR resonances under positive and negative magnetic field with ¢ = 45°. (f) In-plane magnetic
field angular dependence of symmetric (Vi) and antisymmetric line shape (V). Results of (e), (f) are measured for the current direction mainly

parallel to the magnetic mirror plane.

[001] direction), Vg and V4 in Fig. 4(b) both show opposite
signs and nearly the same amplitude under positive and neg-
ative magnetic field, revealing the o, is absent. Differently,
when current flows parallel to the magnetic mirror (i.e., [110]
direction), the signs of Vg under positive and negative mag-
netic field are the same, indicating that the contribution of
o,-induced fieldlike torque is obvious. The different amplitude
of V, reveals the o,-induced fieldlike torque and o-induced
dampinglike torque coexist. Figures 4(c) and 4(f) illustrate
angle-dependent Vg and V4 as well as the fitting results (red
lines). The simulation used by Eqgs. (2) or (3) gives rise to
t5/t4 Of 0.026 and 0.722, respectively, for current along the
[001] and [110] directions of Mn;Pt. Similarly, the value of
7¢/Ts is calculated as 0.079 and 0.735, respectively, for cur-
rent along the [001] and [110] directions of Mn3Pt. Obviously,
the generation of o, is much larger when the current is along
the [110] direction (parallel to the magnetic mirror plane)
than when it is along the [001] direction (perpendicular to
the mirror plane) in (110)-oriented Mn3Pt, which is consistent
with the pattern of (100)-oriented Mn;Pt.

For (111)-oriented Mn3Pt, three possible magnetic con-
figurations coexist, as shown in Figs. 5(a) and 5(d), where

the magnetic mirror planes belong to the {112} crystal plane
family. For the configurations of the bottom panel in Fig. 5(a),
current along the [112] direction is perpendicular to the
magnetic mirror planes, the generation of o, is theoretically
forbidden. Only weak o, can be generated for the top config-
uration in Fig. 5(a). In contrast, strong o, can be generated for
the bottom configurations of Fig. 5(d), giving rise to robust
o, when the current is along the [110] axis. ST FMR spectra
measured at ¢ = 45° are shown in Figs. 5(b) and 5(e). After
comparing the sign and amplitude under positive and negative
magnetic field, it is found the o,-induced spin torques are
existent (absent) for current along the [110] ([112]) directions,
which supports the above analysis. Figures 5(c) and 5(f) illus-
trate angle-dependent symmetric (Vs) and antisymmetric line
shape (V4), from which we can get the value of 73/t4 and
7¢/1s. As displayed in Table S2 in the Supplemental Material
[21], Tz/74 for current along the [112] and [110] directions
are, respectively, 0.203 and 0.412; 7¢ /s for current along the
[112] and [110] directions are, respectively, 0.083 and 1.679.
Both o,-induced fieldlike (t3) and dampinglike (z¢) torques
are larger when the current is parallel to the magnetic mirror
plane than when it is perpendicular to the magnetic mirror
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FIG. 6. Summaries of ratios between o-induced and oy-induced spin torques (./7,) when the current is along different crystallographic
directions in (a) (100)-, (b) (110)-, and (c) (111)-oriented Mn3Pt. Red and blue columns, respectively, represent fieldlike (FL) and dampinglike

(DL) torques.

plane, which is consistent with the pattern of other oriented
Mnj;Pt.

For comparing the dependence of o,-induced atypical
torques on current direction, we summarize the torque
ratios tg/t4 and t¢ /s for differently oriented Mn3Pt in Table
S2 [21] and display these data in Fig. 6. Panels (a), (b),
and (c) correspond to the (100)-, (110)-, and (111)-oriented
Mn;Pt, respectively. Obviously, the atypical o, shows strong
dependence on the current direction. The 7, /7, ratios for both
fieldlike (FL) and dampinglike (DL) torques are larger for
current along the [011], [110], and [110] directions (parallel
to the magnetic mirror planes), respectively, for (100)-, (110)-,
and (111)-oriented Mn3Pt, indicating robust generation of o,
only occurs when the current is parallel to the magnetic mirror
plane.

The charge to spin conversion efficiency of MnsPt is dis-
cussed in the Supplemental Material [21]. It is found that
the spin Hall angle (SHA) of Mn3Pt has strong orientation
dependence, wherein (100)-oriented Mn3Pt has the largest
value. This dependence was also observed in Mns1Ir [8], which
is ascribed to the noncollinear magnetic configuration [32,33].
The SHA of (100)-oriented Mn3Pt is larger than that of Pt,
giving rise to lower critical switching current density (Fig. S6
[21]), indicating Mn3Pt is a promising material in spintronics
devices.

IV. CONCLUSION

In conclusion, we deposited three differently oriented
Mn;Pt films with 7, magnetic configuration and carried out
ST FMR measurements for Mn3Pt/Py bilayers. In this system,
we observed robust generation of out of plane spin polar-
ization (o), which shows strong dependence on magnetic
mirror symmetry. Current parallel (perpendicular) to the mag-
netic mirror plane induces strong (weak) generation of o, in
all three differently oriented Mns;Pt films. We theoretically
analyzed the dependence of magnetic symmetry on the gen-
eration of o, which is well consistent with our experimental
results. Our results not only provide a better understanding
of controllable SOT via magnetic symmetry in noncollinear
antiferromagnets, but also pave the way for field-free magne-
tization switching and next-generation magnetic memories.
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