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Abstract

There are intensive efforts to search for mechanisms that lead to spin-orbit torque with unusual spin
orientation, particularly out-of-plane spin orientation which can efficiently switch perpendicular
magnetizations. Such a phenomenon has been observed in materials with low structural symmetry,
ferromagnetic materials, and antiferromagnets with non-collinear spin structures. Here, we demonstrate
the observation of, in addition to out-of-plane spin orientation, spin orientation along the charge current
direction in MnsSn, a noncollinear antiferromagnet and Weyl semimetal. The mechanism arises from
non-collinear spin structure with spin-orbit coupling and it can be viewed as spin rotation around the
octupole moment, the lowest order of cluster multipole moment pertaining to MnsSn crystal group.

The heart of spin-orbitronics aims to generate spin current from charge current, which enables electrical
control of magnetization. Conventional spin-orbit effects, such as the spin Hall effect in heavy metals
(HMs), generate spin currents with spin orientation perpendicular to both spin current and applied charge
current directions [1,2]. Such a spin current can be described by a spin-conductivity sensor of o)., where
x and y define a film plane, the first and second subscripts defines the spin current and charge current
directions, respectively, and the superscript defines the spin orientation. Motivated by applications to
switch perpendicular magnetization without a bias field, researches are focusing on searching for
materials that have sizable o7, i.e., out-of-plane spin orientation [3]. It is also interesting to find
materials with nonzero .. For example, in WTe;, since the absence of its mirror symmetry in the

Xy plane, an applied electric current within that mirror plane can generate a spin current described by

o5 [3]. It has also been shown that in a simple perpendicularly magnetized metal film, where
magnetization breaks mirror symmetries, a similar spin current can be generated, i.e., o5, # 0 [4]. This
effect was referred to as spin rotation since the x-polarized spins can be viewed as a result of y-polarized
spins precess around the perpendicular magnetization.

Very recently, it has been shown that Mn3Sn, a non-collinear antiferromagnet [5,6] and a Weyl
semimetal [7,8], also exhibits unique charge-to-spin conversion, dubbed as the magnetic spin Hall

effect [9]. Mn atoms in MnsSn form a Kagome lattice with their spins 120° degree apart from their
nearest neighbors. This leads to cluster magnetic multipole (CMP) moment that, similar to a simple
magnetic moment, breaks time reversal symmetry and mirror symmetries [10]. It has been
experimentally and theoretically demonstrated that the MnsSn can generate spin currents similar to that in
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ferromagnet [9,11,12]. For example, if the CMP moment lies in the film plane, one would observe spin
current described by ¢, which is also able to switch a perpendicular magnetization without a bias

field [11]. In this paper, we report that, in addition to ¢Z,., g, also exists in MnsSn with CMP moment
lying in the film plane, which has not been predicted in theory, nor has been observed experimentally.
The results are confirmed by magneto-optical Kerr effect (MOKE) spin orbit torque magnetometer and
spin torque ferromagnetic resonance (ST-FMR) [13-16]. We attribute the experimental observation to the
SHE effect with spin rotation in noncolinear AFM. In other words, conventional SHE generates spin
orientation transverse to the charge current direction rotates around the octupole moment, the lowest order
of CMP pertaining to MnsSn crystal group, which generates spin orientation in both parallel and
perpendicular to the applied electric current direction.
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Figure 1 (a) The Mn moment (red and blue arrows) lies in the ab plane with an ABAB stacking sequence.
Red and blue sphere represent the Mn atom on z=0 and z=1/2, respectively. (b) Six moments from the Mn
atoms (red & blue arrows) forms the cluster magnetic octupole (yellow arrow). (¢) The XRD result of the
1IAl,O3/Pt(1.5nm)/MnsSn(30nm)/Nb(2nm)/Py(10nm)/SiO, sample shows MnsSn is c-axis [0001] oriented

with crystal and magnetic structure shown in (a).(d) The hysteresis loops of MnsSn(30nm)/Py(10nm)
(black curve), MnsSn(30nm)/Nb(2nm)/Py(10nm) films (red curve), and Py(30nm) (blue curve).



Methods

Sample growth, fabrication, and characterization

The multilayer films were grown in 5.3 mTorr argon gas by DC sputtering in a high-vacuum magnetron
sputtering system with a base pressure better than 5 x 108 torr. The Pt seed layer was grown on Al.O3
(0001) substrate at substrate temperature (Ts) of 500 °C, followed by annealing at the same temperature
for 3 hours. (0001) Mns+xSn1.x compositional wedge films along 2 wafer were then co-sputtered from
Mn and Sn targets at Ts == 300 ° C [17] without further annealing. Nis:Niio (Py) or Nb/Py were deposited
at room temperature, forming Mnz«+Sn1x(30nm)/Py(10nm) and Mnz:xSn1x(30nm)/Nb(2nm)/Py(10nm)
heterostructure. The insertion of Nb layer is used to isolate the direct coupling between MnsSn and Py and
to investigate the interface effect. The thickness of Py and Nb were calibrated with X-ray reflectivity. All
ST-FMR and MOKE devices were fabrication by patterning the film using laser writer (Heidelberg
MLAZL00) lithography following with ion milling (IntlVAC Nanoquest). Then 3 nm Ti/ 200nm Au was
deposited with magnetron sputtering as electrodes.

Extraction of the saturation magnetization and switching field of Mn3Sn CMP using
spin-pumping technique

The spin-pumping experiment was used to measure the saturation magnetization of the Py layer in our
Mn3zSn(30nm)/Nb(2nm)/Py(10nm) and MnzSn(30nm)/Py(10nm) samples. During the measurement, we
measure the rectifying voltage as a function of the field at different frequencies from 8 GHz to 15 GHz.
The input microwave power is set at 25 dB. Since the frequency dependence of the resonance field B,

could be fitted by the Kittel formula 27f = y+/B.(B. + poMs), where u, is the magnetic constant and y
is the gyromagnetic constant (the ratio of the magnetic dipole moment to the angular momentum) [18].
We could extract from the fitting that poMg = 0.45 T.

Furthermore, since the different behaviors of the symmetric components in spin-pumping experiment at
positive and negative fields will indicate if the CMP is switched at the resonance field [9]. We can
determine the switching field of octupole moment in our MnsSn films. If the symmetric components in
positive and negative fields have the opposite sign (similar to the behavior in conventional Py/Pt sample),
this means the MnsSn CMP does not switch at the resonance field, otherwise the sign would have
changed. From the data measured at different frequency, we can estimate the switching field of MnsSn in
the present device is about 0.85 kOe which is larger than the applied magnetic field range (0 to 0.8 kOe)
during our MOKE and STT-FMR measurements. This conclusion is consistent with our previous
discussion on Figure 3. Both of them indicate that within the applied magnetic field range (0 to 0.8 kOe)
during the MOKE and STT-FMR measurements, the MnsSn CMP direction is not aligned in the field
direction.

ST-FMR measurement



During the ST-FMR experiment, a rf current i, at 5GHz with power of 10 dBm was sent through the
sample strip along the x-axis. The external magnetic field was applied in the x-y plane with an angle 6
away from x-axis and swept from 0 to 800 Oe for driving the ferromagnetic layer Py through its
resonance conditions. The rf current amplitude is modulated at 1.3 kHz and the lock-in amplifier is used
for signal detection.

From Eq.(10) and Eq.(11) we learn that the Vs, and V., are proportional to in-plane torque 7, and
out-of-plane torque 7, which can be expressed as

Ve _ILf(d_R) 1 . (12)
Sym = 2\d6/ auoHg + toMegr)
M
1 eff
Ve - I (d_R) " Hy - (13)
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where I is the microwave current, R is the device resistance as a function of in-plane H field direction 6
due to the AMR of Py, «a is the Gibert damping coefficient, M is the effective magnetization and Hy is
the resonance field. If we assuming the 7, is dominated by the Oersted field, the SHA of the MnsSn can
be expressed as:
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where tpy and tyy, sy are the thickness of the Py and MnsSn layers. With Egs.(12-16), we can calculate

the SHA of Mn3Sn without knowing the I+ and g—z since we only use the ratio between 7, and 7, terms.

Mg = 5.5 x 10° A/m which is extracted from the VSM result.

MOKE measurement

During the MOKE measurement, we were using the 780-nm femtosecond pulsed laser (Toptica
FemtoFiber pro NIR) with a repetition rate of 80 MHz as our beam source. The laser beam focused spot
size is ~2.95 ym?. 10 mA (RMS) Sin function wave AC current at 1.777 kHz was passing through the
sample during the measurement. For more information on our MOKE system, please refer to [19] in
which detailed describe our MOKE system.

One of advantages of using polar MOKE to determine spin-orbit fields is that the out-of-plane Oersted
field can be determined which can be further used to quantify the effective fields of spin orbit torques,
allowing the accurate determination of the spin Hall angel of 8%, and 6;, [13]. By plot the symmetric
contribution, Ay (+m) + Ayp(—m) and antisymmetric contribution, Ay (+m) — Ay (—m), we can



determine the out-of-plane Oersted field and hg,r, respectively. The linescan Ay (+m) + Ay (—m)
across the width (transverse to the current) of the sample is due to the out-of-plane Oersted field

. 2“P013r<hz Oe>
h, pe Since AY(+m,) + AY(—m,) = -
z,0e lp( x) lp( X) Hext+HanistMs—HanisL

illuminated by the laser. The out-of-plane Oersted field can be calculated following Ampere’s Law,
h,0e = ﬁln WL_y where w is the width of the sample strip [13]. The antisymmetric contribution is

where (h, o) is the average field in the region

. 2Qpolar hY
given by Ayp(+m) — AyY(—m) = m
MnsSn layer, the effect field k), from the SHE of the MnsSn is also uniform across the sample. We
extract the pughgor = 0.0106 + 0.003mT at a 10mA current through the 40 um wide sample strip. MnsSn
has resistivity about 250 pQecm, Py has resistivity about 40 pQecm, thickness of MnsSn is 30nm while it
is 10 nm for Py. Therefore, Rwmnssn is about twice of Rey and approximately 30% of the current flows

through MnsSn via parallel resistor model, yielding a current density in the MnsSn jyp, sn =
10 mAx0.33
30nm*40um
MnsSn layer, we determine a spin Hall angle 65,55, = 0.042 £ 0.012 (using the formula 8y =

(2e/D)uoh,soMsdpy/jpr)-

. Since the current is uniform distributed across the

= 2.77 « 10°A/m? . If we assume all of the antidamping-like torque is dure to the SHA in the

According to the Eqg. (3), the quadratic MOKE signal as a function of the applied magnetic field along the
current direction follows 1/Hcx dependence and the asymmetry on the positive and negative region
represent the damping-like torque from the z-polarized spin current k5, . In practice, the difference in
fitting parameter A at the negative and positive field region represent the 74,. For example, in Figure
S3, the values of A(+m,) + A(—m,) and A(+m,) — A(—m,,) are -0.0031 and -0.00046, respectively.

This translates to hy, being ;);)(?;16 = 6.7 times larger than t4;. For Py/Pt reference sample, A(+m,) —

A(—m,) does not exist, due to the absence of 7Z; .

RESULTS

MnsSn, which is a Weyl semimetal and non-collinear AFM, has a hexagonal structure with lattice
constants a=0.567 nm and ¢= 0.453 nm (Figure 1 (a)) [17]. The broken time-reversal symmetry together
with spin orbit coupling leads to Weyl semimetal properties and AHE [20]. The intrinsic AHE, in
modern AHE formulism, is directly related to the Berry curvature, which characterizes the topological
entanglement between conduction and valence bands and is equivalent to a magnetic field in the
momentum space [20]. Most recently, both theoretical calculation [10] and experiment [21]show that the
Berry curvature and the octupole moment are in the same direction and rotate together with triangular
spins in the ab plane [21](Figure 1 (b)).

The Mnz+Sn1x(30nm)/Py(10nm) and Mnsz:xSn1x(30nm)/Nb(2nm)/Py(10nm) multilayer films were grown
on (0001) Al,Os substrate by DC sputtering system(see “methods™) [17]. The results presented here are
from samples with x ~ 0.05 (Hereafter we will use Mn3Sn to represent this composition). The MnsSn film
used in this study has also been well characterized to be single crystal and form the same inverse
triangular spin structure as bulk samples in our previous study [17,22](see “supplementary information”).
The insertion of Nb layer is used to isolate the direct coupling between MnsSn and Py and to investigate
the interface effect. The compositions of MnsSn films were measured on 150 nm films by energy
dispersive spectrometer (EDS) in a scanning electron microscope (SEM). As shown in X-ray diffraction



(XRD) ( Figurel(c)), we have achieved high quality c-axis oriented MnsSn films, evident from the two
Laue oscillations. The room temperature hysteresis loops of Mn;Sn/Py and Mn;Sn/Nb/Py films, as well as
a reference sample of single Py layer on Si wafer are shown in Figurel (d). Both Mn3Sn samples show no
observable hysteresis shift and slightly increased coercivity of about 4 Oe. This small increase in
coercivity is unlikely due to exchange coupling between Mns;Sn and Py since the insertion of Nb layer
would suppress it. The small increase in coercivity is probably due to roughness of MnsSn and
Mn3zSn/Nb. This result is consistent with previous study [23] that shows almost no exchange coupling
between MnsSn(40nm) and Py(5nm) bilayers at room temperature.

Considering a perpendicular spin current (z-axis) consisting of an arbitrary spin polarization, there are
total 6 possible effective spin-orbit torques (SOTs) components of 5, and 7¢, and related effect fields of
hg, and hZ; , where all superscripts o= X, y, z represents spin orientation, and DL and FL stand for
damping-like torque and field-like torque, respectively. For the conventional SHE, only TgL and r},’L ( h%L
and th) exist. We first employ MOKE measurement to characterize the SOTs and associated spin
orientations. MOKE directly measures the torque-induced moment rotation instead of second-order
rectifying voltage from changing resistance which is more susceptible to other nonlinear or thermal

effects [13,16,24]. The polarization angle y»(m) of the normal incident light with linear polarization is
rotated by the magnetization and can be written as:

l/)(m) = Qpolar My T+ ﬂQuadratic mymy, + ... (1)

where apqj,r and Bouadratic are the coefficients for the polar MOKE and quadratic MOKE responses,
respectively. For films with both magnetization and current along the x-axis, the conventional SHE leads
to the effective fields h%’L and h},’L in the y-axis and z-axis, respectively (Figure 2(a)), which can be
characterized by measuring azimuthal angles ¢,, and the polar angle 6,,, respectively.
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Figure 2 (a),(b)Illustration of the effective field of SOTs, magnetization, and current direction in two
measurements , the current is flowing along the x-axis while the external field is applied parallel (a) and
perpendicular (b) to the current direction. (c)-(f) The quadratic MOKE (red) and polar MOKE (black)



results with the external field ((c),(e)) parallel to the current direction and ((d),(f)) perpendicular to the
current direction for Mn3;Sn/Nb/Py (middle column) and Pt/Py (right column).

The quadratic MOKE, which is purely related to the in-plane effective field, can be independently
measured using circularly polarized light which does not respond to m, [13]. In addition, the effect of
th will disappear if one aligns the magnetization along the y-axis. In this geometry one would see the
effect of hz,, if it exists. Using the small angle approximation and Jones matrices, we can determine the
spin-orbit torque induced polarization change as:

Al/)(m) = _BQuadratic A¢M (2)
where, for the magnetic field (Hex) applied along the x-axis:

Ay = hy, + hbL + Ry pe
M Heye + Hy + %,

(3)

where H, is the in-plane anisotropy field and h,, o is the in-plane Oersted field. The Oersted field h,, ;.
is opposite on the top and bottom surfaces of the Py layer. Since the Py layer thickness (10nm) is smaller
than the penetration depth of the laser in Py, this term is negligible in both Egs.(3) and (6). Because h%’L
and hj, is antisymmetric and symmetric with respect to the magnetization (external field), respectively,
the hy, and h3, can be determined using:

2hy,
Ap(+my) + Ap(-my) = —2 e (4)
and
A — Ad(— ___ b 5
p(my) — Ap(=my) = — P ()

If we apply the magnetic field to align the magnetization along the y-axis, we then have:

FL
Hoxt + Hg + hyy + h3, + Ry e

Ay = (6)

For soft NiFe alloys, both h; and H, are negligible compared with the external field, the quadratic
MOKE will show 1/Hex dependence according to Eq.(3) and (6).

The polar MOKE signal can be determined by using linear polarized light with 45° between the
polarization and magnetization, at which quadratic MOKE disappear [13]. For an external field along the
x-axis we have

_. hY, + Ry oe
Pl g« +Hy + Mg —H, |

Al/}(m) = Opolar AQM (7)

where h; ¢, is the out-of-plane Oersted field, Mg is the saturation magnetization, and H, and H,, are the
in-plane anisotropy field and out-of-plane anisotropy. The saturation magnetization (Ms) for Py film is

about 0.45T as extracted from spin-pumping experiment(see “methods”), which is far larger than all other
field terms. Consequently, Eq. (7) leads to a hysteresis loop-like behavior as shown in black curves in



Figure 2. One can also conveniently separate the h;and h3D’L by applying the external field in x or y
direction, respectively.

The results for MnsSn/Nb/Py (MnsSn/Py shows similar results) and a reference Pt/Py sample are shown
in Figure 2 with current along the x-axis ([0110] direction of Mn3Sn film) which is 30 degree to the
MnsSn CMP direction of [1120]. From the spin-pumping measurement (see “methods”) and ST-FMR
measurement result (Figure 3), we conclude that the CMP direction is not aligned within the applied
magnetic field range (0 to 0.8 kOe) during the MOKE measurements. Figure 2(c), (e) and (d),(f) show
results measured with the applied field along the x-axis, and y-axis, respectively. Figure 2(c) shows
similar behavior with FM/HM, indicating the spin orientation is along the y-axis. The results in Figure
2(d) compared to those of Pt/Py (Fig. 2(f)) clearly demonstrate the existence of 7* component in
MnsSn/Nb/Py. By analyzing the quadratic MOKE (red curves) using Egs. (4) and (5), we can also detect
7% in additional to conventional ¥ component. In another word, we have observed all 3 spin
orientations along x, y, and z in charge-induce spin current. From these results, we can determine the spin
Hall angle of 8, = —0.014 +0.004 and 6., = 0.042 + 0.012 for spin currents with spin orientation in
x- and y-directions, respectively (see “methods™). The value for 8, is consistent with the previous
reported value extracted from spin pumping experiment [25]. We can further determine the torque ratio
of tf ity : 74, = 0.3 £ 0.12:1:0.29 £ 0.14. and 73, : 75, = 0.37 £ 0.04. These values indicate that the
spin current with spin orientation along the x-axis is about 30% of spin current with spin orientation along
the y-axis. These results are summarized in Table 1.

Table 1: The torque ratio extracted from ST-FMR and MOKE measurements for MnsSn/Py and
Mn3Sn/Nb/Py films.

TF Thy THL Th Ty Thy
MOKE MnsSn/Py -0.2740.11: 1: 0.25+0.12 -0.334+0.03:1:NA
MnsSn/Nb/Py ~ -0.30+0.12: 1: 0.2940.14 -0.3740.04:1:NA
ST-FMR MnsSn/Py -0.009: 1: -0.035 -0.26:1:1.63
MnsSn/Nb/Py 0.04: 1: -0.0096 -0.37:1:2.32

In order to conform the observed unconventional spin orientations, we also performed ST-FMR
experiment. In the experiment, a rf current i,, was sent through the sample strip along the x-axis. The
external magnetic field was applied in the x-y plane with an angle 6 away from Xx-axis. We should note
that t*, ¥ and 77 shows different angular dependences. To be specific, * has a sin 6 dependence, ¥
has a cos 0 dependence while 77 is independent of 6. The rectifying voltage V. contains symmetric Vs,
and antisymmetric Vs, contributions, which are proportional to in-plane torque t;R4pg and out-of-
plane torque Tt R4y, respectively. With R4z showing sin(26) dependence, and each T, and T, is
composed of three effective torques we mentioned earlier. The general form of the Vs, and V., for
spin orientation in an arbitrary direction is [26]:

Vsym (0) o sin(20) (75, sin(6) + 73, cos(8) + t7,)  (10)
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Figure 3 ST-FMR spectra. V. for the MnsSn/Py device with the Py magnetization oriented at 45° and
225° relative to the current direction (blue arrow). The result of (a) and (b) were obtained from the
octupole moment of MnsSn(yellow arrow) pointing to (a) perpendicular and (b) 30° to the current
direction. The rf current was at 5GHz with power of 10 dBm.

In addition to confirming spin orientations along the x- and z-axis, we also investigate their relationship
with the octupole moment in MnsSn. In the conventional case, since only 7, and 77, exist, when mey is
inverted in x-y plane by the magnetic field, V;. must remain the exact same amplitude with an opposite
sign. As shown in Figure 3(a), when the current is flowing along the [1100] direction of the MnzSn film
which is perpendicular to the octupole moment ([1120]) [22], we observe that V,.(45°) and V,;.(225°)
have the same amplitude but opposite phase, indicating only 73, and 73, exist just like that from a heavy
metal. This result is consistent with the pervious theoretical and experimental results [11,12]. However,
when we pass the current along the [0110] direction, which forms 30° with respect the octupole moment
(Figure 3(b)), the amplitudes for V,.(45°) and V,.(225°) are clearly different, suggesting the existence of
7%, These results further imply that spin orientations along z- direction may arise from the spin rotation
around the octupole moment, i.e. spin orientation in y-direction arising from SHE rotates around the
octupole to introduce spin orientations in other two directions. It is also known that the sign of SHA of
MnsSn reverses if Mn Moments are reversed, which would change the sign of —V,;.(225°) [9] . We
therefore conclude the Mn moment in our samples is not switched in the field range used in our study.

The torque components can be further evaluated quantitatively with the angle-dependent ST-FMR results.
Figure 4 shows the angle dependent ST-FMR signals with the microwave current applied 30 degree from
the octupole (same geometry in Figure 3 (b) and MOKE measurements). The Vsym and Vasym CUrves are
fitted with only ¥ terms as in conventional case (red curves) and unconventional case with

allt*, ¥, and T toque terms using Eq. (10) and (11). While the fittings show no obvious difference in
Vasym, Vsym curves can only be fitted with additional torque terms of 73, and t#, (blue curve). We can
further determine the ratio between t%,, 3, and tZ, which is consistent with the MOKE result (Table 1).
Furthermore, by assuming that the conventional field-like torque is negligible compared to Oersted field
which contributes mostly to the 77, [26], we can also extract the spin Hall angle of 8% = —0.013, 65, =
0.053, and 6%, = —0.007 for spin currents with spin orientation in x-, y- and z- directions, respectively



(see “methods”). The results of 77, : rgL: 74,, on the other hand, are very different from those determined
from MOKE experiments.

Mn3Sn(30nm))/Py(10nm) Mn3Sn(30nm))/Nb(2nm)Py(10nm)
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Figure 4 Symmetric (a)(b) and antisymmetric (c)(d) rectifying voltages as a function of the in-plane
external magnetic field angle 6 from the current direction for MnzSn(30nm)/Py(10nm) (left panel) and
Mn3Sn(30nm)/Nb(2nm)/Py(10nm) (right panel), respectively. The Blue curve is the fitting considering all
¥, 7¥ and tZ and the red curve is the fitting only with ¥

DISCUSSION

It is well known that the Vagym in ST-FMR, which measures out-of-plane torque, is dominated by the
Oersted field contribution [14,26]. Therefore, the extracted t#,, Ty, and 3, are not reliable. On the other
hand, the extracted torques from MOKE measurements are much more accurate since the technique is less
sensitive to heating and other nonlinear effects. Even more importantly, the Oersted field effect



contribution can be minimized in MOKE [13,16,27]. The ratio of in-plane torques 73, : rgL are consistent
between ST-FMR and MOKE measurements. The magnitude t3, and 7z, are about 30% of the
conventional rf)’L and T;VL, respectively, suggesting sizable spin polarization along the x-axis. In addition,
4, is also about 30% of t,. T4, is particularly interest since it will lead to deterministic magnetization
switching without a bias magnetic field for a perpendicular magnetization.

Theoretically, the spin orientation along z-axis has been predicted in MnsSn when spin-orbit coupling
(SOC) is considered [28]. However, those calculations did not produce spin polarization along x-axis.
The discrepancy may arise from the fact that the theory only considers a single domain with current
flowing along the octupole moment direction along x-axis. The generation of unusual spin orientation can
be understood by spin rotation as we discussed in the introduction. MnsSn behaves like a FM with
octupole moment. The spin orientation in y-axis from conventional SHE will rotate around the octupole
moment. For octupole along x-axis, spin orientation along z-axis will be generated. For an octupole
moment away from the x-axis, spin polarization along z- and x-axes are both generated as illustrated in
Figure 5. When the octupole moment is in y-direction, no rotation would occur, resulting in the absence
of ¥ (Figure 3) and 4. Considering possible octupole moment orientation in MnsSn [10], we therefore
expect the observation of spin polarization along x-axis. In addition, there will be more electrons with
spin orientation along z-axis than x-axis. It should also be noted that out-of-plane tilted octupole moment
will also produce spin polarization along x-axis, which is actually theoretically predicted in Mnslr whose
octupole moment is tilted away from the in-plane direction [28].
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y 4 y / / oY
. .
v x

C"""\"t

Figure 5 By passing a current in the x-direction, the conventional SHE will create a spin polarization
along the y-direction. In the presence of the octupole moment (CMP) in the xy-plane, the x-polarized spin
orientation will precess around the octupole moment. This gives rise to a spin polarization with
components along all three directions



As both SHE and Rashba effect can produce spin-orbit torques and spin rotation [29-32] and it is
challenging to truly separate these two effects. However, the Rashba effect is sensitively depending on the
interface. Therefore, we inserted a thin Nb layer, which is a spin-transparent material with small SHA
(Osy = —0.001) [33], at the Mn3Sn and NiFe interface. While the measured torques reduced in
amplitude, the ratios of 7#,: 7, and =5, : 73, remains the same (Table 1). This strongly indicates that
spin-orbit torque in MnsSn/NiFe is dominated by the bulk (SHE) effect.

In summary, we observed spin-orbit torque with unusual spin orientation in both x- and z-directions. The
results are confirmed with both MOKE and ST-FMR measurements. The mechanism arises from non-
collinear spin structure with spin-orbit coupling and it can be viewed as spin rotation around the octupole
moment, the lowest order of cluster multipole moment pertaining to MnsSn crystal group. We further
demonstrate that the effect arises from the bulk SHE in Mn3Sn. The study provides essential insight to
better understanding how spin current with unusual spin orientation arises from the non-collinear AFM
system.
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