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Non-collinear antiferromagnets are an emerging family of spintronic
materials because they not only possess the general advantages of anti-
ferromagnets but also enable more advanced functionalities. Recently,
inanintriguing non-collinear antiferromagnet Mn,Sn, where the octupole
moment is defined as the collective magnetic order parameter, spin-

orbit torque (SOT) switching has been achieved in seemingly the same
protocol asinferromagnets. Nevertheless, it is fundamentally important

to explore the unknown octupole moment dynamics and contrast it with

the magnetization vector of ferromagnets. Here we report a handedness
anomaly inthe SOT-driven dynamics of Mn,Sn: when spin currentisinjected,
the octupole moment rotates in the opposite direction to the individual
moments, leading to a SOT switching polarity distinct from ferromagnets.
By using second-harmonic and d.c. magnetometry, we track the SOT

effect onto the octupole moment during its rotation and reveal that the
handedness anomaly stems from the interactions between the injected
spinand the unique chiral-spin structure of Mn,Sn. We further establish the
torque balancing equation of the magnetic octupole moment and quantify
the SOT efficiency. Our finding provides a guideline for understanding and
implementing the electrical manipulation of non-collinear antiferromagnets,
which in nature differs from the well-established collinear magnets.

Antiferromagnets have been enthusiastically pursued as new can-  antiferromagnets but also exhibit exotic properties from their topo-
didate materials in nanoscale spintronic devices because of their  logical band structures such as large anomalous Hall, anomalous
immunity to external perturbation and potentials for reaching high  Nernstand magneto-optical Kerr effects, which provide useful mech-
storage densities and fast operational speed' *. Non-collinear antifer-  anisms for detecting the antiferromagnetic states®'°. Meanwhile,
romagnets represented by Mn,X (X=Sn, Ge,and so on) are particularly  spin-orbit torque (SOT)""" manipulation of the non-collinear anti-
interesting since they not only possess the advantages of conventional  ferromagnetic spinstructure has been successfully demonstratedin
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Fig.1|Structural and transport properties in W(2 nm)/Ta(3 nm)/Mn,Sn

(8.8 nm)/Pt(5 nm) stacks deposited on MgO(110) substrate. a, Schematics for
the crystal and magnetic structure of DO,,-Mn,Sn. Blue and black spheres
represent Mn and Snatoms, respectively. The red and yellow arrows represent
the magnetic moments of Mnatoms and the octupole moment, respectively. The
blurred colours denote the atoms and magnetic moments in neighbouring
kagome planes. The black dashed lines represent the magnetic easy axes of
individual sublattice moments towards neighbouring Sn atoms. b,c, X-ray
diffraction patterns of the out-of-plane 26-6 scan (b) and in-plane ¢ scan (c).

d, The reciprocal space map near the Mn,Sn (2240) and (2020) peaks. The white
cross marks represent the theoretical positions calculated using the lattice

constant obtained from the Mn,Sn(2020) peak. The relaxation line indicates the
position when the strainis fully relaxed. The centre of the (2240) peak s located
to the right of the relaxation line, indicating a tensile strain along [1210].

e, Schematic of the transport measurement. The in-plane spins (yellow spheres and
green arrows) are injected from Pt to Mn,Sn. The sublattice moments and the
octupole moment are defined as m, 5 c,and m,., with angles of @, g c,and @,
respectively. An optical micrograph of the fabricated Hall bar with a channel
width W, and alength L, 0f15-30 pm and 90 pm, respectively, is shown on the
top of the stacks with the definition of the current and voltage directions.f, R, as
afunction of the out-of-plane field H, measured at/ = 5 mA. The inset schematic
illustrates the orientation of the octupole moment.

experiments such as chiral-spin rotation'** and switching* . In the

existing studies, an octupole moment (Fig. 1a) has been introduced
to represent the collective magnetic order of non-collinear antifer-
romagnets®*?, playing a similar role to the overall magnetic order
parameters (magnetization vector or Néel vector) in collinear mag-
nets (ferromagnets, collinear ferrimagnets and antiferromagnets).
When a damping-like (DL) SOT is applied onto collinear magnets,
the overall magnetic order parameter undergoes the same preces-
sion handedness as that of individual moments®>°. Following this
configuration, it has been conceived that the SOT-driven dynamics
of the octupole moment in a non-collinear antiferromagnet can be
understood in asimilar way and thus undergo the same handedness
as that in collinear magnets. However, this is a crucial speculation
waiting to be examined. Moreover, a quantification of the SOT in
non-collinear antiferromagnetsis still missing, which further hampers
the fundamental understanding of the SOT-driven dynamics and the
prospect of building efficient spintronic devices.

In this work, by probing the SOT-driven octupole moment rever-
salinanon-collinear antiferromagnet Mn,Sn and extracting the inter-
mediate states of the octupole moment from a.c. second-harmonic
and d.c. measurements, we demonstrate that the octupole moment
rotates under the DLSOT withan opposite handedness to that of indi-
vidual moments, leading to aSOT switching polarity opposite to that
of collinear magnets. We call this phenomenon, whichis missing in pre-
vious studies, the ‘handedness anomaly’, and itis a unique effect stem-
ming from theinterplay between the SOT and the chiral-spin structure
of Mn,Sn. We also find that efficient, deterministic SOT switching
takes place only when injected spins are along a direction out of the

magnetic easy plane. In the optimal configuration, we establish the
torque balancing equation of the octupole moment, verifying that the
octupole moment is not a misleading picture but a rigorous concept
to reveal the SOT dynamics of non-collinear antiferromagnets. The
developed experimental methods and theoretical framework pro-
vide a platform for understanding and controlling the dynamics of
the magnetic order in non-collinear antiferromagnets.

Structural and transport properties of epitaxially
grown Mn;Sn thin films

We use DO,,-Mn,Sn for our experiment, which is a representative
non-collinear antiferromagnet with a hexagonal DO,, structure in the
space group P6,/mmc. As showninFig.1a, the Mnatoms form akagome
lattice with their magnetic moments oriented in a triangular configu-
rationinthe magnetic easy plane (0001). The spin orientations of three
sublattices A, Band Cformanangle of ~120° with afixed chirality deter-
mined by the Dzyaloshinskii-Moriya interaction” >, Because of the
intrinsic magnetic anisotropy from individual sublattice moments,
Mn,Sn also exhibits a very small uncompensated net moment
m,.. = m, + mg + mc, providing a useful handle for controlling the
antiferromagnetic order with external magnetic fields****°.

We deposit Mn,Sn films on MgO(110) substrate by sputtering
(Methods). The stacks consist of W(2 nm)/Ta(3 nm)/Mn,Sn(8.8 nm)/
Pt(5 nm) fromthe substrate side. Using single-crystal MgO as atemplate
and W and Ta as seeding layers®*?, we obtain a (1010) Mn,Sn thin film
with its magnetic easy plane (0001) oriented perpendicular to the
sample surface. This configuration allows us to inject in-plane spins
via the spin Hall effect to control the antiferromagnetic order in the
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easy plane*”**, and to get a large anomalous Hall voltage by using the

Berry curvatureinthe k,~k, plane inthe momentumspace™’. The X-ray
diffraction pattern of the stack is shownin Fig. 1b, where only the (1010),
(2020), (3030) and (4040) peaks of Mn,Sn are observed, consistent
with the expected film growth direction. In addition, 180° periodic
peaks are observed for the Mn;Sn, W and MgO substratein thein-plane
¢ scan (Fig. 1c), confirming the epitaxial relation of MgO(110)[001] ||
W(211)[011] || Mn,Sn(1010)[0001]. The reciprocal space map shownin
Fig. 1d indicates a tensile strain along the [1210] direction, consistent
with a previous report’. This distortion of the equilateral triangle
crystal structure within the kagome plane (Fig. 1a) induces an extra
magneticanisotropy, whichis reflected in our measurement of SOT as
discussed later.

After patterningthe filminto Hall bar devices (Fig. 1e), we measure
the Hall resistance as a function of the out-of-plane magnetic field
(Fig. 1f), where a clear hysteresis loop is observed with a negative
anomalous Hall coefficient under the current and voltage directions
defined in Fig. le, consistent with the intrinsic anomalous Hall
effect from the topological semimetallic phase of Mn,Sn as reported
earlier’7*"*2, Here we note that although a very small net moment m,,,,
provides a useful handle for magnetically controlling the anti-
ferromagnetic order, it does not correspond to a magnetic order
parameter describing the anomalous Hall state in non-collinear antifer-
romagnets’. On the other hand, the octupole moment m,,, which
originates from the symmetry of the chiral magnetic order**?”
(Supplementary Discussion 1.1), has been adopted as the magnetic
order parameter to precisely describe the anomalous Hall state of
Mn;Sn through™ Ry (@oct) = RoMocr, = RoSiN@oc; , Where R, is the
anomalous Hall coefficient and ¢, is the angle of m, (Fig. 1e). Mean-
while, it is known that in the weak anisotropy limit the direction of
m, is largely parallel to m,,, so that m,. almost follows the applied
field under the Zeeman interaction (Supplementary Discussions 1.1
and 1.2).Inthis sense, the octupole moment of anon-collinear antifer-
romagnet plays a similar role to the magnetization vector of aregular
ferromagnet.

Anisotropy and polarity in the SOT switching of
Mn;Sn

We consider the current-induced dynamics of the magnetic order in
Mn,Sn through the SOT effect. As shown in Fig. 1e, in-plane spins are
injected into Mn,Sn from the top Pt layer via the spin Hall effect.
Although the bottom W/Ta layers also inject spins with the same ori-
entation as Pt into Mn,Sn owing to their opposite signs of spin Hall
angle’>¥, we mostly focus on the Pt layer as the major spin current
source because of the much smaller resistivity of Pt (Methods). Figure
2a,b shows two measurement configurations, where spins areinjected
either perpendicular to or lying within the magnetic easy plane, respec-
tively. Under the injected spin current, the DL SOT*** acting on the
individual sublattice moments in Mn,Sn yields effective fields of
H®Y o my 5 ¢, x oasshowninthe figures. According o this picture,
the SOT causes different actions on the sublattice moments, when the
relative orientations between the injected spin and the crystal orienta-
tion differ. For the configuration shown in Fig. 2a, DL torques
PO « —m o) x HAP areidentically applied to all the three
individual sublattice moments with the same direction. In this con-
figuration, the SOT only needs to overcome the weak magnetic anisot-
ropy in the easy plane, which we term the ‘easy configuration’. On the
other hand, for the configuration shown in Fig. 2b, not only the mag-
nitude butalso the direction of the applied DL torque differs between
theindividual sublattice moments, resulting in a destructive summa-
tion of SOT. Furthermore, the SOT needs to overcome alarge effective
easy-plane magnetic anisotropy, and hence this correspondstoa‘hard
configuration’. Here, we do notillustrate the influence of the field-like
torques*®as they do not lead to switching in either configuration (Sup-
plementary Discussion 2).

To switch the antiferromagnetic order, we apply a100 ms pulse
current/inthe two configurations of Fig. 2a,b with an external mag-
netic field along the current direction, similar to the SOT switching
of ferromagnets with a perpendicular easy axis***’. We see that
bidirectional SOT switching s clearly observedin the easy configura-
tion with a threshold current density Jco = 15MA cm=2 (Fig. 2¢),
where the temperature rises by ~4 K owing toJoule heating, whichis
low enough to exclude thermally dominated switching (Supplemen-
tary Discussion 3). Compared with the field-induced case, the
current-induced switching corresponds to about ~30% of the total
domains, which may be due to the tilting of the octupole moment by
the bias in-plane field and/or the non-perfect perpendicular mag-
netic anisotropy” """ and the non-uniform current distribution at
the Hall cross*. This can be improved by optimizing the magnitude
of the in-plane field and device structures, which is not the main
focus of this study. In the hard configuration, no obvious SOT switch-
ing has been realized over the applied current density range that is
more than twice as large as the easy configuration (Fig. 2d).

Inthe SOT switching of ferromagnets with a perpendicular easy
axis, the switching polarity is determined by the direction of the bias
field regarding the current direction, which breaks the symmetryin
response to the SOT effective field via the Zeeman interaction®®*’,
Since non-collinear antiferromagnets also exhibit a small uncom-
pensated net moment that largely lies parallel to the octupole
moment, an identical protocol seems reasonable for the bipolar
switching. However, by comparing the SOT switching in Fig. 2c with
a W/CoFeB/MgO control sample in Fig. 2e (after considering the
different anomalous Hall coefficients in Fig. 1f and the inset of
Fig. 2e), we find opposite switching polarities in Mn,;Sn and CoFeB;
that is, under the same spin injection conditon®*?, for example,
+I, || +H,, the SOT in Mn,Sn and CoFeB effectively acts as a negative
and positive, respectively, magnetic field to switch the octupole
moment and magnetization vector, respectively, asindicated sche-
matically in Fig. 2f. Such an anomaly in Mn,Sn indicates that the
octupole moment of Mn,;Sn does not react to the applied SOT in
complete analogy with the magnetization vector of a ferromagnet.
Rather, it suggests that the SOT-induced rotation of the octupole
moment, an assembled order parameter, may possess a distinct
handedness with respect to that of the individual moments, which
will be investigated in subsequent sections.

Magnetic anisotropy in astrained Mn,Sn thin film
Togatheradeeper understanding of the SOT-driven dynamicsin Mn,Sn,
we first build a comprehensive relationship between the octupole
moment and the applied magnetic field by characterizing R, as a
function of the applied field angles Sand y, as defined in Fig.2a,b. The
blue and black circles in Fig. 3a show typical first-harmonic Hall
resistances R};(B) and R}j(y) measured in the easy and hard confi-
gurations, respectively. As discussed earlier, since m,. roughly follows
m,,, the close-to-sinusoidal line shape of R, (B) reflects the field
control of m, throughm,,.

When only considering the intrinsic uniaxial anisotropy for each
atomic sitein the Mn-Snbond direction (black dashed lines in Fig. 1a,
labelledas € p ), Ean1 = —Ki ((€4 - mA)2+(eB . mB)2+(ec . mc)z), the
antiferromagnet will exhibit aweak, sixfold anisotropy for m,., which
canbeeasily rotated by the magnetic field as demonstrated previously
in bulk crystals*>**, Here K; is the anisotropy energy coefficient for
sublattice moments®**°. Inour experiment, the R}-B curveiin the easy
configuration (blue circles in Fig. 3a) deviates from a pure sinusoidal
function, indicating the existence of additional anisotropies that tilt
m, . away fromthe applied field. To reveal these effective anisotropies,
we calculate the work per unit volume done by the rotating field
as measured in Fig. 3a, AE(Qyc) ~ poMnetHfg“‘ sin(8 — ¢, )de,
with u, being the vacuum permeability, M, representing the
spontaneous (remanent) net magnetization and ¢, determined
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Fig.2|Measurement configurations and SOT switching. a,b, Schematics of the
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horizontal (b) to the magnetic easy plane. The DL SOT effective fields of the
individual sublattice moments Hy, (green arrows) and the external field H
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configuration (c) and hard configuration (d), where an external field is applied
along the current direction. e, The R,~/ curve measured in W(5 nm)/
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layer injects spins with the same polarization onto the CoFeB layer as those from
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out-of-plane field, which has an opposite sign from that for Mn,Sn. The
schematicsin cand eillustrate the switched magnetic states, represented by the
octupole moment and the magnetization vector, respectively, in a non-collinear
antiferromagnet Mn,Sn and a ferromagnet CoFeB, respectively. We have also
verified that Ru/Co/Pt, consisting of Pt as a capping layer instead of W as an
underlayer, shows the same switching polarity as that of W/CoFeB/MgO.

f, Schematic of the SOT switching of the octupole moment and the magnetization
vector in Mn,Sn and CoFeB, respectively, under the same condition of +H,. || +1/.
The dashed and solid yellow arrows represent the initial and final states,
respectively, of the order parameters.

by the measured R, via Ry = Rysing,... The obtained normalized
AE(@..) is plotted in Fig. 3b, clearly showing that our Mn,Sn is domi-
nated by atwofold anisotropy with an easy axis along z, plus afourfold

anisotropy with the easy axes along +45° and +135°, in the form of
Eqnp = A:€0S 2@,ct) + A2€08 (4, ) Where A, and A, are the correspond-
ing coefficients. Microscopically, the two- and fourfold anisotropies
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Fig.3|Harmonic Hall measurements and magnetic energy landscape.

a, First-harmonic Hall resistance Ry as afunction of and y measured in the easy
and hard configurations, respectively. Exp., experiment. b, The normalized
AE-@, curve extracted using the experimental data from a. ¢, Second-harmonic

Hall resistance Rﬁ“’ asafunction of and y measured in the easy and hard
configuration, respectively. The red solid linesin a and c denote the fitted
results of the R}}-Band Rf(‘*’ -B curves with the same fitting parameters A, and A,.

form,canbederived fromthe variations of the exchange interaction
and the magnetocrystalline anisotropy, respectively, due to the
growth-induced strain (Fig. 1d, and Supplementary Discussions 1.1,
1.2and4).Inaddition, the step-like shape of the R}}-y curve in the hard
configuration (black circlesin Fig. 3a) indicates the strong easy-plane
anisotropy of the (0001) plane.

The competition between the anisotropy energies, the Zeeman
energy, the exchange interactions and the Dzyaloshinskii-Moriya
interaction”?’ determines the equilibrium orientations of the three
sublattice moments m, g cyand m,.. Under a given magnetic fieldH,
therelative orientations of the sublattice moments at equilibrium can
be determined by minimizing the total energy using the perturbation
method (Supplementary Discussion1.2). The ¢,..-dependent magnetic
energy canbe described as follows, including the Zeeman term and the
anisotropy terms:

F~ _MOMOmnet'H + /11(:05 (Zwoct) + }lzcos (4(00(1)

= _FOMOH[ Cos (ﬂ (poct) - /l_cos (ﬁ + (Poct)
(4))
- ITZICOS (ﬁ + 3¢0ct)] + AICOS (zwoct)

+ 2,08 (4¢oct) »

whereJand M, are the exchange coefficient and the magnetization
of a sublattice moment, respectively. The equilibrium octupole
moment angle ¢, as reflected in Fig. 3a can be determined by
minimizing the energy in equation (1). With the reported values''#*%°
of goMy = 0.56 T, K; = 6.7 x10°Jm=3 and /=10 x10°Jm=3, the
measured R (B) in the easy configuration can be well fitted by our
model (the red sohd line of Fig. 3a), throughwhich 4; = 1.7 x 10 Jm-3
and A, =1.0 x10 ? ) m-3are extracted. Besides the shown example of
HoH = 2.3T,the Rj-B curves under different H can all be universally
fitted with the same A, and A, (Supplementary Fig. 6a).

Handedness and magnitude of the SOT acting on
Mn,Sn

With the equilibrium magnetic configuration determined, we now
discuss the influence of SOT on the antiferromagnet dynamics. In the
easy configuration, the applied current Iinjects spins perpendicular
to the kagome plane, inducing H © onto each sublattice moment
and rotating them coherently. The resultmg rotation of the octupole
moment Ag,, can then be monitored via the change of R,,. Similar to
the method widely used in studies on ferromagnets, we use the
second-harmonic measurement to track the intermediate states of
the octupole moment during its rotation and quantify the SOT effi-
ciencyinour Mn,Sn/Pt samples. The mixture of the applied a.c. current
and the oscillatory R, leads to a second-harmonic resistance

am = % d‘;’z‘z( I=0A(poct (I, where lis the a.c. peak current. As shownin
Fig.3c, we see large peaks developed in Ra“’(ﬁ) in the easy configura-
tion, particularly around angles corresponding to the hard axes of

m, within the kagome plane (that is, ¢, = 0 and 180°). In contrast,

Rfi‘*’(y) remains tiny throughout the entire range of y in the hard con-
figuration (black circles in Fig. 3¢), in agreement with the absence of
SOT switchingin Fig. 2d.

In Rﬁ“’ the SOT-induced octupole rotation Ag,.(/) can be
calculated via the torque balance equation 7 + 755(/)) = 0, where

6
TOCt (A(poct)_ L 27

A(poctis the torque from the magnetic energy
3Mo a(poct

with the gyromagnetic ratio y,. For the DL torque T " on the octupole
moment, it is tempting to follow the convention developed for ferro-
magnets and write itas 5 = —VgloMye X H3 with HY' o mo x @

representing the SOT effective field. However, the polarity of our meas-
ured RZ“’, which reflects the sign of Ag,,, unambiguously determines

that H)'* = —Hp m, x 6. Here, the additional minus sign represents

thefactthat the octupole momentrotatesin the opposite directionto
theindividualmoments, thatis, the handedness anomaly (see a detailed
analysisin Supplementary Discussion1.3). H, is the magnitude of the
SOT effective field that appearsin the torque on each individual sublat-
H(A,B,C) népL/um
DL e (3Mo)t’
e, &1, Jum and t are the reduced Planck constant, the electron charge,
the DLtorque efficiency, the charge current density in the Pt layer and
the thickness of Mn,Sn, respectively. By solving the torque balancing

ticemoment = Hp M(s g c) X 6, With Hp = where#,

. P dR
equation and determining de
oct |[=0

from Fig. 3a, we plot the theoretical curve for R2° as the red solid line
in Fig. 3¢, in good agreement with the experimental results. The only
free parameter in the fitting is the SOT efficiency &, = 0.017, which
works universally under various applied field strengths (Supplemen-
tary Fig. 6b). In addition to fitting with the analytical model, we have
also conducted full macrospin simulations by solving the coupled
Landau-Lifshitz-Gilbert equations for sublattice moments, which
yieldsidentical results (Supplementary Discussion 5).

Apart from the second-harmonic measurement, we also detect
the current-induced octupole rotation by applying d.c. currents®.
Under currents with the same amplitude and opposite signs, the DL
torque acting on sublattice moments rotates m, in opposite direc-
tions, which presents as a horizontal shift of the R,,—f curve. Figure 4a
shows the experimental results, where the shifting direction is con-
sistent with the switching polarity in Fig. 2c and opposite to that in
ferromagnets. The averaged (AB) values over the range of 0-180°
under different external magnetic fields are shown in Fig. 4b, which

with the theoretical curve of R}
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Fig.4|d.c. measurement and SOT switching mechanism of non-collinear
antiferromagnetic order. a, R,,—f curves measured at d.c. currents of +10 and
-10 mA. Insets, a magnified view to clearly show the horizontal shift AS between
the two curves. b, Summary of (Af) as a function of /under various magnetic
fields, where the error bar is the mean absolute error of the observed data
points (n=360) using the measurement error of 0.01 mQ. ¢, Schematics of the
SOT switching mechanisms in conventional ferromagnets and non-collinear
antiferromagnets. The five subfigures in each case highlight the magnetic states

during a switching process, from left to right, with the right most subfigures
being the final stable state. For the ferromagnet, the yellow arrow represents

the magnetization vector. For the non-collinear antiferromagnet, sublattice
moments (red arrows) and the octupole moment (yellow arrow) exhibit opposite
handedness under the SOT. The orientations of the DL effective field on the
sublattice moments and the octupole moment (as well as the net moment) are
illustrated as green and purple arrows, respectively.

indicates thelinear relationship between the DL effective field and the
applied current. Accordingly, aSOT efficiency of §,, =0.017 + 0.004 is
extracted (Supplementary Discussion 1.4), whichisin good agreement
with theresultfrom the second-harmonicapproach. The SOT efficiency
obtained in this work is smaller than the typical spin Hall angles of Pt.
This could be due to the low transparency at the Mn,Sn/Pt interface
or the complicated interactions between conduction electron spins
and local moments in the presence of antiferromagnetic exchange
interactions, which willbe investigated in the future. In addition to the
SOT from Pt, it was reported that polycrystalline Mn,Sn can exhibit a
self-torque as a result of the grain-to-grain spin transfer*‘. Given the
epitaxial nature of our Mn,Sn film, the grain-mediated self-torque
pictureis not applicable to our study.

Discussion

The switching of the non-collinear antiferromagnetic order shows some
similarities with regular ferromagnets, including the realization of
deterministic switching with applied in-plane magnetic fields. However,
asimple treatment of the non-collinear antiferromagnet as a weak rigid
ferromagnet by tracking its magnetization vector predicts the wrong
sign for the switching polarity. To better illustrate this crucial difference,

Fig.4c conceptually compares the SOT switching between conventional
ferromagnets and non-collinear antiferromagnets, where the SOT leads
to opposite final orientations of the representative magnetic order
parameters through the balance of the external field and the DL effective
field. Our observation on the sign reversal of the SOT switching, together
withthe good agreement between the measured R’ and our analytical
model, provides clear evidence that the assembled SOT effect on the
sublattice moments drivesm, torotate in the opposite direction from
the sublattice moments m, y ), causing the handedness anomaly that
distinguishes the dynamics of non-collinear antiferromagnets from
the classical dipole dynamics of ferromagnets. We note that the sche-
matics shownin Fig. 4c are depicted based on a quasistatic process to
easily capture the difference in the magnetic dynamics of the ferromag-
netand the non-collinear antiferromagnetin the low-frequency regime,
whichis appropriate for interpreting our harmonic and d.c. measure-
ments. To precisely describe the switching and chiral-spin rotation in
the (sub-)nanosecond regime, one needs to furtherinclude the accom-
panying dynamicsin the direction perpendicular to the kagome plane.

As a final remark, our harmonic and d.c. measurements consist-
ently quantify areasonable SOT efficiency from Pt, which s sufficient
to overcome the strain-induced two- and fourfold anisotropies and
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to enable the switching. This quantification, together with our esti-
mation of a weak temperature increase in the experiments, provides
usefulinsightsinto the long debate on the thermal contributionsin the
current-induced switching of antiferromagnets”**¢. In future studies,
by interface engineering, one can potentially tune the strain-induced
anisotropies, which are much stronger than the intrinsic sixfold anisot-
ropy, to reduce the switching current by at least an order of magnitude
and to develop configurations with optimal anisotropy for design-
ing antiferromagnetic nano-oscillators with continuous chiral-spin
rotations',

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/541563-023-01620-2.
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Methods

Sample preparation

Stacks with W(2 nm)/Ta(3 nm)/Mn,Sn(30 nm)/MgO(1.3 nm)/Ru(1 nm)
were deposited by d.c. and radio-frequency magnetron sputtering
on a MgO(110) single-crystal substrate. W, Ta, Mn;Sn and Ru were
deposited at 400 °C and MgO was deposited at room temperature.
The deposition was implemented under a base pressure of less than
1x 107 Pa. After deposition, samples were annealed at 600 °C for
1hourinvacuum. After annealing, capping layers (MgO/Ru) and part
ofthe Mn,Snlayer were etched by Arion milling. The thickness of the
remaining Mn,Sn layer was obtained as 8.8 nm by X-ray reflectivity
measurements. After etching, the Pt(5 nm) layer was deposited on
top of the Mn,Sn layer. Before deposition of the Pt layer, the surface
of Mn;Snwas etched by bias sputtering for 20 s to remove any oxides
that might be formed in the process of moving the samples from the
Arionmilling chamber to the sputtering chamber. The samples were
fabricated onto a Hall bar structure by photolithography. Two differ-
ent channel widths W, of 30 um and 15 pm were employed to apply
small and large current densities, respectively. The channel length
L., and probe width were 90 pm and 8 pum, respectively. Electrodes
consisting of Ta(5 nm)/Ru(50 nm)/Pt(5 nm) were deposited by d.c.
sputtering and fabricated into square shape contact pads by photo-
lithography and lift-off.

X-ray diffraction

A CuKal X-ray with a wavelength of 1.54056 A was used in our X-ray
diffraction measurements. 26—-6 scan and ¢ scan measurements were
performed using a Bruker X-ray diffractometer. Reciprocal space map-
ping measurements were performed using a X’Pert® Materials Research
Diffractometer, where the two-dimensional data were collected using
atwo-dimensional solid-state hybrid pixel detector.

Transport measurements

The transport measurements were performed on Hall bar devices
with a four-probe method as shown in Fig. 1e. The d.c. and a.c. cur-
rents were applied up to 10 mAin all of our transport measurements
except forthe d.c. pulse measurement. The 47.311 Hz a.c. current was
applied with an EG&G DSP 7260 Lock-in Amplifier, and d.c. current
was applied with a Keithley 2400 current source, which is designed
forat most kilohertz sourcing. The harmonic Hall measurement was
performedby alock-intechnique. The resistivities of each layerinthe
stacks were obtained from sheet resistance measurements of the blan-
ket films with various thicknesses, where the growth conditions were
consistent with the samples used for the transport measurements.
The resistivities of the W, Ta, Mn,Sn and Pt layers were calibrated as
60.2,122.8,333.3and 29.0 pQ cm, respectively. The current density of
the heavy metal was calculated considering the current distribution
of each layer following a parallel resistance model. The percentages
of current flowing in the W, Ta, Mn,Sn and Pt layers were obtained as
13.0%,9.5%,10.3% and 67.2%, respectively. From the current distribu-
tion calculation, we found that a seven times larger current flows in
the Ptlayer thaninthe Talayer, and the current density in the Pt layer
isfour timeslarger than thatin the Talayer. Since most of the current
flows in Pt rather than Ta, we only considered Pt as the heavy metal
layer adjacent to the Mn,Sn layer for the simplicity of our analysis.

Calculation and analysis
The numerical computing software MATLAB was used for the
fitting of harmonic measurements. We performed a series

expansion with the help of Mathematicain the perturbation method
calculations.

Data availability
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Article and its Supplementary Information. Source data are provided
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