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S1. Evaluation of temperature rise due to Joule heating

In addition to the generation of SOT exerted on the magnetic moments in Mn3Sn layer, the in-plane current
can also cause Joule heating and raise the temperature in the prepared devices. Here we evaluate the temperature
rise due to the Joule heating by comparing the dependencies of the channel resistance R¢, on temperature and DC
current. For the former measurement, we put the Hall device on a stage of probe station with an electric heating
system and measure Rcn of the Hall device using the two-probe method. The substrate temperature T during the
resistance measurement was monitored by K-type thermocouple sensor. Figure Sla shows T dependence of Ren
ina W(3) / Ta(1) / Mn3Sn(9.9) / Pt(4) heterostructure with We, = 10 um. The resistance of the prepared device

increases from 262.0 Q at 22 °C to 271.2 Q at 100 °C. The slope of 0.125£0.013 Q/°C and the intercept of

258.25+0.90 Q are obtained by linear fitting of Rcy vs T. We then measure DC current Ipc dependence of Re,
which is summarized in Figure S1b. The device temperature during the current application is then evaluated by
linear fitting of Figure Sla. In our SOT experiments, the Hall resistance of the prepared device is measured with

pulse current density Jum (Il [1120]) below 5 MA cm for tmnssn < 10 nm (Fig. 2e and Fig.5b). The temperature

rise is therefore determined as less than 11 =8 °C.
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Figure S1 Temperature rise due to Joule heating in W/Ta/MnsSn/Pt heterostructure. a, Temperature T
dependence of channel resistance Ren in W(3) / Ta(1) / Mn3Sn(9.9) / Pt(4). Solid line is the fitted curve by linear
approximation. b, DC current Ipc dependence of Ren. The right axis shows the estimated temperature T evaluated
by linear fitting of Ren vs T.

S2. Ry-H curves at elevated temperatures

To confirm that the chiral-spin ordering in MnsSn is retained under Joule heating, we then measure Ry-H

curves in the prepared device at higher temperatures up to 100 °C. Figure S2 shows Ru-H curves of W(3) / Ta(1)
3



/Mn3Sn(9.9) / Pt(4) stack at various temperatures. Clear hysteresis curves of Ry-H are observed in the temperature
range of 22 — 80 °C. As shown in the previous section, the temperature rise in our experiment is determined as

less than 20 °C. Hence, the chiral-spin ordering in Mn3Sn is sustained throughout our SOT experiments.
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Figure S2 Ru-H curves at high temperatures. a-h, Hall resistance Ry as a function of out-of-plane magnetic
field H at various temperatures. The in-plane current along the [0001] direction of MnsSn is applied to detect Hall

voltage.

S3. Switching by electric current along the [0001] direction of Mn3sSn

As we discussed in the main text, a current-induced bipolar switching was observed in poly-crystalline MnsSn

film under an in-plane magnetic field . According to Ref. 1, the observed bipolar switching is explained by a
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switching of MnsSn domains whose [0001] axis is aligned parallel to the current 1. To examine this scenario, we
measure Ru-1 curves of our (1100)-oriented epitaxial-MnzSn sample with the configuration of I || [0001] under

various in-plane magnetic fields Hooo1, which is applied along the current direction.

Figure S3a shows Ry-H curve of the measured W(3) / Ta(1) / Mn3zSn(8.3) / Pt(4) stack. The Ru-1 curves with
various in-plane magnetic fields are summarized in Figure S3b. The measurement is performed after initializing
the chiral spin structures by a large negative magnetic field. The bipolar switching is observed under finite
magnetic fields and the polarity of the Ru-I hysteresis changes with the sign of the in-plane magnetic field as in

the SOT-induced switching of ferromagnet, in consistent with the previous report*.

However, we also find an inconsistency with the scenario discussed in Ref. 1. Firstly, the switching amplitude
of the Hall resistance under the current application [Fig. S3b] is much smaller than the case for field-driven
switching [Fig. S3a] although an epitaxial film is used unlike the previous work. In addition, numerical calculation
following this scenario indicates that switching of the chiral-spin structure necessitates a large current density of
the order of 10* MA cm™2, whereas the switching is observed with the current density of 10 MA cm~2. These

inconsistencies imply an existence of some unknown mechanism relating to the observed bipolar switching.
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Figure S3 Deterministic switching by electric current of 1 || [0001] in the epitaxial MnsSn film. a, Ry-H
curve of W(3) / Ta(1) / Mn3Sn(8.3) / Pt(4). b, In-plane magnetic field dependence Hooo1 Of Ru-I curves. Both the

pulse current | and magnetic field Hoooz are applied along the [0001] direction of Mn3Sn.



The obtained results in the main body and Supplementary Information S9 together with Ref. S6 (Ref. 32 in

the main body) can be summarized in Table S1.

Table 1 Difference between the present work and Ref. S6 (Ref. 32 in the main body)

This work This work
Ref. 32 (Fig. 2¢) (Fig. S3b)
Crystal structure Poly crystal Single crystal Single crystal
Current direction to
crystallographic Various 11[1120] 111 [0001]
axis
External field Required Not required Required
Observed behaviour BIp.OIar '.I'ransmop o Bipolar switching
switching intermediate level
Chiral-spin
Explanation reversal |n_ Chlrgl—spm Chiral-spin
crystal grains | rotation reversal
with 1 // [0001]
Threshol
reshold current 1o macm? | ~1 MA cm2 ~10 MA cm?2

density

S4. Threshold current in heterostructures with different cap layers

In order to evaluate the SOT contribution to the current induced change in the Hall resistance, we measure
the threshold current for W(3) / Ta(1) / MnsSn(tmnasn) / MgO(1.3) / Ru(1) stacks, which is expected to exhibit
smaller SOT efficiency compared with W(3) / Ta(1) / MnsSn(tmnasn) / Pt(4) heterostructures. Figure S4a is the Ry-
I curve for the former heterostructure with tmnssn = 12.0 nm and similar behaviour is observed for the other tpnzsn.
Figure S4b and c, respectively, show the threshold current Ic and the threshold current density Jc as functions of
tmnasn. Jc for W(3) / Ta(1) / MnsSn(tmnssn) / MgO(1.3) / Ru(1) stacks is 2~3 times larger than that for W(3) / Ta(1)
/ Mn3Sn(tmnssn) / Pt(4). This result can be attributed to relatively small SOT efficiency of the former. In other
words, the result shown in the main body evidences that the SOTs generated by W/Ta underlayer and Pt cap layer

dominantly cause the change in R.
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Figure S4 Current induced Hall resistance change in W/ Ta/ MnsSn / MgO / Ru. a, Ru-I curve of W(3) /
Ta(1) / MnsSn(12.0) / MgO(1.3) / Ru(1) for the case of I || [1120]. For the initializing of chiral-spin structure,
the out of plane magnetic field of -1.0 T is applied before measuring Ru-1 curve. b, ¢, MnsSn thickness dependence
of threshold current I¢ and threshold current density Jc respectively. Red (black) symbol represents threshold for
the heterostructure capped by Pt (MgO / Ru).

S5. DC current dependence of switching field

We measure DC current Ipc dependence of the switching field Hc in MnsSn / heavy metal heterostructure in
order to further examine the effect of current on the chiral spin structures. Figure S5 a-d shows Ru-H curves with

various applied DC currents. Hc decreases as Ipc increases. Hc versus Ipc for W(3) / Ta(1) / MnsSn(8.3) / Pt(4)
8



and W(3) / Ta(1) / Mn3Sn(12.0) / MgO(1.3) / Ru(1) are summarized in Figure S5e and f, respectively. The virtually
linear relationship between Hc and Ipc indicates that the SOT takes on a dominant role in the decrease of Hc by

electric current 2 (If the Joule heating plays a major role, the dependence should be deviated from the linear
relation). Hc/Jum of 0.047+£0.002 T MA™ cm? and 0.010+0.001 T MA™ cm are obtained for W(3) / Ta(1) /
Mn3Sn(8.3) / Pt(4) and W(3) / Ta(1) / Mn3Sn(12.0) / MgO(1.3) / Ru(1), respectively, through the linear fitting of

Hc versus Ipc. We also note that the obtained Hc/Jum is in good agreement with Hc/Jc shown in Fig. 5¢ of the

main text, evidencing that Hc/Jc is a good index to evaluate the efficiency of current to manipulate the chiral spin

structures.
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Figure S5 DC current dependence of switching field in MnsSn / Heavy metal. a-d, Ru-H curves of W(3) /
Ta(1) / Mn3Sn(8.3) / Pt(4) under various DC currents. e, f, Switching field Hc as a function of DC current Ipc
respectively for W(3) / Ta(1) / Mn3Sn(8.3) / Pt(4) and W(3) / Ta(1) / Mn3Sn(12.0) / MgO(1.3) / Ru(1). The DC
current Inc is applied along the [1120] direction of Mn3Sn.



S6. Calculation of dynamics of chiral-spin structure under spin-orbit torque

We model Mn3Sn by an antiferromagnet (AFM) composed of three equivalent magnetic sublattices (A, B and
C) with constant saturation magnetization Ms. As the spatial variation of the magnetic moment within each
sublattice can be assumed to be negligible in our experimental situation, we perform a coarse graining for each
sublattice so that the AFM is described by three classical vectors my g - %, representing the direction of the three

sublattice magnetizations. We adopt the magnetic energy density given by

2
u=]02mﬂ-mv+DeZZmﬂxmv—K (mu-eK‘ﬂ) (S
(uv) (uv) u=A,B,C

where <uv> indicates the sum over the pairs (zv) = (A, B), (B, C) and (C, A). The first two terms in Eq. (S1) are
the antiferromagnetic exchange and Dzyaloshinskii-Moriya interactions, respectively, with Jo and D being
positive constants. The third term describes the uniaxial anisotropies for the three sublattices, with the common
constant K and the easy axes ex, = (—e, ++3e,)/2, exs = — (e, +V3e,)/2 and ey = —e, . The

Cartesian coordinates are set as the x and z axes coincide with [1120] and [0001], respectively.

The dynamics of m,, (x2= A, B, C) are given by the coupled Landau-Lifshitz-Gilbert equations

om om, yhBsy]
u U SH.
—=—-ym, XH,+am, X —— —
Vi K koot 2eMqd

m, x (m, X s) (S2)

where yand « are the gyromagnetic ratio and the Gilbert damping constant, respectively, which are assumed to
be sublattice independent, and H,, = —(M5)™t du/ém,, are the effective magnetic fields for the sublattice .. The

last term in Eq. (S2) is the spin-orbit torque (SOT), with e the elementary electric charge, 6w the effective spin
Hall angle of the adjacent heavy metal, d is the thickness of the MnsSn film and the vector s (|s| = 1) represents
the polarization of the spin current injected into MnsSn. For the simulation of Eq. (S2) with (S1), we employ Jo =
18I m=3,D=10"Im3 K=16x108Jm=3 Ms=126T, a=0.01, n = 0.15 and d = 10 nm, to be consistent
with our experiment. The weak ferromagnetic moment m = (my, + my + m)/3 = 0.0046 is observed in the

x-y (kagome) plane in equilibrium, exhibiting a six-fold anisotropy within the same plane.

There is a one-to-one correspondence between the chiral spin structure and the direction of m in the kagome
plane, and thus a rotation of the former is accompanied by that of the latter. In Fig. S6 displayed is the temporal
evolution of m in the presence of current pulses. Figure S6a,b presents the results for the [1120] component of m,
for s || [0001] and s || [1120], respectively. In both cases the current pulses are applied from t = 8 to 32 ns. Figure

S6a is the same as Fig. 3a in the main text. Figure S6b shows that the chiral spin structure does not rotate when
10



the spin polarization s lies in the kagome plane, even with as high current density as 250 MA cm=2. With the same
current density, the SOT with s || [1120] also does not drive the chiral-spin rotation (not shown). This observation
is consistent with the previous theoretical prediction*®. Figure S6c and d are the corresponding results for the
[0001] component, where the same color scheme as in Fig. S6a and b for different current densities are adopted.

It is seen in Fig. S6c that the increase of mjq9;) during the rotational motion remains negligibly small compared

to the in-plane component.
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Figure S6 Numerical calculation of trajectory of chiral-spin structure under SOT. a-d, temporal evolution
of MnsSn weak ferromagnetic moment m. The electric current pulses are applied from time t = 8 to 32 ns. a,b,

M3 VS tfor s 1| [0001] and s || [1120], respectively. ¢,d, mogo1; VS t for s || [0001] and s Il [1120], respectively.

Within our macroscopic three-spin model, the frequency f of the persistent rotation can approximately be

estimated as (see, e.g., Eq. (15) of reference 3)

YhOsy
— S3
f 4neMsda (53)

Note that we have assumed in deriving Eq. (S3) that the SOT (i.e. the electric current density J) is large enough
that the effective six-fold magnetic anisotropy has little influence on f. We compare in Fig. S7 the analytical

estimation with numerical results for f. One sees a very good agreement between the two calculations for | >
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Jc = 2.41 MAcm2, This result indicates that in our experiment the chiral spin structure rotates with frequency of

the order of GHz.
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Figure S7 J-dependence of frequency f of chiral-spin rotation under SOT. The solid line plots Eq. (S3) while

the square symbols are obtained by numerically solving Eq. (S2).

S7. R-I curves under perpendicular magnetic field

For further understanding of the unconventional response of Hall resistance to electric current, we measure Ry-

I curves under various magnetic fields. Figure S8a shows the out-of-plane magnetic field dependence of Ru-I

curve in MnsSn / Pt heterostructure. For |uoH| < 75 mT, the average value of Ry and its fluctuation in the higher

I regime is significantly dependent on H. The average value of Ry in the high current range is shifted to the high

(low) level of Ry by the negative (positive) magnetic field. The change of Ry can be attributed to the lift of

degeneracy for the possible six chiral-spin structures [see Fig. S10a-f of Supplementary information 9] due to

the out-of-plane magnetic field 8, and hence agrees with the inferred scenario that the current-induced change in

the Hall resistance reflects the rotation of chiral spin structure of Mn3Sn layer with multiple domains.
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Figure S8 Magnetic field dependence of Ru-1 curves in MnsSn / Heavy metal. a, Ru-1 curves of W(3) / Ta(1)
/ Mn3Sn(8.3) / Pt(4) under out-of-plane magnetic field H. For the initializing of Mn3zSn, the out-of-plane magnetic
field of -1.0 T is applied before the measurement of Ry-I curve. The pulse current | is applied along the [1120]

direction of Mn3Sn.

S8. Measurement and analysis of anomalous Hall resistance fluctuation

In Fig. 4a-g of the main text, we display the Hall resistance as a function of current pulse humber and the
sample-size dependence of the Hall resistance fluctuation for tmnssn = 9.4 nm. Here we show the method we used
to evaluate the anomalous Hall resistance fluctuation from Ry vs pulse number. The Ry measurement is performed
2,000 times repeatedly, requiring an hour of experimental time in total. The pulse current is applied before every
Ru measurement. Figure S9a and b show raw data of the pulse number dependence of Ry for the high and low
pulse currents, respectively. To remove the long-term change in the base level of Ry, we utilise the method of the
simple moving average (SMA) for Ry vs pulse number. The black solid lines in Fig. S9a and b represent the SMA
signals <Ry> with filter length of 250 samples. By subtracting <Ru> from Ry, the fluctuation of Ry due to the
chiral-spin rotation plus measurement error can be obtained. Figure S9c and d show the pulse number dependence
of (Ru— <Rw>) for the high and low pulse currents, respectively. In Fig. 4a-f of the main text, (Ri— <Ruw>) is

normalized by the zero-field anomalous Hall resistance Rane to exclude device-to-device deviation of Rane.

13
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Figure S9 Measurement and simple moving average of Rn vs pulse number. a,b, Ry vs pulse number of Hall
device with tmnasn = 9.4 nm and Wen = 3 um for high and low current, respectively. Black line represents signal of
SMA <Ry>. ¢,d, Ru-<Ry> vs pulse number for high and low current, respectively. Current density Jum of 21 (0.4)

MA cm2 is applied for the case of high (low) current.

S9. Model of anomalous Hall resistance fluctuation in multi-domain formed chiral-spin structure

We evaluate the average domain size in MnsSn from the sample-size dependence of the fluctuation in Ry using
Eqg. (2) of the main text. Equation (2) is derived from a model considering the rotation of the chiral-spin structure
in multiple domains®. Mn3Sn has a magnetic anisotropy of six-fold symmetry, and the six chiral spin states shown
in Fig. S10a-f are allowed and degenerate in the ground states. Figure S10 (a,b), (c,d) and (e,f) correspond to the
high, middle and low levels of anomalous Hall resistance, respectively. For the case of multi-domain structure,

the standard deviation of (Ry — <Ru>)/Rane can be evaluated by

2
Orotation — 3Ng - (83)
omain

assuming that each of the six states is found in the multi-domain structures with equal probability 1/6. Here Ndomain

represents the number of domains in MnsSn. If the area of the Hall cross (S = WenXWorone) is larger than the average

14



area of domain (Sdomain), the number of domains is estimated by Nomain = S/Sdomain. Therefore, Eq. (S3) leads to the

following expression:

2
ion™ ,———————————. S4
Orotation 3 (S/Sdomain) ( )

Eqg. (S4) is the same as Eq. (2) of the main text.
a S b 2
c d
[1100]
[1120]
e 2 f §

Figure S10 Stable chiral-spin structures in MnsSn. a-f, the six stable states of the chiral-spin structure. The red
and yellow spheres represent Mn atoms at z = 0 and 1/2, respectively. Blue arrows denote local magnetic moments
of Mn atoms. Green arrows represent weak ferromagnet of MnsSn. (a,b), (c,d) and (e,f) are the configurations
respectively for high, middle and low levels of anomalous Hall resistance in the sample with MnsSn(1100) grown

in the film plane.

S10. Determination of MnsSn thickness and current density
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We prepared the heterostructures by magnetron and bias sputtering as described in Methods. The stacks for
the Hall devices consist of MgO(110) substrate / W(3) / Ta(1) / MnsSn(tmnasn) / Pt(4). Accordingly, following a

parallel resistance model, the total channel conductance G of the Hall devices is given by

tMn3Sn Wch tPt Wch

G = Gwra + (S5)

PMn3sn Lch Prt Lch

where Gwra is the channel conductance of W(3) / Ta(1) layers, omnssneey the resistivities of MnsSn (Pt) layers and
tp the thickness of Pt. Gwra = 1.35mS, pmnasn = 330 uQcm and per = 42.9 uQcm are obtained from sheet resistance

measurement of blanket films with various thicknesses. Eg. (S5) leads to the following expression:

Lch tPt

tMn3sn = {(G - GW/Ta) W—h - p_p} PMn3sn- (s6)
c t

Hence, tmnasn can be determined by the measurement of G of the Hall device with Eq. (S6). All tmassn in this study
are evaluated using this method. In addition, Jum can be derived from Eqg. (S5) for a given total current. For stacks
of W(3) / Ta(1) / MnsSn(tmnasn) / MgO(1.3) / Ru(l), we use Ru resistivity pr, of 36.2 uQcm to evaluate the
conductance of MgO(1.3) / Ru(1) capping layer.
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