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Supplementary Note 1: Symmetry and electronic properties of Mn3Sn
[bookmark: _Hlk90146241]Mn3Sn has a hexagonal Ni3Sn-type structure with space group P63/mmc1. Below the Néel temperature TN ~ 420 K, there are two types of the inverse triangular noncollinear antiferromagnetic orders, i.e. AFM1 and AFM2 (Fig. 1a) in Mn3Sn2-4. AFM1 has the magnetic space group cmc’m’, which contains a mirror symmetry  perpendicular to the x () direction. This symmetry allows finite canting of magnetic moments as schematically shown in Fig. 1a, resulting in a net magnetization along the x direction. AFM2 has the magnetic space group cm’cm’ containing a glide symmetry  (a mirror operation plus a half-unit-cell translation along the [0001] direction) perpendicular to the y () direction. This symmetry allows a net magnetization along the y direction (Fig. 1a). Therefore, the AFM1 and AFM2 states can be switched by reorienting the net magnetization using an in-plane magnetic field2.
[image: ]
[bookmark: _Hlk90375336]Figure 1: a The magnetic configurations of AFM1 and AFM2 of Mn3Sn. The solid arrows denote the ideal magnetic moments, while the dashed arrows denote the canted moments allowed by symmetry. This symmetry allows finite canting of magnetic moments as schematically shown in Fig. 1a, resulting in net magnetization along the x(y) direction for AFM1(2). b The calculated band structures of AFM1 and AFM2 of Mn3Sn.
The different symmetries result in different electronic properties of AFM1 and AFM2. Figure 1(b) shows the band structures of these two states obtained by first-principles DFT calculations, which are consistent to those for AFM15 and for AFM26,7 calculated previously. The symmetry related differences in the band structures can be seen from Figure 1b for these two states.
Table 1 shows the tensors of spin Hall conductivity (SHC) and magnetic spin Hall conductivity (MSHC) resulting from the AFM1 and AFM2 symmetries. An out-of-plane anti-damping torque for the efficient switching of perpendicular magnetization is supported by the conductivity components  and , which are vanishing in SHC but allowed for MSHC. Specifically, we find that AFM1 exhibits finite  and vanishing , while AFM2 exhibits finite  and vanishing , due to different symmetries. This is correctly reflected by our calculation in Fig. 1d in the main text, and consistent with our experimental observations.

Table 1: The tensors of spin Hall conductivity (SHC) and magnetic spin Hall conductivity (MSHC) for AFM1 and AFM2 Mn3Sn.
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Supplementary Note 2: Epitaxial deposition and characterization of Mn3Sn thin film
The hexagonal antiferromagnet Mn3Sn exhibits a stacked Kagome lattice and inverse triangular magnetic order of Mn moments. An epitaxial Mn3Sn film can be directly grown on hexagonal Al2O3  or cubic MgO (111) substrates, with a crystal orientation of  and (0001), respectively. Among them, Mn3Sn typically possesses a relatively large AHE, which hinders the clear identification of the AHE signal from the ferromagnetic [Ni/Co]3 multilayers. On the contrary, the AHE of (0001) Mn3Sn is negligible and the perpendicular anisotropy of [Ni/Co]3 multilayer can be promoted on Mn3Sn (0001) through structural engineering. Therefore, in this study, the Mn3Sn is epitaxially deposited on the MgO (111) substrate by dc magnetron sputtering. Before proceeding to SOT study, the Mn3Sn film quality is examined by using X-ray diffraction technique, and the result of 2θ scan is shown in Fig. 2a. Except for those peaks from MgO substrates, the only discernable diffraction peaks are (0002) and (0004) from Mn3Sn. This confirms the absence of other phases within the measurement sensitivity. 
[image: ]
Figure 2: Crystal quality of epitaxial Mn3Sn thin film. a θ-2θ XRD spectra of 40 nm thick Mn3Sn film and sole MgO (111) substrate using for comparison. b HR-TEM image of the Mn3Sn sample deposited on the MgO substrate. c HR-TEM image of the whole stack of Mn3Sn/Cu/[Ni/Co]n/Cu. d EDS mapping of Mn3Sn/Cu/[Ni/Co]n/Cu.

[bookmark: _Hlk89910910]The sharp interface and excellent epitaxial quality are also supported by the high-resolution transmission electron microscopy (HR-TEM) image of the cross section of Mn3Sn (0001)/MgO (111) (Fig. 2b). In addition, the whole stack of Mn3Sn/Cu/[Ni/Co]n/Cu has been also carefully characterized. Figure 2c shows the HR-TEM image of the multilayers and good crystalline texture of both Mn3Sn and Cu/[Ni/Co]n multilayer can be seen. Energy-dispersive X-ray spectroscopy (EDS) mapping has been also performed. As shown in Figure 2d, the EDS mapping result clearly resolves the elements layer by layer, as depicted using different colors. This result demonstrates sharp interfaces, small roughness, and negligible inter-layer diffusion between different layers.
[bookmark: _Hlk90379093]We also characterize the magnetic properties of as-deposited film. The as-deposited Mn3Sn film exhibits a very soft magnetic hysteresis behaviour at room temperature (Fig. 3), indicating that its domains can be manipulated by an external magnetic field. With the thermal activation by Joule heating, when the film is patterned into a Hall bar device, the domains can be reoriented even in a field much smaller than the coercive field at room temperature.


[bookmark: _Hlk89910698]Figure 3: Magnetic hysteresis loop for a 7 nm Mn3Sn film. The inset shows the amplified loop data at small magnetic fields.

Supplementary Note 3: Signature of Weyl magnet by magneto-transport measurements
Previous experimental evidences suggest that the existence of magnetic Weyl fermions in bulk Mn3Sn can be probed directly by the chiral anomaly activated anisotropic magnetoconductance from magneto-transport measurements5. To verify this property in our thin-film samples, micron-sized Hall bar devices are fabricated using standard photolithography techniques. As illustrated in Fig. 4a, the devices consist of two types with orthogonal longitudinal electrodes along  and direction, respectively. Since the measurement results of these two types are similar, hereafter only the results from the  aligned Hall bar devices are presented. 

[image: ]
[bookmark: OLE_LINK1]Figure 4: Magneto-transport results of Mn3Sn Hall bar devices. a Crystal and magnetic structure of the a-b plane of Mn3Sn deposited on the MgO (111) (left), schematic of the Hall bar using for transport measurement (right) b Room temperature magnetic field dependences of the magnetoconductivity σ(H) = (σ(H) − σ(0)). Inset, measurements geometry of the magnetoconductance, blue and red arrow indicate the direction of magnetic field H and current I, respectively. c Room temperature angle dependence of the magnetoconductivity σ(θ) at the magnetic field of 8 T. Inset, measurements geometry with the sample rotation axis along [0001], θ is the angle between the directions of H (blue arrow) and I (red arrow).

During the first round of field sweeping measurements, the current I is always along the  direction, while the magnetic field H is applied either parallel or transverse to I. The room temperature magnetoconductivity, defined as σ(H) = (σ(H) − σ(0)), is plotted in Fig. 4b for a 40 nm Mn3Sn sample. As can be seen, when the magnetic field is parallel (transverse) to I, the longitudinal (transverse) magnetoconductance increases (decreases) with the increase of H. To further clarify the anisotropic character, the angle dependent magnetoconductance measurement (see the inset of Fig. 4c) is performed with H = 8 T while rotating the sample from longitudinal () to transverse () direction. The results presented in Fig. 4c are correlated with the angle between the current and magnetic field. Specifically, σ reaches a positive maximum value when the H is parallel to I (θ = 0° and 180°), and a negative maximum value when the H is perpendicular to I (θ = 90° and -90°). A small change around the position of θ = 0° causes a clear symmetric decrease of the conductance. This large anisotropic magnetoconductance is the transport signature of the chiral anomaly of the Weyl fermion state in Mn3Sn. The similar behavior of the bulk crystal samples in Ref. 5 further confirms the excellent noncollinear antiferromagnetic property of our epitaxial thin films. 

Supplementary Note 4: Perpendicular magnetic anisotropy of Mn3Sn and β-Ta based heterostructure device
The Ni/Co multilayer is stacked on top of Mn3Sn by sputtering as a free FM layer to study the generated SOT in Mn3Sn. Due to the relatively large surface roughness of the 40 nm Mn3Sn film, the thinner 7 nm Mn3Sn is selected for the construction of perpendicular magnetic anisotropy (PMA) heterostructures. To induce the perpendicular anisotropy and decouple with the antiferromagnetic Mn3Sn, a thin Cu spacer layer of 1nm or 2 nm is inserted in between the Mn3Sn and Ni/Co multilayer. The control device, with Mn3Sn replaced by the common HM β-Ta (denoted as β-Ta-based device), is also fabricated using the same process. Figures 5a, 5b, and 5c are the AHE signals from the Mn3Sn-based with the inserted two Cu thickness and β-Ta-based devices with applied magnetic field sweeping in the normal direction of the film. The vanishingly small signal from the single Mn3Sn layer device is also plotted in Fig. 5a for comparison. The almost square AHE loops in both heterostructure devices, undoubtedly confirms that the AHE signal in heterostructures is from the Ni/Co multilayer with well-defined PMA. Therefore, it allows us to use the AHE resistance as a probe for the magnetization direction of Ni/Co multilayer and carry out the current-induced SOT study. The perpendicular magnetic anisotropy field Hk has been also determined to be 1727 Oe, 2487 Oe and 1973 Oe for the Mn3Sn (7)/Cu (1)/FM, Mn3Sn (7)/Cu (2)/FM and Ta (7)/Cu (2)/FM samples, respectively.
[image: ] 
Figure 5: a Anomalous Hall loop of Mn3Sn (7)/Cu (1)/FM (1.8), the magnetic field dependent Hall resistance of single Mn3Sn layer is also shown here. b Anomalous Hall loops of Mn3Sn (7)/Cu (2)/FM (1.8). c Anomalous Hall loops of β-Ta (7)/Cu (2)/FM (1.8) PMA heterostructures.

Supplementary Note 5: Estimate of the out-of-plane polarized spin current by MSHE 
To obtain a more quantitative understanding of the out-of-plane spin current, we adopted the AHE hysteresis loop shift method and estimated the associated SOT effective field8,9. The in-plane magnetization along the x direction inside of the domain wall experiences an SOT effective field under certain applied current (JC), which leads to a shift of the RAHE-Hz hysteresis loop. The shift Hz is defined as  (see Fig. 6a), where  is the center of the hysteresis loop determined by the difference of positive and negative magnetization-reversal fields , and  are positive and negative currents. ΔHz thus becomes a direct measure of the SOT effective field  along the z direction. 
The total effective  can be calculated as , where the Hxsat is the field at which  is saturated. In our case with Mn3Sn, both the y- and z-polarized spin currents can generate a sizable ΔHz. Specifically, the ΔHz generated by z-polarized spin current retains a finite value even in the absence of of Hx 8, and therefore its associated effective field can be readily determined as.10. On the other hand, the ΔHz generated by the y-polarized spin current only emerges with an assisted field along the x direction (Hx). Therefore, the effective SOT field generated purely by the y-polarized spin current can be estimated as 
As an example, Fig. 6a (the same as Fig. 2c but the current density is denoted here) shows the RAHE-Hz hysteresis curves of Mn3Sn with Hx = 0 at J = 4.9×106 A cm-2 along the  direction. As discussed above, the finite shift is solely due to the z-polarized spin current. By repeating the measurements for different J, the effective SOT field per unit current density for the out-of-plane antidamping torque, which is defined as , can obtained from the slope in Fig. 6b (which is also indicated by the red arrow in Fig. 6c). On the other hand,  is contributed by the in-plane antidamping torque from the y-polarized spin current, which can also be obtained from Fig. 6c. The effective SOT efficiency () can then be calculated using:

where ,  is the reduced Planck constant, e is the electron charge, μ0 is the vacuum permeability, Ms = 496 emu cm-3 is the saturation magnetization, and t = 1.8 nm is thickness of the Ni/Co multilayer. With the obtained  = 12.8×10-6 Oe A-1 cm2 and  = 3.9×10-6 Oe A-1 cm2 from Fig. 6c,  and  are determined to be 0.22 and 0.067, respectively. Using the measured charge conductivity of Mn3Sn 367.48 μΩ cm, we obtain the z- and y-polarized spin conductivities to be  = 6.02×104 [(/2e) (Ω m)-1] and  = 1.83×104 [(/2e) (Ω m)-1], respectively, which are slightly smaller than the spin Hall conductivity in CoNiB alloy system11 and comparable to these found in previous experiments mentioned in the introduction part. It should be noted that since the insertion of the Cu spacer layer can suppress spin currents12, the spin conductivities of Mn3Sn are expected to be strongly underestimated. Moreover, in our estimate for simplicity, we do not consider the enhancement of  by the reorientation of magnetic domains by Hx, which leads to the overestimation of  and hence the . Therefore, the  ratio may be even larger than that estimated above. The sizable  ratio is consistent with the recent measurements for a Mn3Sn single crystal13. This indicates the efficient generation of the z-polarized spin current by Mn3Sn. 
We note that in addition to the MSHE, there might be other contributions to the z-polarized spin current in the Mn3Sn-based SOT, resulting from interfaces8,10,14. However, we expect these contributions play a minor role in the field-free switching we observe. The spin currents driven by interface-related mechanisms are either independent on the magnetic order parameter by symmetry10,14, or not strong enough compared to that generated by the bulk effect such as MSHE. For example, it has been suggested that the nonequilibrium z-spin polarization can be generated by spin-orbit coupling at low symmetry normal metal (NM)/ferromagnet (FM) interfaces, as reported for Py/WTe2 14 and CuPt/CoPt 10 systems. This effect is not expected to sizable in our devices, since spin-orbit coupling in both Cu and FM layers is very weak. In addition, the spin polarization generated by this effect cannot be reversed by a magnetic field, and thus cannot explain the change of the switching polarity as shown in Fig. 3 of the main text. The z-polarized spin current due to spin-orbit precession as suggested for a FM/NM/FM trilayer8,15, in principle, can appear in our system, since Mn3Sn can host a nonvanishing in-plane net magnetic moment and hence can be considered to be a weak ferromagnet. However, the generated out-of-plane spin current in this mechanism is due to the interfacial transmission and reflection15, and hence is not expected to be as strong as that generated by a bulk effect such as the MSHE in present study. A good agreement between the z-polarized spin current value in our measurements and that in the recent report for a Mn3Sn single crystal 13 indicates that the SOT switching we observed has largely the bulk origin.
 
[image: ]
Figure 6: a RAHE vs Hz loop for Mn3Sn based sample at Hx = 0 Oe with the applied current density of 4.9×106 A cm-2. b The loop shift ΔHz for the sample under different applied current density at Hx = 0 Oe. c The slope of  = ΔHz/J at different Hx values.

[bookmark: _Hlk68560336]Supplementary Note 6: Exchange bias effect of Mn3Sn based heterostructure
To determine the exchange bias effect of Mn3Sn(7)/Cu(1)/[Ni/Co]3/(1.8) and Mn3Sn(7)/Cu(2)/[Ni/Co]3(1.8), the out-of-plane anomalous Hall loops were measured at different temperatures. As shown in Figs. 7a and 7b, the magnitude of coercivity monotonously increases as the temperature cooling down from 300 K to 10 K for 2 samples. Meanwhile the exchange bias field keep at almost zero until the temperature reach sufficiently low, i.e. 100 K for Mn3Sn(7)/Cu(1)/[Ni/Co]3/(1.8) sample and 25 K for Mn3Sn(7)/Cu(2)/[Ni/Co]3/(1.8). Figure 7c summarizes temperature dependence of HEB of these two samples, which is in line with our perception that thicker inserting copper layer will more effectively decouple the exchange coupling between antiferromagnetic Mn3Sn and ferromagnetic layer. Observable exchange bias only appears at sufficient low temperature with enhanced exchange coupling. This result unambiguously excludes the exchange bias as the possible reason to explain the field free switching behavior of our Mn3Sn based sample at room temperature. Meanwhile, the exchange bias at low temperature also proves the antiferromagnetic nature of our Mn3Sn thin film.
[image: ]
Figure 7: a,b Temperature dependence of exchange bias and coercivity of Mn3Sn (7)/Cu(2)/[Ni/Co]3/ (1.8) (a) Mn3Sn(7)/Cu(1)/[Ni/Co]3/ (1.8) (b). c Comparison of exchange bias for the 2 samples.

Supplementary Note 7: SOT switching results for I//H//Mn3Sn and I//Mn3Sn, H//Mn3Sn]
According to the DFT calculation, the z-spin component can also be realized when the current is applied along Mn3Sn . Indeed, no obvious shift of the loop is observed with I = + (-) 4 mA as shown in Fig. 8a. When the current increases to +16 mA or −16 mA (Fig. 8b), a sizable positive or negative shift occurs. Again, the threshold current to introduce the shift is about 10 mA (Fig. 8c), above which the shift increases almost linearly with the increase of I. The maximum shift value with I = 20 mA is smaller as compared to the case in the main text, which is consistent with the slightly lower field-free switching ratio that will be presented shortly.
Magnetization switching can be also realized without any external magnetic field when the pulse current is applied along Mn3Sn  direction, as shown in Fig. 8d, the switching ratio is about 48%, which is slightly smaller than the case that the current is applied along . Figures 8e shows the switching ratio dependence of different magnetic field along  direction, the dependence on the external assistive field is similar to Fig. 3c of main manuscript. The difference is that the vanished switching appears at around +7 Oe. We presume that the this is determined by the preferred AFM domains (AFM1 or AFM2), which leads to a positive or negative , as shown in Fig. 1d of the main text.
[image: ]
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Figure 8: a, b RAHE Vs. Hz curve when the detecting currents are ±4 mA and ±16 mA. c ΔHz Vs. I, the critical I to shift AHE curve is about 10 mA, +I will shift the AHE curve to the -x while -I lead to the opposite shift. d Current induced magnetization switching with anticlockwise polarity with the absence of an external magnetic field. e The evolution of the switching polarity and switching portion under different magnetic field, here the direction of magnetic field is in-plane and parallel to the current.
[bookmark: _Hlk90124625]We have also measured the SOT switching when the current is applied along the x () direction and the external magnetic field along the y () direction. Due to the magnetic spin Hall conductivity , which is related to the field-free switching of the device, being finite in the AFM1 configuration but absent in the AFM2 configuration by symmetry (Table 1), an out-of-plane spin current is expected to gradually decrease to zero in this case as Hy favors the AFM2 domains and suppress the AFM1 domains. Therefore, we expect that Hy will suppress the switching but won’t influence the polarity, since it only reduces the z-polarized spin current but does not reverse its spin polarization. This is indeed has been confirmed in our measurements, as seen from Fig. 9. 
[image: ]
[bookmark: _Hlk90124501][bookmark: _Hlk90124444]Figure 9: a The switching curve under different external magnetic fields along the  direction with I being along the  direction. b The switching ratio indicating the potion of the switched AFM domains as a function of magnetic field Hy.

[bookmark: _Hlk68560411]Supplementary Note 8: Evaluation of Joule heating effect and other control experiments
Joule heating has been carefully evaluated in our studies. To determine the actual temperature during the switching measurement, we first measured the Rxx-Pulse current amplitude curve as shown in Fig. 10a. For comparison, temperature dependence of Rxx was also measured from 300 K to 100 K as shown in Fig. 10b. The linear fitting provides the quantitative relationship between Rxx and temperature, so we can estimate the actual temperature with each electric current by converting Rxx into actual temperature in Fig. 10c. We can hence estimate the actual device temperature to be ~340 K for the maximum current used in Fig. 2c of main manuscript and ~360 K for the critical switching current used in Fig. 3a of main manuscript, which are well below the TN of Mn3Sn. This eliminates Joule heating as the possible origin of the observed effect.
[image: ]
[bookmark: _Hlk89902464]Figure 10: a Resistance of Mn3Sn (7)/Cu (1)/FM (1.8) device vs. pulse current amplitude. (Current pulse width = 800 s) b Linear fitting curve for the temperature dependence of device resistance. c Determination of device temperature with different pulse amplitudes.

We have also evaluated the temperature effect on the spin torque by measuring the harmonic anomalous Hall loops at elevated temperatures. It is well established that the peak amplitude of the second harmonic anomalous Hall loop is proportional to the strength of spin torque. The results are shown in Fig. 11. The first harmonic anomalous Hall loops in Fig. 11a demonstrate good perpendicular magnetic anisotropy of the device at various temperatures. On other hand, in Fig. 11b, one can see that the shape of the second harmonic Hall loop is largely preserved at around 360 K. Upon a further increase of temperature toward 420 K, the second harmonic Hall loop shows much smaller signal compared to the one at 298 K. The results in Fig. 11 indicate that the Mn3Sn spin texture and its associated spin torque are maintained at 360 K. Upon quenching of spin texture by elevating temperature up to the Mn3Sn Neel temperature, the spin torque generated by Mn3Sn is largely suppressed.
[image: ]
[bookmark: _Hlk103653062][bookmark: _Hlk103707990]Figure 11: The first harmonic (a) and second harmonic (b) anomalous Hall loops measured at various temperatures for the Mn3Sn sample. An ac current with a current density of 1107 A/cm2 and a frequency of 13.7 Hz is employed for the measurements. The actual device temperature Tactual is determined by the temperature dependence of the device resistance and indicated at each second harmonic anomalous Hall loop in b.

Moreover, to prove the shift of the RAHE-Hz hysteresis loop in Fig. 2c is due to z-polarized spin component generated by Mn3Sn and to eliminate potential spurious effects caused by Joule heating, a referenced measurement was conducted using β-Ta based heterostructure, as shown in Figs. 12a, b. Similarly, no shift of the loop was seen when the applied amplitude of I is at 4 mA and 34 mA (the effect current density in β-Ta is about 1.4×107 A cm-2). This indicates that Joule heating is not responsible for the RAHE-Hz hysteresis loop shift in Fig. 2c. In addition, current induced switching at zero magnetic field was performed in β-Ta based heterostructure as well. As shown in Fig. 12c, no magnetism switching was observed thus confirm once again that z-polarized spin is the main mechanism of current induced magnetization switching in the absence of external field.
[image: ]
Figure 12: a RAHE vs. Hz curve when the bias currents are ±4 mA and ±34 mA b RAHE vs. Jc in the absence of an external magnetic field for the β-Ta based heterostructure.

To elucidate the influence of the inserted Cu layer on the SOT device performance, we have prepared a Ta-based SOT device by adding a Ta layer directly on top of the ferromagnet. The stack structure is Ta (3 nm)/Cu (2 nm)/Co-Ni (1.8 nm)/Ta (4 nm)/TaOx (2 nm) and a good perpendicular magnetic anisotropy with HK = 1850 Oe is ensured by the Cu layer below the FM layer. As seen from Figure 13, the switching current of 9.2×106 A/cm2 at 300 K in this device is still significantly larger than that in the Mn3Sn-based device with the Cu spacer (Fig. 4b). These results eliminate a possible concern that the different spin mixing conductance at the β-Ta/Cu and Mn3Sn/Cu interfaces is responsible for a much more efficient performance of our Mn3Sn based device compared to the conventional SOT devices. 

[image: ]   
Figure 13: SOT switching curve for the Ta (3 nm)/Cu (2 nm)/Co-Ni (1.8 nm)/Ta (4 nm)/TaOx (2 nm) device. A 300 Oe assisted field is applied along current direction.
Supplementary Note 9: Magnetization switching by MSHE in a 100 nm device
The MSHE driven magnetization switching has been examined in a nanostructured device. The nanowire device was fabricated with a lateral width of 100 nm using e-beam lithography and ion-milling. Fig. 14a shows that the device exhibits perpendicular magnetic anisotropy, as seen from the nearly square loop of the RAHE-Hz curve. However, we have not been able to realize the field-free switching in this device (Fig. 14b). We consider two possible reasons: 
1) Due to the width scaling, the anisotropy and thus coercivity of the Ni/Co multilayer increase dramatically. Specifically, the coercivity rises from 109 Oe in the microwire to 561 Oe in the nanowire. This leads to a much larger critical current density required for switching16,17.
2) With the much smaller size of the device, the inevitable Joule heating at a larger current strongly suppresses the imbalance of the magnetic domains, resulting in a small net z-polarized spin current, which is not sufficient for switching. 
At the same time, a clear switching has been observed when an external field as small as Hx = 5 Oe was applied, due to the reorientation of the magnetic domains by Hx. Although the anomalous Hall response induced by the MSHE switching (Fig. 14b) is a factor of 3 weaker than that induced by the magnetic field switching (Fig. 14a) due to the possible reasons discussed above, it still indicates that a field free switching with a large switching ratio in a Mn3Sn based nanoscale SOT device can be eventually realized if the magnetic domains of Mn3Sn are well orientated and pinned under the application of current. This may be realized by depositing Mn3Sn on a hard ferromagnetic substrate with an in-plane anisotropy. In this case, due to a small but nonvanishing net magnetic moment of Mn3Sn, the magnetic domains are supposed to be aligned by the strong interfacial exchange bias field. Another direction to solve this problem is to remove the Cu spacer which suppresses the spin current in Mn3Sn based SOT devices.
[image: ]
Figure 14: a Anomalous Hall loop of the 100 nm nanowire device. b SOT switching curves with and without the assistive field along x-axis at 300 K.

Supplementary Note 10: Macro-spin simulation of MSHE driven magnetization switching
In order to further demonstrate the superiority of the switching by MSHE, we performed macro-spin simulation of a SOT device with different  ratios. The single domain simulation is implemented by numerically solving SOT modified LLG equation with damping-like torque and field-like torque18: 
       (2)
[bookmark: _Hlk87619383][bookmark: _Hlk77256410]where m is the unit vector along the magnetization of free layer, which can be written as . σ is the unit vector along spin polarization, Je is the current density. Effective field , where the anisotropy field = 3500 Oe,  is the external field. Gilbert damping constant α = 0.03, spin Hall angle = 0.3 and =0, saturation magnetization Ms = 800 emu/cc, free layer thickness tFM = 1.8 nm. The current pulse-width is set as 100 ns while plotting trajectories of m, and set as 2 ns in other simulations. current rise/fall time = 0.2 ns, relaxation time = 100 ns. 

[image: ]
[bookmark: _Hlk90127565][bookmark: _Hlk90127582]Figure 15: Simulated magnetization switching trajectories with conventional y-polarized spin current switching at a  = 0, Hx = 100 Oe; and z-polarized spin current switching at b  = 0.01, Hx = 0 Oe; and c  = 0.3, Hx = 0 Oe.

We find that the field-free switching can be realized for all nonzero  ratios (Figs. 15). For a small  ratio, the switching trajectory with zero Hx field is similar to the case of the conventional SOT switching with an assisted Hx field (Figs. 15a,b), where the magnetic moment (initially pointing along the -z direction) is first pulled toward the y direction by the torque exerted by the y-polarized spin current from the conventional SHE, and then relaxes to the +z direction. There is no precession during the application of the current, indicating the torque is majorly  generated by which directly competes with the precession. These trajectories indicate that when  is small, the z-polarized spin current generated by the MSHE only contributes to the symmetry breaking as the assisted field does. On the other hand, when is not too small, the magnetic moment is directly switched to the opposite direction during the application of the current, and the precession is well maintained during the application of the current (Fig. 15c). This is a typical characteristic of the switching by the out-of-plane antidamping torque  due to the z-polarized spin current. Since the switching driven by the out-of-plane antidamping torque does not compete with the precession, the critical current for such switching is much smaller than that in a conventional SOT switching, and it further decreases with the increase of  (Fig. 16).
Therefore, based on the sizable  estimated above and the low critical switching current observed in our field-free switching, we argue that the field-free switching we observed is dominated by the out-of-plane antidamping torque driven by the z-polarized spin current resulting from the MSHE in Mn3Sn.

[image: ]
[bookmark: _Hlk90128295]Figure 16: Simulated mz vs J switching curves for the conventional SOT switching with  = 0 at Hx = 0 or 100 Oe, and the z-polarized spin current switching with different  ratios at Hx = 0.

Supplementary Note 11: Thermal effects during MSHE driven magnetization switching
In view of the Joule heating rising the device temperature (Supplementary Note 8), additional micromagnetic simulations are performed by including the thermal effects. A Gaussian-distributed random thermal fluctuation field Hth with mean = 0 and standard deviation =  is added into the Supplementary Eq. (2), where kB is the Boltzmann constant, T is the temperature, V is the volume of a ferromagnet taken to be 50 nm  50 nm  1.8 nm,  is the gyromagnetic ratio, and  is the integration time step19. First, for a pure y-polarized spin current, i.e.  = 0, we find that the switching is never achieved in the absence of an in-plane assisted magnetic field Hx, even with a strong thermal assistance. This indicates that the thermal effect alone cannot result in a field-free switching of the perpendicular magnetization. Second, we compare the switching behaviors at 300 K and 370 K in the presence of either finite in-plane field Hx or finite  for pulse widths in the range of 1 ns to 1000 ns. As an example, we show in Fig. 17 the switching trajectory in the presence of a long pulse width of 1000 ns. Except additional noises present, including the thermal fluctuation field does not produce any qualitative effect on the magnetization switching trajectory (compare Figs. 15 and 17). The magnetization switching trajectory with other tested pulse widths demonstrate similar behavior. 

[image: ]
Figure 17: Simulated magnetization switching trajectories after considering the thermal fluctuation field with conventional y-polarized spin current switching a and b  = 0, Hx = 100 Oe at 300 K and 370 K, respectively; and z-polarized spin current switching c and d  = 0.01, Hx = 0 Oe at 300 K and 370 K, respectively; e and f  = 0.3, Hx = 0 Oe at 300 K and 370 K, respectively.

Fig. 18 summarizes the critical switching current with different pulse widths for  = 0, Hx = 100 Oe (Fig. 18a) and  = 0.3, Hx = 0 Oe (Fig. 18b) at 300 K and 370 K. In both cases, the switching current density increases at short pulses, similar to the previous work20. Moreover, we find that the thermally assisted switching plays a more important role in the case of z-polarized spin current than in the case of y-polarized spin current, as is evident from the larger increase of the critical current density with the decreasing pulse width. We note, however, that, in terms of the switching efficiency, the z-polarized spin current is superior than the y-polarized spin current due to a much lower current amplitude required for switching in the entire simulated range. In addition, by comparing the results at 300 K and 370 K, the almost overlapped curves in Fig. 18b suggest that the z-polarized spin current is more immune to the temperature increase induced by Joule heating. Based on this additional analysis, we conclude that neither the reduced pulse width nor the thermal effects impact our main result emphasizing the efficient field-free switching of the perpendicular magnetization driven by the z-polarized spin current generated by a magnetic spin Hall effect. 
[image: ]
Figure 18: Simulated critical current density at 300 K and 370 K with a conventional y-polarized spin current switching ( = 0, Hx = 100 Oe) and b z-polarized spin current switching ( = 0.3, Hx = 0 Oe).
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