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Supplementary Text

Text S1: Basic characterizations and transport measurements of MnsSi3 thin films

As shown in fig. S2A, XRD spectrum of MnsSi3(80 nm) film shows a strong MnsSi3(0001) texture
with average roughness R, of 1.27 nm (fig. S2C). The phase transition property of MnsSi3 thin
films can be cross-checked by multiple characterizations. First, temperature-dependent
longitudinal resistivity pxx (fig. S2D) and its temperature-derivative curve (fig. S2E) reveal two
minimum points at 230 K and 60 K, corresponding to 7n2 of paramagnetic-to-cAFM and Tni of
cAFM-to-ncAFM magnetic phase transitions, respectively, consistent with reported measurements
on MnsSi3 thin films (29). Second, we carried out in-situ XRD measurements of MnsSi3(0002)
peak from 20 K to 300 K (fig. S2B), where temperature-dependent lattice parameter ¢ was
extracted and shown in fig. S2F. ¢ abruptly decreases when increasing temperature across 7ni,
which is due to the structural transition accompanied with the ncAFM-to-cAFM magnetic phase
transition. In contrast, ¢ linearly increases without abrupt change when increasing temperature
across Tn2, which proves that the hexagonal crystal structure with broken £7 symmetry
preserved from PM to cAFM, bringing about perquisites for the spin-splitting band structure and
AHE in the cAFM phase. These results on structural transition match with former results on
MnsSi; thin films (29). Third, we carried out temperature-dependent time-resolved reflectivity
measurements on MnsSi3 thin film between 200 K and 270 K with a step of 5 K to further verify
the absence of structural transition at 7xn2. As shown in the 2D plot of fig. S2H (where a typical
curve at 220 K is presented at fig. S2G with metallic excitation-relaxation behavior), no obvious
signature of structural transition within this temperature range can be observed.

Figure S3 shows the hysteresis of Hall resistivity and magnetization of MnsSi3(80 nm) with
corresponding field-derivative curves measured under different temperatures. It can be seen that
there are two abrupt changes around zero field and at higher fields in magnetization hysteresis (fig.
S3B), as verified by corresponding peaks in field-derivative curves (fig. S3D). Notably, the peaks
at higher fields in field-derivative curves of magnetization have the same locations with those in
field-derivative curves of Hall resistivity, consistent with Fig. 2A and Fig. 2B. No notable AHE or
AHE-related net moment m is observed at 240 K, which is because of the transition from cAFM
to PM above 230 K as confirmed in fig. S2.




Text S2: Further discussions on the origin of AHE

First, clearly, the net moment with coercive field of around zero (denoted by the black line in Fig.
2B) does not contribute to pyx, because there is no abrupt change in pyx near zero field. Moreover,
the magnitude of this net moment is closely related to crystallinity. As shown in fig. S5, this net
moment can be drastically suppressed in fig. SSE as compared with fig. S5B, when the peak
intensity of MnsSi3(0002) is enhanced by an order of magnitude in fig. S5D as compared with fig.
S5A. This is achieved by using another sputtering process, where MnsSi3 is directly deposited on
AL O3 substrate at 600 °C, instead of first depositing at 465 °C followed by annealing at 600 °C.
Nevertheless, the roughness of film by directly depositing at 600 °C increases drastically in fig.
S5F as compared with fig. S5C, which is why we did not adopt this sputtering process.

Second, the net moment m with relatively large coercive field (denoted by the blue line in Fig.
2B) cannot explain the observed AHE. The Hall resistivity pyx for cAFM MnsSiz at 150 K is
0.1~0.2 microhm cm (fig. S6), which is comparable to that of typical ferromagnets (49, 50).
However, m for MnsSi; ranges in 1~10 emu cm ™ as measured by SQUID (fig. S6), which is several
orders of magnitudes smaller than that for typical ferromagnets (49, 50). 1~10 emu cm™ can be
transformed into 2.5~25 milli pus per magnetic Mn atom, equaling only 1~10 %o of Mn atomic spin
of 2.4 ug. More importantly, fig. S6 shows that m varies for samples of different thicknesses, but
pyx almost remains unchanged, further ruling out the possibility that pyx comes from m (49, 50).
Note that m is relatively larger for thinner MnsSi3 film with stronger interfacial inversion symmetry
breaking, which is consistent with the physical picture that the magnitude of DMI is positively
correlated with the degree of symmetry breaking (48).

The discussions above reveal that the measured AHE cannot be attributed to net moment.
Moreover, inline image of fig. S3A shows opposite temperature dependence of pyx and pxx,
excluding extrinsic mechanisms of AHE which should show a positive correlation between pyx and
pxx (49, 50). We further carried out Hall resistivity measurements on MnsSis film with different
width of Hall bar, as shown in fig. S7. For typical ferromagnets, the coercive field of AHE
hysteresis should exhibit a trend of first increasing and then decreasing as the width of Hall bar
decreases (67, 68). This phenomenon can be well-explained by combining both the single domain
and the multi domain switching mechanism. When the width of Hall bar is much larger than the
nucleation diameter Dn, the multidomain switching mechanism takes place, where the coercive
field is determined by reversal domain nucleation and domain wall motion (69, 70). Thus, the
decrease of channel width means more limitations on reversal domain nucleation sites (69) and
enhanced domain wall pinning by edge defects (70), leading to the increase of coercive field. When
the width of Hall bar is smaller than Dy, the single-domain switching mechanism dominates, where
the coercive field is dependent on the thermal stability factor 4 and corresponding Arrhenius
thermal activation model (68). Hence, the coercive field decreases with the decrease of channel
width due to reduced 4. Worth noting that, D, as a critical parameter is quite small (tens of
nanometers) for ferromagnets (68). In contrast, the coercive field of our cAFM MnsSi3 starts to
decrease when channel width is below 500 nm (fig. S7), revealing a much larger D, on the order
of hundreds of nanometers. This indicates the AFM domain with larger size and is consistent with
measurements on AFM Mn3Sn (71, 72). As a result, the experimentally observed AHE should be
attributed to the intrinsic Néel vector-dependent Berry curvature.




Text S3: Discussions on critical parameters for simulations and calculations

Exchange interaction constant. Four nearest exchange coupling J1, J>, J3, and J4 were considered
for simulations and calculations, where J; and J> are AFM coupling while J3 and Js are FM
coupling (fig. S8). Note that in some previous theoretical works, Js+ as AFM coupling is
energetically favorable for bulk crystal MnsSi3 (64, 65). This leads to a £7° symmetry to connect
antiferromagnetic sublattice, which will quench the AHE (fig. S9A). However, we have
experimentally observed AHE in the cAFM phase of MnsSi3 thin films, which means that the most
possible scenario is Js becomes FM coupling in our MnsSi;3 thin films without £7° symmetry (fig.
S9B), consistent with former measurements on MnsSi3 thin films (29).

Magnetic easy axis. The magnetic easy axis in our cAFM-phase MnsSi3 thin film is set along
(1,1,1) direction in the Cartesian coordinate system xyz for simulations and calculations (Refer to
Fig. 1A for the definition of Cartesian coordinate system xyz), matching previous experimental
works (29). Note that for some theoretical works (64, 65), the easy axis of cAFM phase MnsSi3 is
along crystalline b axis of its orthogonal cell, which is the y axis in our Cartesian coordinate system.
Nevertheless, Néel vector completely along y axis does not allow the emergence of axy (Fig. 2G),
which contradicts with our experimental measurements. Indeed, Néel vector tilting from in-plane
direction is required to generate our experimentally observed oxy, which is reasonable for thin films
with epitaxial strain (26). We set the easy axis along (1,1,1) as a direction tilting from y for
simplicity without loss of genericity, supported by DFT calculated magnetocrystalline anisotropy
energy (MAE) for different in-plane and out-of-plane orientations of Néel vector (fig. S9C). It
turns out that the MAE is quite small, on the order of = 0.4 meV per unit cell compared with Néel
vector along (1,1,1), corresponding to 0.1 meV per magnetic Mn atom. Hence, the magnitude of
uniaxial anisotropy constant K for simulation is set to be 0.1 meV, matching the DFT-obtained
value. Note that it is the electrical 180° switching of the Néel vector that we aim to demonstrate,
where the precise direction of Néel vector or its tilting angle to the in-plane direction does not
influence the main idea of this work. In fact, the general 180° switching mechanism that we
proposed only forbids the Néel vector # in the plane of net moment m and spin polarization p, but
does not require the Néel vector to be along some certain directions (Supplementary text S4). To
figure out the direction of Néel vector in cAFM MnsSis, neutron scattering is needed, which is
quite difficult for our thin films with relatively lower crystal quality than single crystal.

DMI vector. We performed DFT calculations to give an estimation of the DMI vector d, resulting
in DMI energy of around 1 meV, which is an order of magnitude larger than MAE. We start from
the classical spin model, with the Hamiltonian for each unit cell written as:

H = Z Jp.gMp - Mg + Z dpg (mp X mq) — KZ(k . mp)2
<p.a> <p.a> P

Where J, 4 and d, 4 refer to the exchange interaction constant and the DMI vector between magnetic
Mn atom p and ¢q (p, g = 1, 2, 3, 4), respectively. K is the uniaxial anisotropy constant. m, (my)
denotes the magnetic moment of Mn, (Mn,) atom and £ is the direction of easy axis. As shown in
fig. S9D, considering two adjacent magnetic Mn atoms (Mn; and Mn;y) as an example, there are
two mirror planes passing through and perpendicular to the line connecting Mn; and Mn; for ideal
single crystal, denoted as M., and M,.. Thus, based on symmetry analysis, only DMI vector along
z direction (d¥,) is permitted (73). We first focus on d¥, between Mn; and Mn,, where four spin
configurations are considered (fig. SOE—H) with spin orientations of Mn; and Mn; along x and y,



respectively: (1). m1 = (S, 0, 0), m2 = (0, S, 0), (ii). m1 = (=S, 0, 0), m2 = (0, S, 0), (iii). m1 = (S, 0,
0), mz = (0, =S, 0), (iv). m1 = (=S, 0, 0), m2 = (0, =S, 0). Therefore, we can express the energy of
our spin model as:

— AJz XY X y z y x z
E= dlzml m; —mj Z d1pmp +m2 z demp + Eotherterm
p#*1 p#2

Now we can examine the energies for these four spin configurations, i.e., Ei, Ei, Eii, Eiv from

SCF calculations by VASP, which gives d%, equaling é (E; + Ey, — E;j — Eyji) of 1.16 meV. For
our epitaxial MnsSis film on the Al,Os substrate, M., is naturally broken, which means that d7, is
actually permitted. We can model this symmetry breaking by a little displacement of one layer of
magnetic Mn atoms and follow similar method for estimating d%,, which gives df, of around 1
meV. Different little displacements have been tested, which all lead to consistent estimation of d7,
with the magnitude of around 1 meV. Similar results were obtained through TB2J package (74,
75) based on Green’s function method, which generates DMI magnitude of 0.93 meV. For atomic
spin simulations, only d7, is considered for simplicity, because d¥, cannot bring about the
SQUID-obtained out-of-plane net moment m.. d7, is set to be 1.35 meV for simulation, which
gives a simulated m; of 5%, consistent with SQUID results (Supplementary text S2) and matching
the DFT estimated d7,. We also performed control simulations considering finite d{, and d%,,
which show no essential difference.

Critical switching damping-like effective field. Hpr, as the magnitude of the damping-like
effective field HpL,. introduced in Materials and Methods, can be link to the damping-like SOT
magnitude {pr. and the current density J by the following equation (26):
_hple _ o
$pL = Zemgt ly[HpL = |vI Zemgt

Where 7, y, 0, e, ms, and t are the reduced Planck’s constant, the gyromagnetic ratio of the
electron, the spin Hall angle of Pt, the electron charge, the saturation magnetization of magnetic
Mn atom for MnsSis, and the thickness of MnsSis3, respectively. The critical Hpr is 8.66 kOe from
atomic spin simulations, which results in a simulated critical switching current density J. of 3149
MA cm2, considering @ of 0.05 as a common value for Pt. Notably, the experimentally derived
critical switching current density J. is 49 MA cm™. This discrepancy is reasonable because the
simulation for SOT switching was performed at 0 K but the SOT experiments were carried out at
180 K. The coercive field under 0 K is simulated to be around 150 kOe while that for experimental
sample is around 2.5 kOe at 180 K. It turns out that these unequal critical switching current density
and coercive field for both experiments and simulations bring about a consistent uoHc/J: of about
5mT cm? MA™!, which is higher than that of typical FM materials such as Pt/Co/AlOx (26, 52, 56).




Text S4: General discussions about the influence of arbitrary orientations of p and H on 180°
switching of the Néel vector

When d is perpendicular to the plane of m and n, all combinations of p and H along any direction
in the D(X)-N(Y)-M(Z) orthogonal coordinate system form a linear space. p or H along D(X), N(Y),
or M(Z) form 9 orthogonal bases of this linear space, denoted as (px, Hp), (px, Hy), (px, Hu), (pn,
Hp), (pn, Hy), (pn, Hm), (pum, Hp), (pm, Hy), and (par, Hu), respectively (fig. S12A-1). Any p & H
can be projected to these 9 bases.

Base?2 of (px, Hy), namely p parrel to D(X) and H parrel to N(Y) as we introduced in Fig. 3, is
the only base that supports deterministic 180° switching of Néel vector. When the driven force
(namely the damping-like effective field Hpr) is smaller than the low energy barrier from 7+ to n-
as shown in Fig. 3B, n cannot step over this energy barrier and thus settle at an intermediate state
n' (fig. S12J). After SOT is turned off, n will return back to the initial direction. When Hpy. is larger
than the low energy barrier from 7+ to n- but smaller than the high energy barrier from n- to n+, n
can step over the low barrier and settle at an intermediate state n'- (fig. S12K). After SOT is turned
off, n will naturally relax to the local energy minimum #n- to achieve the deterministic 180°
switching from n+ to n-. When Hpy is larger than the high energy barrier, n will be driven into
continuous rotation (fig. S12L).

For other Bases, three requirements as we introduced cannot be fully met. For Basel, H is
perpendicular to the easy plane of m, adding equal Zeeman energy to the transition from n+ to n-
and time-reversal transition from n_to n+, and thus violating requirement (3). For Base3, H is
parallel to m, which breaks the energy degeneracy between n+ and n_, and thus violating
requirement (1). For Base4-6, p is parallel to n, and hence cannot generate T.x, violating
requirement (2). For Base7-9, p is parallel to m, which drives » to rotate in the DON plane. m; X
my does not fix in the same direction, which leads to an increase of DMI energy proportional to
d-(m1 X'm2). As aresult, only base 2 fulfils all requirements. Therefore, the criteria for deterministic

180° switching of the Néel vector is that p @ H is not linear independent with base2 of (px, Hy).
Namely, p cannot in the NOM plane and H cannot in the MOD plane, which is universal for all
cAFM with DMI-induced intrinsic net moment to achieve deterministic 180° switching.

When d is not perpendicular to the plane of m and n, the conclusions are consistent with the
above. Now, Z is still parallel to M, but there is an angle between X and D as well as Y and N (fig.
S13A-B). Note that m is always perpendicular to d to gain minimum DMI energy. If we set Z
direction to be parallel to m, X axis can be defined as perpendicular to the plane of m and n, and Y
axis can be defined as perpendicular to the plane of m and d. In this case, p along X, N, or M and
H along D, Y, or M can be used to construct 9 bases of arbitrary p and H. Similarly, only base2 of
p parrel to X and H parrel to Y supports deterministic 180° switching of Néel vector, proving the
criteria for 180° switching (p cannot in the NOM plane and H cannot in the MOD plane) still holds
in this scenario (fig. SI3C—F). For cAFM MnsSis, it is easy to be satisfied because # is not aligned
in-plane to obtain non-zero gxy. To model our SOT switching experiments of in-plane current
pulses with assistant field H along the same direction, namely p and H are perpendicular to each
other, we set p along a low symmetry direction of (3, —1, 0) with perpendicular H along (1, 3, 0)
to ensure genericity. As expected, deterministic 180° switching of Néel vector can be achieved (fig.
S13G). Notably, the rotation plane of » (indicated by a pink circle) and the easy plane of m
(indicated by a blue circle) no longer overlap, but remains perpendicular to p and perpendicular to
d, respectively, which is universal for base2 whether or not d is perpendicular to the plane of m
and n. Moreover, if p is in the NOM plane or H is in the MOD plane, deterministic 180° switching
cannot be achieved because the criteria is violated (fig. SI3H-I).




Text S5: Estimation of the critical switching current density Jc

To estimate the critical switching current density J. flowing in the Pt layer of the Al>O3/MnsSi3(6
nm)/Pt(10 nm) stack, we first measured the temperature-dependent resistivities of MnsSi3 and Pt
single layers, respectively. The total critical switching current flowing in the Al2O3/MnsSi3(6
nm)/Pt(10 nm) stack /. is defined as I. = (I++1-)/2. Here I+ (I-) are the zero points of the switching
loop for positive (negative) electrical pulses (fig. SI8A). Considering the shunting effect, the ratio
of the current flowing in the Pt layer /pi and the MnsSis layer lypgsi, 1S estimated to be

_ Runssiy _ PMnssiy/™MnsSis

Ip:Iyingsiy= o P where Rymssiy (p) » PrinsSis (PY) and fyy,si; Pty are the resistance,
resistivity, and the thickness of MnsSi3 (Pt) layer (fig. S18B). Therefore, we determined the current
le’lsSi3tPt

flowing in the Pt layer to be Ip= 1. The critical switching current density J. is

PMnSSi3tPt+ppttMn5Si3
defined as the current density in the Pt layer, resulting in J. = Ip/wtp,, where w is the width of the
writing channels in the cross bars.

Text S6: Atomic spin simulations based on different system parameters

To check the robustness of our atomic spin simulations and exclude possible artifacts due to
different choices of system parameters, we performed control simulations. As shown in fig. S19A,
there are no essential differences between the simulated hysteresis of out-of-plane net moment m,
at 150 K with different random seeds, which influences the random-generated initial atomic spin
configuration for simulation. Besides, the evolution of n driven by different length of electrical
pulses were tested with the same p and H as in fig. S13G to model experimental conditions (fig.
S19B-D). It turns out that the switching of n can be accomplished by the electrical pulse as short
as 25 ps, which reflects the advantage of high operation speed for MnsSi3 based AFM device due
to its fast-switching dynamics.

Text S7: Influence of field-like spin-orbit torque on 1802 switching of the Néel vector

We consider the influence of field-like spin-orbit torques by adding corresponding effective field
Hry as a term |y|m;, X Hgy, ;. When increasing Hpi, the simulation results for Hrr from 0 to 10
kOe all change in turn from no switching, non-deterministic switching, deterministic switching,
partial rotation to rotation, represented by 5 panels of different colors (fig. S20). With the increase
of Hri, the critical HpL to achieve deterministic switching increases. Thus, Hrr has negative
influence on 180° switching of the Néel vector.
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Fig. S1.

First-principles calculation of cAFM MnsSis. (A—B) Other perspectives of the crystal structure
and magnetization density shown in Fig. 1A. (C) High symmetry points used for first-principles

calculations. (D) DFT-calculated spin-splitting band structures of cAFM MnsSi3 without and (E)
with spin-orbit coupling.
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Fig. S2.

Basic characterizations of MnsSis thin films. (A) XRD spectrum of MnsSi; film sputtered on
AlO3(0001) substrate measured at room temperature with Cu K,. (B) In-situ XRD spectra of the
Mn;sSi3(0002) peak measured at low temperatures under X-ray from synchrotron radiation of 9.80
keV. (C) Atomic force microscopy image of MnsSi3(80 nm) film. (D) Temperature-dependent
longitudinal resistivity pxx. (E) Temperature-derivative of longitudinal resistivity pxx. (F)
Temperature-dependent lattice parameter ¢ extracted from (B). (G) Time-resolved reflectivity of
MnsSis thin film measured at 220 K. (H) 2D plot of the temperature-dependent time-resolved

reflectivity between 200 K and 270 K with a step of 5 K.
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Hysteresis of Hall resistivity and corresponding magnetization of MnsSi3 thin films. (A) pyx-
H curves and corresponding (B) Field-derivative curves in logarithmic plot measured under
different temperature. Inline image shows temperature dependences of pyx and pxx. (¢) M-H curves
and corresponding (d) Field-derivative curves in logarithmic plot measured under different
temperatures.
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Fig. S4.
Temperature-dependent polar magneto-optical Kerr effect measurements of MnsSi3 thin
film. The Kerr signal is rooted from the Hall conductance in light frequency, sharing similar origin

of AHE in zero frequency limit.
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Relationship between defect-induced net moment and crystallinity. (A, D) XRD spectra
measured at room temperature with Cu K,. (B, E) Hysteresis of Hall resistivity and corresponding
magnetization measured at 150 K, and (C, F) Atomic force microscopy images of MnsSi3(80 nm)
thin films grown by different processes, respectively.
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Hysteresis of Hall resistivity and DMI-induced net moment m for MnsSi3 thin film of
different thickness. (A, B, C) Sample 1-3 of MnsSi3(6 nm). (D, E, F) Sample 4-6 of MnsSi3(80
nm). (G, H, I) Sample 7-9 of MnsSi3(130 nm).
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Models and 3D visualizations for atomic spin simulations. (A) Magnetization density of cAFM
Mn;sSis with exchange interaction Ji, J2, J3, Js marked, which were used for simulations. (B—C)
3D visualization of the simulated 180° Néel vector switching results, where only a part of cells
from the total 50 x 50 x 10 cells used for simulations are shown to gain better visualization. The
direction of atomic magnetic moment on magnetic Mny atoms is indicated by arrows, where red
represents positive z-component and blue represents negative z-component.
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Models for determining key parameters related to simulation and calculation. Crystal
structure and magnetization density for (A) AFM J4 and (B) FM J4, where red and blue isosurfaces
represent opposite magnetization density. The xyz Cartesian coordinate system is the same as Fig.
1A. (C) MAE for the Néel vector n along different orientations in the cartesian coordinate system
compared with the case of » orienting to (1,1,1). (D) Schematic of the mirror planes in ideal single
crystal MnsSis3. (E—H) Schematics of spin configurations for DMI estimation.
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Different projections of simulated 180° switching of the Néel vector by SOT shown in Fig.
3C. (A) Projection from +Z direction. (B) Projection from +X direction. (C) Projection from —Y
direction. The rotation plane of » and the easy plane of m are both the YOZ plane. The trajectories
of n are limited in the YOZ plane. The initial direction of m+, the stable intermediate state of m'-
under SOT, and the 180°-reversed direction of m- are all locate in the YOZ plane, though the
transitions between them are flexible.
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Fig. S11

180° switching of the Néel vector by SOT under negative magnetic field. (A) Schematic of n
rotation driven by exchange torques 7ex with p along +X and n along —Y. n can be simplified as
(m1—m2)/2 for cAFM MnsSi3 with four sublattices where mi = m3 and m> = m4 (Materials and
Methods). The rotation of # is accompanied by the motion of m, which is favorited by H along —
Y. (B) Schematic of energy barriers for the transition from z- to n+ and n+ to n-. Without H, these
two energy barriers are the same, determined by MAE. With H <0, the degeneracy between them
can be lifted. (C) Simulated switching trajectories of m and » for positive p+ and negative H- as
well as (D) negative p- and negative H-. m is magnified 10 times for better visualization. The color
of trajectories indicates the evolution time, where p is added from 0.05 ns to 0.15 ns.
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Fig. S12

Simulated 180° switching of the Néel vector by SOT under different bases of the D(X)-N(Y)-
M(Z) orthogonal coordinate system (A—I) 9 bases of p and H for the D(X)-N(Y)-M(Z) orthogonal
coordinate system. The simulation results of SOT switching for each base under different polarity
combinations of p and H with different magnitudes of the damping-like effective field HpL are
included at the right side, where blue, green, and yellow panels represent different simulation
results of no switching, 180° switching, and rotation, respectively. Base2 is the only base that
supports deterministic 180° switching of Néel vector, which is circled by a red square in (B).
Representative trajectories of m and n with positive p-+ and positive H- for base2, corresponding to
simulation results of (J) no switching under Hpr of 8.0 kOe, (K) 180° switching under Hpr. of 8.5
kOe, and (L) Rotation under Hpr of 9.0 kOe, respectively.
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Fig. S13

Simulated 180° switching of the Néel vector by SOT when d is not perpendicular to the plane
of m and n. (A) 9 bases of p and H when d is not perpendicular to the plane of m and n. (B) The
interconversion of D-N-M coordinate system with Cartesian coordinate system xyz as we defined
in Fig. 1 and Fig. 2. Take n along (1, 1, 1) in the xyz coordinate system as an example, the angle 6
between X axis and D axis is 35.26° if considering d along x for simplicity without loss of
genericity, with all of directions of m, n, p, and H marked for base2. (C) The simulation results of
SOT switching for base2 under different polarity combinations of p and H with different
magnitudes of the damping-like effective field Hpr, where blue, green, and yellow panels represent
different simulation results of no switching, 180° switching, and rotation, respectively. Base2 is
the only base that supports deterministic 180° switching of Néel vector, which is circled by a red
square. Representative trajectories of m and n under positive p+ and positive H+ for base2,
corresponding to simulation results of (D) no switching, (E) 180° switching, and (F) Rotation,
respectively. These trajectories are similar to that of fig. S12J-L for d perpendicular to the plane
of m and n, (G) Representative simulation results of SOT switching for p along (3, —1,0) and H
along (1, 3, 0), (H) p along (1, 0, 1) and H along (1, 1, —1), and (I) p along (1, 2, 0) and H along
(=2, 1, 0) under different polarity combinations of p and H with different magnitudes of Hpr.
Deterministic 180° switching of Néel vector can be achieved when p is not in the NOM plane and
H is not in the MOD plane, but cannot be achieved when p is in the NOM plane or H is in the MOD
plane.
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Fig. S14

180° electrical switching of cAFM MnsSiz under different temperatures. (A) Temperature-
dependent SOT switching of cAFM MnsSi3 under 0.2 kOe assistant field. (B) Critical switching
current density J. extracted from (A) with corresponding coercive field Hc. of the AHE. H.

increases as temperature decreases, indicating that the uniaxial anisotropy is increasing, resulting
in the increase of J..
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Fig. S15

Switching ratio # and critical switching current density J. for 60 devices. (A) n and (B) J;
follow normal distribution that average at 24% and 49 MA ¢cm™ with the standard deviation ¢ of
12% and 3 MA cm™, respectively.
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No electrical switching of ncAFM MnsSis. (A—C) Hall resistance Ryx collected when sweeping
electrical pulses with assistant field A of 0.2 kOe (red dot) and Ryx collected when sweeping out-
of-plane magnetic field (black line). (D—F) Magnified images of Hall resistance Ryx variation under
electrical pulses in (A—C), where no switching can be observed.
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Fig. S17
Critical switching current density J. under different assistant field H at 180 K for another
sample.
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Fig. S18

Schematic for determining the critical switching current density J.. (A) Extraction of I+ and /-
from the switching loop. (B) Equivalent circuit of the shunting effect in the Al,03/MnsSi3/Pt stack.
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Fig. S19

Atomic spin simulations of magnetic hysteresis and SOT switching based on different system
parameters. (A) Simulated hysteresis of out-of-plane net moment m, under at 150 K with different
random seeds. (B—D) Simulated evolution of # for different pulse lengths under different polarity
combinations of p and H with Hpr of 8.7 kOe. The pulse is added at 0.05 ns for each simulation.
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Fig. S20

Atomic spin simulations considering both damping-like effective field HpL and field-like
effective field Hru.



Movie S1.

A movie was made from the simulated 180° switching of atomic magnetic moments of MnsSi3
under different polarity combinations of p and H with Hpr of 8.7 kOe, consistent with the settings
in fig. S13G to model experimental conditions. p(3,—1,0)H(1,3,0) and p(-3, 1,0)H(-1,-3,0) switch
n from n+(1,1,1) to n-(—1,-1,—1) while p(3,-1,0)H(-1,-3,0) and p(-3,1,0)H(1,3,0) switch n from
n-(—1,—1,—1)to n+(1,1,1). The electrical pulse of 0.1 ns is started at 50 s and ended at 2min30s in
the movie.
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