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The manipulation of antiferromagnetic order by means of spin-orbit torques opens opportunities to
exploit the dynamics of antiferromagnets in spintronic devices. In this work, we investigate the current-
induced switching of the magnetic octupole vector in the Weyl antiferromagnet Mn3Sn as a function of
pulse shape, magnetic field, temperature, and time. We find that the switching behavior can be either
bistable or tristable depending on the temporal structure of the current pulses. Time-resolved Hall effect
measurements performed during the current pulsing reveal that Mn3Sn switching proceeds via a two-step
demagnetization-remagnetization process caused by self-heating over a timescale of tens of nanoseconds
followed by cooling in the presence of spin-orbit torques. Single-shot switching measurements with 50-
ps temporal resolution indicate that chiral spin rotation is either damped or incoherent in polycrystalline
Mn3Sn. Our results shed light on the switching dynamics of Mn3Sn and prove the existence of extrinsic
limits on its switching speed.

DOI: 10.1103/PhysRevApplied.18.024064

I. INTRODUCTION

Electric control of magnetic order in antiferromagnets
has raised prospects for realizing high-speed and high-
density magnetoelectric devices using materials with zero
net magnetization [1–6]. The switching of the order param-
eter in antiferromagnets is achieved by either injecting spin
currents from an adjacent heavy metal layer or current-
induced spin-orbit torques intrinsic to noncentrosymmetric
crystals [7]. Electrical readout, however, is problematic
because of the small magnetoresistance [8], resistive arte-
facts [9–11], and absence of Hall effect in most conven-
tional antiferromagnets. This problem can be elegantly
solved by turning to noncollinear antiferromagnets, which
combine topologically nontrivial electronic properties with
chiral magnetic order. In these systems, the broken time-
reversal symmetry and large Berry curvature in momentum
space give rise to strong anomalous Hall effect (AHE)
[12,13] and magneto-optical responses [14–17], similar to
those of ferromagnets but in the absence of significant
magnetization. Theoretical work shows that these materi-
als can even exhibit a large tunneling magnetoresistance
[18], whereas the emergence of exotic phenomena such
as the chiral anomaly [19] and magnetic spin Hall effect
[20–23] makes them a very interesting playground for
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investigating the interplay of topology, electron transport,
and magnetism [24–26].

A prime candidate of this material class is Mn3Sn,
a hexagonal Weyl metal in which the Mn atoms form
kagome lattice planes stacked along the c axis with an
inverse-triangular spin structure and all the spins ori-
ented in plane [12,27–30]. The noncollinear antiferromag-
netic order is best described by the magnetic octupole
moment g of the six Mn spins that reside in two stacked
inverted triangles on adjacent kagome layers [green arrow
in Fig. 1(a)]. Magnetic anisotropy defines six possible ori-
entations of the g-vector in the kagome plane [Fig. 1(b)].
The almost perfect 120◦ noncollinear spin alignment is
slightly distorted by magnetic anisotropy, which leads to
a weak ferromagnetic moment of approximately 0.002μB
per Mn atom in the direction of the g-vector. This conve-
niently allows for the manipulation of antiferromagnetic
order by external magnetic fields, whereas the large AHE
and anomalous Nernst effect (ANE) of Mn3Sn provide
direct information on the orientation of g [31–34]. Impor-
tantly for applications, the topological properties of Mn3Sn
emerge in both polycrystalline and epitaxial thin films
[33–40].

Pioneering work on Mn3Sn/heavy metal bilayers has
demonstrated switching of antiferromagnetic order by
current-induced spin-orbit torques [41–44]. In these exper-
iments, a change of the AHE as a function of current
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FIG. 1. (a) Cross section of the Mn3Sn/Pt bilayer. The
inverted triangular spin structure is shown in the center: white
and black arrows represent the Mn spins and the green arrow the
octupole vector g. (b) Possible orientations of g and correspond-
ing AHE signal. Microscope images of (c) Hall bar device and (d)
Hall cross used for switching and time-resolved measurements.
AHE of Mn3Sn/Pt as a function of (e) magnetic field along z and
(f) current density for 10 − μs-long pulses and Bx = +200 mT.

reveals the reorientation of g in crystal grains with the c
axis oriented in plane. Switching only occurs in the pres-
ence of a symmetry-breaking magnetic field collinear with
the current, with the final state determined by the relative
orientation of current and field and by the sign of the spin
Hall angle in the heavy metal [41,42,45]. These observa-
tions suggest a switching mechanism very similar to that
of ferromagnet/heavy metal bilayers [7,46,47]. Within this
picture, however, different magnetization dynamics can
be expected depending on whether the torques rotate the
moments in or out of the kagome plane [41,43,48,49].
Other effects such as chiral spin rotation have been pro-
posed, whereby the Mn moments undergo continuous rota-
tion in the kagome plane with time periods in the tens
of nanoseconds [43,48,50]. Thus far, however, switching
experiments have relied on electrical pulses with a pulse
duration of 100 ms, which yield no information about the
fast switching dynamics expected of antiferromagnets.

In this work, we explore the chiral switching dynam-
ics of Mn3Sn/Pt bilayers. We observe that the switching
behavior varies characteristically with the pulse length and
shape: conventional bistable switching between ±z states
is observed for pulses with fall times longer than 400 ns
whereas tristable switching is observed for pulses with
shorter fall times, leading to a demagnetized state with zero
AHE. By studying the switching dependence on the tempo-
ral shape of the pulses, applied field, temperature, and time
we show that the reversal of the g-vector occurs through

two phases, namely current-induced partial demagnetiza-
tion lasting several nanoseconds followed by cooling in
the presence of spin-orbit torques at the end of a current
pulse. This mechanism is similar to the setting of exchange
bias during field cooling in coupled antiferromagnetic-
ferromagnetic systems [51]. However, it differs from the
thermally activated switching observed in collinear fer-
romagnets [52] and antiferromagnets [3], in which Joule
heating reduces the magnetic anisotropy energy barrier
while the sample remains magnetic. Time-resolved mea-
surements during pulsing indicate that the reversal of chiral
antiferromagnetic order is incoherent and that chiral spin
rotation is either damped or averaged out in polycrystalline
Mn3Sn. Our measurements also set a limit on the rever-
sal speed attainable by the interplay of current-induced
heating and spin-orbit torques in chiral antiferromagnets.

II. METHODS

Our samples are polycrystalline Mn3Sn(50 nm)/Pt(5
nm) bilayers grown by magnetron sputtering patterned into
3- to 6-μm-wide Hall bars and Hall crosses [Figs. 1(c)
and 1(d)] [53]. High-resolution transmission electron
microscopy reveals the presence of columnar grains of
about 250 nm in width, different orientations, and excellent
crystalline order [53]. Measurements of the longitudinal
resistance (Rxx) and transverse Hall resistance (Rxy) are
consistent with previous work on similar samples [14,41,
42,45,50,53]. We use a quasistatic pulse-probe protocol
for characterizing the switching properties as a function
of pulse shape and field [46] and perform time-resolved
measurements of the AHE using the split-pulse technique
described in Ref. [54]. In the pulse-probe method we inject
a current pulse of up to 20 mA to induce switching fol-
lowed by an alternate current of 1 mA, which allows for
probing the first- and second-harmonic contributions to Rxy
that are proportional to the AHE and ANE, respectively
[53,55]. In the time-resolved measurements, we probe the
change in AHE during a current pulse with a temporal reso-
lution of about 50 ps [54]. Hall bars are used for quasistatic
switching and Hall crosses for the time-resolved measure-
ments. Given the structure of our samples, the AHE (ANE)
reflects the out-of-plane (in-plane) component of g aver-
aged over different crystal grains in the region sensed by
the Hall resistance [31,35,38,53]. Comparative switching
measurements on Mn3Sn/W and W/Mn3Sn/Pt samples
are reported in Ref. [53].

III. RESULTS

A. Multistate switching determined by the pulse fall
time

Figures 1(e) and 1(f) show the field- and current-induced
switching of the g-vector, respectively, as measured by the
AHE. In agreement with previous reports [35,41,42], we
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FIG. 2. (a) Switching loops of Mn3Sn/Pt as a function of pulse voltage with rise and fall time increasing from left to right. (b)
Corresponding pulse shape. (c) Schematic showing the −z, +z, and intermediate states and the possible orientations of the g-vector in
each state.

observe switching of about 30% of the total AHE upon
injecting 10-μs-long current pulses with a fall time τ =
420 ns. This bistable behavior is interpreted as g switch-
ing between the +z and −z states. Surprisingly, however,
we find that gradually reducing τ to below 100 ns changes
the switching from bistable to tristable, leading to the
appearance of states with high and low AHE at interme-
diate current values and zero AHE at high current (Fig. 2).
Because the pulse length is constant, the gradual shift of
the endpoint Rxy in Fig. 2(a) demonstrates that the fall
time determines the switching regime. Importantly, the
magnetic state set by the current pulse and magnetic field
remains constant after the pulse. The occurrence of mul-
tistate switching has been reported before in Mn3Sn [43],
but the role of the transient dynamic effects that determine
the final orientation of the g-vector has not been elucidated.
These effects can be of two types: thermal due to Joule
heating and magnetic due to spin-orbit torques.

B. Switching as a function of in-plane field

To exclude a purely thermal origin of the switching, we
study its dependence on the external in-plane magnetic
field Bx. Figures 3(a) and 3(b) show the current-induced
switching loops for 10-μs-long pulses with τ = 35 and
420 ns, respectively, for increasing values of Bx. The
reversal of the switching direction upon inversion of Bx
indicates that switching is due to spin-orbit torques in the
entire range of fall times. We also find that the switching
amplitude between +z and −z states, �Rxy = Rxy(2 V) −
Rxy(−2 V), increases up to Bx ≈ 100 mT, consistent with
previous reports [35,41–43,45] and the standard model of
spin-orbit torque switching in ferromagnets [7,46]. How-
ever, �Rxy decreases in the high-field limit [black squares
in Figs. 3(c) and 3(d)], indicating that another mechanism
comes into play. We also note that the offset of Rxy and
the sign of the switching amplitude �Rxy (±20 V) in the

short-pulse regime are very sensitive to the presence of an
out-of-plane external field [53].

C. Switching by current-induced heating and cooling
in the presence of spin-orbit torques

To understand the role played by heating we measure
the AHE as a function of temperature [Figs. 4(a) and
4(b)]. The AHE vanishes at TN = 390 K, close to the Néel
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FIG. 3. Field dependence of the current-induced switching for
(a) long- and (b) short-fall-time pulses of 10 μs in length. Switch-
ing amplitude �Rxy between ±2 V (black squares) and ±20 V
(purple circles) as a function of Bx for (c) long and (d) short fall
time.
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temperature of bulk Mn3Sn (420 K) [30,43]. The longitu-
dinal resistance Rxx has a nonlinear temperature behavior
as it is a mixture of the resistance due to Pt and Mn3Sn.
Measuring Rxx as a function of current allows us to gauge
the extent of Joule heating, which shows that the sam-
ple temperature reaches TN for pulse currents larger than
14 mA (16 V) [53]. We thus propose a model to explain
the multistate switching behavior in which the interplay of
temperature and spin-orbit torques is governed by τ . Con-
sider a generic voltage pulse that heats up the sample and
provides a current density j to exert a torque, as shown
in Fig. 4(c). As the pulse starts, the temperature increases
quadratically with the current at a rate determined by the
longest between the pulse rise time and the heat diffusion
time. For pulses longer than a few tens of nanoseconds, the
sample temperature approaches TN , leading to a demag-
netized state until cooling down begins at the end of the
pulse. Deterministic switching to a final state +z or −z can
be achieved only if j is larger than a critical current density
jc as the temperature has dropped below TN , i.e., for long
τ . If, on the other hand, the current drops abruptly below
jc when the temperature is still close to TN , the Mn3Sn
grains freeze in a mixed multidomain configuration, which
leads to an intermediate state with no AHE for short τ . Our
simultaneous measurements of the AHE and ANE show
that this intermediate state consists of domains along ±z,
which give a net zero AHE, and grains that are oriented
along +x and −x for Bx > 0 and Bx < 0, respectively [53].
The fraction of grains oriented along ±x during cooling
down increases with Bx, which explains the nonmonotonic
field dependence of the switching amplitude in Fig. 3.
Thus, by gradually modifying τ , we tune the fraction of
grains that switch and those that remain demagnetized at
the end of the pulse.

This model also explains why the ±z final states with
large/low AHE can be reached starting from the interme-
diate state with zero AHE upon reducing the pulse voltage
in small incremental steps, as seen in Fig. 2 even for short
τ . Figure 4(d) shows Rxy recorded by sweeping the pulse
amplitude from +18 to −18 V and back in steps of 2 V
(black dots). Starting from the intermediate state obtained
by pulsing at +18 V with τ = 35 ns, the AHE changes
progressively to the low state upon reducing the pulse
amplitude. However, if the pulse amplitude is abruptly
decreased from +18 to +10 V, no switching occurs (green
dots). The type of switching thus depends on the initial
state and on the decrement step size, which is different
from the change of switching amplitude as a function of
current reported for bistable switching in Ref. [41]. Our
observation is consistent with different Mn3Sn grains hav-
ing a distribution of TN due to their varying sizes, which
are selectively switched to the ±z final states upon decreas-
ing the pulse amplitude from the intermediate state. This is
essentially a stepwise version of the long-fall-time scenario
described above.
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FIG. 4. (a) AHE switching as a function of pulse voltage at
different temperatures for 10-μs-long pulses. (b) Temperature
dependence of Rxy (bottom panel) and Rxx (middle panel) of
Mn3Sn/Pt. Rxx versus direct current and calibrated temperature
(top panel). (c) Schematic current pulse with temperature profile
indicated by the red shading. (d) Stepwise switching sequences:
Rxy versus pulse amplitude starting from ±18 V in steps of 2 V
(black, red), 4 V (blue), and 8 V (green).

Overall, our results show that the switching of antifer-
romagnetic order in Mn3Sn occurs due to heat-assisted
demagnetization followed by reorientation of the g-vector
induced by spin-orbit torques during cooling down. The
fall time of the current pulses determines the final magnetic
configuration of the Mn3Sn domains. Additionally, switch-
ing loops measured for 21-V pulses of decreasing length,
from 50 to 5 ns, evidence that the switching amplitude van-
ishes in the limit of short pulses [Fig. 5(a)]. These findings
show that switching of antiferromagnetic order in Mn3Sn
by spin-orbit torques has a composite temporal dependence
and different dynamics relative to ferromagnets [54,56] and
collinear antiferromagnets [3,57,58].

D. Time-resolved measurements

To determine the transient dynamics, we perform time-
resolved measurements of Rxy during the current pulses
using the setup shown in Fig. 5(b). The temporal evolu-
tion of the AHE voltage VH during the switching process
is determined by taking the difference of the Hall volt-
age trace measured during switching relative to a reference
trace in the absence of switching [54]. Figure 5(c) shows
the average of 20 differential time traces of VH taken dur-
ing pulses with +21-V amplitude, 75-ns duration and τ =
0.3 ns, separated by a 1-s delay. The decrease (increase) of
VH following the onset of the pulse at t = 0 for Bx = +250
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mT (−250 mT) reflects the decrease (increase) of the AHE
from the initial −z (+z) state to the intermediate state with
no AHE. It takes about 35 ns for |VH | to reduce to 0,
after which no further changes of VH are observed until the
end of the pulse. Measurements performed for 20-ns-long
pulses as a function of Bx, reported in Fig. 5(d), further
reveal that the amplitude of the transient switching sig-
nal scales with Bx and that the timescale over which |VH |
reduces to 0 is independent of Bx. We thus associate the
decrease of |VH | with the time it takes for the device to
reach a temperature close to TN , in line with the switching
mechanism proposed above. This time depends only on j
and not on Bx, which shows that the switching speed of
Mn3Sn is ultimately limited by the heating rate.

Recent studies propose a coherent chiral spin-reversal
mechanism in noncollinear antiferromagnets where the g-
vector continuously rotates above a given current density
threshold [43,48,50]. The rotation period is estimated in a
range of 1–30 ns, depending on the current density. Indirect

evidence for this effect has been reported for both epitaxial
and polycrystalline thin films [43,50].

The experimental evidence for such a mechanism, how-
ever, lacks insight into the time-dependent dynamics that
is the hallmark of coherent switching. Our time-resolved
traces shown in Figs. 5(c) and 5(d) evidence a monotonic
decrease of |VH | that is not consistent with reproducible
oscillations of Rxy due to chiral spin rotation. Because
these traces are averaged over several pulses, they do not
provide information on stochastic rotations. To investigate
the occurrence of chiral spin rotation during individual cur-
rent pulses, we thus measure single-shot time traces of
VH . Representative examples of such traces are shown in
Figs. 5(e) and 5(f) for a series of 20-ns-long current pulses.
Our analysis does not reveal evidence of periodic oscil-
lations of VH consistent with chiral spin rotation during
single-shot pulses.

The absence of oscillations can be ascribed to
various factors. First, chiral spin rotation requires an
injected spin current with polarization parallel to the c axis
[43]. Given the polycrystalline nature of our samples, we
estimate having a measurable amount of such grains in our
Hall crosses [43,50,53]. On the other hand, chiral spin rota-
tion may take place in different grains with different phase
factors, averaging to zero in the total Hall signal. Accord-
ing to simulations, however, these coherent effects should
result in visible oscillations also in polycrystalline sam-
ples [50]. Another possibility is that the rotation is too fast
to be resolved by our measurements, which have a tem-
poral resolution of about 50 ps [54]. The current density
in the time-resolved measurements is 1.3 × 107 A/cm2

when averaged over the entire thickness of Mn3Sn/Pt and
about 6.2 × 107 A/cm2 in Pt, as estimated using a paral-
lel resistor model. The rotation frequency corresponding
to this current is 1.7 GHz [43], which is within our time
resolution. The continuous decrease of the AHE signal
thus indicates that any oscillation, if present, is strongly
damped and that heat-induced demagnetization dominates
over coherent effects.

IV. CONCLUSIONS

In summary, our work shows that the switching of chi-
ral antiferromagnetic order in Mn3Sn/Pt is incoherent and
determined by the timed interplay of heat and spin-orbit
torques. Both effects are current-induced ones but heating
up to TN occurs on a timescale of tens of nanoseconds
whereas the injection of a spin current from Pt closely fol-
lows the temporal profile of the current pulses. Switching
proceeds via a two-step demagnetization-remagnetization
process, whereby the final orientation of the g-vector is
deterministic between ±z states only if the sample cools
down in the presence of a spin current larger than a crit-
ical value. Our results provide insight into the switching
timescale and dynamics of topological antiferromagnets,
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showing that it is different from that of both ferromag-
nets and collinear antiferromagnets and limited by the
sample heating rate. Additionally, this work shows that
time-resolved Hall effect measurements provide a viable
method to investigate the current-induced dynamics of
antiferromagnetic order in topological materials.
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