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Electrical coherent driving of chiral antiferromagnet
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Abstract: Electric current driving of antiferromagnetic states at radio or higher frequencies
remains challenging to achieve. Here we report all-electrical, gigahertz-range, coherent driving of
chiral antiferromagnet Mn3Sn nanodot samples. High coherence in multiple trials and threshold
current insensitive to pulse width, in contrast to ferromagnets, are achieved in sub-nanosecond
range, allowing 1,000/1,000 switching by 0.1-ns pulses at zero field. These features are attributed
to the inertial nature of antiferromagnetic excitations. Our study highlights the potential of
antiferromagnetic spintronics to combine high speed and high efficiency in magnetic device

operations.
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Electrical manipulation of collective spin states is a central subject of magnetics and
spintronics, and various physical schemes have been demonstrated mostly with ferromagnetic
systems (/—3). The spin-orbit torque (SOT) (4-6), a relativistic phenomenon originating from the
spin Hall effect (7) and/or Rashba-Edelstein effect (§) in magnetic heterostructures, has been
recently applied to antiferromagnets (9—/7/). One of the prospective advantages of
antiferromagnets over ferromagnets is their potential for faster driving with higher efficiency
owing to the exchange-enhanced intrinsic frequency (/2) and the inertia in their dynamics (/3).
Ultrafast switching of ferromagnets has been recently reported; however, it required relatively
large current densities and the assistance of external fields and thermal effects (/4, 15). For
antiferromagnets, an electrical control was achieved by the staggered SOT (/6), which emerges in
locally  noncentrosymmetric  crystals  (/6-20). Later, the standard SOT in
antiferromagnet/nonmagnet heterostructures was demonstrated to be capable of switching (2/-27)
and continuously rotating (28, 29) antiferromagnetic spin states. In pursuit of revealing the high-
speed dynamics of antiferromagnets, earlier works reported switching of antiferromagnets by
picosecond laser pulses (30, 3/) and an efficient excitation and ultrafast propagation of
antiferromagnetic magnons (32-34). However, all-electrical switching of an antiferromagnet,
required for electronic devices, has been limited in timescales longer than nanoseconds, where the
results can be understood by an extrapolation from the DC-regime experiments. Despite the promising
prospect for all-electrical switching of antiferromagnets with a combination of high speed and high
efficiency that cannot be reached with ferromagnets, its experimental exploration remains
challenging.

Here we show all-electrical driving of a chiral antiferromagnetic Mn3Sn nanodot by single

electric pulses in GHz range, through coherent spin excitations in a single antiferromagnetic
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domain. In contrast to ferromagnets, where fast electrical control at the timescale of 0.1 ns and
beyond is challenging because of significant increase in the threshold current (35—39), we show
that it is not the case for antiferromagnets. The markedly suppressed increase in the driving current
in sub-nanosecond range, combined with a high coherence of the employed system, allows us to
achieve 1,000/1,000 switching by 0.1-ns pulses at zero magnetic field. The observed advantage of
antiferromagnets over ferromagnets can be attributed to the universal inertial nature of

antiferromagnetic dynamics, as indicated by our theoretical modeling.

Sample structure and measurement layout for control of coherent rotation in chiral
antiferromagnet Mn3Sn nanodot

To realize a coherent control of the antiferromagnetic order, we fabricate Mn3Sn / heavy metal
heterostructure-based nanodot samples. The stack structure consists of W(2 nm) / Ta(3 nm) /
Mn3Sn(20 nm) / MgO(1.3 nm) / Ru(l nm), which is deposited on MgO(110) substrate by
sputtering [Materials and Methods (40)]. We confirm (1100)-plane (M-plane) oriented, epitaxial
Mn3Sn films where the kagome plane is perpendicular to the film plane (Fig. S1) (28, 47). The
films are processed into Hall-bar devices, where a Mn3Sn nanodot is formed on a cross-shaped
W/Ta channel (Fig. 1A) (40). The nominal dot diameter D, channel width, and channel length are
200 nm, 250 nm, and 600 nm, respectively. An image of a fabricated nanodot sample taken by
scanning electron microscopy is displayed in Fig. 1B. After defining the Hall-cross with a nanodot,
coplanar waveguides are formed for high-frequency measurements.

Our experimental setup for electrical driving of Mn3Sn is shown in Fig. 1C. We apply a pulse
voltage with the width of 0.1-10 ns using a pulse generator through an RF port of the bias tee. The
state of the chiral spin structure in Mn3Sn is detected through the anomalous Hall effect (42) by
measuring the voltage between the two Hall probes under a DC current of 100 pA, corresponding

to the current density in W/Ta layer of 3.8 MA cm™, applied to the DC port of the bias tee. The
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output side of the waveguide is terminated by an oscilloscope with an impedance of 50 Q, which
is used to monitor the transmitted waveforms of the injected pulses. Shown in Fig. 1D is the
captured transmitted waveform of the applied pulse with nominal width of 0.1 ns (details on the
captured waveforms with various nominal pulse widths are summarized in Fig. S2). Notice that
the pulse voltage is applied in the [1120] direction of the hexagonal Mn3Sn film, which is the
most effective configuration for the Slonczewski-like SOT to induce the chiral-spin rotation (26,
29).

Figure 2A shows the Hall resistance Ry vs. the out-of-plane magnetic field H, in a Mn3Sn
nanodot with D = 200 nm, where D is the nanodot diameter. Negative anomalous Hall resistance
and binary state in the hysteresis loop are observed, consistent with our previous study on the
thermal stability of Mn3Sn nanodots (43), where the uniaxial perpendicular anisotropy and the
exchange stiffness for the antiferromagnetic order have been determined as 370 Jm™ and 3.5 pJm"
! respectively, leading to the domain wall width of ~ 300 nm. The switching field in the present

study is evaluated to be about 350 mT (Fig. 2A).

Hall resistance vs. applied current in Mn3Sn nanodot

Before performing all-electrical experiments in GHz range, we establish the field-free
continuous rotation and field-assisted bipolar switching of the Mn3Sn nanodots in DC regime.
Figure 2B shows Ry vs. Jum in @ Mn3Sn nanodot with D =200 nm, where Jum denotes the current
density flowing into the W/Ta heavy metal layers [Sections S3 and S4 of (40)]. The field Hx is also
applied to the [1120] direction of Mn3Sn, i.e., parallel to the current. For uoHy = 0 mT, the
binary randomization of Ry is observed above the threshold current density, regardless of
the pulse current direction. This is attributed to the SOT-driven continuous rotation of the
chiral antiferromagnetic order in Mn3Sn (28, 44). The randomization between the binary

states shows that the predominant magnetic anisotropy is twofold with the easy axis normal
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to the film (24, 29) and that the Mn3Sn nanodot has a single-domain structure (43). With
finite H,, a bipolar switching of Ry is obtained, where the polarity of the hysteresis curve
depends on the sign of H,. This characteristic of the field-assisted switching is consistent
with that reported in the previous studies on Hall bar devices (23-26, 29, 44) and can be
explained as a result of the SOT-driven rotation being balanced by the external field that
prefers the uncompensated net magnetization of Mn3Sn pointing parallel to Hx.

We then move onto experiments with short current pulses in the range of ns ~ sub-ns. We first
check the field-assisted switching by the short current pulses. Shown in Fig. 2C are Ru-Jum curves
with the pulse width 7 = 0.1 ns and poH. = £300 mT; the Ru-Jum curves at goHx = 300 mT with
various 7 are displayed in Fig. 2D. Juwm is calculated from the peak amplitude of the transmitted
waveform. Bipolar switching is observed for all the 7 down to 0.1 ns at Jum < 75 MAcm™. In the
following sections, the relationship between the pulse width and the threshold current density is

extensively investigated.

Switching probability vs. pulse width and amplitude
For deeper investigation into the dynamics of the chiral-spin structure in Mn3Sn nanodots in the
GHz regime, we measure the switching probability P as a function of Jum, 7, and H. by multiple
applications of current pulses [see Section S5 of (40) and Fig. S5 for more details]. Here, P is
defined as the ratio of the number of successful switching out of at least 50 attempts of pulse
application for a given set of Jum, 7, and H,. The antiferromagnetic ordering is initialized by
applying 0.1-s pulse current with an amplitude of 42 MAcm™ under uoH, = 300 mT.

Figures 3, A-D, show the P vs. Jum for z=0.1, 0.2, 0.3, and 1.0 ns, respectively, under uoHx =
0 and 300 mT. A general tendency for the case with poHx = 300 mT is that P initially increases
with Juwm, reaches 1 and starts decreasing as Jum further increases. The range of Jum achieving P =

1 expands with a reduction of 7. This observation indicates that the antiferromagnetic order
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acquires a lower probability to switch back to the original state with the shorter pulse widths.
Under a longer and larger pulse, the chiral antiferromagnetic order experiences a larger driving
force to rotate for a longer time, resulting in less predictability for the final state. For goHx =0 mT,
non-deterministic behavior (P ~ 0.5) above a threshold is observed at 7 = 1.0 ns as expected from
Fig. 2B; interestingly, there is a P =1 range at t =0.1 and 0.2 ns, achieving all-electrical switching,
which at this timescale has been seen only in current-induced heat driven reversal of GdFeCo (45).

The dependencies of P on 7, Jum, and Hy are summarized by two-dimensional color maps in
Fig. 3, E-H. In the regions where Juwm is sufficiently large (the upper regions of the color maps), P
oscillates with 7 between relatively high values (switched regions) and relatively low values
(switched-back regions). At uoHy =0 mT (Fig. 3E), we confirm a periodic appearance of switched
and switched-back regions at least seven times as labeled by the arrows, indicating a highly
coherent rotation of chiral-spin structure in the 50 trials. The oscillation of P becomes less
appreciable as 7 increases. The switched and switched-back regions are shifted toward the right
side (longer 7) with decreasing Jum. As poH, increases from 0 to 300 mT, the switched (switched-
back) regions expand (shrink). This is because the in-plane magnetic field breaks the +x symmetry,
assisting the “up” to “down” spin rotation (switching) and hindering the “down” to “up” rotation
(switching-back).

The switching and switching-back processes through the coherent chiral spin rotation are
schematically illustrated in Fig. 3 I and J. It is theoretically predicted that the frequency of the
SOT-driven chiral spin rotation increases with Juwm (28). Exploiting this unconventional current
dependence of the antiferromagnetic dynamics, the switching and switching-back of the
antiferromagnetic order can be all electrically controlled by current pulses with 7 ~ (2N-1) 7180 and
2Nt180, respectively, where N is a positive integer and 71go is the time period for 180° rotation under

the given Jum. In Fig. 3, E-H, the first, second, ..., N-th switched (switched-back) regions therefore
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correspond to the coherent chiral spin rotation being completed one, three, ..., 2N-1 (two, four, ...,
2N) times. This is consistent with our numerical calculation considering the SOT-driven chiral-
spin rotation in a single-domain antiferromagnet without any thermal assistance (Fig. S6). The
calculation also shows that the switching characteristic is insensitive to the rise and fall times of
the pulse (Fig. S7), indicating a minor impact of the thermally-assisted SOT (25, 26) in our
experiment. Notably, although the experimentally observed switching characteristic may appear
to be similar to the ferromagnetic switching by a short electric-field pulse (46, 47), our scheme for
the antiferromagnetic system does not require an external magnetic field.

Next we demonstrate the reproducibility of the field-free switching based on the coherent
driving of the chiral-spin structure. We repeat the write-and-read cycle 1,000 times at zero field,
where a writing current pulse of 7 = 0.1 ns and Jum = 112 MA cm™ is utilized. Figure 3K shows a
portion of the data, with Ru varying with the pulse number; the full results are shown in Fig. S8.
It clearly manifests the full switching of the antiferromagnetic state taking place at each pulse
application. We observe no error in the 1,000 attempts thanks to the high coherence of the chiral-

spin dynamics.

Switching current density vs. pulse width

We now study the switching in more detail, and start by examining the dependence of the
switching current density Jc on the pulse width 7. Here, Jc (7) is defined as the value of Jum at
which P first reaches 0.5 at fixed 7. Figure 4A shows the measured r dependence of Jc for each H,.
The presence of H. diminishes Jc because in the current configuration H, assists the switching, as
discussed in the previous section. We find that reducing 7 from 1 to 0.2 ns (0.1 ns) leads to an
increase in Jc by a factor of about 1.2 (1.4). This increasing rate is markedly lower than for
ferromagnetic switching. For example, in a three-terminal magnetic tunnel junction comprising of

Ta/W/CoFeB/MgO designed to be switched by both spin-orbit and spin-transfer torques, the
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reduction of 7 from 1 to 0.2 ns was reported to result in an increase in Jc by a factor of about 2.6
(39). A similar significant increase in Jc was also reported in a perpendicularly magnetized
Pt/Co/AlOx nanodot (36), multilevel magnetization switching in exchange-biased Pt/Co/Ir-Mn
(48), field-free SOT switching in a CoFeB/Ti/CoFeB nanodot (49), and SOT-driven domain wall
motion in ferrimagnetic Co-Gd (50). In the case of ferromagnetic switching by the conventional
spin-transfer torque or the so-called Type-Y SOT switching (35, 6), the rate of Jc increase is even
higher (35, 37-39). A thorough comparison of the pulse width dependence of the switching current
density reported in previous studies on ferromagnets and this work is shown in Fig. S9, showcasing
a qualitative difference between the ferromagnets and chiral antiferromagnets. The physical
mechanism behind the greater suppression of Jc in Mn3Sn can be mainly attributed to the inertial
nature of the chiral spin rotation, a universal property of antiferromagnetic dynamics. This is

discussed in more detail later in theoretical considerations.

Rotation frequency vs. current density

In this section, we evaluate the frequency froc of the chiral spin rotation in the Mn3Sn nanodots
with respect to the applied current. For this purpose, we extract the P vs. 7 at uoHx = 0 mT for
various Jum shown in Fig. 3E. In Fig. 4B, we show P vs. 7 at Jum = 104 MA cm™ as an example,
where seven peaks are identified in the oscillation of P. We evaluate frot from the 7 interval between
the first and last peaks. Results of the P vs. 7 evaluated in the same fashion for various Jum are
summarized in Fig. S10. We note that, because of the inertial nature in antiferromagnetic dynamics
that will be discussed later, fro may not be a quantitatively very accurate indicator of the actual
frequency of the chiral spin rotation. However, the Jum dependence of fioc (Fig. 4C) displays an
important physical feature: fro increases with Juwm, consistent with the theoretical prediction (26,
51). This tunability of the frequency with the current could lead to a different type of electrically

tunable spintronic oscillators, in contrast to the conventional ones, where ferromagnetic resonance
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is the basic working principle and thus the frequency of the spin dynamics is intrinsic to the system

determined by material parameters such as the magnetic anisotropy (/1, 46, 52, 53).

Theoretical Considerations

Now we theoretically show that the threshold current density with a given pulse width is almost
universally lower in antiferromagnets than in ferromagnets in sub-ns regime, because of the inertial
nature of the former’s equation of motion. The magnetization of a ferromagnet obeys the Landau-
Lifshitz-Gilbert (LLG) equation, a first-order differential equation in time. In contrast, the
dynamics of the angular variable 8 of the antiferromagnetic order parameter in the kagome plane
is described by a second-order differential equation in time (54, 55), (yHg) 1020 = —ad,0 —

YHTK sin 20 — yHg; the left-hand-side is the inertial term with y the gyromagnetic ratio and Hg the

effective field associated with the antiferromagnetic exchange coupling. The three “forces” on the
right-hand-side originate from, respectively, the damping torque on each sublattice magnetic
moment with a the Gilbert damping constant, the uniaxial anisotropy characterized by the
effective field Hg, and the SOT with Hg the Slonczewski-like effective field. The
antiferromagnetic dynamics are therefore mathematically described as a point mass moving in
potential hills arising due to the magnetic anisotropy. For successful antiferromagnetic switching,
the point mass needs to be supplied with sufficient kinetic energy by the SOT to overcome the
potential barrier, and the pulse width can be shorter than the time it takes for the point mass to pass
through a peak of the potential (30, 37). In our present experiment, the observed antiferromagnetic
advantage over ferromagnets can be attributed to the role that the a term plays in the
antiferromagnet, i.e., a frictional force that resists the dynamics of 8. Smaller a, therefore, can

generally lead to faster and more energy-efficient driving of €, hence to smaller /¢ (7). This is in
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stark contrast to the ferromagnetic SOT-switching with the injected spin orthogonal to the
magnetization (3,6), where Jc(7) depends little on a (56).

In Fig. 5, the a dependence of Jc(7) obtained by numerical simulations are shown for three
different 7, where we computed the dynamics of the magnetization (sublattice magnetic moments)
for a ferromagnet (antiferromagnet). The details of the calculations are given in Sections S6 and
S11-14 of (40). For the antiferromagnet, the parameter values are chosen to reproduce our
experimental results with Mn3Sn. To give a fair comparison between the two systems, for the
ferromagnet we employed parameter values that give the same effective magnetic anisotropy
energy and Slonczewski-like SOT as for Mn3Sn. For the unrealistically large a = 1, /() takes
similar values for the antiferromagnet and ferromagnet. As a decreases, Jc(t) for the
antiferromagnet is linearly reduced until it hits the minimum value to overcome the energy barrier
(~64 MAcm™), whereas for the ferromagnet it exhibits little dependence on a. As a < 1 for most
magnetic materials of interest, Jc(t) is significantly and almost universally smaller for
antiferromagnets. The experimental /¢ (7) is reproduced quantitatively by the simulation with @ =
0.002 (Fig. S11). Because the discussion here is based on the fundamental inertial nature of
antiferromagnetic dynamics, it holds true with any driving forces including spin-transfer torque (/,
35, 39) and electric field-induced driving (46, 47). Furthermore, it was found that
Jc(t) monotonically increases with Hy (Fig. S12). We also find that /() for the antiferromagnet
is insensitive to Hg (Fig. S13), confirming that the exchange-enhanced effect has a minor impact
here. Dependencies of J-(T) on some other micromagnetic parameters are also shown in Fig. S13,
demonstrating that our conclusions are quantitatively robust against changes in those parameters.
Simulated antiferromagnetic dynamics in time domain with several different pulses are given in

Fig. S14.

Discussion and Outlook
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In this work, we show a GHz-range electrical coherent driving of a chiral antiferromagnet
under the spin-orbit torque using Mn3Sn nanodots. The results were consistently described by
coherent dynamics of the chiral-spin structure with an electrically tunable rotation frequency.
Using this scheme, we demonstrate a highly reproducible, field-free GHz switching of the chiral
antiferromagnet. We also show that the driving current for the antiferromagnet is much less
sensitive to the pulse width in the high-speed regime, owing to the inertial spin dynamics that is
universal to antiferromagnets in general. Furthermore, the switching field of Mn3Sn nanodot, 350
mT in this work, is one to two orders of magnitude larger than the ferromagnetic counterparts (3,
6, 39, 57) owing to the vanishingly small magnetization in Mn3Sn and the correspondingly small
Zeeman energy splitting, offering high robustness against external field. Our results
experimentally show the advantage of antiferromagnetic spintronics over the conventional

ferromagnetic counterpart.
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Figure legends:

Fig. 1. Sample layout and measurement system. The system is used for electrical control of
coherent antiferromagnetic chiral-spin rotation in Mn3Sn nanodot. (A) Illustration of Hall device
with a Mn3Sn nanodot and a W/Ta channel. (B) Scanning electron microscopy image of a
fabricated Hall device. (C) Schematic of the Hall device, coplanar waveguide, and measurement
system. (D) A transmitted waveform of the applied pulse of 0.1 ns. The measurement is

performed at room temperature.

Fig. 2. Field- and SOT-induced switching of a Mn3Sn nanodot. (A) Ry-H7 curve of prepared
Mn3Sn nanodot. (B), (C) In-plane magnetic field dependence of Ry-Jum curves for pulse width z
of 100 ms and 0.1 ns, respectively. (D) Ru-Jum curves for various 7. Both Ry-H and Ru-Jum
curves are measured for Mn3Sn nanodot with a nominal diameter of 200 nm. The measurement is

performed at room temperature.

Fig. 3. Switching probability and field-free switching. (A)-(D) P versus Juwm for various 7. (E)-
(H) 2D mapping of P versus Jum and 7 for various in-plane magnetic field H.. The red and blue
arrows above (E) point at switched and switched-back regions through coherent chiral-spin
rotation, respectively. The numbers without (with) the prime symbol denote 180° coherent chiral
spin rotation being completed one, three, ..., 2N-1 (two, four, ..., 2N) times. (I), (J) schematic
illustration of switching and switching-back process through controlling the coherent chiral-spin
rotation of Mn3Sn by short current pulse of 7 ~ (2N+1) 7180c and 2N7130, respectively. &and 7150
denote the angle of the antiferromagnetic order parameter in the kagome plane and the time

period for 180° rotation under the given Juwm, respectively. (K) Pulse number dependence of Hall
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resistance in Mn3Sn nanodot at zero magnetic field. Here, current pulse Jum = 112 MA cm™ and

7= 0.1 ns is applied to the Hall devices. The measurement is performed at room temperature.

Fig. 4. Relationship among pulse width, amplitude and switching properties. (A) 7
dependence of switching current density Jc for various Hy. (B) P vs. 7 for Jum = 104 MA cm™.
(C) Current dependence of chiral-spin rotation frequency fror. No magnetic field is applied for (B)
and (C). More details on fro , including the definition of the error bars, are found in Section S10

of (40).

Fig. 5. Numerical calculation of switching current. (A)-(C) Calculated switching current
density versus Gilbert damping constant in chiral antiferromagnet and ferromagnet for =1, 0.1,

and 0.01 ns, respectively.

20
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Materials and Methods

Samples
The stack was deposited on MgO(110) single crystal substrate by magnetron sputtering. The

MgO film layer was deposited by radio-frequency magnetron sputtering and other layers were
deposited by DC magnetron sputtering. Mn3Sn film is deposited through the co-sputtering of Mn
and Sn targets. The deposited stack consists of, from the substrate side, W(2 nm) / Ta(3 nm) /
Mn3Sn(20 nm) / MgO(1.3 nm) / Ru(1 nm). MgO was deposited at room temperature, whereas W,
Ta, Mn3Sn, and Ru were deposited at 400 °C on a heated stage. The base pressure of sputtering
chambers was less than 1.0x10° Pa. The film was annealed at 500 °C for an hour in a vacuum after
the deposition. The Mn composition in the Mn3Sn layer is obtained to be 76.8% by inductively
coupled plasma-mass spectrometry. The prepared stack was processed into nanodot Hall devices.
First, the dot was patterned by electron beam lithography and Ar ion milling. During the milling,
we monitored the secondary ion mass spectra and stopped the milling when the Sn signal from the
Mn3Sn layer disappeared. After the milling, Ta(3 nm) / Ru(l nm) was deposited using DC
magnetron sputtering to protect W(2 nm) / Ta(3 nm) underlayers from oxidation. Next, the W/ Ta
/ Ru channel was formed by electron beam lithography and Ar ion milling. Then, electrodes made
of Cr(5 nm) / Au(100 nm) film, attached to the channel, were formed using electron beam
lithography and liftoff. Finally, the coplanar waveguide and contact pads for probing Hall voltage,
made of Cr(5 nm) / Au(100 nm), were formed using photolithography and liftoff. After fabricating
Hall dot devices, we captured their images using a scanning electron microscope (Fig.1B of the
main text). The standard deviation between the actual and nominal device sizes is obtained to be
about 15 nm.

Experimental Setup

The structure properties of the prepared stack were characterized by the X-ray diffraction
measurement using a Bruker X-ray diffractometer. A Cu-Kol X-ray was used in the
diffractometer with a wavelength of 1.54056 A. All electrical measurements were performed at
room temperature using a probing station with the measurement circuit depicted in Fig. 1C. The
out-of-plane or in-plane magnetic field can be applied by electromagnets in the probing station. A
current source (Yokogawa; Model GS200) was used to apply DC current into the channel and the
Hall voltage was measured by a nano-voltmeter (Keithley; Model 2182A). A DC current with a
magnitude of 100 pA was supplied when measuring the Hall voltage of the nanodot device. Short
pulse voltages of 0.1-10 ns were applied from a pulse generator (Agilent; Model 81134).
Transmitted waveforms of the injected pulse are monitored through an oscilloscope (Agilent;
Model DSOX93204A) with an internal impedance of 50 Q2. After the electrical switching of Mn3Sn,
a pulse current of 0.1 s was applied from the current source to initialize the spin ordering.

Supplementary Text

S1. Structure properties of Mn3Sn film

To characterize the structure properties of the prepared stack, we perform the X-ray
diffraction (XRD) measurement using a Bruker X-ray diffractometer. Figure S1A shows the
obtained pattern of out-of-plane XRD measurement in the blanket film. The (1100) and (3300)
super lattice peaks D01o-Mn3Sn are observed in addition to the (2200) and (4400) fundamental
peaks, indicating the (1100) (M-plane) orientation of D019-ordered phase, which is consistent
with previous studies (28, 41). The ¢ scan patterns for MgO substrate and the Mn3Sn layer are

2



shown in Fig.S1B, indicating the epitaxial growth of M-plane ordered Mn3Sn. The epitaxial
relationship can be described as MgO(110)[001] || Mn3Sn(1100)[0001].

S2. Transmitted waveforms of sub-ns ~ ns pulse voltage

To evaluate the magnitude of applied pulse current flowing into the nanodot Hall bar device,
transmitted waveforms of the pulse are measured by the oscilloscope. Figure S2 shows measured
waveforms for various nominal pulse widths rand input voltage in the pulse generator. We confirm
that the amplitude of transmitted pulse voltage Vosc decreases at shorter 7. The magnitude of pulse
current / can be obtained as Vosc/Rosc, where Rosc (= 50 QQ) denotes the internal impedance of the
oscilloscope.

S3. Evaluation of shunt current in nanodot device

We prepared nanoscale Hall devices with W(2 nm) / Ta(6 nm) / Ru(1 nm) channels and
nanodots consisting of W(2 nm) / Ta(3 nm) / Mn3Sn(20 nm) / MgO(1.3 nm) / Ru(1 nm). Figure
S3A is the schematic illustration of the prepared device. We note that Ta(3 nm) / Ru(1 nm) films
are deposited after milling Mn3Sn nanodots. To evaluate the current density flowing into W(2
nm)/Ta(3 nm) layers under Mn3Sn nanodots, we consider an electric circuit as shown in Fig.S3B.
Here, Rch denotes the resistance of channel regions, Rpo: the resistance of dot, and Ry the
resistance of intersection regions of W/Ta/Ru channel and Hall probe. Considering the parallel
resistance model, the conductance of each region can be approximately estimated as

1 w tCh tCh tCh
_~_Ch<£ fra | tra) (S1A)
Rch  len \Pw  Pra  Pru
1 tDot tDot tDot
~< W Ta ol (S1B)
Rpot \Pw  Pra  PMnssn
1 w tChannel tChannel tChannel
~ Int ( W + Ta + Ru , (SlA)
RCross lInt Pw PTa PRu

where wy is the width of X region, Iy the length of X region, t¥ the thickness of Y layer in X
region, and py the resistivity of Y layer. Here, we assume the square-shaped dot with the effective

Vr
Wchannel ~— D

length of \/Z—ED. Following this assumption, wy,; and lj,; can be expressed as and

NG
WPr+EZD, respectively. Here, the resistivities of each layer are assumed as pw = 60.2 pQcm, pra
=122.8 pQcm, pvinssn = 333.3 pQcem, and pry = 36.2 nQcm (28) to evaluate the device resistance.
The procedure for evaluating the resistivities of W, Ta, and Mn3Sn is given in Supplementary Text
4. Due to the oxidation of Ta layer after milling Mn3Sn nanodot, we assume that 3-nm-thick Ta
layer is insulated in the W(2 nm) / Ta(6 nm) / Ru(1 nm) channel and intersection regions. Using
egs. (S1A), (S1B), and (S1C), we evaluate the shunt current density flowing W/Ta layer in the dot
region.

S4. Evaluation of the layer resistivities




To evaluate the layer resistivities in the stacks, we measure the sheet resistance of blanket
films by a four-probe method. We prepared three series of stacks consisting of, from substrate
side, W(tw)/MgO(1.3 nm)/Ru(1 nm) (Series A), W(2 nm)/Ta(¢1a)/MgO(1.3 nm)/Ru(1 nm) (Series
B), and W(2 nm)/Ta(3 nm)/Mn3Sn(tmn3sn)/MgO(1.3 nm)/Ru(l nm) (Series C) by magnetron
sputtering, where fw, f1a, and tmn3sn denote the layer thicknesses of W, Ta, and Mn3Sn, respectively.
All films are deposited on MgO(110) substrate. The dependencies of the sheet conductance Gs on
the layer thicknesses for series A, B, and C are summarized in Fig.4S. The resistivities are
determined through the linear fitting of Gs versus the layer thicknesses. We obtain the layer
resistivities as pw = 60.2 uQcm, pra = 122.8 uQcm, and pvinsn = 333.3 uQem, which are used to
estimate the shunt current in the nanodot devices.

S5. Measurement of switching probability in Mn3Sn nanodot

In Fig.3A-H, the results of SOT-induced switching probability P as a function of current
density Jum, pulse width 7, and in-plane magnetic field Hx are displayed. Here, we describe the
procedure for measuring P in chiral-antiferromagnetic Mn3Sn nanodot. First, the antiferromagnetic
chiral-spin structure is initialized to low Ry state by applying pulse current with 7 of 100 ms and
Jum = 42 MA cm under mHx = 300 mT, followed by measuring Hall resistance Ry under DC
current density of 3.8 MA ¢cm™. The 100 ms-pulse and DC current is generated from the current
source connected to the DC port of the bias-tee (see also Fig.1C of the main text). Next, current
pulse with the opposite polarity is applied to induce the switching under applied poHx of 0, 100,
200, or 300 mT. Then, Ru is measured to check whether the spin structure of Mn3Sn nanodot is
switched. We repeat the measurement at least 50 times for each Juwm, 7, and Hx to evaluate P. Figure
S5A-C show the distributions of Ry versus Juwm after the injection of single pulse with 7 of 0.10,
0.15, and 1.0 ns, respectively, under no external magnetic field. Ry exhibits the binarized states of
high and low resistance. Figure S5D displays the histogram of measured Ry after initialization,
which confirms that there are no initialize errors. The two-dimensional color maps of Fig. 3E-H
are displayed with linearly interpolated values of experimental P versus Jum and 7.

S6. Calculation of chiral antiferromagnetic dynamics and switching phase diagram

We model Mn3Sn by a three-sublattice antiferromagnet, with each of the magnetic sublattices
A, B and C carrying a common saturation magnetization Mg. The classical unit vector my
represents the sublattice magnetization direction in the sublattice A, and similarly defined are mp
and mc. Now we introduce antiferromagnetic order parameters (54).
_my+mp—2mg -my + mp

n, = , n, =
1 3\/5 2 \/g

When lm| = % |my + mg + m¢| < 1, i.e., the sublattice magnetizations make a nearly perfect

triangular structure, it can be shown directly from the above definitions that n;-n, = 0 and

1 i . . . ;
In,| = |n,| = Neh As y-n,; X n, < 0 for the inverse triangular spin structure in Mn3Sn, it suffices

to track either m; or n, for describing the time evolution of the antiferromagnetic order. In the
simulation below, we start from an initial state with n, || +z, and the magnetic state is considered
as “switched” if n; || —z is reached after an electric current pulse is applied and then turned off.
We assume spatial homogeneity in the magnetic structure and the magnetic energy density given
by



Upp = Jex(My -mp + mp -me + m¢-my) — Dy - (my X mp + mg X m¢ +mg X my)
2 K 2
-K anA,B,C(eZ ) mTI) - ?ZZn=A,B,C(eZZ ' mTl) ’

where Jox (> 0) is the antiferromagnetic exchange coupling constant, D (> 0) is the homogeneous
Dzyaloshinskii-Moriya coupling constant, K (> 0) is the magnetic anisotropy constant originating
from the local crystalline symmetry with e}} being the unit vector along the easy axis for m,, and
K,(> 0) phenomenologically describes the uniaxial anisotropy for n; along the z direction with
ezz the unit vector representing the corresponding easy axis for m,,. Here we set the x, y and z

axes along [1120], [0001] and [1100], respectively, of Mn3Sn. The explicit expressions of ez and
n A

ey~ are; eg= (cosz?n,o, sinz?”) , es = (cos%n,o, sin%ﬂ) , ez =(1,0,0) , eg =
(cos%,O, —sing), ex = (- cos%,O,—sing), and ef = (0,0,1).

The sublattice magnetizations m, (n = A, B, C) are assumed to obey coupled Landau-
Lifshitz-Gilbert (LLG) equations,

om, om,
= —ym, X H, + am, X — — ym, X (m, X Hy),

at at
. . . . . . 1 du .
where y is the gyromagnetic ratio, a is the Gilbert damping constant, H, = —M—# is the
somy
. : . 119 . . .
effective magnetic field acting on m,,, and Hg = 5261{4 H’Z y is the current-induced Slonczewski-
S

like effective field with 9 and d denoting, respectively, the spin Hall angle of the heavy metal
layer and the film thickness of the Mn3Sn layer. The factor % in H reflects the sublattice symmetry

where the spin current injected into Mn3Sn is transferred equiprobably to each of the three
magnetic sublattices.

It is challenging to experimentally measure some of the parameters, such as the local
anisotropy K and the DMI constant D. However, there are theoretical relations that these
parameters must satisfy (55). First, in order for the inverse triangular spin structure to be stable,
the relation /o, > D > K has to be satisfied. Second, the uncompensated small magnetization m
is given by |m| = MK /] .. These relations greatly narrow down the ranges of values that K and
D can take, while J.4 and K, have been experimentally evaluated in Mn3Sn nanodots (43), and Mg
can be estimated from the magnetic moment caried by each Mn atom. Based on these reasonings,
we employ the following parameter values; y = 1.76 X 101! HzT"!, Mg = 0.55 T, Jox = 6.2 X
107 Jm3,D = 6 X 10 Jm3, K = 3.8 X 10° Jm?3, K, = 3.4 x 102 Jm>, « = 0.002, d = 20 nm,
and ¥ = 0.033. In the calculations shown in Fig. 5 of the main text, we use the same parameter
values as here, except for a (we examine the a dependence of J¢(7) in Fig. 5).

We investigate the current-driven dynamics of Mn3Sn by numerically solving the Landau-
Lifshitz-Gilbert equations. Displayed in Fig. S6 is the calculated switching phase diagram against
the pulse amplitude Jum and width 7. We find a quantitatively good agreement with the
experimental result in Fig. 3E. Because of the absence of thermal effects in the calculation, the
boundaries between the switched and switched-back regions are sharply defined, i.e., deterministic
switching/switching-back with given (Juwm, 7).



S7. Pulse-shape dependence of the switching current density

Here we numerically investigate impacts of the pulse shape on Jc(t). The same parameter
values as in S6 are used, and the results are shown in Fig. S7. We take the pulse shapes so as the
total amount of the spin angular momentum injected into Mn3Sn to be kept unchanged, to examine
the effects purely originating from the pulse shape.

S8. Dependence of switching on writing pulse number

As shown in Fig.3K of the main text, we demonstrate a part of the field-free switching 1,000
times by single pulse current through the control of coherent chiral-spin rotation in Mn3Sn nanodot.
This section describes the result of all-electrical switching 1,000 times in the same nanodot device.
The pulse current of 7= 0.1 ns and Jum = 112 MA cm? is applied under Hx = 0 mT as well as
Fig.4A of the main text. Figure S8 shows the pulse number dependence of measured Ry for pulse
number ranges of 1 to 1,000. We confirm the binary switching 1,000 times in succession by single
pulses with no write error, which had not been realized in previous studies using antiferromagnet-
based devices.

S9. Switching current versus pulse width: Comparison with other ferromagnetic and
ferrimagnetic systems

The SOT-induced switching current density Jc versus pulse width in Mn3Sn nanodot 7 shows
a small increase rate of about 1.4 times by reducing 7 from 1 to 0.1 ns [Fig.4A of the main text].
Here, we show the results of a quantitative comparison of switching current Ic versus 7 between
chiral antiferromagnet and ferromagnet-based devices studied in previous works. Figure S9 shows
7 dependence of the switching current /c normalized by /Ic at 7~ 1 ns in chiral antiferromagnetic
Mn3Sn nanodot and other ferromagnetic nanoscale devices and ferrimagnetic wire (3538, 49, 50)
Type-X (39) and type-Y (37-39) denote in-plane magnetized ferromagnet (FM) / heavy metal
(HM) systems whose magnetic easy axes are orthogonal and parallel to the generated spin
accumulation vector, respectively. Type-Z (36, 49) represents FM/HM system with an out-of-
plane magnetic easy axis. ¢ is an angle between the current direction and magnetic easy axis (38).
Therefore, ¢ = 0° and 90° correspond to Type-X and Type-Y systems, respectively. SOT+STT
denotes the combined systems using both SOT and spin-transfer torque (STT) induced by spin-
polarized current from another magnetic layer. In the chiral antiferromagnet-based SOT device,
the increase of Ic/Ic(7~ 1 ns) by reducing 7 shows smaller values than other ferromagnet systems
owing to the inertial nature of antiferromagnetic excitations.

S10. Determination of the rotation frequency in chiral antiferromagnet from switching
probability

To obtain the chiral-spin rotation frequency frot, we estimate the rotation period and number
of oscillation peaks in evaluated switching probability P versus pulse width 7. Figure S10 shows
7 dependence of P for different current densities Jum. The P curves exhibit damped oscillation
behavior with respect to z. We then estimate the 7 distance between the first and last peaks of the
oscillation. By reducing Jim from 104 to 77 MAcm™, the number of observed peaks decreases
from 7 to 3, corresponding to the estimated 7 distance of 12 7130 and 4 7130, respectively, where 7150
is half value of the period of coherent chiral-spin rotation. Then we evaluate the Jum dependence
of frot as shown in Fig.4C in the main text.




We also note that the oscillation speed appears to slightly increase with z. It may be attributed
to the effect of thermal activation and variation of the pulse shape with 7. Accordingly, the error
bars in Fig. 4C are provided to represent the lower and upper limits of fr, where the lower (upper)
limit is estimated from the second and first (the last and the second to the last) peaks.

S11. Dependencies of the switching current density on micromagnetic parameters

Here we numerically investigate the dependencies of the current-driven Mn3Sn dynamics on K,
Jex>» D, and K. In the following, the same parameter values as in S6 are used, unless otherwise
stated. First, we show J.(7) in Fig. S11, where J.(7) is defined as the value of [, at which 180-
degree switching is observed with the given 7. For a comparison, numerical results for two
ferromagnetic cases (FM-1 and FM-2) and our experimental results are also shown in Fig. S11;
For FM-1 we take similar parameter values to Mn3Sn to clarify fundamental differences between
the two systems, while FM-2 assumes parameter values more relevant to realistic ferromagnetic
materials (details of the ferromagnetic simulation are given in S14).

Figure S12A shows J.(7 = 0.1ns) and J.(t = 0.01ns) as functions of K, for Mn3Sn. The
results for FM-1 are shown for a comparison in Fig. S12B. Given in Fig. S12C are the results in
the DC limit, i.e. J.(T = o), for Mn3Sn. Note that, in the DC limit, what we actually observe is
not 180-dgree switching but the continuous chiral spin rotation. It is seen that J.(T) increases
monotonically with K, as expected.

In Fig. S13, we demonstrate the /o, D, and K dependencies of /.(7). A general tendency
is that, as 7 is decreased, the dependencies of J.(7) on the micromagnetic parameters become more
appreciable. With the pulse as short as 7 = 0.001 ns, however, the dependencies on the
parameters are still negligible.

S12. Numerical calculation of antiferromagnetic order dynamics in time domain

In Fig. S14, we show numerical results for the evolution of n;. (the definition of the
antiferromagnetic order vector n, is given in S6) in time, under several different pulse amplitudes
Jum. Here, the pulse length 7 is fixed to 0.1 ns. Note that the length of the vector n, is =~ 1/v2,
as can be straightforwardly shown from its definition. The threshold current densities Jc(7 =0.1ns)
for 180-degree and 360-degree rotations are ~89 MAcm™? and ~152 MAcm™, respectively. It is
seen that, except for when Jum = Jc, switching is completed at around 0.1 ns after the pulse
application.

S13. Connection between simulation and analytical model
We briefly touch upon the relation between the coupled LLG equations for the sublattice
magnetizations m,, and the equation of motion for the antiferromagnetic order discussed in the

main text. With the aid of the assumptions |m| « 1 and m%' « 1Vn, the order parameter n, can
be approximately described by a single parameter 8 as n, = % (sin@, 0, cos 0). In the absence of

external magnetic field, the closed equation of motion for € can be derived at the first order of m

as in the main text (55). with Hg = 31‘{1“ and Hy = 32 AI;Z.
s S

S14. Numerical calculation of ferromagnetic dynamics




For a ferromagnet, we solve the LLG equation of the same form as in the last section, but for
the single magnetization m instead of the sublattice magnetizations m,. The magnetic energy

density is assumed to consist only of the uniaxial magnetic anisotropy; ugpy = —K,m2. The

9 Jum .
rensa)" In Fig. 5 of the

main text, we adopt Mg = 0.55 T, K, = 3.4 X 102 Jm>, d = 20 nm, 9 = 0.033, y = 1.76 X
10 HzT', and w|H,| = 1 uT. The same parameter values and @ = 0.002 are used for FM-1 in
Fig. SI11 and S12 (K, is varied in the latter). For FM-2 in Fig. S11, Mg = 1.093 T, K, =
435 % 10°Jm>,d = 0.6 nm, 9 = 0.4, a = 0.002, y = 1.76 x 10! HzT"!, and u|H,| = 91 mT
(36).

current-induced Slonczewski-like effective field is now given by Hg =



A _ B[ 7 7 “mnSn@on’
= =
=) =}
£ émmn/w\vmmm
s s
2 > MgO{100}
2 2
2 2
= =
20 30 40 50 60 70 80 90 0 90 180 270 360
20 (deg) ¢ (deg)

Fig. S1. Structure properties of W(2 nm) / Ta(3 nm) / Mn3Sn(20 nm) / MgO(1.3 nm)
heterostructure. (A) Out-of-plane XRD pattern of the prepared stack. (B) ¢ scan patterns for
MgO{100} and Mn3Sn{2201}.
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Fig. S2. Transmitted waveforms of applied pulse voltages. (A)-(L) Time dependence of
transmitted voltage Vosc for various pulse width. The nominal amplitude of pulse voltage is 800
mV.
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Fig. S3. Evaluation of shunt current in nanodot device. (A) Sample layout of the prepared
nanodot Hall device. (B) The modelled electrical circuit for evaluation of the current density
flowing into heavy metal layers under Mn3Sn nanodot.
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Fig. S4. Evaluation of layer resistivities. (A) tw, (B) #1a, and (C) tmn3sn dependence of the sheet
conductance Gs in the prepared stacks. The symbols denote the experimental data and the green
solid lines are the best fitting lines.
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Fig. S5. Measurement of switching probability P versus Jum and 7. (A)-(C) Distributions of
Hall resistance Ry versus Juwm after the injection of single pulse with 7 of 0.10, 0.15, and 1.0 ns,
respectively, under no external magnetic field. (D) The histogram of measured Ry after
initialization of Mn3Sn nanodot.
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Fig. S6. Calculated switching phase diagram in chiral antiferromagnet at zero field. The black
circles represent the switching current densities, numerically obtained with given pulse lengths

7 (for 180°,360°, 540°, ... switching from below). The red and blue regions represent the switched
and unswitched/switched-back regions, respectively.
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Fig. S7. Calculated pulse-shape dependence of the switching current densities. (A) The shape
of the pulse current employed in the simulation here, with the rise and fall times Az. The calculated
switching phase diagrams for (B) A7 = 0 and (C) 47 = 30 ps, where the red and blue regions
correspond to the switched and unswitched/switched-back regions, respectively. The white regions
are uncalculated regions. (D) The ratio of Jc(t) with A7=30 ps to Jc(7) with A7= 0, for 180-degree
switching.
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Fig. S8. Dependence of switching on writing pulse number (A)-(E) Pulse number dependence
of measured Ry for pulse number ranges of 1-200, 201-400, 401-600, 601-800, and 801-1000,
respectively.
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Fig. S9. Switching current versus pulse width. 7 dependence of the /c normalized by Ic at 7=1
ns in chiral antiferromagnetic Mn3Sn nanodot and other nanoscale ferromagnetic and ferrimagnetic
systems.
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Fig. S10. Determination of the rotation frequency in chiral antiferromagnet from switching
probability. 7 dependence of P for various Jum.
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Fig. S11. Numerical calculation of switching current density: Comparison between chiral
antiferromagnet and ferromagnet. Calculated Jc versus 7in Mn3Sn, FM-1, and FM-2, and the
experimental Jc in Mn3Sn with different in-plane magnetic fields are shown by open symbols.
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Fig. S12. Numerical calculation of switching current density: Dependencies on global
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FM-1. (C) The DC limit (t — o) for Mn3Sn.
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Fig. S13. Numerical calculation of switching current density: Dependencies on
micromagnetic parameters. Calculated Jc versus 7, varying (A) the exchange coupling constant
Jex, (B) Dzyaloshinskii-Moriya coupling constant D, and (C) the local magnetic anisotropy K.
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Fig. S14. Numerical calculation of antiferromagnetic order dynamics in time domain. (A)
Current pulse shape employed in the simulation here, with the fixed width of 0.1 ns. (B)-(H)
Calculated n;, versus ¢, under various pulse amplitudes.
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