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Antiferromagnets have attracted extensive interest as a material
platformin spintronics. So far, antiferromagnet-enabled spin-

orbitronics, spin-transfer electronics and spin caloritronics have
formed the bases of antiferromagnetic spintronics. Spin transport and
manipulation based on coherent antiferromagnetic dynamics have
recently emerged, pushing the developing field of antiferromagnetic
spintronics towards a new stage distinguished by the features

of spin coherence. In this Review, we categorize and analyse the

critical effects that harness the coherence of antiferromagnets for
spintronic applications, including spin pumping from monochromatic
antiferromagnetic magnons, spin transmission via phase-correlated
antiferromagnetic magnons, electrically induced spin rotation and
ultrafast spin-orbit effects in antiferromagnets. We also discuss future
opportunities inresearch and applications stimulated by the principles,
materials and phenomena of coherent antiferromagnetic spintronics.

Spintronics has demonstrated remarkable potential in next-generation
memory and computing technologies?. Owing to the easily acces-
sible magnetic order, ferromagnets became a natural material plat-
form to construct functional devices with prominent spintronic
effects. Magnetic tunnel junctions?, as a representative spintronic
device, store binary information 1/0 using the parallel/antiparal-
lel magnetic orientations of two ferromagnetic electrodes, which
canbe electrically probed by the tunnelling magnetoresistance®and
switched by the spin-transfer torque® or the spin-orbit torque’ (SOT),
corresponding to the reading and writing operations. This enables
magnetic random-access memory with remarkable properties, such
as non-volatility, long endurance and low power consumption com-
pared with its semiconductor-based counterparts’?. On the other
hand, coherent excitations of ferromagnetic order generate spin
waves with timescales and wavelengths down to sub-nanoseconds and
sub-micrometres, respectively, holding promise for the miniaturiza-
tion of microwave processing circuits and the design of wave-based
computing devices®.

Unlike ferromagnets, which play active rolesin spintronic devices,
antiferromagnets had been largely ignored due to their vanishing
magnetization and insensitivity to magnetic fields, posing fundamen-
tal challenges for probing and manipulating the antiferromagnetic
(AFM) order”®. For along time antiferromagnets only worked as passive
ingredients in magnetic tunnel junctions by pinning adjacent ferro-
magnets®. This situation changed drastically after the discoveries of
crucial spin-orbit effects in antiferromagnets, including (tunnelling)
anisotropic magnetoresistance®® and SOT-induced manipulation of
magnetic order”, which can serve as the reading and writing mecha-
nisms of antiferromagnet-based memory. Owing to this functionaliza-
tion, spintronic devices based on antiferromagnets benefit from the
lack of stray fields, thereby avoiding cross-talk, and good immunity
against magnetic perturbations’. Meanwhile, the exploration of SOT
and magnetoresistance effectsin polycrystalline antiferromagnets has
made them more compatible with the current Si-based electronics'>".
Studiesinvestigating the electrical generation of spin current™ " and
spin transfer via incoherent magnons” " provided further insights
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Table 1| Spin structures of some representative antiferromagnets

Spin structure category Crystal and spin structure Magnetic anisotropy Order parameter Additional notes
Collinear Easy axis m,, my; or In the spin-flop phase, mis induced by
[0001] in Cr,O; (left) n=(m,-m,)/2, the applied magnetic field.

[001] in MnF, (right)

m=(m,+m,)/2

Easy plane
(001) in CuMnAs (left)

m;, my; or
n=(m,-m,)/2,

(1) Also referred as biaxial anisotropy.
(2) In the spin-flop phase, mis induced

(111) in NiO (right)

by the applied magnetic field (not
discussed in this Review).

m=(m,+m,)/2

Easy plane (canted) m,, my; or (1) The DMI induces m.
m, 0= (0001) in a-Fe,O4 above the n=(m,-m,)/2, (2) a-Fe, O exhibits an easy-axis phase
=0 _o“&“i.o. Morin transition m=(m,+m,)/2 (sublattice moments collinear with
- O ._o_ [0001]) below the Morin transition (not
_‘::.o. discussed in this Review).
O e
e =0
o=

Non-collinear Easy plane

(0001) in Mn;Sn

m, sn Mn [210] [0007]
=0+ 0

m);:; R4 (i120)

s O o= O <=

/J\qz’

m,, mg, Mg m=(m, + mg + m¢)/3 is induced by the

DMI and the magnetic anisotropy.

Crystal and spin structures adapted with permission from (left to right, top to bottom): ref. "%, Elsevier; ref. “°, APS; ref. ", AAAS; ref. ¥/, Springer Nature Ltd; ref. 7, APS; ref. '°, Japan Society of

Applied Physics.

into AFM spin transport. The above progresses have been the major
driving force of AFM spintronics.

Another critical topicis spintronic effects pertaining to the coher-
entdynamics of AFM order. The dynamics of antiferromagnetsis deter-
mined by the strong exchange interactionand the magnetic anisotropy,
whichintroduce striking phenomena distinct from their ferromagnetic
counterparts. Inthe past few years, a series of spintronic effects origi-
nating from coherent AFM dynamics have been discovered, revealing
an emerging frontier of coherent AFM spintronics that could lead to
ultrafast, wave-based signal processing technologies. In the follow-
ing we will introduce the fundamental spin structures and the unique
dynamics in antiferromagnets, discuss the remarkable progress in
coherent AFM spintronics and provide an outlook on future research
and applications.

Spin structures and magnon modesin
antiferromagnets
Antiferromagnets possess magnetic sublattices with different orienta-
tions of magnetic moments. As the simplest configuration, acollinear
antiferromagnet is usually described by two antiparallel magnetic sub-
lattices, with magnetic moment directions labelled asm;and m, as well
asaNéelvectorn=(m,-m,)/2. Accordingtothe preferred orientation
of n (either along a crystallographic axis or within a crystallographic
plane), collinear antiferromagnets can exhibit easy-axis and easy-plane
anisotropy. In the presence of symmetry breaking factors such as the
spin-flop transition, anapplied magnetic field, and the Dzyaloshinskii-
Moriyainteraction (DMI), m,and m, can be slightly canted®, resultingin
aweaknetmomentm = (m, + m,)/2 perpendicular ton. Thereisanother
family of antiferromagnets with non-collinear magnetic sublattices,
inwhich atleast three vectorsm,, mgand m. are needed to specify the
spin structure®’. We categorize the antiferromagnets to be discussed
inthis Review according to these features in Table 1.

The most common form of elementary excitations in ordered mag-
netic systemsis the spin wave (known asamagnon in quantumdescrip-
tions)—thatis, the oscillation of local magnetic moments around their

Fig.1|Illustration of magnon eigenmodes (uniform modes with zero
wavenumber) in collinear antiferromagnets. a, The circularly polarized LHM
and RHM in an easy-axis antiferromagnet. b, The linearly polarized IPM and OPM
inan easy-plane antiferromagnet.

equilibrium orientations. Unlike ferromagnetic magnons that always
have right-handed chirality and carry finite spin angular momenta
reducing the ground-state ordering, antiferromagnets exhibit more
complicated magnon modes. In easy-axis collinear antiferromag-
nets, m;and m, (as well as n) undergo circular precessions with either
left-handed or right-handed chirality* (Fig.1a). Suchleft-handed modes
(LHMs) and right-handed modes (RHMs) carry finite but opposite spin
angular momentaalong the easy axis and are degenerate in the absence
of external magnetic field”. In contrast, easy-plane collinear antiferro-
magnets exhibit two non-degenerate magnon eigenmodes even at zero
magnetic field (Fig. 1b). The in-plane mode (IPM) comes with a lower
frequency, in which m, and m, undergo highly elliptical precessions
with opposite chirality and their long axes lie in the easy plane?*, lead-
ingtoalinear precessioninnthat carries vanishing spin onaverage 2.
A similar picture applies to the out-of-plane mode (OPM) that comes
with a higher frequency, except that the long axis of the precession
trajectory is perpendicular to the easy plane®>*. Such IPMs and OPMs
areoftenreferred to as linearly polarized modes®**"*, When the sublat-
ticemoments are slightly canted and aweak net moment misinduced,
the main features of the magnon eigenmodes described above are not
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Fig.2|Spin pumping fromsub-terahertz AFM magnons. a, Eigen frequency
versus the applied magnetic field H of uniform-mode (zero wavenumber)
magnonsin Cr,0;. The positive direction of the magnetic field is defined in the
inset schematic of the RHM. b, Spin pumping signalin Cr,0,/Pt (top) and Cr,0,/Ta
(bottom). Under a positive magnetic field, only the RHM is excited on resonance.
¢, Spin pumping signal in MnF,/Pt. The blue and red curves correspond to the

measurements under left-handed and right-handed microwaves, which excite
the LHM and the RHM on resonance, respectively. d, Magnitude of the spin
pumping from Cr,0, as a function of temperature 7. y,, vacuum permeability;
f, microwave frequency; AFMR, AFM resonance; QFMR, quasi-ferromagnetic
resonance; ISHE, inverse spin Hall effect; SF, spin-flop. Panels reproduced with
permission from: a,b,d, ref.**, Springer Nature Limited; ¢, ref.**, AAAS.

affected qualitatively, except that the oscillation of m becomes ellipti-
cal”®?, The dynamics of non-collinear antiferromagnets goes beyond
the simple picture of Fig. 1 and will be discussed in the ‘Electrically
induced coherent spin rotation in antiferromagnets’ section.

Spin pumping from monochromatic AFM
magnons

Asacritical effect thatillustrates how coherent magnons interact with
electrons to generate spin currents, spin pumping was identified in
ferromagnet/heavy metal bilayers®~*>. Monochromatic, in-phase mag-
nonsinduced by the ferromagnetic resonance can transfer spin angular
momentato theelectronsinthe heavy metal, generating a spin current
that flows along the film normal and is subsequently converted into a
charge current via the inverse spin Hall effect. In easy-axis antiferro-
magnets, asimilar phenomenon was proposed whereby a spin current
J, canbe generated coherently from the circularly polarized magnons
at the AFM resonance, expressed as J; = G, (n x A1 + m x ) — G;m,
where G, and G; are the real and imaginary parts of the interfacial
spin-mixing conductance, and the dot over n and m denotes the time
derivative®. While the first two terms both contribute to the d.c. com-
ponent of J, (refs.***), the n x aterm makes the major contribution®,
where the polarity of nreflects the chirality of the magnon (LHM or
RHM) and determines the sign of J..

Spin pumping at the AFM resonance has been experimentally
demonstrated recently in the insulating easy-axis antiferromagnets
Cr,0;and MnF, (refs.>**). In the former, alinearly polarized microwave
at 0.24 THz was applied to Cr,0,/Pt (or Ta) and the inverse spin Hall
voltage V,s,: was measured under an applied magnetic field along the

easy axis®*. When the applied field is below the spin-flop threshold, the
Néelvector nisalongthe easy axis at equilibrium, while the frequencies
of the two circularly polarized magnon modes (LHM and RHM) split
linearly with the field strength (Fig. 2a). Consequently, only the RHM
(LHM) is excited on resonance under the corresponding positive (nega-
tive) field. A finite Vg, appears at the AFM resonance and exhibits dif-
ferentsignsin Cr,0,/Ptand Cr,0,/Ta (Fig. 2b), whichis consistent with
the opposite spin Hall angles of Pt and Ta. MnF,/Pt was also employed
for the spin pumping measurement®, inasimilar configuration to that
inref.**. The main difference is that the driving microwave has change-
ablefrequencies andis circularly polarized with a switchable chirality,
allowing selective excitation of the on-resonance LHM and RHMin MnF,
when the microwave frequency matches the magnon eigen frequency
under an applied magnetic field. As a result, a finite Vg, is detected,
which comes solely from either the LHM or the RHM (Fig. 2¢).
Acritical questionassociated with the spin pumping experiments
iswhether the observed spin current stems from the microwave-driven
coherent magnons or from the thermally driven incoherent mag-
nons, as the microwave radiation and the magnetic resonance can
cause extra thermal excitations® %, In ferromagnet-based devices,
the contributions from coherent and incoherent magnons can be
convoluted because they both own right-handed chirality®***. Owing
to the selective excitation of LHMs and RHMs by the microwave, anti-
ferromagnets make it possible to exclusively investigate the coherent
magnons. In the study on Cr,0; (ref. **), under a positive magnetic
field, the microwave coherently excites the RHM, while the thermal
magnons prefer the LHM due to the lower frequency. The competition
between the coherent RHM and the incoherent LHM leads to a sign
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change in Vg, versus temperature (Fig. 2d). As the spin-dependent
thermal contribution decays rapidly with increasing temperature
(under fixed thermal power)*, the sign of Vg, is consistent with the
RHM in the high-temperature regime, verifying the existence of spin
pumping from coherent AFM magnons. In the study on MnF, (ref.*),
under a circularly polarized microwave that exclusively drives either
the LHM or the RHM, the coherent spin pumping origin is corroborated
by comparing the sign of Vs with the microwave chirality (Fig. 2c). This
measurement unambiguously excludes the thermal magnonsinduced
by the microwave heating because thermal excitations should not have
such a prominent dependence on the microwave chirality.

We now summarize the existing mechanisms of spin current gen-
eration via AFM magnons in addition to the coherent spin pumping.
First we look at the spin Seebeck effect that produces a flow of ther-
mal magnons along a temperature gradient”*°"*>, As discussed above
(Fig. 2a), magnon modes in an easy-axis antiferromagnet are circu-
larly polarized and split linearly with a magnetic field along the easy
axis until the spin-flop threshold. This picture holds even for mag-
nons of finite wavenumbers*. Consequently, under a positive field,
the left-handed branch of magnons has lower frequencies than the
right-handed branch, being more energetically favourable according
to the Bose-Einstein distribution***' and thus determining the sign
of the spin Seebeck voltage. In easy-plane antiferromagnets with a
vanishing net moment, the spin Seebeck signal may have more com-
plicated origins, among which a possible factor is the dynamics of the
surface magnetic atoms*. When the applied field is above the spin-flop
transition, a net moment mis induced at thermal equilibrium, which
undergoes right-handed precession upon thermal agitation and gives
rise to a spin Seebeck voltage'”*°. Moreover, in the spin-flop phase,
microwaves candrive a coherent, right-handed oscillation of m (thatis,
quasi-ferromagnetic resonance), which also generates a Vg Signal***.
This m-induced spin pumping resembles that from ferromagnets.
A similar effect has been observed using a canted antiferromagnet,
easy-plane a-Fe,05, where mis induced by the DMI of a-Fe,O; without
the need forastrong external field***. The critical role of the oscillation
chirality hasbeen further verified by comparing the spin pumping from
theleft-handed oscillation of the Néel vector in an easy-axis antiferro-
magnet, the right-handed oscillation of the DMI-induced min a canted
antiferromagnet and the conventional right-handed oscillationin a
ferromagnet**. As expected, the first scenario has an opposite signin
the spin pumping signal compared with the other two.

To make AFM spin pumping useful from a practical perspective,
the first question is whether it can be achieved at room temperature.
Inexisting studies, the operating temperature was restricted to <150 K,
because of either the low Néel temperature of the material® or possible
magnon scattering at elevated temperatures’. In this regard, a com-
prehensive study on the temperature dependence of coherent AFM
magnons in room-temperature materials is needed. Concerning the
functionalization of antiferromagnet-based devices, the spin pumping
can potentially be utilized to detect external terahertz radiation* and
to probe coherent magnon signals transmitted inan AFM channel, the
latter of which will play amajor rolein terahertz wave-based computing
(see further discussion in the ‘Outlook’ section).

Spin transmission via phase-correlated AFM
magnons

The coherence of AFM magnons can give rise to various interest-
ing effects in spin transmission. A seminal experiment on the AFM
spin transmission was performed using a non-local device geom-
etry, where a pair of isolated Pt electrodes were fabricated as the
spininjector and detector on an insulating easy-axis antiferromag-
net” (Fig.3a). A charge currentin the Ptinjector injects spininto the
antiferromagnet via the spin Hall effect, which populates one of the
two modes (the LHM or RHM) with a broadband spectrum when the
injected spin has a collinear component with the Néel vector of the

antiferromagnet. These non-equilibrium magnons can convey finite
spin over several micrometres, which is detected as Vg at the Pt
detector”. This long-distance spin transmission in easy-axis antifer-
romagnets can be viewed as a natural consequence of the circularly
polarized magnon eigenmodes that carry finite spin. However, the
magnon spin transmission in easy-plane antiferromagnets is much
more non-trivial, as the linearly polarized IPM and OPM do not indi-
vidually carry spin. Indeed, it was commonly thought that antiferro-
magnets with awell-defined easy-plane order are less likely to transmit
spin over along distance?**%*¢*7,

This conventional scheme has recently been challenged by the
experimental observation of long-distance magnon spin transmis-
sion in the collinear easy-plane antiferromagnet a-Fe,0,. By using
the non-local device geometry in Fig. 3a, magnon spin transmission
over a few micrometres has been detected in highly epitaxial films of
a-Fe,0; (ref.¥). The transmission reaches its maximum when the Néel
vectoris collinear with the injected spin (Fig. 3b), confirming the AFM
nature (that is, the Néel vector oscillation, rather than the dynamics
of any net moment) of the observed signal. Coincident effects have
also been acquired in the a-Fe,0, bulk material®. These two stud-
ies””*® propose consistent mechanisms to unveil the rich physics of
a seemingly impossible effect. The injected spin establishes a phase
correlation®**® between the two eigenmodes of the IPM and OPM with
the same frequency, which are superimposed to form an effective
circularly polarized mode carrying finite spin (Fig. 3c). Owing to the
unequal wavenumbers of the IPM and the OPM under afixed frequency
(the difference in wavenumber is defined as Ak, which decreases with
the frequency according to the magnon dispersion relation??%*),
an IPM-OPM pair keeps interfering during propagation, accompa-
nied by a dephasing. Thus, the spin of the effective magnon mode
gradually decays®”*®. This propagation process of two orthogonally
polarized magnons canbe intuitively interpreted as an analogy to the
birefringence effect in optics. The overall spin decay length A should
be an ensemble average of all non-equilibrium magnons weighted
by the Bose-Einstein distribution. As the temperature increases,
higher-frequency magnons (with smaller Ak) become more prominent.
The interfering magnon pairs experience slower dephasing, which
wouldlead to anincreasing A with temperature”. This trend contrasts
with the behaviour of the intrinsic circularly polarized magnons in
ferromagnets*~'and antiferromagnets®®**, serving as a characteristic
feature of the phase-correlated IPM-OPM pairs. This speculationis con-
sistent with the experiment, where the measured Aincreases with tem-
perature up to 225K (Fig. 3d). At even higher temperatures, magnon
scattering becomes dominant and results in a shorter A. Quantitative
agreement on the temperature and magnetic field dependences of the
magnon spin transmission has been obtained between the experiments
and the phenomenological models**,

The concept of the phase-correlated magnon pair can be general-
ized toinduce more striking effects. For example, a pseudospin vector
S associated with the magnon modes in easy-plane «-Fe,0; has been
introduced****. As shown in Fig. 3e, the precession of S accompanies
the magnon propagation. Itleads to an evolution of the effective mag-
nonmode fromright-handed circular tolinear to left-handed circular
to linear, corresponding to a carrier of positive, zero, negative and
zero spin, respectively (the terms of positive and negative are rela-
tive to the injected spin from Pt). The precession of S shares common
physics with the evolution of the phase correlation in the IPM-OPM
pair (that is, the spatial accumulation of Ak), while a comprehensive
theory that quantitatively cooperates the time evolution of S and the
spatial evolution of Akis still pending*. By controlling the precession
frequency of S via an applied magnetic field (Fig. 3f), a Hanle effect
has been observed in the magnon spin transmission signal®—that is,
an oscillation of the signal polarity when the applied magnetic field
increases from 0 to 15 T (Fig. 3g). The availability of strong magnetic
fields makes the transition of positive signals into the negative region
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Fig.3|Spin transmission via phase-correlated AFM magnons and magnon
pseudospindynamics in easy-plane a-Fe,0;. a, Non-local device geometry to
measure the magnon spin transmission under anin-plane magnetic field H, the
angle of which from the horizontal direction is defined as 6. b, Magnon spin
transmission signal with injector-detector distances of 0.3 um, 0.5 pm and 1.0 pm
atroom temperature. ¢, Schematic of the construction of an effective circularly
polarized magnon mode (blue dashed line) via a phase-correlated IPM-OPM pair
(grey dashed line, which is simplified and shown as linear for clearer illustration).
The red arrows represent the oscillating components of the magnetic moments.
We note that the DMI of a-Fe,0, does not change the main features of the IPM and
OPM**.d, Temperature dependence of the magnon spin decay length. The error

i_1LS<0
> (D3O

barsrepresent the standard error of the mean from the fitting. e, Pseudospin S
description of AFM magnons. f, Magnon spin transmission with S precessingin
different frequencies, controlled by an applied magnetic field. From top to
bottom: under a magnetic field of H,, H, or H,,,, a positive, zero or negative
magnonspinsignalis detected. /,,;, injected charge current; /, spin current; HM,
heavy metal; AFI, AFM insulator. g, Magnon spin transmission signal AR;'e(as a
function of the applied magnetic field with injector-detector distances of 950 nm
and 750 nm. The background shading in orange and blue corresponds to the
positive and negative signal, respectively. Panels reproduced with permission
from:b,d, ref. 7, Springer Nature Limited; e-g, ref. >, APS.

possible. The periodic sign-flip is particularly intriguing, as it reflects
coherent control of the pseudospin dynamics and can be used to design
wave-based computing devices.

Inthese studies, although magnonsinduced by the spin Hall effect
are broadband and seem to transport diffusively?”*>**, the phase cor-
relation of the magnon pair, as well as the pseudospin model, indicates
the indispensable role of coherence for the long-distance magnon
spin transmission in easy-plane antiferromagnets. Hence, the effects
discussed here are distinct from those in easy-axis antiferromagnets"
and ferromagnets®, where the magnons are purely incoherent and
phase-uncorrelated. A fundamental question that follows is how
the phase correlation of the magnon pair is established. In the exist-
ing models”?, it is primarily attributed to the magnon excitation
mechanism via the spin Hall effect. To absorb the electrically injected
spin, two linearly polarized modes with the same frequency should
be phase-locked to form an effective circularly polarized mode. We
note that the idea of inducing coherence between originally incoher-
ent (quasi-)particlesis crucial for many important condensed-matter
effects, such as the Cooper pair in superconductors. In this sense, a
comprehensive theory onthe formation of phase-correlated magnon
pairsisdesirable.

Furthermore, itis essential to expand the category of material can-
didates for future studies. So far, among the easy-plane antiferromag-
nets, only a-Fe,0; and YFeO, (ref. °°) have enabled micrometre-scale
magnon spin transmission, whereas that in NiO is limited to several
nanometres® %, A possible reason is that NiO has a much larger gap
between the IPM and the OPMin the magnon dispersion relation than
a-Fe,0,. The magnon pairs in NiO thus experience faster dephasing
and stronger scattering during propagation®. When searching for

potential materials, alow magnetic dampingis desirable, whichis cru-
cialtoenablelong-distance transmission?® and other quantum effects,
such as the AFM cavity magnon polariton®®. Besides the search for
new materials, alternative designs for the device structure canlead to
advanced functionality. Forexample, vertical magnon spin valves allow
one to explore magnon spin transmission across an insulating AFM
thin film®*, providing extrafreedom through thickness and interface
engineering. Itis thus possible to constructathin-filminterferometer
operated by the coherence of AFM magnons. The high-density integra-
tion of devices can also benefit from a vertical device geometry.

Electrically induced coherent spinrotationin
antiferromagnets
Theinterplay between electrical current and ferromagnetic dynamics
led to the innovation of the spin-torque nano-oscillator®, in which the
current-induced spin torque compensates the magnetic damping of
amono-domain ferromagnet and induces a coherent auto-oscillation
of the magnetization vector around its equilibrium axis. These studies
provide a promising approach to generating microwaves via d.c. cur-
rent, while the small cone angle of the magnetic oscillation (usually a
few degrees®*) results in moderate magnetic and electrical responses.
Itis highly desirable that magnetic moments can precess withamuch
larger amplitude. Recently, coherent rotation of the whole spin struc-
ture driven by the SOT, with the precession cone angle approaching
90°, has been demonstrated in antiferromagnets®**®. In this section, we
will review the key materials, physics and techniques that stimulated
these findings.

Ingeneral, easy-plane anisotropy is helpful for the large-cone-angle
spin rotation in antiferromagnets. A promising material is the
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electrical currentinjects spins to Mn,Sn. The kagome planes of Mn,Sn are
perpendicular tos. Zis the index of the kagome planes. b, Calculated chiral-spin
rotation under different driving currents, probed by the [1120]component of m.
The shading corresponds to the period in which the driving current is applied.
¢, Fluctuation of R,;induced by current pulses. The arrows denote the current
scanning directions of the corresponding plots. d, Nitrogen-vacancy centre

images of the SOT-induced variation of stray field AB,in aMn,Sn/Pt device,
recorded after applying current pulses 10 (top) and 20 (bottom) times. Scale bar,
2.5 um. The dashed lines mark the device edges. e, Nitrogen-vacancy relaxation
rate ["as a function of the applied microwave frequency fy,, under different
driving currents. There is a peak in "when f,,, matches the intrinsic frequency of
the chiral-spin rotation. Panels reproduced with permission from: a-c, ref. %,
Springer Nature Limited; d, e, ref. °, Wiley.

non-collinear antiferromagnet DO,,-Mn;X (X = Sn, Ge), where the
(0001) kagome plane formed by three Mn sublattices (m,, m; and
m,) is the magnetic easy plane®>*"°® (Fig. 4a). The magnetic moments
formachiral-spinstructure due to the geometrical frustration and the
DMI®"8, Despite a weak net magnetization on the order of 10 kKA m™
(corresponding to anet moment m = (m, + my + m¢)/3), Mn,X exhibits
alarge anomalous Hall resistance R, due to the non-vanishing Berry
curvature arising from the topologically non-trivial band structure?.
R, can be used to monitor the orientation of the chiral-spin structure
marked by the out-of-plane component of m (refs. %),

Owingtothe development of highly epitaxial Mn,Sn films on heavy
metal seed layers’’, adevice geometry that enables coherent rotation
of the chiral-spin structure has been constructed® (Fig. 4a). The (0001)
kagome planes are perpendicular to the film plane. A driving current
generates non-equilibrium spin s along [0001] (perpendicular to the
kagome plane) via the spin Hall effect of the heavy metal, exerting a
damping-like SOT 1" o« m,, x (m,, x s)oneachMnmomentm, (1 =A,
B, C). The SOT induces a slight canting of the magnetic moments
towards [0001], which breaks the energy balance in the non-collinear
ground state and initiates precessional torques arising from the
exchange interaction®”"’2, When the precessional torques overcome
the magnetic anisotropy inthe kagome plane, acoherent spinrotation
ofthe three magnetic sublattices is established. This spinrotation leads
toaninstantaneous (Gilbert) damping torque am,, x m,thatisexactly
compensated by the driving SOT, with a denoting the Gilbert damping
coefficient®”, The larger the SOT, the faster the rotation (Fig. 4b).

If the driving current switches its polarity, the precessional torques
also flip sign and the magnetic moments rotate in the opposite direc-
tion. After turning off the driving current, the chiral-spin structure
stops rotating and resettles in one of the six stable configurations
defined by the six-fold magnetic anisotropy in the kagome plane. This
is shown by the observation of fluctuating R,; under pulsed currents
(Fig.4c). We note that although the chiral-spin structure has six stable
orientationsin asingle domain corresponding to six step levels of R,
the multi-domain structure of the device would cause a transition of
R, intosomewhere between the stable levels due toanensemble aver-
age ofaccommodated domains. This speculation is supported by the
experiment, where the fluctuation of R,;becomes smaller as the device
expands to contain more domains®.

Besides transport measurements, the chiral-spinrotationin Mn,Sn
has also been probed via nitrogen-vacancy centre imaging®, whichis
sensitive to the local stray field generated by the chiral-spin structure
of Mn,Sn. Figure 4d shows the spatial distribution of stray fields on
the surface of a multi-domain Mn,Sn/Pt device and its evolution with
current pulses, which visualizes the reorientation of the chiral-spin
structure driven by the SOT from Pt. More strikingly, by continuously
applyingadriving current and a microwave to effectively synchronize
the spin rotation among different domains, a resonant chiral-spin
rotation is detected (Fig. 4e). The rotation frequency is -1 GHz under
adriving current density of -5 x 10’ A cmand increases with the cur-
rent. This work provides direct evidence of the coherent and continu-
ous rotation of AFM order driven by electrical approaches. By further
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increasing the driving current, it is possible that the rotation frequency
could reach afew terahertz”. In applications, one could integrate the
conductive Mn,X into magnetic tunneljunctions, where the chiral-spin
rotation produces microwave signals via the tunnelling (anisotropic)
magnetoresistance effect’>”.

We note that the damping-like SOT can apply to various antifer-
romagnets, not limited to the non-collinear ones. Indeed, it has been
formulated in earlier studies of switching collinear antiferromag-
nets’*”. While thermal effects can influence the switching results™®”,
subsequent studies have verified the essential role of SOT>7%7°, In
non-collinear antiferromagnets, SOT-induced phenomena may also
be modulated by the accompanied thermal effects. In the chiral-spin
rotation, Joule heating should not play a major role in causing the
oscillating signal, as is shown by a strong dependence of the thresh-
old current on the crystal orientation® and the tunable oscillation
frequency by the driving current®. Meanwhile, itis possible thatJoule
heating weakens the magnetic anisotropy in the kagome plane and
reduces the threshold current. A recent work showed that acombina-
tion of SOT andJoule heating can switch a thick Mn,Sn film by seeding
the spin texture from the interface®. To gather deeper insights into
current-driven AFM dynamics, one can utilize nanodot devices witha
single AFM domain to make the chiral-spin rotation more consistent
and monochromatic. A combined investigation of the current- and
field-induced dynamics could quantify the SOT strength through the
measurable magnetic field. This approach has been extensively used
with ferromagnets®, while it requires more sophisticated designs
and analysis for measuring antiferromagnets. A determination of
the switching/rotation phase diagram® can thoroughly reveal the
manipulation mechanism.

The mechanism of SOT-driven coherent spin rotation described
above was also theoretically studied in simple two-sublattice anti-
ferromagnets® ™, For example, in a specially oriented a-Fe,0,/Pt
bilayer, where the easy plane of a-Fe,0; is tilted from the film plane,
theinjected spin from Pt can excite the terahertz rotation of the Néel
vector, whichisaccompanied by a precession of the DMI-induced net
moment that isamenable to detection®. The tilted a-Fe,0,/Pt bilayer
hasbeengrown and the SOT-induced bipolar switching of the Néel vec-
tor was achieved under an applied magnetic field”®. For both collinear
and non-collinear antiferromagnets, if the anisotropy in the easy plane
is absent (that is, a perfect easy-plane antiferromagnet), the rotation
frequency will grow linearly with the driving current density and the
threshold will be effectively zero®**. In real materials, however, due
tothefinitein-easy-plane anisotropy, the rotation frequency deviates
from the linear dependence in the low-current regime®**°. Another
defining feature of the coherent spin rotation driven by the injected
perpendicular-to-easy-plane spinis that the rotationdirectionisrevers-
ible by switching the current polarity, which provides an additional
tuning knob for the spin dynamics.

Alternatively, coherent auto-oscillation can be driven by a
non-equilibrium spinaccumulations collinear with the Néel vector that
compensates the Gilbert damping®, which is similar to the ferromag-
netic spin-torque nano-oscillator® but has a much higher frequency.
Different from the aforementioned s-perpendicular-to-easy-plane
scenario, the rotation frequency is highly nonlinear with the driving
current® and the Néel vector precesses around its equilibrium (that s,
inthe easy-axis direction). Under either mechanism, to achieve amore
practical driving current materials with lower damping and weaker
in-easy-plane (or in-hard-plane) anisotropy are desirable. Searching
for appropriate materials might be challenging, because the low damp-
ing can be supported by an ordered crystal structure, but the distinct
crystal orientations may lead to strong magnetic anisotropy at the
same time. Potential strategies include element doping*’ and strain
engineering’®. Given the theoretical and experimental progress made
so far, we are optimistic that an AFM terahertz oscillator is achievable
inthe future.

Ultrafast spin-orbit and spin-transfer effectsin
antiferromagnets

Theintrinsic frequency of spin dynamics up to terahertz makes antifer-
romagnets a promising platform to speed up the spin-orbit and
spin-transfer effects. The electrical approach to ultrafast switching is
open when the terahertz dynamics meets the SOT physics®¥. It has
beentheoretically predicted thata current pulse on the order of 10 ps
cancoherently reverse the Néel vector viathe damping-like SOT®** (Fig. 5a).
The staggered SOT in antiferromagnets with non-centrosymmetric
crystal structure, such as CuMnAs (ref. ') and Mn,Au (refs. ¥%%), also
holds promise for ultrafast switching. In these materials, opposite spin
polarizations s, and s, (= -s,) locally act on the sublattice moments
m, and m, (= -m,), respectively, in the form of the field-like SOT
T1FL2 « My, X §;, toinduce cooperative switching of the sublattice
moments and hence the Néel vector®, the timescale of whichis onthe
order of 10 ps (ref.*).

The theoretical prediction of ultrafast, coherent switching of
antiferromagnets viathe SOT triggered a flurry of experimental explo-
ration.In CuMnAs, by alternately applying picosecond electrical pulses
thatare polarized along two orthogonal directions, reversible switch-
ing traces in the Hall resistance have been obtained” (Fig. 5b), which
isinterpreted asaresult of thereorientation of the Néel vector viathe
staggered field-like SOT. The energy density of picosecond switching
is comparable to that of microsecond switching in the same material™
and matches the energy density in ferromagnetic spin-torque devices
with gigahertz writing speeds”**. The insulating antiferromagnet
o-Fe,0; also enables picosecond control of the Néel vector when
adjacent to a heavy metal; in this case the torque responsible for the
switching is the damping-like SOT®. We note that in these studies the
switching effect is probed by the Hall resistance before and after the
current pulses, while a time-resolved switching process is yet to be
established. Moreover, given the multi-domain feature of the studied
antiferromagnets, the switching can be facilitated by SOT-induced
motion of AFM domain walls™.

To verify the role of coherent AFM dynamics in ultrafast SOT
switching, one needs to determine the switching time and probe the
coherent precession of the Néel vector”. A recent experiment showed
time-resolved perturbation of AFM order in PtMn and IrMn using
the spin-transfer torque from a ferromagnetic spin polarizer®. The
timescale of the AFM perturbation is a few picoseconds, suggesting
the feasibility of realizing coherent switching at terahertz speeds via
electrical means. The influence of thermal effects’”” also needs to be
evaluatedinthe ultrafast regime. Direct probing of the AFM dynamics
viathe magneto-optic Faraday or Kerr effect”™ is expected to provide
independent evidence in addition to the transport effects.

As aninverse effect of controlling magnetic order by picosecond
spintorques, the ultrafast generation of spin current viatransient mag-
netic dynamics has been reported in the insulating antiferromagnet
NiO paired with aheavy metal”. A laser pulse is applied to the sample to
trigger the magnetic dynamics of NiO, generating a terahertz emission
witha duration of -1 ps (Fig. 5c). The emission has finite magnitude but
opposite polarity in NiO/Pt and NiO/W, and becomes almost negligible
inbare NiO and NiO/Cu. This observationis consistent with the scenario
ofinverse spin Hall effect and thus indicates the transient spin current
from NiO. The angular dependence of the terahertz emission has a
correspondenceto the three-fold symmetry of the NiO crystal around
the [111] axis, which provides the possibility of controlling terahertz
emission via crystalline symmetry.

Whether the transient spin current arises from the coherent AFM
dynamics is of interest. In the NiO device”, the emission reaches its
maximum when the film plane coincides with the magnetic easy plane
(111). It seems that the observed terahertz emission is mainly caused
by the atomic magnetic momentsin the film plane, similar to the con-
figuration of continuous spin pumping***. However, different from
the latter (whose spin current originates from the on-resonance Néel

Nature Materials | Volume 22 | June 2023 | 684-695

690


http://www.nature.com/naturematerials

Review article

https://doi.org/10.1038/s41563-023-01492-6

(1]

Terahertz amplitude (a.u.)

Time (ps)

2 oo
0.003
S —
6 2 0002 10
3 5 © ps
=
® 0.001
0
1.0
§ ‘qc: 0.5
Q c
€8 o
® E
23 -05
-1.0
0 10 20 30 40 50
Time (ps)
20
10
c
E o}
QE
-10
%ék 20 L | .

Time (min)

Fig. 5| Ultrafast SOT switching and spin current generationin
antiferromagnets. a, Calculated picosecond switching of the Néel vector in

an easy-plane antiferromagnet induced by the SOT. b, Reversible multilevel
switching of CuMnAs by picosecond electrical pulses. Left: the terahertz electric
fields with two orthogonal polarizations are applied alternately in the grey
intervals and are turned off in the white intervals. Right: schematic of the Hall

resistance readout, where the white dashed lines depict readout current paths.
¢, Terahertz emission from the (111)-NiO/Pt (or NiO/W) samples. Panel a adapted
with permission from ref. *, APS. Panels reproduced with permission from:

b, ref.’°, under a Creative Commons license CC BY-NC 4.0; ¢, ref. ”, Springer
Nature Limited.

vector oscillation), the transient spin currentin the former is primar-
ily attributed to the dynamics of a net magnetization stemming from
the laser-induced impulsive magnetic moment”, thus exhibiting a
broadband spectrum similar to the insulating-ferromagnet-based
terahertz emitters’,

Before closing this section, we recall that theoretical studies dem-
onstrated the feasibility of using coherent AFM dynamics to achieve
the ultrafast spin-orbit and spin-transfer effects. Meanwhile, two
experimental fingerprints—the temporal evolution of picosecond
switching and a narrowband terahertz emission from coherent AFM
dynamics—should be thoroughly investigated. From a practical point
of view, compared with the existing AFM terahertz emitters that rely on
theimpulsive magnetic moment, coherent precession of awell-defined
Néel vector couldin principle generate ultrafast spin currentinamore
efficient manner. To achieve this goal, one could consider antiferro-
magnets whose Néel vectors can be manipulated through coherent
lattice vibrations. A recent work on the terahertz emission from the
coherent AFM magnons induced by the strain wave in NiO may shed
lightin this direction®.

Outlook

Owing to the timely exploration of the rich interplay between spin
transportand cooperative sublattice spin dynamics, antiferromagnets
are ushering in a new intriguing stage in spintronics featuring spin
coherence and ultrafast spindynamics. In particular, several inspiring
effectsreveal how spin currentinduces AFM excitations with coherent
features (for example, SOT-induced spin rotation, terahertz-speed
SOT switching) and vice versa (for example, sub-terahertz spin pump-
ing, spin transmission via phase-correlated magnons, picosecond
spin current), providing unique opportunities for building ultrafast
memory units, new signal processing devices and terahertz signal
generators. Despite a rapidly growing volume of literature, this field

Table 2 | Opportunities of coherent AFM spintronicsin
terahertz devices

Fundamental effect Device functionality

Spin pumping from Terahertz radiation detectors

monochromatic AFM
magnons

Terahertz magnonic logic for wave-based
computing (detection port)

Spin transmission via
phase-correlated AFM
magnons

Pseudospin magnonic logic for wave-based
computing (lateral)

Thin-film interferometer of terahertz magnons
(vertical)

Electrically induced
coherent spin rotation in
antiferromagnets

Tunable spin-torque nano-oscillator (large and
small cone angles)

Terahertz magnonic logic for wave-based
computing (excitation port)

Dissipationless, ultrafast transmitter based on
AFM spin superfluid

Ultrafast spin-orbit and
spin-transfer effects in
antiferromagnets

Picosecond coherent switching for AFM
random-access memory
Terahertz emitter from coherent AFM magnons

isstillinitsinfancy compared with its well-established ferromagnetic
counterpart®. As a final remark, we propose a few possible directions
that may facilitate ongoing studies and fuel the future of coherent AFM
spintronics (Table 2).

First, further effortsin materials synthesis are needed to develop
thin-film antiferromagnets with more controllable domain patterns.
While the AFM domain size insome bulk materials canreach afew tens
of micrometres''°°, the typical domain size of thin films is on the order
of 0.1-1 um (refs. *>1°1°2) The multi-domainstructure compromises the
coherentexcitation of AFM order, for which an extradriving force may
be required to synchronize the phase of spin precession®. Moreover,
it has been shown that the magnetic domain walls can cause extra
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magnon scattering and weaken the magnon spin transmission*%,

Therefore, adomainsize of afew micrometres is necessary to explore
the intrinsic and more prominent effects of coherent spin excitation
and propagation, whichmay require afine tuning of the film uniformity
and the interfacial strain®’°,

Second, despite the realization of spin pumping from uniform
magnon modes and the locally SOT-driven spin dynamics, the elec-
trical excitation and detection of propagating spin precession with
single frequency and phase resolution'* remains elusive in antiferro-
magnets. A demonstration of this effect could provide an analogy to
the current-induced ballistic transport of ferromagnetic magnons®,
rendering a more competitive and vibrant field of coherent AFM
spintronics. From a practical point of view, an electrically operated
devicethat allows coherent signal transmissionis of greatimportance
for wave-based computing®. To achieve this goal, one could exploit
easy-axis antiferromagnets, in which the coherent magnons can be
excited by SOT and detected through spin pumping. We also consider
spin transmission via phase-correlated AFM magnons or, more visu-
ally, the coherent dynamics of magnon pseudospin, as prospective
candidate mechanisms. The magnon pseudospin vector evolving in
time and space can be used as a unique information carrier to exploit
itswave features. Inboth cases, the operation speed may benefit from
the high velocity of AFM magnons'®. Furthermore, the electric field
control of AFM order'®'°® can be integrated to provide an extraknob
for modulating the phase-coherent transport of chiral magnons, which
will effectively demonstrate an AFM magnon field-effect transistor?.

Third, given the theoretical and experimental progress in the
picosecond electrical switching of antiferromagnets, it is desirable
to explore alternative mechanisms to further optimize the switch-
ing efficiency and speed. On the one hand, the switching current can
be reduced by using more efficient spin-current generators, such as
topologicalinsulators with spin-momentum locked surface states and
topological semimetals with spin-orbit-coupled band nodes'”’. Ben-
efiting from these potential spin sources, the spin-injection-induced
coherent AFM dynamics can reach the terahertz frequency regime at
alower driving current. On the other hand, as switching enabled by the
motion of AFM domain walls has been established’, the influence of
domain walls on the switching speed deserves further investigation.
Anultimate question is whether even faster switching can be achieved
inthe coherentswitching of asingle-domain antiferromagnet. Givena
recent report that 6-ps-wide electrical pulses can switch the magneti-
zation of the common ferromagnet Co via the SOT"?, addressing this
enquiry becomes more essential, as picosecond electrical switching
no longer seems to be unique to antiferromagnets. We hope that this
intriguing open question caninspire more advancementsin theultra-
fast, coherent switching of antiferromagnets, which will eventually
revolutionize the writing speed and the energy efficiency of all-AFM
random-access memory.

Last but not least, coherent excitations of AFM order could lead
to new phenomena in condensed matter. As an example, spin super-
fluid was initially proposed as a dissipationless transport of coherent
spin precession in ferromagnets with in-plane anisotropy', while it
was found that the dipolar interaction of ferromagnetic moments
may cause a fast decay of the spin supercurrent Easy-plane anti-
ferromagnets with both collinear®** and non-collinear configura-
tions"*"> were considered better candidates due to vanishingly small
net magnetization. In these proposals, the device structure is similar
to Fig. 3a, in which a pair of heavy metal electrodes serves as the spin
injector and detector via the spin Hall and the inverse spin Hall effects,
respectively. When the spin injected into the antiferromagnet has a
perpendicular-to-easy-plane component, the Néel vector will collec-
tively precess about the direction of the injected spin. To achieve this
configuration, it is necessary that the easy plane tilts away from the
film plane, which has been realized in a-Fe,0; (ref. ”®), NiO (ref. ”’) and
Mn,Sn (refs. °7°%2) thin films. Among these candidate materials, weak

anisotropy in the easy planeis preferable, which ensures asmooth and
continuous precession of the Néel vector. Endowed by a number of
theoretical predictions, welook forward to an experimental realization
of the spinsuperfluid in an easy-plane antiferromagnet.
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