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Abstract — Spintronics, since its inception, has mainly focused on ferromagnetic materials for
manipulating the spin degree of freedom in addition to the charge degree of freedom, whereas
much less attention has been paid to antiferromagnetic materials. Thanks to the advances of
micro-nano-fabrication techniques and the electrical control of the Néel order parameter, antifer-
romagnetic spintronics is booming as a result of abundant room temperature materials, robustness
against external fields and dipolar coupling, and rapid dynamics in the terahertz regime. For the
purpose of applications of antiferromagnets, it is essential to have a comprehensive understanding
of the antiferromagnetic dynamics at the microscopic level. Here, we first review the general form
of equations that govern both antiferromagnetic and ferrimagnetic dynamics. This general form
unifies the previous theories in the literature. We also provide a survey for the recent progress
related to antiferromagnetic dynamics, including the motion of antiferromagnetic domain walls
and skyrmions, the spin pumping and quantum antiferromagnetic spintronics. In particular, open
problems in several topics are outlined. Furthermore, we discuss the development of antiferro-
magnetic quantum magnonics and its potential integration with modern information science and

technology.

Copyright © 2021 EPLA

Introduction. — Antiferromagnets (AFMs) are a large
class of magnetic materials with magnetic moments on
different sublattices of the crystals that compensate each
other, which usually leads to vanishingly small net mag-
netization. Therefore, AFMs are almost immune to an
external magnetic field and could, until recently, hardly be
manipulated by external means. With the development of
the electric writing and reading of the Néel order in metal-
lic AFMs [1-3], antiferromagnetic spintronics started to
attract significant attention. Compared with its widely
studied ferromagnetic (FM) counterpart, both metallic
and insulating/semiconducting AFMs are more abundant.

() E-mail: zyuan@bnu.edu.cn
(P)E-mail: phxwan@ust .hk

They are free from cross-talking problems and exhibit
faster dynamics at the terahertz (THz) scale in comparison
to dynamics at gigahertz time scales for FMs. The ongoing
topics of AFM spintronics are quite broad, including spin
pumping and spin-transfer torque, spin-orbit-interaction—
induced phenomena, (anomalous) spin Hall effect, Néel-
order switching, AFM domain wall/skyrmion dynamics,
spin superfluidity, and cavity spintronics, etc., which have
been reviewed by some very recent articles [4-9]. In
this paper, we focus on the recent progress on antifer-
romagnetic dynamics, which is the basis for the applica-
tion prospects of AFMs. Specifically, we first review the
proper dissipative torques in AFMs, which are essential
for a correct and complete theoretical description of AFM
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dynamics. This is then followed by the dynamics of do-
main walls (DWs) and skyrmions in AFMs. After a short
discussion of spin pumping and magnon transport, we turn
to the novel field of quantum antiferromagnetic spintron-
ics, highlighting the quantum nature of magnons and their
coupling with cavity photons. This provides the possibil-
ity of realizing continuous variable quantum information.
Since AFM spintronics is still under development, there
are many open questions on all topics that may be inter-
esting for our readership.

Dynamic equations. — The magnetization dynamics
for a FM are well described by the Landau-Lifshitz-Gilbert
(LLG) equation [10,11],

(1)
where the first and second terms on the right-hand side
represent the precessional and dissipative torques, respec-
tively, heg is the effective field and « is a phenomenological
damping parameter.

The dynamic equations for an AFM had not been set-
tled until a very recent work that unified different ap-
proaches in the literature. Kittel et al. used the coupled
LLG equations for each sublattice of an AFM to describe
the AFM resonance in the 1950s [12,13]. Their approach
has been widely adopted in the community and was em-
ployed in recent years to study spin-transfer torque, spin
wave excitation and DW dynamics [2,14-16]. More re-
cently, Hals et al. proposed an alternative set of equa-
tions in which the dissipative torques are introduced in
a phenomenological way [17,18]. The resulting equations
contain two damping parameters «,, and «,, that charac-
terize the dissipation associated with the motions of mag-
netization and staggered order, respectively. Without the
knowledge of the magnitudes of a;,(,,), the latter approach
was applied to the studies of the AFM dynamics [19-21]
by assuming ., = @, or a;, = 0 [22]. On the other hand,
first-principles calculations have demonstrated that a,, is
one to three orders of magnitude larger than «,, [23,24],
which is in sharp contrast to the previous assumptions.
Therefore, a rigorous derivation of the proper dissipative
torques in antiferromagnetic systems is urgently needed.

Yuan et al. considered an N-sublattice AFM with sub-
lattice magnetization my, ms, ..., my, and proposed the
Lagrangian £ = T — U, with the kinetic energy 7 =
Zivzl A(m;) - m; and the potential energy U. A Rayleigh
dissipation function R = (v - R - v1)/2 describes the dis-
sipation effect, where v = (my,ma,...,my) and R is
a positive-definite and symmetric N x N matrix to sat-
isfy the second law of thermodynamics [25]. The mag-
netization dynamics are then described by the Lagrange
equation,

Om = —m X heg + am x Oym,

N
Om; = —m; X h; + m; x ZRijatmj (2)
j=1

This is a set of generalized dynamic equations for
an N-sublattice AFM, featuring the intersublattice

Table 1: First-principles calculation of the resistivity and
damping for metallic AFMs. Adapted from ref. [23].

AFM n p (U em) a, (1073) Qo
PtMn a-axis 119£5 1.60+£0.02 0.49 £0.02
c-axis 108 +4 0.67£0.02 0.59+0.02
IrMn  a-axis 116 £ 2 10.5+0.2 0.10£0.01
c-axis 116 £ 2 10.2+0.3 0.10£0.01
PdMn a-axis 120 £8 0.16+£0.02 1.1+£0.10
c-axis 121 £8 1.30£0.10 1.30=£0.10
FeMn a-axis 90=£1 0.76 £0.04 0.38+0.01
c-axis 91+1 0.82£0.03 0.38+0.01

dissipation terms R;; (i # j). Note that R;; is in general
nonlocal and a function of local magnetization and its
spatial gradient for a slowly varying spin texture. Here
we consider a homogeneous AFM with two sublattices
(N = 2), where Ri; = Ros = «, Ria = Ro1 = a, are
reduced to be local dissipation coefficients. Then we sim-
plify eq. (2) to the form

6t1’n1 = —Im; X h1 +m; X (a@tml + Oécatmg),

(3)

ath = —INng X h2 “+ mo X (Oéatmg -+ acatml) .

Here, the new a. torque can also be interpreted as the
effect of spin pumping between the two sublattices, which
gives the constraint o, > 0. A similar set of equations was
also obtained for a ferrimagnet [26].

To investigate the effect of the a.-torque on the AFM
dynamics, it is useful to rewrite eq. (3) in terms of mag-
netization m = m; + my and staggered order parameter
n=1imm; —my,

8tm =

3tn =

where h,, = —0U//0m and h,, = —6U /én are the effective
magnetization field and the Néel field, respectively. T,, =
apymxom+a,nxom and T,, = a,,mXxn+a,,nxdm
are the dissipative torques exerted on m and n. Here
one has a,;, = (o + «.)/2 and a,, = (@ — «.)/2. The
relation a,, < «,, obtained by first-principles calculations,
which are listed in table 1, can be naturally understood
by considering the value of «, which is smaller but close
to the intrinsic damping « in those AFMs.

Recently, Simensen et al. proposed a magnon decay
theory induced by the s-d exchange coupling in metal-
lic AFMs and found that a, ~ 0,a, = 7V2J2¢%(u),
where V is the volume of a unit cell, J is the strength
of s-d coupling, and g(u) is the density of states at the
Fermi level i [27]. This is consistent with the conclusions
from the rigorous derivation and first-principles calcula-
tions that «,, arises from spin-orbit coupling and «, is
attributed to the exchange coupling with «,, < «,,. For
FeMn, the authors found «,, = 0.35, which is compara-
ble to the first-principles calculation result of 0.38. This

—m X h,, —n x h, +T,,,
—m x h, —n x h,, + T,,

(4)
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highlights the scattering of magnons and conduction elec-
trons as the main source of damping in metallic AMF's.
Nevertheless, the justification of «,, and «, in insulating
AFMs from a microscopic theory, as well as first-principles
calculation, is still an open question. In general, the effect
of oy, will become significant in an AFM with stronger
anisotropy [23,25,27]. Furthermore, Akosa et al. first
reported the presence of a chiral damping term in non-
centrosymmetric ferromagnets [28-30]. How this chiral
damping manifests itself as a dissipative torque in an AFM
is not yet known.

Domain wall dynamics. — Manipulating DW motion
in magnetic nanowires is of particular interest not only for
fundamental physics but also for the proposed magnetic
devices, such as magnetic sensors [31], DW logic [32], race-
track memory [33] and magnetic memristors [34]. The
DW velocity is a key quality determining the usefulness of
these devices. In an FM, the DW velocity is mainly influ-
enced by the pinning strength due to the inhomogeneities
and disorders in the nanowire [35,36], and by the Walker
breakdown [37]. While the pinning can be reduced by
improving the material quality, the breakdown field is an
intrinsic limit in ferromagnets, above which the DW ve-
locity is significantly reduced. AFM DWs are free from
the Walker breakdown [38,39] and can therefore achieve a
much larger drift velocity.

To give a clear illustration, we consider a two-sublattice
AFM (fig. 1(a)) described by the Hamiltonian H = m?+
24(0.n)%+Lm-0.n—En2 —m_h(2)+n.g(z), where a and
A are, respectively, the homogenous and inhomogeneous
exchange coefficients, K is the uniaxial anisotropy, L is
the parity breaking term that comes from the permutation
symmetry breaking of nonlinear structures, and h and g
are, respectively, the average field over a unit cell and the
staggered field. By eliminating the magnetization order in
the dynamic equations under the assumption of |m| < 1,
the equation for the staggered order n becomes

n x (—i + a,h, + ah, — ayan) = 0.

(5)

For a rigid-body DW propagation, we use the ansatz
n(z — z.), where z. = vt and v are, respectively,
the DW position and velocity. By determining the vector
product, d,n x eq. (5), and integrating over the whole
space, we obtain the Thiele equation [40-42],

n =

M..(%. + acn2.) = F, (6)

where M., = (1/a) [(0,n)?dz = 2/(aA). The effective
driving force on the right-hand side contains three terms,
i.e., F, = Fp, + F, + Fpw (see fig. 1(b)) with

L L,
F, = a—A/(E)Zh) sin® fdz,
F, = f%/gsin2 0dz, (7)
1
Fpw = ﬂ/(82]12)sir12 0dz,

(@) P
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Fig. 1: (a) Sketch of a two-sublattice AFM nanowire with a
180° DW. (b) Spatial distribution of staggered order n (red ar-
row) and magnetization m (blue arrow) in a 180° DW. (¢) DW
velocity as a function of the driving field for a nanowire with
different anisotropy. Adapted from refs. [42,44].
where 6 is the angle between n and the z-axis. For a
steady DW motion Z. = 0, the DW velocity is

v = (A/200)(Fo + Fo + Fau). 8)

Here, the staggered field g can be generated by spin-
orbit torque [20,43] and is the most efficient DW-driven
force with a high speed, since the normal inhomogeneous
field h(z) is limited by the spin-flop field of the sys-
tem [42]. It is straightforward to solve the steady DW
velocity driven by a staggered field. From eq. (8), we have
v =cgAy/\/9?A3 + a2 c?, in which the relativistic behav-
ior of the DW width A = Agy/1 —v2/c? is used, where
Ag is the static DW width and ¢ is the magnon speed.
This result indicates that the DW velocity increases with
the driving force and is saturated at the magnon speed c.
Surprisingly, Yang et al. found that the DW velocity
can exceed the relativistic limit [44], as shown in fig. 1(c).
This occurs for the atomically thin DWs, becoming unsta-
ble as the drift velocity approaches the limit. The strongly
emitted spin waves then accumulate at the tail of the DW,
resembling Cherenkov radiation in electrodynamics. The
tail modifies the atomic DW profile, resulting in a further
increase in the effective DW width. Thus, the DW speed
can become larger than the relativistic limit. We still need
a microscopic theory to correctly model the interplay of
spin waves and AFM DWs, and hence to have the capa-
bility of predicting the supermagnonic motion of DWs.
In addition to the spin-orbit field, AFM DWs can be
driven by an electric current via spin transfer torque [18],

57001-p3



H. Y. Yuan et al.

an inhomogeneous magnetic field [42], spin waves [41,45],
microwaves [46] and a thermal gradient [15]. The AFM
domain and/or DWs in experimental samples can be im-
aged by the optical methods, X-ray techniques and by a
spin-polarized tunneling microscope [47]. Unfortunately,
it is still challenging to combine these imaging techniques
with various driving knobs (electric current, field gradient,
magnon current, etc.) to study the dependence of DW ve-
locity on the driving strength.

Skyrmion dynamics. — In addition to the DWs, the
skyrmion is another topological nontrivial structure with
noncollinear magnetization, which is a suitable candidate
for studying topological physics and is also proposed as
an information carrier in devices. AFM skyrmions are in-
sensitive to the external magnetic field and do not have
the undesired skyrmion Hall effect as the FM skyrmions
do. Various techniques to nucleate a single AFM skyrmion
have been theoretically proposed, such as injection of
a vertical spin-polarized current, conversion from a pair
of AFM DWs [48], and illumination with a short laser
pulse [49]. The skyrmion lattice may even be stabilized in
a frustrated AFM material without Dzyaloshinskii-Moriya
interaction [50,51]. Nevertheless, the generation and prop-
agation of AFM skyrmions is still very challenging in ex-
perimentation. Recently, Dohi et al. and Legrand et al.
demonstrated room temperature AFM skyrmions in a syn-
thetic antiferromagnet (SAF) [52,53], and Gao et al. ob-
served a triangular AFM skyrmion lattice in MnScoSy
through anisotropic coupling [54].

Concerning the dynamics of AFM skyrmions, Barker
et al. first showed that the skyrmion motion was strictly
along the electric current (without the skyrmion Hall
effect) in an AFM [55]. Owing to the technical diffi-
culty of engineering the skyrmion in the conventional bi-
partite AFMs, Zhang et al. proposed to use SAF for
skyrmion propagation, where the Magnus forces acting
on a pair of skyrmions in each FM layer cancel each
other out [48]. This idea was later demonstrated in a
SAF hosting skyrmion bubbles driven by a small elec-
tric current [52]. Daniels et al. found that the Hall
physics is quite different when the skyrmion was driven
by a chiral spin current [56]. This may provide an al-
ternate route to manipulate AFM skyrmions in an insu-
lating material. Moreover, as mentioned in the previous
section, the disorder and geometrical pinning determines
the current density threshold of DW motion in a magnetic
nanostructure. Similar effects exist for skyrmions, but few
studies have considered the influence of disorder on the
AFM skyrmion dynamics. In principle, the Magnus force
can help a FM skyrmion to avoid individual impurities,
while the straight motion of AFM skyrmions may expe-
rience more hindering effects from the pinning sites [57].
The issue may become more complicated in a granular
film [58]. In addition, the nonlocal damping due to the
noncollinear magnetization may become significant when
the skyrmions are small and when a large magnetization

gradient is present, which will be discussed in the next
section.

Spin current pumping and magnon transport. —
When magnetization precesses, the spin-dependent chem-
ical potential is varying in time, resulting in a driven spin
current. However, such a spin current has an observable
consequence only if the FM system has broken transla-
tional symmetry, such as an interface [59] or noncollinear
magnetization [60]. The spin current is then absorbed
up by an electron reservoir in contact with the magnetic
material and enhances the magnetic damping. In inhomo-
geneous magnetic systems, the pumped spin current can
also be absorbed by the neighboring spins and gives rise
to an additional spin torque, which hence influences the
local magnetization dynamics.

Cheng et al. examined the scattering of electrons at the
interface of a collinear AFM and a normal metal [61,62]
and found that both the motion of magnetization and stag-
gered order parameter could pump a spin current of

I, =G, (nxn+mx m),
I = Gr(m XN+ n X 1) )

s§s T T Y
where G, is the spin mixing conductance of the interface.
It is straightforward to rewrite the total spin current in
eq. (9) as I = G,m; X iy + G,my X my, which assumes
no intersublattice contributions of m; X s and ms X m;y.
Later, the existence of these crossing terms was justified by
Kamra et al. [63] and was also supported by first-principles
calculations [23] of the damping parameters listed in
table 1. Recently, Li et al. reported the detection of the
spin current generated by an AFM (Cro0O3) by converting
it to an electric signal in an adjacent heavy-metal layer
through the inverse spin Hall effect [64]. For the intersub-
lattice spin pumping that is predicted to be larger than
the damping of the staggered order, experimental verifica-
tion is yet to be carried out. Interestingly, Shen reported
an intrinsic mechanism for the generation of magnon spin
current from the symmetry breaking in AFMs caused by
the dipolar interaction [65].

In addition to the spin current pumping, an AFM can
absorb spin currents emitted from various sources such
as a thermal gradient [66], strongly coupled FM reso-
nance [67], and neighboring heavy metals with spin-orbit
interaction [62]. Under this circumstance, the transport
and dynamic properties of the AFM may be artificially
manipulated. Takei et al. theoretically mapped the AFM
dynamics to the motion of superfluid and predicted the
dissipationless spin current transport in an AFM sand-
wiched by normal metals [62]. Soon after, Yuan et al.
reported experimental signatures of the spin superfluid by
measuring the nonlocal spin transport via thermal injec-
tion [68]. The propagation of the spin signal with dis-
tance can be effectively described by a superfluid model.
In contrast, Lebrun et al. argued that the long-distance
transport can also be explained by a diffusive model,
which rules out the superfluidity [69]. Reconciling these
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experiments and theories in a consistent way requires fur-
ther investigations [70].

For an AFM material hosting noncollinear spin tex-
tures, such as DWs, vortices, and skyrmions, one spin may
feel unbalanced spin current generated by its neighboring
spins, and thus a net spin torque is exerted to influence
its dynamics. This is the so-called nonlocal dissipative
torque, in analogy with its FM counterpart. The form of
the torque can be obtained by including the Rayleigh dissi-
pation terms R,,; = n(0;Vmy)2+n(9;Vmz)%+n.(9;Vm, )-
(0:Vmy) in the Lagrange equation, whereas its influence
on the dynamics of AFM textures is yet to be studied in
detail.

Quantum antiferromagnetic spintronics. — In the
above sections, the spins we discussed are essentially clas-
sical angular momenta. Inspired by the swift development
of quantum science and technology, it would be interest-
ing and useful to consider the quantum states in AFM
materials and the related excitations. Many related ques-
tions arise naturally if one considers AFM textures as a
quantum state. For example, what are the transport and
dynamic properties of quantum AFM textures? Do quan-
tum AFM textures and their elementary excitations have
any intriguing physics or potential applications in quan-
tum information processing? These topics belong to the
nascent field of quantum AFM spintronics.

Quantum magnetic state.  The AFM exchange inter-
action in quantum systems usually leads to a ground state
with strong quantum fluctuations, such as a quantum spin
liquid. Hirobe et al. first showed that a quantum AFM
chain carries a spin current, which could be directly ob-
served by the spin Seebeck effect [71]. Differing from the
spin currents carried by electrons or magnons, this spin
current in the quantum AFM chain is attributed to the
spinons. Owing to its quantum nature, this spin current
can be used as a probe for novel quantum states and quan-
tum phase transition in exotic quantum magnets [72,73].

To examine noncollinear AFM textures, Yuan et al.
used a strong local field to suppress the spin fluctuation
of spins at the boundary in a transverse spin-(1/2) AFM
chain and found that the ground state resembles a DW
profile [74]. Such a quantum DW is driven by an external
field and spin-orbit field as a classical DW, but the spins
inside the DW are entangled. This entanglement provides
not only a characterization of the phase transition of the
system from a DW to a domain state but also a platform
to study quantum information. In principle, the essential
physics can be generalized to quantum skyrmions in two
dimensions, although this is yet to be accomplished for
an AFM. The quantum skyrmion in a FM spin-1 square
lattice was recently reported [75].

Cavity AFM spintronics. Cavity AFM spintronics
manipulates the interplay of AFM magnons with the
cavity photons, aiming to realize coherent information
transfer between magnetic and photonic systems. The
conventional theory based on classical electrodynamics

T

(a)
photon ¢ a b
exchange
coupling

(b) (©,
- :
0.8 0 12 H =57
0.6 , s ' — wp
) z : @ 3 1 '
0.4) L5 ' $ ‘,‘" 3 \E_ - W
' £ kY
P e—p| o
1 "
0 '
7005 0.10 0.15 0.20 0.25 030 s 005 0.10 0.15 0.20 0.25 030
s H/Hg,

Fig. 2: (a) Schematic illustration of a magnon-photon interac-
tion in AFM materials. (b) Steady entanglement among modes
a, b and ¢ as a function of the external field. The horizontal
dashed line is the entanglement of two magnons without light.
(¢) Coupling spectrum of a hybrid AFM-light system. Adapted
from ref. [80].

is sufficient to recover the avoided crossings spectrum
near the resonance [76-78], while the quantum-mechanical
picture is necessary to consider the quantum correla-
tions among magnons and photons [79,80]. This coherent
magnon-photon system is an ideal platform for coding and
processing quantum information, such as quantum trans-
ducer and quantum memory [81].

In general, light with a definite circular polarization can
interact with a magnet through angular momentum trans-
fer. Due to the opposite magnetization of the two sublat-
tices in an AFM, creating a magnon after annihilating a
photon with the angular momentum 7 is described by the
magnon operator a on sublattice 1 and b' on sublattice
2, respectively, as shown in fig. 2(a), instead of a' and
bf. This leads to the following Hamiltonian of a hybrid
magnon-photon system [80]:

H = wyala + wpb'd + gab(aTbJr + ab) + weele

+gac (a'c" + ac) + gue (bTe+ be') (10)

where a' (a) and b (b) are the creation (annihilation)
operators of magnons on sublattice 1 and sublattice 2,
respectively. ¢ and ¢ are the creation and annihilation
operators of photons. ¢gup, gaec and gp. are their mutual
couplings. The sublattice permutation symmetry of an
AFM implies gac = gpe.

Using the standard techniques for continuous variable
quantum information [80], one can quantify the entan-
glement of modes a, b, and ¢ by log-negativity (En), as
shown in fig. 2(b). Without photons, the two types of
magnons are already entangled with Ex = 0.69, which
can be readily understood by the squeezing nature of
the magnons resulting from their parametric-type cou-
pling. This was also reported by Kamra et al. [82] and
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Mousolou et al. [83], where the entanglement was quan-
tified by the entanglement entropy. In the presence of
photons, the magnon-magnon entanglement becomes even
stronger and the maximum enhancement appears at the
resonance, where the acoustic magnon frequency is equal
to the cavity frequency; see fig. 2(c). This enhanced entan-
glement is because of the magnon cooling mediated by the
cavity photons, and the theory can be straightforwardly
generalized to a two-sublattice ferrimagnetic system with
YJac 7é Goc-

Experimentally, the spectrum of strong magnon-photon
coupling was first observed in a crystal of di(phenyl)-
(2,4,6-trinitrophenyl)iminoazanium (DPPH) [84]. Everts
et al. later reported the ultrastrong coupling between
photon and magnon excited in rare-earth ion spins
(GAVOy) [85] with a level repulsion spectrum. A direct
coupling between a terahertz wave and AFM magnon was
realized in AFMs (TmFeO3 and FeaMosOg) with a clear
beating pattern near the resonance [86,87]. All of these
observations require cryogenic conditions around several
kelvins to maintain the AFM order and the magnon ex-
citation. The experimental verification of the magnon-
magnon entanglement is still missing, where quantum
optical techniques such as homodyne measurement may
be engaged.

Until now, we have focused on the magnon excitation
in a single magnet and their coupling with electromag-
netic waves. It is also interesting to consider the cou-
pling of multiple magnets with the assistance of photons.
Johansen et al. found that AFM and FM were coupled in-
side a microwave cavity, where the coupling strength pro-
portional to their respective coupling with the microwave
can become comparable with that of two FMs [88]. In
principle, two AFMs can also be entangled in the same
manner, although this remains to be verified. This nonlo-
cal quantum coupling between two magnets may be useful
in bipartite continuous variable quantum information pro-
cessing, such as the asymmetric quantum steering of the
two macroscopic magnets.

Conclusions and outlook. — In conclusion, we have
reviewed the recent progress on AFM dynamics. In ad-
dition to the open questions outlined in each section, we
would like to highlight the promising but largely unex-
plored direction of antiferromagnetic quantum magnonics
that involves creation, manipulation, and applications of
the quantum nature of magnons rather than the classical
nature of spin waves. It includes the generation and ma-
nipulation of macroscopic quantum states of magnets such
as spin superfluidity, Bose-Einstein condensation, etc. It
has recently been developed to integrate the AFM sys-
tem with a photonic system and to realize multifunctional
quantum information processing. In terms of quantum
information and quantum communication, it would be im-
portant to generate important magnon quantum states
such as the squeezed state, the entangled state, and the
single magnon state. These are indispensable resources for

quantum information. This is a highly interdisciplinary
field involving spintronics, quantum optics and quantum
information, and thus may potentially expand the hori-
zon of AFM spintronics. Furthermore, the bipartite na-
ture of the magnonic excitation in a two-sublattice AFM
obeys the parity-time symmetry and provides a generic
platform to study non-Hermitian physics, such as the
exceptional points, positive Gilbert damping, and non-
Hermitian topological phases [89)].
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