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Manipulation of spin-wave attenuation and polarization in antiferromagnets
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The coexistence of a left-handed polarized spin wave (LPSW) and a right-handed polarized spin wave (RPSW)
in antiferromagnets provides a scheme for designing novel magnonic devices. To do so, it is necessary to
manipulate the attenuation and the polarization of the LPSW and RPSW separately. We address this issue by
studying theoretically the effect of spin-transfer torques (STTs) and an external magnetic field on spin waves
(SWs) propagating in antiferromagnets. We find that Slonczewski-type STT can increase the attenuation length
of one of the SW modes and decrease that of the other, while Zhang-Li type STT enhances (or weakens) the
attenuation of both the LPSW and the RPSW simultaneously. Using the combined effect of the two kinds of
STTs or the STT and an external magnetic field, we demonstrate control of the LPSW and RPSW attenuations
separately, thus we can manipulate the SW polarization. We further suggest a magnon spin filter that can filter out
one of the SW modes and preserve the other, which generates a pure magnonic spin current in antiferromagnets.
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INTRODUCTION

Antiferromagnetic (AFM) spintronics has a great deal
of potential for application in high packing density and
high-speed magnetic random access memories (MRAMs),
neuromorphic computing, and ultrafast information technol-
ogy [1-7], stemming from a zero stray field and THz spin
dynamics. A number of breakthroughs have been made in the
field of AFM spintronics. Electric-current-induced magneti-
zation switching has been achieved experimentally in AFM
CuMnAs [8] and Mn;Au [9] as well as in AFM/heavy-
metal heterostructures [10,11]. Spin transfer torque (STT)
has been used to control the ground states in three sublat-
tice noncollinear antiferromagnets and to reach deterministic
switching between states [12]. In addition, electrical read-
out has been realized in antiferromagnetism by means of
anisotropic magnetoresistance (AMR), spin Hall MR, and the
anomalous Hall effect [13-16].

Important progress has also been made in the study of
AFM magnonics. The spin Seebeck effect was found in
Cr;O03(MnF,)/Pt heterostructures [17-19]. Magnonic spin
current was generated in Cr,O3 and MnF, by the spin
pumping effect [20-22]. The injection of spin currents
into antiferromagnets was achieved through ferromagnetic
(FM)/AFM or heavy-metal (topological insulator)/AFM in-
terfaces [23-25], and three magnon transmission states were
found in an antiferromagnetically coupled trilayer magnonic
spin valve [26]. Moreover, the manipulation of spin-wave
(SW) polarization in an antiferromagnet was demonstrated
theoretically via the domain-wall [27] or curvilinear effects
of AFM wires [28], and the SW propagating characteristics
in a ferrimagnet near the compensation point were studied
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[29]. In antiferromagnetism, the right-handed polarized SW
(RPSW) and the left-handed polarized SW (LPSW) coexist
due to two antiparallel magnetic sublattices. Therefore, in
addition to the amplitude and phase, the SW polarization can
be exploited to code information in an antiferromagnet [30],
and the spin transistor is more easily realized based on the
magnonic spin in the antiferromagnet [31]. However, due to
the degeneracy of the LPSW and the RPSW, the SW transport
in the antiferromagnet generally does not produce a magnonic
spin current. The generation of the magnonic spin current
in the antiferromagnet needs to break the symmetry of the
two magnetic sublattices. To design AFM magnonic devices,
one must know how to manipulate the LPSW and RPSW
separately and generate the magnonic spin current effectively.

In antiferromagnetism, the splitting of the LPSW and
RPSW dispersion relations can be realized by various meth-
ods. The most direct way is to apply an external magnetic
field; however, usually a large field is required to obtain a
moderate splitting [32]. Liang et al. [33] found that the LPSW
and RPSW dispersion relations in an AFM domain wall will
split into four separate bands with specific polarities when the
interfacial Dzyaloshinskii-Moriya interaction (DMI) is taken
into account. In addition, it has been demonstrated that the
magnon spectrum can be split by combining the strain or DMI
with an adiabatic STT [34]. Furthermore, Kim et al. [35] have
shown that the splitting of the circularly polarized magnon
spectrum occurs when magnons pass through a rotating do-
main wall.

In this work, using analytical calculations and micromag-
netic simulations, we study the propagating characteristics of
an LPSW and an RPSW in an antiferromagnet and the tuning
effect of Slonczewski-type STT [36-38], Zhang-Li type STT
[39,40], as well as the external magnetic field. Our studies
provide a way to manipulate the attenuation of the LPSW and
RPSW separately so that we can control the polarization of
SWs. We further suggest a magnon spin filter that can filter out
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FIG. 1. Schematics of the one-dimensional antiferromagnetic
chain. The magnetic moments are along the positive or negative
y-axis. The spin waves propagate along the x-axis.

one of the SW modes and preserve the other so as to generate
a pure magnonic spin current in an antiferromagnet.

II. MODEL AND APPROACH

We consider a one-dimensional AFM chain as shown in
Fig. 1. S4 and Sg are the spin moments at A and B sublattice
sites, respectively, and they are directed oppositely along the
y-axis. Here we suppose S = |S4| = |Sg|. The Hamiltonian
of the system includes exchange, uniaxial anisotropy, and
Zeeman energies, which can be expressed as [41,42]

N.N N
E=2]) 8y-Sp—KY [(Sai) + (Spin)’]
(A,B) i
N
— yhY_ (Sai+ S Ho, ()

where N is the number of the primitive cell in the system,
and i denotes the ith primitive cell. J is the exchange constant
between A and B sublattices, (A, B) denotes a sum over all
nearest-neighbor lattice sites, K is the uniaxial anisotropy
constant with the easy magnetization direction along the y-
axis, y is the gyromagnetic ratio, and 7 is the reduced Planck
constant. Hy = H,¥ represents the external magnetic field.
The effective magnetic fields acting on the sublattices are
given by — # %
_ H,(mp; | +mg,;)
5 )
Ho(my ; +my ;i)
> ,
where my; = S4;/S and mp; = Sp;/S denote the unit vec-
tors along the local spin moments. The effective exchange
field H, and anisotropy field H, are defined by H, = 4SJ/gh
and H, = 2SK/gh, respectively.
The magnetization dynamics of the antiferromagnet is
governed by the Landau-Lifshitz-Gilbert (LLG) equation in-
cluding the STT [43],

Hy; =Ho+ H,(my; - §)§

Hp; =Ho+ H,(mg; - §)§ — )

8mA,~ amAi
Tor =—ymy,; x Hy; +amy; x o + Ta
omgp ; mg ;
= —ymp; X HB,,' + amp; X + TB,i- (3)

ot dt

« is the Gilbert damping constant, and T4 ; (Tp ;) represents
the STT acting on the my4 ; (mp ;). Here we consider two types
of STT. One is Slonczewski-type STT, which has the form

[36-38]

Ta; = c(my; X WX my;),

T, = c(mp; X | X mg;), 4)

where c is the strength of the STT, which is proportional to the
electric current density, and p is the spin polarization vector;
here we set u = (0, 1, 0). The Slonczewski-type STT can be
generated in magnetic multilayers [37], and the strength can
be expressed as ¢ = gugPJ.1/2eMd. Here g is the Landé
factor, up is the Bohr magneton, J.1 and P denote the current
density and spin polarization, respectively, e is the electron
charge, M, is the saturation magnetization, and d is the thick-
ness of the AFM layer. The Slonczewski-type STT can also
be induced in an AFM/heavy-metal heterostructure [10,11].

Another kind of STT is the Zhang-Li type, which is in-
duced by the electric current flowing in AFMs, and it can be
expressed as [39,40]

Tai = (g - VImy,; — Bmy; x (uy - V)my;,

T = (ug - V)mg; — fmg; x (up - V)mg;, (5)

where u, /B is the magnitude of adiabatic STT acting on the
my /B, and it can be written as uy /B = (gupPa/BJ.2/2eMj)
X. Here J,2 is the electric current density, P4/B is the spin
polarization of each sublattice, and 8 is the ratio of the nona-
diabatic to adiabatic STT. In our model, the two sublattices
are equivalent, thus Py = Pg, us = ug = uX.

In general, the magnetic field generates a Lorentz force act-
ing on the itinerant electrons, which will influence the motion
of electrons. Moreover, the magnetic field acts on the electron
spin, giving rise to the Hanle effect. In our micromagnetic
study based on the LLG equation, neither effect is considered
(as what is done in the literature [43,44]).

We consider the spin waves propagating in the x-axis, and
we set my ; (mp ;) as [45,46]

, ei(kx, —t)—Xx;

my; = (mAx i(kx,-fwt)fxi/A)’

A
A1 mage

i(kxi—ot)— 3 i(kx,—a)t)—'%i)

mg,; = (meoe ,—1,mpye , 6)
where A is the SW attenuation length, and w and k are the SW
frequency and wave vector, respectively. Substituting Eq. (6)
into Eq. (3), we obtain the dispersion relations and attenuation
lengths of SWs (details are provided in the Supplemental
Material [47]).

For numerical calculations, the parameters corresponding
to the material KMnF; are used [48]: J = 5.25 x 1072?27,
K =229 x 1072*J, M, = 3.76 x 10° A/m, and lattice con-
stant a = 0.5 nm. To verify the theoretical predictions, we also
perform full micromagnetic simulations using MuMax3 [49].
The AFM structure we study is an AFM nanowire with grid
size 10000 x 1 x 1 and cell size 0.5nm x 0.5nm x 0.5 nm.
The Gilbert damping constant is « = 0.001 to ensure a proper
propagation distance of SWs. An exponentially increased
damping o near the edges is adopted as an absorbing boundary
condition to prevent the reflection of SWs. Additional details
of the micromagnetic simulations are provided in the Supple-
mental Material [47].
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FIG. 2. (a) Frequency dependence of the attenuation lengths of
the LPSW (solid lines) and RPSW (dotted lines) for the external
field Hy = 0 (red) and Hy = 10 T (blue). (b) Frequency dependence
of the attenuation length difference (A;—Ag) between the LPSW and
RPSW.

III. EFFECT OF THE EXTERNAL MAGNETIC FIELD

When only the external magnetic field is present, the
SW dispersion relation and the attenuation length are
simplified to (details are provided in the Supplemental Ma-
terial [47])

oL = FyHo+ 7y (Ho+ HY — Hicosak,  (7)

)/aHe2 sin(2ak)
2(Ha + He)awL/R '

where wp/r is the frequency of the LPSW/RPSW, and
Apr is the corresponding attenuation length. The magnetic
field lifts the degeneracy of the LPSW and RPSW and
gives rise to a frequency splitting of 2y Hy. The cutoff fre-
quencies for LPSW and RPSW become w.;/.r = FyHo +
yH,(H, + 2H,). SWs with frequency below w.; /cR cannot
propagate in an antiferromagnet. When the field strength H
is larger than the spin-flop field Hsg = /2H,H,—H az [43], the
linear AFM structure is unstable. In this work, only the linear
AFM structure is considered.

The magnetic field also affects the attenuation of the LPSW
and RPSW. Figure 2 shows the frequency dependence of
the SW attenuation lengths when Hy = 0 and 10 T. In the
absence of the magnetic field, the LPSW and RPSW have
the same attenuation length. The attenuation length Ay g in-
creases very rapidly near the cutoff frequency (k — 0). After
reaching the maximum value, Ay /g first decreases gradually

Apr = (8)
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FIG. 3. Magnetic field dependence of the attenuation lengths A
of the LPSW (solid lines) and RPSW (dotted lines) for frequencies of
w/2n = 1.1THz (red) and w/2mw = 7.2 THz (blue). The circles and
squares represent the results of micromagnetic simulations for LPSW
and RPSW, respectively. The green vertical dashed lines indicate the
value of the spin-flop field Hsp &~ 18.68 T.

and then decreases rapidly when the wave vector k approaches
the boundary of the first Brillouin zone (k — a/2). The fast
increase/decrease of the attenuation length is related to the
SW propagating velocity. Substituting the SW velocity vy /g =
dwyr/dk into Eq. (8), we obtain the SW attenuation length:

w1 222)

ZwL/R

(H, + H)ya

AL = (€]

Ay g is proportional to the velocity vy /g, which increases
rapidly at the center of the Brillouin zone and decreases
rapidly when k approaches the boundary. When the magnetic
field is applied, an additional term (1 4= yHy/2w;r) is in-
troduced in Eq. (9). The attenuation length of one SW mode
(LPSW) is increased and the other mode (RPSW) is decreased
[see Fig. 2(a)]. The attenuation length difference (A;—Ag)
between two SW modes is largest in the low-frequency range
(near the center of the Brillouin zone), as shown in Fig. 2(b).
When the frequency is between the two cutoff frequencies
w1, and w.g, only one SW mode can propagate in the AFM.
As the frequency increases, (A;—Apg) decreases rapidly and
approaches zero at a critical value f, = w./2w = 5.6 THz,
where A; = Ag, and both are equal to the attenuation length
without a magnetic field. After that, the increase or decrease
of the SW attention lengths is reversed, i.e., the magnetic field
increases the RPSW attenuation length while it decreases the
LPSW one. When k approaches the boundary of the Brillouin
zone, (A —Ag) approaches zero again.

The variation of the attenuation lengths A; and Ay with the
magnetic field is plotted in Fig. 3 for frequencies w/2w = 1.1
and 7.2 THz. It demonstrates clearly that the magnetic field
enhances the attenuation of one of the SW modes and weakens
that of another. Reversing the magnetic field, the situation is
reversed. The results of micromagnetic simulations are also
presented in Fig. 3. The details of the simulations are provided
in the Supplemental Material [47]. The theoretically calcu-
lated results agree very well with the simulations.

IV. EFFECT OF THE SLONCZEWSKI-TYPE STT

The effect of Slonczewski-type STT on the SW dispersion
relations is negligible in the linear approximation, and the
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FIG. 4. (a) Frequency dependence of the attenuation lengths of
the LPSW (solid lines) and RPSW (dotted lines) for ¢/2w = 0 and
Hy = 0 (red), ¢/2m = 0.2 GHz and Hy = 0 (green), and ¢/2wr = 0.2
GHz and Hy = 10T (blue). (b) Frequency dependence of the attenu-
ation length difference (A, —Ag) between the LPSW and RPSW.

SW dispersion relations have the same formula as Eq. (7),
meaning the Slonczewski-type STT does not lift the de-
generacy of the LPSW and RPSW when Hy = 0. The SW
attenuation length has the following form:

yaHe2 sin(2ak)
2(H, + H.)(owpr F ¢)

Apjr = (10)

The STT increases (decreases) the attenuation length of
LPSW (RPSW), and vice versa if the electric current is
reversed. When ¢ = *awy/p, Ar/r becomes infinite. The
critical current for instability of the linear AFM structure is
estimated to be [43]

¢ = —ay(Hsp +Hp), cy =ay(Hsg—Hy). (11)

The current strength ¢ = fawy g for infinite Ay g is larger
than the critical current c4 for the instability condition. So the
current strength ¢ used to manipulate the SWs is limited to
c_ < ¢ < c4. In the absence of the magnetic field, the critical
current is ¢, /27 = —c_ /2w = 0.52 GHz.

Figure 4 shows the variation of the attenuation lengths
Ay, and A with the SW frequency. When Hy = 0, the STT-
induced variation of A; and Ag is similar to that induced
by the magnetic field. STT suppresses the attenuation of one
SW mode (RPSW) and enhances that of another (LPSW). If
the current is reversed, the increase or decrease in attenuation
length of LPSW and RPSW is reversed as well. The largest
value of (Ap—Ag) is in the long-wavelength range, and it
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FIG. 5. Variation of the attenuation length A of the LPSW (solid
lines) and RPSW (dotted lines) with the STT strength ¢ for the
frequencies of w/2mw = 1.1 THz (red) and w/27 = 7.2 THz (blue).
Circles and squares represent the results of the micromagnetic sim-
ulations for the LPSW and RPSW, respectively. The green vertical
dashed lines indicate the value of the spin-flop field Hsg &~ 18.68 T.

decreases gradually with increasing frequency. If a magnetic
field of Hy = 10T is applied together with the current, the
degeneracy of the LPSW and RPSW is lifted, and the tuning
effect of the attenuation length is enhanced significantly. A
maximum (Az—Ag) up to 1 um is reached. Of course, the
tuning effect of the STT and the magnetic field can cancel
each other out if the field is reversed.

The dependence of the attenuation length A; and Ag
on the STT strength ¢ is shown in Fig. 5 for SWs with
frequencies w/2m = 1.1 and 7.2 THz when Hy =0 and
10 T. Az (Ag) increases (decreases) nonlinearly with ¢ when
/2w = 1.1 THz, while a near linear dependence is observed
for w/2m = 7.2 THz. When c is much smaller than awy /g, the
attenuation length is approximated as

(12)

Apr =~

yaH? sin(2ak) <1 L ¢ )
2(Ha + He)awL/R awr /R '

Equation (12) shows a linear dependence of Az/z on c.
The theoretical predictions agree well with the results of the
micromagnetic simulations.

V. EFFECT OF THE ZHANG-LI STT

When an electric current flows in an antiferromagnet, the
Zhang-Li type STT [Eq. (5)] will be introduced. The SW
dispersions are derived as

u sin(2ak)

2a
(13)

WLk = FyHo + yy/(Ha + H,)? — H2cosak —

The STT introduces a Doppler shift and leads to SW
nonreciprocal propagation in antiferromagnets, as shown in
Fig. 6(a), in which the dispersion relations of the LPSW and
RPSW without a magnetic field are presented when an electric
current # = 500 m/s is applied. But STT itself does not lift the
degeneracy of the LPSW and RPSW. The degeneracy is lifted
by the magnetic field Hy as shown in Fig. 6(b).
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FIG. 6. Dispersion relations of the LPSW (red lines) and RPSW
(blue lines) for Hy = 0 (a) and Hy = 10T (b). The solid and dashed
lines represent the results for the STT magnitude u = 0 and 500 m/s,

respectively. The color-changing lines are results of micromagnetic
simulations.

When only Zhang-Li type STT is present, the SW attenua-
tion length A /z can be expressed as
2a’H?2y? sin(2ak) — 4auwy /g cos(2ak) — u® sin(4ak)
2y (H, + H,)[2a(awp jr) + Pusin(2ak)]

L/R=
(14)

Equation (14) indicates that the Zhang-Li STT has the
same effect on the LPSW and RPSW modes. Figures 7(a)
and 7(d) show the calculated A;/r according to Eq. (13).
Both the LPSW and RPSW attenuation lengths are increased
(or decreased) at the same time by Zhang-Li STT, which is
different from the effect of Slonczewski-type STT, where the
attenuation length of one SW mode is increased while the
other is decreased. Moreover, the Ay is strongly dependent
on the nonadiabatic STT coefficient B [see Fig. 7(d)]. Ar/r
is increased significantly when the current u approaches the

critical current u, = ;ff]‘f;;,é’; of SW instability [45,50].

The LPSW and RPSW attenuation lengths cannot be ma-
nipulated separately by Zhang-Li STT. However, if a magnetic
field is applied together with the Zhang-Li STT, the degen-
eracy of the LPSW and RPSW is lifted, and the LPSW and
RPSW have different attenuation lengths, as indicated by
Figs. 7(b) and 7(e). Importantly, the LPSW and RPSW have

different critical current u, for instability:

2aawg
B sin(Qak)’

2aawy,

~ Bsin(2ak)’ (13

Ul = Ucr =

When the applied current is close to the critical current
u.r, the LPSW attenuation length is increased greatly, while
for the RPSW mode the increase in the attenuation length
is much less [see Fig. 7(e)]. A very large (A —Ag) can be
obtained. Reversing the magnetic field, the opposite manip-
ulation for the LPSW and RPSW attenuation lengths can be
achieved. A similar effect can be realized by applying the
Slonczewski-type STT together with the Zhang-Li STT as
shown in Figs. 7(c) and 7(f). The Slonczewski-type STT also
leads to different critical currents u.; and u.g for the LPSW
and RPSW instability, which can be expressed as

2a(c — awr)
Bsin(2ak) ’

2a(—c — awg)
UR= —F 7
B sin(2ak)

Uel =

(16)

As shown in Figs. 7(d)-7(f), when g = 0.2, a small cur-
rent (u < 100 m/s) can realize the effective control of the
LPSW and RPSW propagation. The strong influence of the
nonadiabatic STT coefficient 8 on the critical currents for the
SW instability, and thus on the SW attenuation length, means
materials with large 8 are advantageous for the manipulation
of the LPSW and RPSW in an antiferromagnet.

VI. SPIN FILTER

The effective manipulation of the attenuation length Ay /g
means that we can control the SW polarization in antifer-
romagnetism and exploit it to design novel AFM magnonic
devices. Here, based on the obtained results, we propose a
magnonic spin filter that can preserve one SW polarization
and filter out the other. The schematics of the magnonic spin
filter is shown in Fig. 8(a). A heavy-metal Pt is placed on the
AFM stripe. An electric current flows in an antiferromagnet
from left to right, and it provides the Zhang-Li STT. The elec-
tric current flowing in the heavy metal yields a spin current
due to the spin Hall effect. When this spin current enters into
the antiferromagnet, it will produce a Slonczewski-type STT
(dampinglike spin-orbit torque) acting on the antiferromag-
net. The sign of the Slonczewski-type STT [Eq. (4)] can be
changed by reversing the direction of the current in the Pt
layer. As the spin-orbit torque is an interfacial effect and the
Zhang-Li STT is a body effect, it is reasonable to assume that
the two spin currents are independent from each other [51,52].
The SWs are generated by an oscillating magnetic field 4 (¢)
at the left end of the AFM chain. The filtered SW signals are
detected at the right end.

Figure 8(b) shows the trajectory of the magnetization pre-
cession at the left end of the antiferromagnet. The large
eccentricity of the ellipse means the precession is the su-
perposition of the LPSW and RPSW. Figure 8(c) shows the
precession trajectory of the magnetization 2450 nm away
from the left end. Here we set the amplitude of the Zhang-Li
STT as u =-90m/s and B = 0.2, and the strength of the
Slonczewski-type STT as c¢/2m = 0.4 GHz. A nearly left-
handed circular trajectory is obtained, meaning the RPSW is
filtered out. If the electric current in the Pt layer is reversed,
the LPSW will be filtered out, and only the RPSW can reach
the right output terminal, as shown in Fig. 8(d). In this way, we
can obtain a pure spin-up or spin-down magnonic spin current
in the antiferromagnet.
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FIG. 7. Variation of the attenuation lengths of the LPSW (red lines) and RPSW (blue lines) with the magnitude u of the Zhang-Li STT.
(a),(d) For ¢/2x = 0 and Hy = 0; (b),(e) for ¢/2mr = 0 and Hy = 10T; (¢),(f) for ¢/2n = 0.4 GHz and Hy, = 0. The upper and lower rows
represent the results for § = 0.01 and 0.2, respectively. Circles and squares represent the results of the micromagnetic simulations for LPSW
and RPSW, respectively. The SW frequency is fixed at w/27 = 1.1 THz.
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FIG. 8. (a) Schematics of the magnonic spin filter. (b)—(d) Trajectories of the magnetization precession at the position of driving field
(b) and at the output terminal (¢) (¢/2m = 0.4GHz, u = -90m/s) and (d) (¢/2n = -0.4GHz, u = -90m/s). The SW frequency is w/2n =
1.1 THz.
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VII. CONCLUSIONS

To conclude, we study the manipulating effect of the
Slonczewski-type and Zhang-Li type STTs as well as the
external magnetic field on the LPSW and RPSW propagat-
ing in an antiferromagnet using analytical calculations and
micromagnetic simulations. We find that the Zhang-Li STT
leads to the Doppler shift of the LPSW and RPSW but does
not lift their degeneracy. The attenuation of both the LPSW
and RPSW can be enhanced or weakened depending on the
direction of the electric current. The Slonczewski-type STT
has almost no effect on the dispersion relation of LPSW and
RPSW, while it can tune the attenuation of the LPSW and
RPSW separately, i.e., it increases the attenuation length of
one SW mode and decreases that of another mode simultane-
ously. Using the combined effect of the two kinds of STTs or
the STT and the external magnetic field, we can control the
attenuation of the LPSW and RPSW separately, thus we can

manipulate the polarization of SWs and realize the generation
of magnonic spin current. Based on the findings, we suggest a
magnon spin filter that can filter out one of the SW modes and
preserve the other one, thus generating a pure magnonic spin
current in the antiferromagnet. Our studies provide important
theoretical references for manipulating the SWs in antifer-
romagnets, and they are helpful for designing various novel
AFM magnonic devices
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