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SPECIAL TOPIC — Advanced magnonics
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Manipulation of spin-wave polarization is fundamental for designing novel magnonic devices based on the polariza-
tion coding technique. Here, we demonstrate the generation of left-handed polarized spin waves (LPSWs) in a ferromag-
netic domain wall and their polarization modulation through the combined effect of the Dzyaloshinskii—-Moriya interaction
(DMI) and spin-polarized electric current. A phase diagram delineating the stability regions of left- and right-handed polar-
ized spin waves (RPSWs) is constructed as a function of DMI strength and current density. Our results reveal a pronounced
DMI-induced nonreciprocal damping effect, predominantly manifested in RPSWs while leaving LPSWs largely unaffected.
This phenomenon enables effective filtering of RPSWs in one direction, allowing the realization of pure LPSW propagation
as well as elliptically polarized spin waves with tunable eccentricity. Our work provides a viable method for controlling
spin-wave polarization and nonreciprocal propagation in ferromagnetic systems.
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1. Introduction

Magnonics has garnered significant interest due to the
numerous advantages of magnon-based devices over tradi-
tional electronic systems, including energy-efficient informa-
tion transmission without Joule heating, broad operational
bandwidth spanning GHz to THz frequencies, and nanoscale
component integration.!!'=") Based on the modulation of the
amplitude and phase of spin waves (SWs), various magnonic
devices have been developed, such as amplitude encoders,
phase encoders, transducers, magnonic transistors, and re-

10—

lated logic gates.!'%!51 However, functional devices based

on SW polarization are still limited to antiferromagnets and

[16-18] This limitation arises from the presence

ferrimagnets.
of two magnetic sublattices with antiparallel magnetization
in antiferromagnets and ferrimagnets, naturally giving rise to
two types of polarized SW modes: left-handed polarized SWs
(LPSWs) and right-handed polarized SWs (RPSWs). In con-
trast, in ferromagnets, only RPSWs exist, and magnonic de-
vices based on polarization modulation have not yet been re-
alized. In our earlier works,1%29 we demonstrated that LP-
SWs can be induced in ferromagnets by spin transfer torque

(STT), coexisting with RPSWs to form elliptically polarized

fCorresponding author. E-mail: wangxiguang @csu.edu.cn
fCorresponding author. E-mail: guogh@mail.csu.edu.cn
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SWs. While pure LPSWs have not yet been realized in ferro-
magnets, this limitation hinders, to a certain extent, the imple-
mentation of polarization-encoded magnonic devices.
Nonreciprocal propagation of SWs is important
for designing functional magnonic devices.?!>*  The
Dzyaloshinskii—Moriya interaction (DMI) is a type of ex-
change interaction characterized by its chiral nature.>>-28]
Consequently, DMI naturally induces nonreciprocal propaga-
tion of SWs. The DMI-induced SW nonreciprocity is reflected
in a term linear in the wave vector k in the SW dispersion re-
lation, resulting in asymmetric phase, velocity, attenuation
length, etc., of SWs propagating in opposite directions.?°-34]
DMI also gives rise to SW damping nonreciprocity, 3> mean-
ing SWs propagating in opposite directions experience dif-
ferent damping constants, which is especially significant in
the low-frequency range. Thus, the DMI-induced nonrecip-
rocal damping effect can be clearly observed in magnetic
domain walls (DWs), where the SW cutoff frequency is zero.
To date, DMI-induced SW nonreciprocity has been widely
exploited to design novel magnonic devices.[>730-38] Tt is
also worth noting that the DMI-induced linear shift of SW
dispersion is similar to the SW Doppler shift induced by spin-

polarized electric currents. As a result, the critical current

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047502-1


https://doi.org/10.1088/1674-1056/ae2771
https://cstr.cn/32038.14.CPB.ae2771
mailto:wangxiguang@csu.edu.cn
mailto:guogh@mail.csu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 047502 (2026)

required to generate LPSWs in ferromagnets can be signifi-
cantly reduced in the presence of DMIL.['°! Additionally, the
interplay between DMI and strain can manipulate SW dis-
persions in magnonic crystals.3*) DMI also induces non-zero
Berry curvature and leads to the thermomagnonic Hall effect
in checkerboard ferromagnets. 4]

Here, we study the propagation and manipulation of SWs
in a ferromagnetic DW under the combined effect of DMI
and spin-polarized electric current. LPSWs are produced by
STT. Interestingly, the DMI-induced damping nonreciprocity
differs for LPSWs and RPSWs; this effect can be utilized to
filter out RPSWs, achieving pure LPSW propagation in a tar-
get direction. The SW phase diagram is plotted as a function
of DMI strength and current density, and the analytical results
are verified by micromagnetic simulations.

2. Model and method

The model considered here is a Bloch DW in a thin fer-
romagnetic film with perpendicular magnetic anisotropy, as
shown in Fig. a. The equilibrium magnetization at the DW
center is directed along the x axis. The SWs propagating in
the DW are governed by the Landau-Lifshitz—Gilbert (LLG)
equation

a—m—— X Hegr + 0 xa—m
or — TYmxBeartamexo;
om om
7ij X <m X ax> 7ﬁclm X W, (1)
|
amg

— = {yqu—yHK [1 —2sech? (

Img

The SW solutions in DWs can be assumed as!*4

mg = mgpexp [i(wr — kx)] sech(%),

“)

My = meoexpli(of — k)] sech(%).

Substituting Eq. (4) into Eq. (3) and treating the effect of DMI
as a perturbation term,31*1 one obtains the SW dispersion
relation and imaginary frequency

D
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where m = M /Mj is the unit vector of the magnetization, ¥ is
the gyromagnetic ratio, and « is the Gilbert damping constant.
cj=Pjeuig/ [eM (1 —|—ﬁ2)} is the STT coefficient, where j,
is the current density, ug is the Bohr magneton, P is the spin
polarization of the current, e is the electron charge, and f3 is
the nonadiabatic torque coefficient. The effective field is de-
fined as Her = —8E /(o0 M). The free energy E includes
the exchange interaction, uniaxial anisotropy, demagnetization
energy, and bulk DML 741 Therefore, the effective field can
be expressed as

Hep=qV*m+Hk (m-e;)e.+ Hy—Dy(Vxm), (2)

with g = 2A/(uoMs), Hk = 2Kesr/ (HoMs), Ketr = K — toM2 /2,
and Dy = 2D/(uoMs). Here, A is the exchange constant, D is
the DMI constant, and K is the anisotropy constant. The de-
magnetization field is given by Hy = —N,Ms(m - ey)e,.[*?]
Here, Ny = d/(d + wA), where d is the thickness of the film
and A = \/A/Ke is the characteristic width of the DW.

Consider a small perturbation around the static equilib-
rium, the unit magnetization vector can be expressed as m, =
(mr,mg,mgy) in spherical coordinates, where 6 and ¢ repre-
sent the polar and azimuthal angles, respectively. mg and my
are small perturbations that deviate from the equilibrium state
in the presence of SWs, and m, = 1 under the linear approx-
imation. The equilibrium Bloch DW is approximated by the
Walker profile tan(6/2) = exp(4y/A), ¢ = 0.1*3] The partial
differential equations describing SWs in the DW are obtained
by linearizing Eq. (1)

A ox ' ;
. 3)
ox
\
n (%yDb . c.,-) k, )

2 8A
YDy
[0 R) — ( 2 — Cj) k

Here, oy, and wr represent the dispersions of LPSW and

4 N, M | D
Y ( WL (R) T ﬁcjk) (qk2 s | b‘ )
. (D

WiLR) =

RPSW, respectively, and @y, and wjr denote the imaginary
frequencies of LPSW and RPSW, respectively.

For numerical calculations, the magnetic parameters
corresponding to the L10-ordered FesoPdsy (001) film are
used: 91 My = 1 MA/m, A = 15 pJ/m, and K = 1 MJ/m>. The
Gilbert damping constant & = 0.01 is adopted to ensure proper
SW propagation. The nonadiabatic STT coefficient is taken as
B =0.014. Full micromagnetic simulations are performed us-
ing MuMax3#7! to verify the theoretical predictions. The fer-
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romagnetic film with a Bloch DW is discretized into a 2200 x
61 x 1 grid with cell size 2 nm X 2 nm X 1 nm. An absorb-
ing boundary condition is applied to eliminate the influence of
reflected SWs. 8] To simulate the SW dispersion spectrum, a
sinc-shaped magnetic pulse h(r) = heysin(2nf.t)/(2nft) is
used, with # = 10 mT and f. = 50 GHz. The time evolution
of my is monitored at all cells located at the DW center for a
duration of 50 ns, with a discrete time step of 10 ps. The SW
dispersion relationships are obtained using a spatiotemporal
fast Fourier transform.

3. Results and discussion

The occurrence of STT-induced LPSW is determined by
the condition that the maximum frequency of the LPSW dis-
persion should be larger than zero, i.e., @ -max > 0,'”) which
gives the critical coefficient c e derived from Eq. (5)

| Dy| T
Cje::tY\/q (NyMs+ 4A ) +ZYDba ¥

Here, the positive and negative signs (4) correspond to the

respectively. Specifically, if Dy, is positive, when the STT coef-
ficient c; is also positive, the sign of the first term on the right-
hand side of Eq. (8) is positive; if c; is negative, the first term
is negative. Therefore, the DMI can reduce the critical current
density for the generation of LPSW if the signs of c¢; and Dy,
are opposite. Equation (8) also indicates that the demagnetiza-
tion factor N, can affect the critical current density. N, reflects
the DW structure, and a large DW width in a thin film is ben-
eficial for reducing the critical current density. Therefore, in
experiments, it is recommended to use wider DWs in thin films
with larger DMI to reduce the critical current density.

The STT also leads to instability of the system, which oc-
curs when @i (R)-min < 0.9 The critical coefficient c;q at
the onset of instability is obtained from Eq. (7)

o o 7T|Dy| a =«
cjs—:t|a_ﬁ|y\/q(NyMs+4A )+a_B4yDb. 9)

Here, the signs (+) of the first term on the right-hand side of
Eq. (9) have the same meaning as in Eq. (8). As |cje| < |cjss
stable LPSWs can exist in DWs if the current satisfies |cje| <

cases where the signs of ¢; and D, are the same and opposite,  |c;| < |cjs|.
c
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Fig. 1. Schematic of the Bloch DW in a thin ferromagnetic film with perpendicular anisotropy. The arrows represent the direction of the static
magnetization. (b) Phase diagram for the stable LPSW and RPSW states and SW instability determined by the strength of DMI and current
density. In region A only RPSW exists, in region B LPSW and RPSW coexist, and in regions C and D the system becomes unstable. (c)—
(e) Dispersions of SWs for (c) ¢; = 0.19 km/s, (d) ¢; = —0.19 km/s, and () ¢; = —0.46 km/s. In all cases, D, = 2.1 mA (D= 1.3 mJ/m?2). The
green and black dashed lines are the analytically calculated dispersions, and the bright background color represents the simulated results. The
red dashed line and cyan solid line indicate @/(27) = 1 GHz and ®/(27) = 0, respectively.

Based on the two critical currents cj. and cjs given in
Egs. (8) and (9), we plot the phase diagram for the stable
LPSW and RPSW states and SW instability determined by
the strength of DMI and current density, which is shown in

Fig. 1(b). The critical current curves cj. and cjs divide the
Dy, ~ cj space into four regions. In region A, with small cur-
rent and weak DMI, only the RPSWs exist. Typical SW dis-
persions in region A are given in Figs. 1(c) and 1(d). The
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LPSW dispersion is below the abscissa, indicating that only
stable RPSWs can be hosted in the domain wall. The dif-
ference in SW dispersions between Figs. 1(c) and 1(d) arises
from the fact that the effects of DMI and STT cancel each other
in Fig. 1(c), while they are enhanced in Fig. 1(d). In region B,
the stable LPSW can be induced by STT and coexists with
the RPSW. The corresponding SW dispersions are presented
in Fig. 1(e). Here, the STT and DMI push the LPSW disper-
sion curve across the horizontal axis, generating LPSWs with
positive frequency. The stable LPSWs exist when the wave
vector k is limited in the range

O< k< (YRDy —4cj)*  NyMs  7|Dy|
(47q) q  A4qA”

for Dy > 0 and ¢; < 0. In regions C and D, the condition for
the onset of instability given by Eq. (9) is satisfied, and SWs
become unstable.

To further demonstrate the characteristics of the LPSW
and RPSW modes, we excite the SWs using a harmonic field
h(t) = heycos(2rnft) with h =1 mT and f = 1 GHz (indi-
cated by the red lines in Figs. 1(c)-1(e)), and simulate the SW
propagation in the DW. The results are presented in Fig. 2.
Figures 2(a) and 2(b) show the propagation profiles of SWs
in region A (two points indicated by black dots in Fig. 1(b)),
and the corresponding spatial Fourier transforms are presented
in Figs. 2(d) and 2(e). Here, only the RPSWs are excited.
The right-moving RPSW with wave vector kg; is significantly

weaker than the left-moving RPSW with wave vector kg, re-
flecting strong damping nonreciprocity. Reversing the direc-
tion of the current, the damping nonreciprocity feature is al-
most the same, indicating that the STT-induced SW damping
has a weak effect as it depends on the current direction. 3!
This damping nonreciprocity of SWs in DWs is induced by the
DMI.*31 Tt is worth noting that the DMI-induced nonrecipro-
cal damping has been verified experimentally.>*! In region B
(a point represented by the green dot in Fig. 1(b)), both LP-
SWs and RPSWs are simultaneously stimulated as shown in
Fig. 2(c). Here, the strength of the RPSW propagating to the
right (kry) is significantly smaller than that of the RPSW prop-
agating to the left (kry) (see Fig. 2(f)), demonstrating the DMI-
induced nonreciprocal damping. In contrast, the strengths of
the two LPSWs propagating to the left (ky ») and right (k1) are
comparable, indicating that the DMI-induced damping nonre-
ciprocity is not manifested on the LPSWs. Due to the dif-
ference in damping nonreciprocity between the LPSW and
RPSW, the SW propagating to the left in Fig. 2(c) is a superpo-
sition of the LPSW (k1 ») and RPSW (kgr»), and the trajectory
of magnetization precession is an ellipse with large eccentric-
ity. Conversely, the SW propagating to the right is nearly a
pure LPSW, and the trajectory is a circle with left-handed pre-
cession. Thus, we achieve pure LPSWs in ferromagnets, and
the propagation direction of the pure LPSW can be reversed
by switching the chirality of DMI and the direction of the spin-
polarized electric current.

(@1, \ (d)A 6
© :f
o i:/ 4 kg2
2 o :
3 A 2
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! \ ‘ ‘ ‘ ‘ = 0
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Fig. 2. (a)—(c) Propagation profiles of SWs propagating in the DW for (a) ¢; = 0.19 km/s, (b) ¢; = —0.19 km/s, and (¢) ¢; = —0.46 km/s.
(d)—(f) Corresponding spatial Fourier transformations of (a)—(c). In all cases, Dy, = 2.1 mA (D = 1.3 mJ/m?).
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To clarify the different manifestations of the damping
nonreciprocity on the LPSW and RPSW, we analyze the imag-
inary frequency of SWs given by Eq. (7) and calculate its de-
pendence on the wave vector k, which is presented in Fig. 3.
It shows that both the LPSW and RPSW display obvious non-
reciprocity of the imaginary frequency for positive and nega-
tive k, while the chirality of nonreciprocity is opposite. The
nonreciprocity is more significant for small k, and a jump oc-
curs as k — 0. Therefore, both the RPSW and LPSW exhibit
nonreciprocal damping. This nonreciprocity, however, is de-
termined by the sign of the wave vector k rather than the di-
rection of SW propagation. As shown in Fig. 1(e), the two
excited RPSWs have wave vectors of opposite signs and prop-
agate in opposite directions. In contrast, although the two LP-
SWs also travel in opposite directions, their wave vectors have
the same sign. Consequently, the damping nonreciprocity is
not observed clearly in the LPSWs.

Exploiting STT-generated LPSWs and the DMI-induced
damping nonreciprocity, we can not only obtain pure LP-
SWs but also modulate the SW polarization. Figure 4 shows
the trajectories of the magnetization precession at site x =
—500 nm under different current densities. We see that, when

¢j = —0.44 km/s, the magnetization precession is RPSW-
dominated right-handed elliptical. At ¢; = —0.46 km/s, the
precession trajectory is LPSW-dominated left-handed ellipti-
cal. When c; increases to —0.49 km/s, the SW becomes nearly
linearly polarized. Thus, by varying the current density, we
can modulate SW elliptical polarization with tunable eccen-

tricity.
0.2
0157
N
o
S
C 01f
N
~
3
0.05
—RPSW
LPSW

0 L L L L J
-0.12 -0.06 0 0.06 0.12
k (nm_l)

Fig. 3. Imaginary frequency of SWs as a function of the wave vector k.
The parameters are ¢; = —0.46 km/s and Dy, =2.1 mA (D=1.3 mJ/m?).

(a) (b), (©)2 ‘
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£ £ £
20 20 20
R N N
S g S
-1
-2 -2 :
-1 0 1 -2 0 2 -2 0 2
m, (107%) m, (107%) m, (1079)
Fig. 4. Precession trajectories of the magnetization at site x = —500 nm for different current densities: (a) ¢; = —0.44 km/s,

(b) ¢j = —0.46 km/s, and (c) ¢; = —0.49 km/s. In all cases, D, = 1.6 mA (D = 1 mJ/m?).

4. Summary

We theoretically investigate SWs and their manipulation
in ferromagnetic DWs through the interplay of the DMI and
STT. We demonstrate the emergence of LPSWs and construct
a phase diagram depicting the stable existence regions for LP-
SWs and RPSWs.
of SWs for positive and negative wave vectors is observed.

A DMl-induced nonreciprocal damping

This damping nonreciprocity is predominantly manifested in
RPSWs, while its effect on LPSWs is negligible. The asym-
metry arises because two RPSWs propagating in opposite di-
rections have opposite signs of the wave vector, whereas the
DMlI-induced LPSWs share the same wave vector signs de-
spite propagating in opposite directions. This feature enables
the generation of pure LPSWs in a desired direction, as well as
elliptically polarized SWs with tunable eccentricity. Our work
provides an effective approach for controlling SW polarization
and may be utilized in designing magnonic devices based on

polarization coding techniques.
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