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Tunable spin-wave nonreciprocity in synthetic antiferromagnetic domain walls
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Nonreciprocal propagation of spin waves provides the possibility to design novel functional magnonic devices.
In the present paper, based on micromagnetic simulation, we investigate the properties of the spin waves
propagating within magnetic domain walls in a synthetic antiferromagnetic bilayer structure and demonstrate
a giant frequency nonreciprocity, of which not only the magnitude but also the sign can be efficiently controlled
by an external magnetic field. This results from the field-induced modification of the hybridization between the
domain-wall spin wave channels from different magnetic layers. The unidirectional excitation of the gigahertz
hybridized domain-wall spin waves by a nanostripline antenna is also demonstrated. Our finding suggests the
nanoscale antiferromagnetic domain walls should be a promising platform for programmable nonreciprocal
spin-wave devices.
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I. INTRODUCTION

Spin-wave nonreciprocity, usually referred to as the
difference in frequency or amplitude between oppositely
propagating waves, has recently received intensive study,
partially because of its potential applications in spin-wave
devices [1–7]. One of the most well-known examples
is the unidirectional propagation [1] of the magnetostatic sur-
face spin-wave mode, known as the Damon-Eshbach (DE)
mode [8], which is driven by dipolar field.

In the case of a uniform magnetic film, however, the 180º
rotation symmetry with respect to the in-plane magnetization
guarantees an identical frequency for the DE spin waves with
wave vectors of the same magnitude but in opposite directions,
although localized separately at the top and bottom surfaces,
and thus leads to a reciprocal dispersion relation or the van-
ishing of frequency nonreciprocity in the entire system. In
this sense, it is straightforward to expect the observation of
nonreciprocal spin wave dispersion in a magnetic film where
this rotation symmetry is broken by a magnetization gradient
across the thickness [9] or distinct magnetic anisotropy at the
two surfaces [10]. Alternatively, the spin-wave nonreciprocity
can also be produced by introducing chiral interactions, e.g.,
interfacial [11,12] or strain-driven [13,14] Dzyaloshinskii-
Moriya interaction (DMI) [15,16], which is responsible for
noncollinear spin textures, such as spin spirals and magnetic
skyrmions [17–19], and therefore is of particular importance
in spintronics [20–23]. Since the DMI-induced frequency dif-
ference for the oppositely propagating spin waves depends
linearly on the magnitude of their wave vectors [24–27], in
practice, the measurements of such a linear dependence via
Brillouin light scattering [5,28–31] or spin-wave propagation
[6,14,32] are commonly used to evaluate the DMI strength.
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Recently, it was shown that such a spin-wave nonreciproc-
ity due to DMI in uniformly magnetized system could be
inherited by the confined spin wave propagating modes within
the ferromagnetic domain walls [33], i.e., the narrow one-
dimensional waveguides between different magnetic domains
[34–37]. In the absence of DMI, on the other hand, the
domain-wall structure changes from Néel type to Bloch type,
where a similar nonreciprocal feature has also been demon-
strated [38]. The latter can be understood as the consequence
of the dipolar field for the DE-like mode at a single joint
surface between two ferromagnetic domains. In both cases,
the sign of the spin wave nonreciprocity is determined by
the chirality of the spin texture and therefore is fixed for
an established domain wall, which limits its application in
programmable spin-wave devices. To overcome this disadvan-
tage, in the present paper, we propose a scheme to realize
highly tunable spin-wave nonreciprocity based on the domain
walls in a synthetic antiferromagnetic (SAFM) bilayer sys-
tem. The key findings are summarized in Fig. 1, where the
dispersion relations of the domain-wall spin waves (DWSWs)
show a strong dependence on the in-plane magnetic field. The
symmetric dispersion in Fig. 1(d) at zero field indicates the
vanishing of nonreciprocity, and opposite nonreciprocities are
achieved in Figs. 1(c) and 1(e) by reversing the field direction
in the simulation.

II. MODEL AND METHOD

To specify our model, we consider a SAFM waveguide
consisting of two identical ferromagnetic layers and a spacer
of normal metal, where the latter provides an antiferromag-
netic exchange coupling between the two ferromagnetic layers
through a Ruderman-Kittel-Kasuya-Yosida (RKKY) mecha-
nism [39,40]. For the magnetization dynamics in the gigahertz
range, it is proper to use the Hamiltonian

Htot = HT + HB + Hinter, (1)
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FIG. 1. (a) Schematics of the SAFM domain wall. (b) The DWSWs excited by a nanostripline (NSL) antenna lying perpendicular to the
domain wall. The dispersion relations of DWSWs under an in-plane magnetic field (c) H < 0, (d) H = 0, and (e) H > 0.

where HT(B) and Hinter describe the top (bottom) ferromagnetic
layer and the RKKY interlayer exchange coupling, respec-
tively.

The Hamiltonian density in the magnetic layer reads

Hτ = Aintra(∇mτ )2 − Ku
(
mz

τ

)2 − μ0HMsm
x
τ

+ D
[
mz

τ∇ · mτ − (mτ · ∇)mz
τ

]
, (2)

where mτ represents the local magnetization orientation with
τ being the layer index. The first term of Eq. (2) is the
intralayer exchange interaction with the stiffness parameter
Aintra. The second term with Ku > 0 stands for a perpendicular
uniaxial magnetic anisotropy and the third term is the Zeeman
energy due to the external field applied in x direction. The sec-
ond line represents the interfacial DMI, with D being the DMI
parameter [41]. The areal density of the interlayer exchange
coupling due to RKKY mechanism is given by

Hinter = JexmT · mB, (3)

where Jex is the interlayer exchange coefficient. In principle,
the interfacial DMI and RKKY interaction only exist around
the interfaces. In the case the ferromagnetic layers are suf-
ficiently thin, it is safe to apply the approximation to use
uniform strengths across the thickness.

The effective field exerting on local magnetization is given
by Beff

τ = −δHtot/(Msδmτ ), with which the spin-wave dy-
namics is simulated in MUMAX3 [42] by numerically solving
the Landau-Lifshitz-Gilbert equation [43]:

dmτ

dt
= −γ mτ × Beff

τ + αmτ × dmτ

dt
. (4)

Our simulations are performed after discretizing each mag-
netic layer with 3-μm-long, 256-nm-wide, and 4-nm-thick
into 4 × 2 × 1 nm3 unit cells. Periodic boundary condition is
applied along the direction of the domain walls. The nanos-
tripline (NSL) antenna at the top of the SAFM structure with

a width of 4 nm is aligned perpendicularly to the domain wall
to excite propagating DWSWs.

Although our proposal does not rely on the choice of a
specific material, the material parameters of a Co/Pt system
are adopted according to Refs. [44,45], with the satura-
tion magnetization Ms = 580 kA/m, the intralayer exchange
stiffness Aintra = 15 pJ/m, the DMI constant D = 2.5 mJ/m2,
the perpendicular anisotropy parameter Ku = 0.8 MJ/m3, and
the Gilbert damping coefficient α = 0.005, unless otherwise
specified. The exchange length with these parameters is
estimated to be lex = √

2Aintra/μ0M2
s � 8.4 nm, which is suf-

ficient to ensure the feasibility of our discretization. As the
interlayer exchange coefficient Jex depends on the details of
the spacer, here we treat is as a free parameter in the range
of 0 ∼ 2 mJ/m2. Its positive value is required for establishing
the SAFM bilayer, according to Eq. (3).

III. NUMERICAL RESULTS

A. Acoustic and optical DWSWs

For a comprehensive understanding of DWSWs, we first
apply a nonharmonic magnetic field pulse with a sinc-function
shape, i.e.,

h(t ) = h0sinc(2π fct )(ŷ + ẑ), (5)

with μ0h0 = 1 mT and fc = 200 GHz, to simultaneously ex-
cite the spin waves covering a broad frequency band and
perform the Fourier transform to the dynamical magnetiza-
tion. The result in an ideal antiferromagnetic domain wall
(without external magnetic field) with interlayer exchange
coupling Jex = 1 mJ/m2 is plotted in Fig. 9 in Appendix A,
where, in addition to the volume mode, another two modes
with distinctive dispersion curves are visible. These modes
correspond to the propagating spin waves confined within
the SAFM domain wall as shown in Fig. 1(b). While the
gapped higher frequency band shows a nice parabolic shape
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FIG. 2. Upper panel: The spin-wave spectrum of the domain-
wall modes with interlayer exchange coupling Jex = 0.4 mJ/m2. The
white solid (dashed) curve represents the dispersion curve of the
domain-wall mode in an isolated bottom (top) layer, in the absence
of interlayer coupling. Lower panel: The amplitude of dynamic mag-
netization in the cross section of the top (T) and bottom (B) layers
in the x-z plane six typical points (P

k j
i ) in the dispersion curves. Pm

stands for the band minimum of the optical branch.

around the band minimum, the gapless band displays a linear
dispersion in the long wavelength regime [also see Fig. 1(d)].

The origination of the interesting dispersion features is
analyzed in Fig. 2, where the white solid and dashed curves
represent the dispersion curves of the DWSW mode in in-
dividual bottom and top layers, respectively, in the absence
of interlayer coupling [33]. As seen, the inclusion of the
interlayer coupling causes a systematic blueshift for large
wave vectors, which can be regarded as the consequence of
the static exchange field from the antiparallel aligning local
magnetization in the other layer. The figures in the lower panel
of Fig. 2 plot the cross-section profile of the amplitude of dy-
namic magnetization. For those at the large wave-vector states
Pk1

1(2) and Pk3
2(1), the magnetization dynamics indeed mainly

occurs at the top (bottom) layer. The situation for the long
wavelength states Pk2

1(2) are, however, quite different. Both
layers almost equally contribute to the propagating modes,
indicating the hybridization of the two DWSW channels in the
top and bottom magnetic layers. This also explains the strong
modification of dispersion curves in this region compared to
the uncoupled DWSW modes.

To clarify the dynamics of these two modes, we replace the
sinc-function pulse by a continuously sinusoidal function with
selected frequency to excite the two hybridized domain-wall
modes. In practice, we take 1 GHz for the excitation of the
low-frequency band in the linear dispersion region. For the
excitation of the long wavelength state of the higher frequency
mode, the frequency was chosen to be the one at its band
minimum, i.e., 20.2 GHz. A wide antenna of 600 nm is used to

FIG. 3. (a), (b) Spatial profile of the long wavelength DWSWs
excited by a 600-nm-wide antenna (represented by the orange area)
at the frequencies of 1 and 20.2 GHz, respectively. Instantaneous spin
configurations beneath the antenna for (c) acoustic and (d) optical
DWSW modes (solid arrows) and those at the equilibrium state
(dashed arrows). The olive arrows show the direction of the local
domain-wall motion in each layer.

suppress the influence from the short-wavelength spin waves
from the lower band with the same frequency. The spatial pro-
files of an instantaneous magnetization are plotted in Fig. 3.
The low frequency dynamics in Fig. 3(a) reveals the syn-
chronized motion of the domain walls in the top and bottom
layers, as shown in Fig. 3(c), which approximately maintains
the local antiferromagnetic configuration. The in-plane trans-
lation symmetry with respect to a transverse displacement of
the domain wall leads to a vanishing frequency at k = 0 and
the linear dispersion around as a Goldstone mode or acoustic
DWSW, and the negligible dynamical magnetization of this
Goldstone mode also explains the inefficiency of the excita-
tion at very low frequency regime in the vicinity of k = 0
in Fig. 2. As illustrated in Fig. 3(d), the higher frequency
mode shown in Fig. 3(b), on the other hand, contains a rel-
ative movement between the top and bottom domain walls,
corresponding to an optical DWSW mode, with an oscillating
local magnetization allowing high efficient excitation.

B. Field-induced nonreciprocity of the acoustic mode

According to Ref. [33], the DMI can lead to nonreciprocal
spin-wave propagation in the domain wall of single magnetic
layer, which can also be seen from the solid or dashed curves
in Fig. 2. Due to the opposite chirality of the top layer with
respect to the bottom one, its nonreciprocity is inverted [33].
As a result, in the ideal bilayer SAFM, the combination of
the two sets of dispersion makes a symmetric spectrum and
hence the vanishing of nonreciprocity, which is valid also in
the presence of the interlayer coupling. Following this dis-
cussion, one may expect to reproduce the nonreciprocity by,
for example, introducing a difference between the material
parameters in the two layers to break the ideal symmetry of
SAFM. Alternatively, in this paper, we consider an easier
and more applicable way by modifying the equilibrium spin
configurations in the two layers via an external magnetic field.

As illustrated in Figs. 4(a) and 4(b), the antiferromagnetic
nature is broken by an in-plane magnetic field in the x di-
rection, i.e., perpendicular to the domain wall, which shrinks
or broadens the domain walls in the top and bottom layers,
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FIG. 4. The static spin configurations (solid arrows) under
(a) positive and (b) negative magnetic field along x direction and
(c), (d) the resulting spin wave spectra with Jex = 0.4 mJ/m2. The
olive arrows indicate the displacement of domain wall boundary with
respect to the zero-field spin configurations (dashed arrows). The
white solid and dashed curves in (c), (d) stand for the domain-wall
modes in the bottom and top layers separately at vanishing interlayer
coupling. (e), (f) Snapshots of dynamic magnetization excited at the
frequency of 2 GHz at μ0H = ±0.6 T.

respectively. The difference between the effective widths of
the domain walls in the two magnetic layers linearly depends
on the magnetic field, see Fig. 10 in Appendix B. As a
consequence, the spin-wave dispersion relations in Figs. 4(c)
and 4(d) become asymmetric with respect to k = 0, reflecting
the existence of frequency nonreciprocity. The field-induced
spectrum distortion can be well understood by the white
curves, which, similar to those in Fig. 2, represent the dis-
persion relations of the DWSW modes in uncoupled two
layers. Specifically, for Hx < 0, the frequency of the DWSW
in the isolated bottom layer (represented by solid curves) is
depressed while that in the top layer (represented by dashed
curves) is lifted up, resulting from the different changes of
effective widths of domain walls in the two layers because,
according to Ref. [33], the frequency of the DWSW increases
(decreases) with the decrease (increase) of the domain wall
width. As a result, in the positive wave-vector regime, the
modification due to the interlayer coupling is enhanced thanks
to the reduction of the frequency difference between the top
and bottom DWSW modes. In contrast, the interlayer coupling
shows a weaker effect in the negative wave vector regime.
Things are reversed for Hx > 0.

Moreover, in the presence of the external magnetic field,
the spin-wave spectra shown in Figs. 4(c) and 4(d) also
show a clear nonreciprocity between the amplitudes of the
excited spin waves with opposite wave vectors, especially in
the low-frequency part. This reflects the different magnitudes
of oscillating magnetization in the DWSWs propagating in
opposite directions. This feature is also seen from the sim-
ulation with a continuous excitation at 2 GHz, as plotted in

FIG. 5. Frequency nonreciprocity as function of wave vector
(a) under different values of external magnetic field at Jex = 1 mJ/m2

and (b) with different interlayer coupling under the magnetic field at
μ0H = 0.8 T.

Figs. 4(e) and 4(f), where the excited spin waves show nearly
a unidirectional propagation.

Focusing on the acoustic DWSW mode, the frequency non-
reciprocity, i.e., the frequency difference of channeled spin
waves with opposite wave vectors

� f = f (+k) − f (−k), (6)

is plotted in Fig. 5(a) as function of the magnitude of wave
vectors at different values of magnetic field. For a given mag-
netic field, the magnitude of the frequency nonreciprocity first
increases linearly with the increase of the wave vector in the
strong coupling, and the slope gradually becomes gentler in
the large wave-vector regime, where the intermode coupling
is relatively weak, and the sign of the frequency nonreciproc-
ity is determined by the direction of the external magnetic
field. Figure 5(b) shows the dependence of frequency nonre-
ciprocity on the strength of the interlayer antiferromagnetic
coupling, which mainly affects the large wave-vector states
in the weak coupling regime. This can also be seen from
Fig. 4(c), in which the acoustic mode shifts upward from
the uncoupled dispersion (white curves) with a larger mag-
nitude for k > 0. Notice also that the optical mode behaves
in the opposite way. However, if we reconsider this frequency
shift with respect to the spatial distribution of the oscillating
magnetic moments, it turns out that the top-layer-dominating
spin wave gains a larger frequency shift from the interlayer
coupling than the bottom-layer-dominating one. This can be
attributed to the change in the domain-wall widths of the two
layers since the domain wall in the top layer is narrower than
that in the bottom layer. The rotating magnetic moments for
the DWSW in the top-layer domain wall all feel a background
exchange field from the domain wall in the bottom layer. In
contrast, only part of the dynamic magnetic moments can feel
the exchange field from the top-layer domain wall, reducing
the average value of the static exchange field.

Figure 6 summarizes the group velocities for the left- (−k)
and right-moving (+k) DWSWs at zero magnetic field and
0.4 T. At zero field, their magnitudes are always equal, be-
cause of the symmetric spin-wave spectrum. As the frequency
increases, the group velocity first gradually decreases and then
increases, displaying a nonmonotonic behavior. The minimum
reflects the crossover between the strong coupled regime with
linear dispersion and the weak coupling regime at higher fre-
quencies, see Figs. 1(d) and 2. With an applied magnetic field,
the minimal group velocities for the left- and right-moving
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FIG. 6. Group velocities of the left- and right-moving (−k and
+k) waves as function of frequency with zero (light blue symbols)
and 0.4 T (purple symbols) magnetic field. In this calculation, we
take Jex = 1 mJ/m2.

waves shift to higher and lower frequencies, respectively. At
0.4 T, shown by the purple symbols in Fig. 6, the velocity
of the right-moving wave becomes almost monotonic, and its
value is smaller (larger) than the left-moving wave in the low
(high) frequency regime. Their difference plotted as the inset
therefore shows a sign change.

C. Influence on the optical mode

From the spin wave spectra in Figs. 4(c) and 4(d), we also
observe a distortion in the optical DWSW mode with a higher
frequency compared to its zero-field spectrum in Fig. 2. Its
band minimum Pm shifts to a finite wave vector km. In Fig. 7,
the wave vector km and the corresponding spin wave gap fm,
i.e., the frequency of the band minimum, are plotted as a func-
tion of the magnetic field, the interlayer exchange coupling,
and the DMI strength. In Fig. 7(a) with fixed exchange and
DMI strength, km shows a linear dependence on the magnetic
field in the range from −0.8 T to +0.8 T, while fm is found
to be insensitive to the magnetic field. Qualitatively, the latter
might be caused by the competition between two effects. On
one hand, fm tends to increase when the optical band mini-
mum is shifted to a finite wave vector by the magnetic field.
On the other hand, the different modifications of the domain
walls in the two layers will suppress the overlap between the
DWSW modes therein, which results in a decrease in the
coupling between the DWSW modes and hence a smaller
anticrossing gap between the hybridized acoustic and optical
modes, preventing the increase of fm, and, in Fig. 7(b) with
fixed DMI strength and a constant magnetic field μ0H =
±0.8 T, the frequency of Pm increases with increasing Jex,
which can be understood easily from the fact that the spin
wave gap is directly opened by the interlayer coupling. The
size of the gap is more sensitive to the exchange strength in the
weak coupling regime, where the shift of band minimum km

also shows a stronger dependence on the interlayer coupling.
According to Fig. 7(c), the influence of DMI strength on the
spin-wave gap looks very similar to that of the interlayer cou-
pling. The gap tends to vanish in the weak DMI limit D � 0.
This means that the size of the gap is actually determined

FIG. 7. Spin-wave gap and the shift of band minimum of the
optical DWSW as function of (a) the external magnetic field, (b) the
interlayer exchange coupling, and (c) the DMI strength.

by the combination of the interlayer coupling and the DMI.
Note that the Néel-type domain wall becomes unstable at very
weak DMI, which prohibits the simulation around the zero
DMI limit. The wave vector km, on the other hand, shows
a nonmonotonic behavior. It increases from zero and then
decreases as the DMI strength increases.

To explain the nonmonotonic dependence of km on DMI
strength, as shown in Fig. 8, we plot the spin-wave spectra
with three typical DMI strengths. With an intermediate DMI
strength around the crossover regime D = 2 mJ/m2, close to
the value used in other calculations, a significant asymmetry
with a large km is visible in the spectrum. With a stronger
DMI D = 4 mJ/m2, the enhancement of the nonreciprocity
in two isolated layers makes the solid and dashed curves
with roughly linear dispersion relations closer with each other,
which pushes km to a smaller value. In the opposite limit, with
a weak DMI D = 0.5 mJ/m2, the spin-wave spectrum reduces
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FIG. 8. DWSW spectra with different DMI strengths. In the cal-
culation, the interlayer exchange parameter and the magnetic field
are taken to be Jex = 1 mJ/m2 and μ0H = −0.8 T.

to be almost symmetric, as the nonreciprocity originates from
the DMI. It is noteworthy that the chirality of the top domain
wall as shown in the inset, compared to the spin texture in
Fig. 4(a), is switched by the external field, which is suffi-
ciently strong to overcome the potential barrier of the chiral
domain wall due to DMI.

It is worth pointing out that in the case of a Bloch-type
antiferromagnetic domain wall, an applied magnetic field
along the domain wall modifies the domain-wall profile in
a very similar way and therefore the mechanism proposed
here also works as confirmed by our numerical calculation.
Such a dipolar-field-associated nonreciprocity is however
rather weak.

IV. SUMMARY

In summary, we performed micromagnetic simulation
to investigate the channeled spin-wave modes propagating
within the domain walls in an antiferromagnetic coupled mag-
netic bilayer. Thanks to the interlayer coupling, the DWSW
modes in different magnetic layers become hybridized and
result in one gapless acoustic mode with linear dispersion and
the other gapped optical one. Although the spin-wave spec-
trum is symmetric at zero field, the presence of an in-plane

FIG. 9. Zero-field spin wave spectrum with the interlayer
exchange parameter Jex = 1 mJ/m2 and the DMI strength
D = 2.5 mJ/m2.

FIG. 10. Difference between the effective widths of the top and
bottom domain walls as function of (left panel) the external magnetic
field and (right panel) the DMI strength.

magnetic field causes a large distortion to the spin-wave spec-
trum and introduces not only a giant frequency nonreciprocity
but also unidirectional excitation by NSL antenna, originating
from the modification of the spin texture by the magnetic field.
The field-controllable nonreciprocity of the gapped optical
mode was also analyzed.

Finally, we should point out that, although we only pre-
sented the results in an ideal SAFM bilayer structure with
two identical magnetic layers, our key finding of field-tunable
spin-wave nonreciprocity was also verified in other general
cases, for example, with different DMI strengths 2 mJ/m2

and 3 mJ/m2 in the top and bottom layers. As an exten-
sion to field-free devices, one could introduce an in-plane
magnetized layer coupled to one of the magnetic layers in
the SAFM bilayer, so the nonreciprocity can be controlled
by electrically switching the magnetization direction in this
third layer.
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APPENDIX A: SPIN WAVE SPECTRUM WITH BOTH
VOLUME AND DOMAIN WALL MODES

For the calculation of the zero-field spin wave spectrum in
Fig. 9, we use interlayer exchange coupling Jex = 1 mJ/m2

and DMI strength D = 2.5 mJ/m2. The local excitation with
sinc-function pulse is applied to excite the SAFM including
a domain wall, as explained in the main text. While the spin-
wave spectra in the main text are obtained from the Fourier
transform of the out-of-plane component of the dynamical
magnetization mz, here, to show the volume mode, we use the
in-plane component my instead. The brightest branch corre-
sponds to the volume mode and the other two darker branches
with lower frequencies are spin waves propagating within the
domain walls.

APPENDIX B: DIFFERENCE BETWEEN
THE DOMAIN-WALL WIDTHS IN THE TOP

AND BOTTOM LAYERS

In the presence of the in-plane magnetic field, the mag-
netization profile deviates from the Walker solution [46],
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therefore, we define an effective domain-wall width as the
distance between the positions of the magnetic moments with
45º and 135º angles with respect to the out-of-plane direc-
tion. With LT and LB separately representing the domain-wall
widths in the top and bottom layers, the difference between
them �L = LT − LB is plotted in Fig. 10 as a function
of the magnetic field and the DMI strength. With a fixed
DMI strength and a constant interlayer exchange interlayer
coupling, �L varies linearly with the external magnetic field.
For a fixed external field and a constant interlayer exchange

coupling, �L first increases with DMI strength and gets
saturated. The saturation at the larger DMI regime can be
understood from the fact that once the antiferromagnetic do-
main wall is established with a sufficiently strong DMI, �L is
mainly determined by the competition between the interlayer
exchange coupling and the Zeeman term, which prefer the
antiparallel and parallel alignments of spins in the two layers,
respectively. If the DMI is too weaker, the antiferromagnetic
domain wall will be destroyed by the external field, as shown
by the inset of Fig. 8(a).
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