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ARTICLE INFO ABSTRACT

Keywords: Nonreciprocity, unidirectionality, and channeling are essential concepts for potential magnonic applications.
Spin waves Nonreciprocity and unidirectionality ensure the efficient propagation of spin waves along predetermined paths
Nonreciprocity with preferential directions, disrupting the symmetry of counterpropagating waves. Channeling fosters the

Spin wave channeling

o ; development of intricate spin-wave networks, enabling more sophisticated functionalities. Integrating these
Chiral interaction

concepts into practical applications will shape the future of spin-wave-based information processing devices.
This article theoretically studies the dynamics of spin waves in a ferromagnetic strip coupled to a heavy-metal
strip, where the nonreciprocity, unidirectionality, and channeling effects are analyzed. Both backward volume
(BV) and Damon-Eshbach (DE) configurations are considered, where the lateral dimensions of the heavy-metal
and ferromagnetic strips can differ. Calculations show notable nonreciprocal channeling of spin waves in both
DE and BV modes. In the BV configuration, the dispersion is reciprocal with nontrivial localization of lateral
confined modes. It is shown that the waves can be channeled into the zones in contact with the HM, where the
Dzyaloshinskii-Moriya interaction is active. In the DE configuration, the waves exhibit nonreciprocal spin-wave
dispersion, allowing unidirectional and channeled spin-wave propagation. The main results are compared to
micromagnetic simulations, where an excellent agreement between both methods is obtained. These findings
are relevant for envisioning advanced magnonic devices, enabling precise control over spin-wave propagation
for innovative, low-power, high-speed information processing.

Introduction

The guided propagation of spin waves (SWs) through nanoscale
conduits is crucial for developing magnonic devices with technolog-
ical significance [1,2]. These waves, which encode information in
their amplitude and phase, are considered promising candidates due
to their low power consumption, high speed, and broad application
spectrum spanning from the MHz to THz frequencies [3,4]. While
SWs can be guided through narrow magnetic elements, roughness and
imperfections along the sample’s edges may affect efficient energy
propagation. One approach to mitigate wave scattering induced by
edge imperfections is to utilize a domain wall as a waveguide. In this
scenario, the effective internal field exhibits a minimum within the
wall center, creating a potential well for the spin waves, analogous to
the index gradient in optical fibers for light [1,2,5-7]. Another route
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toward robust spin-wave conduction in narrow pathways involves spin-
wave channeling in magnetization-graded nanostructures [8,9], where
the modification of the magnetic properties allows for the localized
propagation of SWs in narrow nanometric zones. Such SW channeling
is essential for the miniaturization of magnonic devices.

In addition to channeling spin waves, it is also important to add
nonreciprocal characteristics to such waves, whose properties can be
exploited to generate magnonic logic devices [10,11]. In recent years,
there has been a growing interest in studying spin waves in mag-
netic systems exhibiting chiral features [12-14]. One of the prominent
interactions that induce chirality is the antisymmetric Dzyaloshinskii—
Moriya interaction (DMI) [15-17], which emerges in noncentrosym-
metric crystals [18-20] and ultrathin ferromagnetic films coupled to
a heavy-metal layer [21-23]. A significant asymmetry in the spin-wave
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Fig. 1. Illustration of a ferromagnetic thin strip of width w and thickness d. The ferromagnetic nanostructure is coupled with a heavy-metal (HM) strip of width w,. (a) shows
the backward-volume configuration, where both the equilibrium magnetization and the spin-wave propagation are along the z-axis. In this configuration, the interfacial nature of
the DMI induces an interaction among the lateral spins that modifies the nature of the lateral confined waves. In contrast, the DM coupling of the spins along z is null. In (b),
the Damon-Eshbach geometry is illustrated with the equilibrium magnetization pointing along x. Nonreciprocal spin waves propagate along z due to DMI, while the lateral spins

do not experience Dzyaloshinskii-Moriya coupling.

dispersion is observed in systems with DMI [12-14,18,24,25], where
two counterpropagating waves exhibit different wavelengths at the
same frequency. Under specific conditions, the classical dipole-dipole
interaction behaves as a DMI-like mechanism, inducing magnetochiral
effects on magnons. Such chiral effects have been observed in curvilin-
ear shells [26-28], and planar systems, such as magnetization-graded
ferromagnetic films [8], ferromagnetic bilayers [29-38], and bilayered
magnonic crystals [39,40]. With this nonreciprocity property, a wave
can even be suppressed in one direction while the counterpropagating
one remains unaffected. This unidirectionality is essential for various
magnonic logic devices such as circulators, isolators, phase shifters, and
magnonic diodes [20,41-47].

The exploration of nanostructures exhibiting nonreciprocal and
channeling effects is of great significance in the field of magnonics.
This article presents a theoretical study, based on the dynamic matrix
model, of spin-wave dynamics in a thin ferromagnetic strip coupled
with a heavy-metal strip, examining scenarios where the strips can have
different widths. Both backward volume (BV) and Damon-Eshbach
(DE) configurations are investigated to elucidate the conditions that
lead to spin-wave unidirectionality, channeling, and nonreciprocity.
In the BV configuration, significant modifications in spin-wave pro-
files are observed, resulting in a nontrivial spatial evolution of lat-
eral confined waves. The BV modes display symmetric dispersion,
with the low-frequency mode being channeled into regions in contact
with the heavy-metal layer under a significant Dzyaloshinskii-Moriya
interaction. In contrast, the DE configuration exhibits asymmetric
spin-wave dispersion, where unidirectional waves are prominent. Com-
parative analysis with micromagnetic simulations shows an excellent
agreement between both methods, validating the theoretical model.
This study emphasizes the potential for designing advanced magnonic
devices by leveraging the unique properties of nonreciprocal and
channeled spin waves in nanometric systems, paving the way for in-
novative applications in low-power, high-speed information processing
technologies.

Model
Dynamic matrix method

The theoretical calculations of the spin-wave dynamics in ferro-
magnetic strips are based on Ref. [9], where the propagating waves
and standing SW modes were studied in a finite magnetization-graded
ferromagnetic strip. The dynamic matrix method (DMM) was used
to account for the spatial variation of the dynamic magnetization
along the strip width. This method involves splitting the strip into

many sub-strips (discretization along the x axis) that interact via dipo-
lar, DMI and exchange coupling, allowing for the local modification
of magnetic properties in each sub-strip. By following Ref. [9], the
magnetization dynamics of each sub-strip are modeled by the Landau-
Lifshitz equation M"(r,t) = —yM"(r, ) x H"(r, t), with M"(r, t) being the
magnetization and H"(r, r) the effective field. Both fields, magnetization
and effective field, are written in terms of static (zeroth order) and
dynamic (first-order) components, namely M"(r,?) = M, + m” ¢! (kz=@1)
and H'(r,t) = L h”¢/kz=»)  Thus, the equation of motion can be
written as

om” = iy(Hg, xm" + h" x Mg, ™

where the higher-order terms have been omitted. Then, by writing h" =
-2, A" -m”, an eigenvalue problem of the form Tm = om is obtained.
Therefore, once the dynamic fields h” (or A"?) and static effective fields
H:q are derived, the matrix T is obtained, which allows for calculating
the dispersion relation (w(k)) and dynamic magnetization components
(coefficients m") of the system. Note that the effective field contains
the contribution of the external field, as well as exchange and dipolar
interaction between sub-strips. Due to the complexity that involves the
calculations of dipolar interactions, it is assumed that the magnetization
and the external field are fully parallel. Besides, the dynamic mag-
netization components are assumed to be uniform along the normal
direction, which applies to the current system because the strip is
ultrathin. With these considerations, it is feasible to calculate the static
and dynamic dipolar and exchange fields, as shown in appendices B and
C of Ref. [9]. For the case of the dipolar interaction, the calculations
are based on the idea that the cross-section of the strips is small enough
so that the stray fields generated by a sub-trip p can be averaged into
the strip n and vice versa. Thus, the static demagnetizing field and
dynamic dipolar interaction are fully considered in theory (see Ref. [9]
for further details).

In the current work, an interfacial DMI is included, which is acti-
vated by coupling a heavy-metal (HM) layer above the ferromagnetic
(FM) strip, as depicted in Fig. 1. Due to the fact that the DMI coupling
depends on the equilibrium magnetization configuration [12,13], the
effective Dzyaloshinskii-Moriya fields for DE and BV configurations
require to be analyzed separately.

In the case of backward-volume waves, the equilibrium magnetiza-
tion and SW propagation are along the strip axis (z). Hence, the DMI is
active for laterally interacting magnetic moments, as shown in the inset
of Fig. 1(a), while for the spins interacting along z (along the strip)
the DM coupling is null [12]. Therefore, it can be anticipated that the
confined modes along the strip’s width will be modified by the DMI,
while the spin waves propagating along the long strip axis will not.
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Fig. 2. SW dynamics calculated at w = w; = 100 nm for the backward-volume configuration. (a) illustrates the SW dispersion and (b-d) the magnetization profiles with D = 0. (e)
shows the SW dispersion and (f-h) the magnetization profiles calculated for D = | mJ/m?. In (a) and (e), the lines correspond to the SW dispersion obtained from the DMM, while
the grayscale corresponds to the simulated results. The profiles in (b-d) and (f~h) are obtained for the DMM calculations that consider the normalized dynamic magnetization
component m, (real part), which is evaluated in arbitrary units. The simulated magnetization profile of the low-frequency mode, evaluated at D =1 mJ /m? and f, = 9.625 GHz, is
illustrated in (i). The strip width w, and effective width w,; for the cases D =0 and D =1 mJ/m? are shown in (b) and (f), respectively.

Thus, reciprocal spin-wave dispersion is expected along z, as depicted
schematically in Fig. 1(a). As shown in Appendix, the dynamic effective
field components acting in the ith strip are

(his),‘ _ Mzb Zm(v) 51+1 51 l) )
and
)i Tt -

where 6;. stands for the Kronecker delta symbol, D is the DM con-
stant, and M, the saturation magnetization. IS refers to the inter-stripe
Dzyaloshinskii-Moriya interaction.

For the Damon-Eshbach configuration, the equilibrium magnetiza-
tion is along x, and the dynamic magnetization oscillates in the y-z
plane. The DM interaction between sub-strips along the strip width (x-
direction) is zero and, therefore, the effective field DM components are
simply given by [13,48]

DM _ 2ikD (,)
(hz )i - 1o M2 my’s @
and

pm) _  2ikD o)
(n ),-_ pRTG (5)

with k being the wave vector. In Egs. (4) and (5), the field and
dynamic magnetization components have the same indices i, which
means the intra-strip nature of the DM for the DE modes, so there
is no Dzyaloshinskii-Moriya interaction between two different sub-
strips. Therefore, the confined modes along the strip width will behave
in the same manner as the typical standing waves in a non-chiral
geometrically confined system. Nevertheless, the waves propagating
along the strip will be influenced by the DM interaction, inducing an

asymmetry in the spin-wave dispersion, as will be discussed in the
following section. The Zeeman, dipolar, and exchange interactions are
also considered, where the details of the effective fields associated with
these energies are described in Ref. [9].

Micromagnetic simulations

Micromagnetic simulations were performed by using the GPU-
accelerated code MuMax3 [49,50]. The ferromagnetic stripe was simu-
lated with size 2! nm x w x 1 nm with cell sizes 2 nm x 2 nm x | nm
along the z, x, y components, respectively. A central region with width
wp was defined where the DMI strength D > 0 and wj, < w. Periodic
boundary conditions along the z-direction were applied in order to min-
imize the effect of the spin waves reflections. For BV(DE) configuration,
the system was initialized with a magnetization along the z(x)-direction
and a magnetic field was applied along this component to saturate
the sample. All the parameters are the same as considered for the
theoretical calculation for each case. The generation of spin waves was
implemented through an applied space-time dependent pulse. Since the
excited spin-wave modes depend on the spatial shape of the pulse, an
arbitrary fully asymmetric function along the width was considered in
order to obtain the full spin-wave dispersion. This function is given by
hy¢ = hy sine [2zf,(t — ty)] x sinc (k,z) x A(x) § at the center of the sample
with A ten times smaller than the field used to saturate the sample.
The cut-off frequency was f, = 30 GHz and ¢, = 49.99 ps. Besides,
k, = 2x/A where 4 = 20 nm, A(x) = tanh(k,x+w), k, = 3-10’ nm~! and
y = 1.0. The system evolved for 20 ns and the magnetization was stored
every 0.5 ps. The dispersion relation was obtained by calculating the
two-dimensional fast Fourier transform in time and space of the stored
data by using the PyrHon library OOMMEFPy [51] and the micromagnetic
simulation environment UsermaG [52]. To simulate arbitrary modes at
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Micromagnetic simulations
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Fig. 3. (a) lines (grayscale) show the calculated (simulated) dispersion relation for the case D = 1 mJ/m? and w; = 0.4w, with w = 100 nm. (b)-(d) depict the real part of the
magnetization profiles evaluated at k = +10 rad/pm. A hybridized confinement character along the strip width is observed in the system, which is enhanced for D =2 mJ/m?, as
shown in (e) and (f). The cases (b—f) have been calculated with the DMM. Simulated SW profiles are shown in (g) and (h), which are consistent with the calculated cases (e) and

(), respectively.

a certain frequency f,, a pulse of the following type was considered
hye = hysin [27f,(t — ty)] X sinc (k,z) x A(x) $. For symmetric modes,
A(x) was set to 1.

Results and discussion

The spin-wave spectra will be studied for backward-volume and
Damon-Eshbach configurations. In the case of DE geometry, an in-plane
external field of uyH = 100 mT is applied along the strip width so that
the equilibrium magnetization is assumed to be fully saturated along
the x axis. For the BV configuration, a small external field is enough to
saturate the sample at D = 0 because no magnetic charges are formed
in the lateral strip edges. Nevertheless, as the DM constant D increases,
the texture formation driven by the DMI could make the saturated
state unstable. Hence, for BV modes, a bias field of yyH = 100 mT is
also applied along the z axis. The assumption of saturated states under
an external field of yyH = 100 mT was verified using micromagnetic
simulations, which showed small spin deviations of approximately 1%
at the strip edges in the DE configuration and a practically saturated
state for BV geometry. With respect to the magnetic parameters, a
permalloy sample (NigyFe,q) is used as a reference so that the satu-
ration magnetization and exchange constant are M, = 800 kA/m and
A = 10 pJ/m, respectively. A thin ferromagnetic strip is considered,
characterized by a width w and thickness d = 1 nm, while the width of
the HM strip is denoted by w, as illustrated in Fig. 1. To ensure the
convergence of the results, the ferromagnetic nanostructure is divided
into N sub-strips of width » =2 nm.

Backward volume configuration

The spin-wave dispersion for BV geometry is illustrated in Fig. 2
for the cases D = 0 and D = 1 mJ/m?, considering w = wp
100 nm. The magnitude of the DMI strength (D) is in concordance
with values measured experimentally in NigyFe,,/Pt thin films [53]. In
Figs. 2(a—d), the SW dispersion (a) and spatial dependence of m, (b-d)
exhibit the expected symmetric bandstructure and the standing modes,
respectively. Upon the inclusion of the DM interaction [as depicted in
Figs. 2(e-h)], the symmetric nature of the wave dispersion is preserved,
but the modes exhibit a nontrivial confinement behavior. This finding is
in concordance with earlier studies, [54-56] which have theoretically
identified an unusual characteristic of confined waves when DMI is
present. Micromagnetic simulations validate the calculated results, as
evidenced by the grayscale results in Figs. 2(a) and (e), where an
excellent agreement is observed between both methods. The simulated
spatial dependence of the low-frequency mode, depicted in Fig. 2(i),
is also consistent with the theoretical calculations [see Fig. 2(f)]. Here,
the magnetization profiles are excited with a frequency f,, = 9.625 GHz,
which allows for exciting the low-frequency mode for k = +10 rad/pm.
In concordance with chiral magnonic crystals composed by an FM layer
in contact with heavy-metal strips periodically distributed [54,57-59],
the modes exhibit a certain degree of inclination of the amplitude of the
magnetization oscillations that depends on the wave-vector direction. It
is worth mentioning that, overall, the frequency of the modes depends
on the strip width w, with the mode frequencies decreasing as w
increases. Under the influence of DMI, the SW profiles exhibit tilted
wave fronts, which perceive a wider geometric confinement compared
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Fig. 4. (a) shows the spin-wave dispersion for the DE modes at D = 0. (b) depicts the
SW dispersion evaluated at D = | mJ/m?. In both cases w, = w. In (a) and (b), the
lines correspond to the SW dispersion obtained from the DMM, while the grayscale
corresponds to the simulated results. (c) illustrates the simulated SW profiles evaluated
at f, =10 GHz and D =1 mJ/m>.

to waves at D = 0. As shown in Figs. 2(b) and 2(f), the width of the
standing waves at zero DMI corresponds to the strip width w, whereas
at D = | mJ/m?, the waves are confined within an effective width
Wepr. Since wyer > w, it is expected that the frequency of the waves
under DMI is lower than that at D = 0, thus explaining the reduction
in frequency of the spin waves in the BV configuration. On the other
hand, in the case D < 0, the tilted wavefronts for positive wave vectors
will resemble those for —k in Fig. 2(i). In other words, a negative DM
constant is equivalent to placing the heavy metal on the bottom face of
the ferromagnetic strip.

If the HM layer partially covers the ferromagnetic strip (wj, < w),
leaving the HM material centered on the FM strip, the modes also
reduce their frequencies but with less intensity than in the FM strip
fully covered by an HM layer. This effect is expected due to the reduced
average DMI along the strip width. This is shown in Fig. 3(a), where
the parameters D = 1 mJ/m?, w = 100 nm, and w;, = 0.4w have
been used. In Figs. 3(b)-(d), the spatial distribution of the dynamic
magnetization component m, presents a striking behavior: It is observed
that this magnetization component shows a hybridized localization,
where the SW excitation within the zone with HM behaves differently
from the zones without DMI although the spins are connected through
the exchange in the whole width. For instance, the low-frequency mode
(circle) in Fig. 3(b) shows that the waves underneath the HM strip
have a spatial dependence similar to the case in Fig. 2(f), while in the
regions without DMI, the waves exhibit the typical standing character
obtained in Fig. 2(b). The localization behavior observed in Figs. 3(b)—
(d), together with the reduction of the SW frequency due to the DM
interaction, suggests that it is possible to channel the spin waves in the
backward volume configuration. This behavior is further illustrated in
Fig. 3(e), where, under a stronger DM interaction of D = 2 mJ/m?,
the low-frequency mode is mainly located below the HM strip. For the
second low-frequency mode [see Fig. 3(f)], a similar degree of local-
ization is observed, but with excitation across the entire strip width.
The micromagnetic simulations conducted for the cases illustrated in
Figs. 3(e) and 3(f) are shown in Figs. 3(g) and 3(h), respectively.

Results in Physics 67 (2024) 108057

Here, it can be seen that there is an excellent agreement between both
methods, confirming the theoretical predictions and demonstrating the
robustness of the dynamic matrix method in capturing the essential
features of spin-wave dynamics in the strip systems with DMI. The
simulations [ Figs. 3(g) and 3(h)] clearly demonstrate that the two
counterpropagating waves exhibit distinct characteristics, resulting in
nonreciprocal spin-wave channeling. This directional channeling of
spin waves, induced by the heavy-metal strip in the backward volume
configuration, is a crucial feature with promising applications. These
channeled waves can function as wires for information transmission
without Joule heating, as there is no electron transport, unlike in
conventional electronic devices. Thus, these results present an exciting
pathway toward energy-efficient nanotechnologies.

Damon-Eshbach configuration

The study now focuses on the Damon-Eshbach configuration, where
the equilibrium magnetization is oriented along the strip width (x-axis),
as shown in Fig. 1(b). As can be anticipated from Fig. 1, the standing
waves in this configuration have the typical node distribution along the
strip’s width. At the same time, the SW dispersion is asymmetric with
respect to the wave vector sign. This behavior is shown in Fig. 4, where
the cases D = 0 and D = 1 mJ/m? are illustrated. In Fig. 4(a), the SW
dispersion is reciprocal, so that two counterpropagating waves have the
same dynamical energy under the inversion of the wave vector. The two
low-frequency branches are almost degenerate in frequency and corre-
spond to the edge modes (modes EM1 and EM2 discussed in Ref. [9]).
Under the influence of the DMI, all modes become nonreciprocal, as
seen in Fig. 4(b), while the modes evaluated at k = 0 remain equal for
D =0and D=1 mJ/m? but their group velocities change significantly.
This behavior is similar to the one observed in an FM thin film coupled
with an extended HM layer [12,14]. From Fig. 4(b), it is clear that
under excitation of a given frequency f, the modes will propagate with
different wavelengths, as illustrated in Fig. 4(c). Here, micromagnetic
simulations are conducted for f, = 10 GHz, D = 1 mJ/m?, and a
homogeneous excitation h,; has been used so that the symmetric (with
respect to the strip width center) mode is excited. Due to the strip width
(w = 100 nm), the edge nature of the mode is not clearly observed
because they are distributed over the whole width. Nevertheless, as the
strip becomes wider, such modes are more and more localized at the
strip edges. Overall, the dynamic behavior of the magnetization in a
heavy-metal/FM strip nanostructure is similar to that in an infinite thin
film regarding nonreciprocity. However, in the case of the strip, several
modes associated with the geometrical confinement are also observed.

Now, the case with w;, < w is studied in the DE geometry. In
Fig. 5, the evolution of the modes as a function of w;, and w is shown,
when the DM constant is D = 2 mJ/m?. For the case wp, = 0.lw
and w = 100 nm [see Fig. 5(a)], it is observed that most of the
modes tend to be nonreciprocal. This behavior is related to the reduced
width w, for which all lateral confined SW modes have a finite SW
oscillation amplitude in the zone where the DMI is active, thus having
an asymmetric spin-wave dispersion. In contrast, as the width of the FM
film increases, as shown in Figs. 5(b)-(c), the nonreciprocal behavior
is notable in one [ Figs. 5(b)] and two [ Figs. 5(c)] modes for the
frequency range 0-24 GHz. This effect is associated with the fact that
only some modes have a significant SW amplitude in the strip’s center,
where the HM is in contact with the ferromagnet. Thus, only these
modes will be notably nonreciprocal. On the contrary, the rest of the
modes have a negligible asymmetry in the SW dispersion because they
do not have a significant amplitude of magnetization oscillation at the
HM/FM region (not shown). Additionally, as the width w increases,
the nonreciprocal modes become increasingly uncoupled from the other
modes, as shown in the shaded circles in Figs. 5(a)-(c). Here, the
band structure presents a variable anti-crossing effect that indicates the
degree of coupling between modes. For a large ferromagnetic width,
the nonreciprocal modes do not couple with the reciprocal ones, as
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Fig. 5. Spin-wave dispersion evaluated for w = 100 nm, 200 nm, and 300 nm (top to bottom). Panels (a), (b), and (c¢) depict calculations for w,/w = 0.1; (d), (e), and (f) show
results for w;/w = 0.4; and (g), (h), and (i) for w;/w = 0.6, respectively. In panels (a) to (c), the shaded circles highlight the coupling between the low-frequency nonreciprocal
mode and the symmetric branches. In (c), (f) and (i) the dots highlight the edge mode trend, which has a parabolic reciprocal dispersion. The lines in (a-i) correspond to DMM
calculations, while the grayscale in (g) to (i) corresponds to micromagnetic simulations. (j) illustrates the simulated spin waves for case (g) and f, = 11 GHz, showing unidirectional
propagation of the edge modes along the —z direction. The simulations are shown for 1 = 0.2 ns, 0.8 ns and 2 ns.

illustrated in the shaded circle of Fig. 5(c). Hence, the nonreciprocal
and reciprocal bands almost intersect in the SW dispersion.

As the ratio between the widths (wj,/w) increases, the nonreciproc-
ity becomes more prominent. This is expected because the averaged
DMI along the width increases. This trend is observed in Figs. 5(d)—
(i). Most of the modes exhibit an asymmetric SW dispersion, except
for those with a parabolic symmetric dispersion that has a minimum
frequency at zero wave vector. These modes are precisely the edge
modes, characterized by a finite amplitude of magnetization oscillations
at the lateral strip edges [9]. Because the DMI is null at the strip
edges, these modes behave reciprocally. This effect is highlighted in
Figs. 5(c), 5(f) and 5(i), where the dots follow the edge mode trend.
As the width of the ferromagnetic strip increases (as seen in the cases
for w = 200 nm and w = 300 nm), the parabolic symmetric behavior
of the edge modes becomes more evident due to the uncoupling of the
edge and bulk modes. Micromagnetic simulations were performed for
the case wp = 0.6w to validate these results, as shown in Figs. 5(g)-
(i). Here, the lines correspond to the calculations, and the gray color
represents the simulations. As observed, there is excellent agreement
between both methods.

Finally, micromagnetic simulations are used to study the propaga-
tion of waves for the case illustrated in Fig. 5(g), where an excitation of

fo = 11 GHz has been applied. As shown in the dispersion relation, at
this frequency, modes propagating in the —z direction correspond to an
edge mode, while the DMI influences bulk modes in the +z direction.
The propagation of the spin waves is depicted in Fig. 5(j) at different
times. Here, the unidirectional propagation for the edge and bulk
modes is shown. For the simulations realized in Fig. 5(j), a symmetric
excitation was used (A(x) = 1, see Section f) so that only the symmetric
modes were excited. In the case of the wave propagation along +z, such
a mode correspond to the one evaluated at k ~ 150 rad/pm. It can
be observed that the propagation of the bulk mode (+z) depends on
the size of the HM strip, where the DMI interaction is active, resulting
in a robust wave channeling. Thus, the interplay between geometrical
parameters and DMI is crucial for controlling the nonreciprocal and
unidirectional behavior of spin waves. By fine-tuning the width of the
FM strip and the coverage of the HM layer, it is possible to selectively
achieve nonreciprocal, unidirectional, and channeled propagation for
specific modes, which is essential for designing advanced magnonic
devices such as the magnonic diode [36,41], which exploits spin-wave
nonreciprocity in a manner similar to an electronic diode, permitting
unidirectional propagation of spin-wave signals in magnetic materials.
This characteristic is invaluable in developing magnonic devices for
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information processing, where control over spin-wave flow direction
is essential [60,61].

Summary and conclusions

The spin-wave dynamics in magnetic strips with Dzyaloshinskii—
Moriya interaction have been studied in both backward volume and
Damon-Eshbach configurations. In the backward volume geometry,
the spin-wave dispersion and spatial dependence of the magnetization
demonstrate that introducing DMI maintains the symmetric nature of
the wave dispersion but alters the lateral confinement of the spin
waves. When the heavy-metal layer partially covers the ferromagnetic
strip, the spin-wave dispersion remains reciprocal, but the dynamic
magnetization component exhibits hybridized localization, differing
within the heavy-metal-covered zones compared to the non-DMI zones.
This suggests that spin waves can be nonreciprocally channeled in
the backward volume configuration, as further corroborated by micro-
magnetic simulations. In the Damon-Eshbach configuration, where the
equilibrium magnetization is oriented along the strip width, spin-wave
dispersion becomes asymmetric with the inclusion of DMI, demon-
strating nonreciprocal behavior and significant changes in group ve-
locity. Micromagnetic simulations validate these results, showing that
nonreciprocal and unidirectional propagation can be controlled by
adjusting the geometrical parameters and DMI coverage. This research
highlights the potential for designing advanced magnonic devices by
exploiting the unique properties of nonreciprocal spin waves, enabling
precise control over spin-wave propagation for innovative applications
in low-power, high-speed information processing technologies.
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Appendix. Effective DMI field for BV waves

For the backward volume configuration, where the equilibrium
magnetization and the SW propagation are along z, the Dzyaloshinskii—
Moriya energy density (energy per unit of length) of the ith element can
be written as

DS
nPM = Z _'; -(m; xm,), (A1)
)
DS
M = a2 (X My = Xom,_y), (a.2)

where M, is the saturation magnetization and DIS is the inter-strip
(IS) Dzyaloshinskii-Moriya vector, which couples the magnetizations
m; and m;. Thus, the dynamic effective DM field acting in the ith
sub-strip is

6nIDM

1
WS = —— , A3
i Hobd Om, (A-3)
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IS
b =
HoMbd

(m;,; xD' —m,_, xD'S). (A.4)
Then, a complete analysis requires a connection between D'S = |D'S|
and D, where this last term is the typical DM constant defined in the
continuous approach [13,14,48]. To do this, it is considered that the
strip system of width w is divided into many sub-strips of width . Then,
by considering a continuous variation of the DM interaction along x,
Eq. (A.2) becomes
1S om,
pm _ D®b i
DM _ m; x — ), A.5
& M? ( P oox ) (A-5)

where the total energy is

DS om;
DM i
= [ dS . X — ). A.6
1 / M2d (m‘ ox ) (A-6)

Here, d is the strip thickness and dS represents a differential element of
the transversal section of the sub-strip. Now, for the backward volume
configuration illustrated in Fig. 1, the dynamic magnetization can be
written as m; = my D% +mP$. Thus, by considering the interfacial nature

X+ my
of the DM, namely DIS J_ x;—r) (DIS D'S2), Eq. (A.6) becomes

oM _ [ 4 DS m(z)a my (:)a (I) (A7)
= M2d \ ¥ ox ™ x| ’

By comparing Eq. (A.7) with Eq. (1) of Ref. [48], it can be concluded
that D' = Dd, where d is the strip thickness and D is the well-
known DM constant, which is energy per area units. Therefore, if the
strip system is divided into many sub-strips, there will be a continuous
variation of the dynamic magnetization along the strip width so that the
constant D'S can be replaced by Dd. Note that in the case when only a
few interacting strips are considered, the relation D'S = Dd is not valid.
In this work, a minimum strip width of 100 nm is assumed, where the
sub-strip width will be 2 nm, so that the relation D' = Dd can be used.
Finally, from Eq. (A.4), the dynamic effective field components acting
in the ith strip are

ISy — ) 1 1
(hx )‘. p Mzb Zm v 5l+ 5: ) (A8)
and
D . -
(hlys>i = _ﬂOMzb 2 miV) (61v+1 -8, 1) g (A.9)
S v

where 5;. stands for the Kronecker delta symbol.
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