RESEARCH ARTICLE | SEPTEMBER 10 2025

Multifunctional magnonic platform based on the interplay
between spin-wave waveguide and nanodots with PMA and
DMI

Krzysztof Szulc & © ; Mateusz Zelent © ; Maciej Krawczyk

’ '.) Check for updates ‘

APL Mater. 13, 091108 (2025)
https://doi.org/10.1063/5.0277362

L
S
| -
()
el
O
=
—l
o B
<

@ B

View Export
Online  Citation

Articles You May Be Interested In

Bimeron stability and non-reciprocal energy behavior in magnetic nanodots

Appl. Phys. Lett. (December 2024)

Scattering of spin waves in a multimode waveguide under the influence of confined magnetic skyrmion
APL Mater. (September 2022)

Effect of interfacial Dzyaloshinskii-Moriya interaction on three-magnon processes in thin magnetic
nanodots

Low Temp. Phys. (August 2025)

APL Materials

Now Online: Roadmap articles

AlIP

/ AlIP
£ Publishing —

Z=. Publishing Read Now

20:2£'2) G20z Jequisydes z|


https://pubs.aip.org/aip/apm/article/13/9/091108/3362748/Multifunctional-magnonic-platform-based-on-the
https://pubs.aip.org/aip/apm/article/13/9/091108/3362748/Multifunctional-magnonic-platform-based-on-the?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-1824-6642
javascript:;
https://orcid.org/0000-0001-7843-611X
javascript:;
https://orcid.org/0000-0002-0870-717X
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0277362&domain=pdf&date_stamp=2025-09-10
https://doi.org/10.1063/5.0277362
https://pubs.aip.org/aip/apl/article/125/25/252405/3326527/Bimeron-stability-and-non-reciprocal-energy
https://pubs.aip.org/aip/apm/article/10/9/091101/2835035/Scattering-of-spin-waves-in-a-multimode-waveguide
https://pubs.aip.org/aip/ltp/article/51/8/986/3357704/Effect-of-interfacial-Dzyaloshinskii-Moriya
https://e-11492.adzerk.net/r?e=_cGFnZT0xJmZfU3ViamVjdHM9Um9hZG1hcHMmdXRtX3NvdXJjZT1wZGYtZG93bmxvYWRzJnV0bV9tZWRpdW09ZGlzcGxheSZ1dG1fY2FtcGFpZ249YXBtX3JvYWRtYXBfYXJ0aWNsZXNfbm93X1BERl8yMDI1In0&s=0W_bO0N4KNd7lgu2I8DyCGcBEeQ

pubs.aip.org/aip/apm

APL Materials ARTICLE

Multifunctional magnonic platform based
on the interplay between spin-wave waveguide
and nanodots with PMA and DMI

Cite as: APL Mater. 13, 091108 (2025); doi: 10.1063/5.0277362 @ 'y @
Submitted: 23 April 2025 + Accepted: 20 August 2025 -
Published Online: 10 September 2025

122 and Maciej Krawczyk®

Krzysztof Szulc, Mateusz Zelent,’

AFFILIATIONS

TInstitute of Molecular Physics, Polish Academy of Sciences, M. Smoluchowskiego 17, 60-179 Poznan, Poland

2|nstitute of Spintronics and Quantum Information, Faculty of Physics and Astronomy, Adam Mickiewicz University,
Uniwersytetu Poznanskiego 2, 61-614 Poznan, Poland

2 Author to whom correspondence should be addressed: szulc@ifmpan.poznan.pl

ABSTRACT

Materials with perpendicular magnetic anisotropy (PMA) and antisymmetric exchange interactions are widely explored in spintronics but are
of limited use in magnonics due to high damping. We present a hybrid magnonic crystal composed of a chain of circular nanodots with strong
PMA and Dzyaloshinskii-Moriya interaction (DMI), positioned above a spin-wave waveguide made of permalloy. Due to the dipolar cou-
pling between the subsystems, a strongly bound hybrid magnetization texture is formed, with two stable magnetization states in the nanodots:
a single-domain state and an egg-shaped skyrmion state, allowing reprogramming of the system properties. Numerical results show complex
spin-wave spectra with several key features for magnonics: programmable Bragg and non-Bragg bandgaps correlated with magnon-magnon
couplings, the flat bands and bound states for the skyrmion state, and exclusively waveguide-dominated modes for the single-domain state.
With these properties, the proposed hybrid magnonic crystal has different functionalities that overcome the damping limitations of mate-
rials with PMA and DMI and open up potential applications in spin-wave filtering, spin-wave generation, quantum magnonics, and analog
magnonics, in particular in the realization of magnonic neural networks.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0277362
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I. INTRODUCTION

Over the past decade, spin-wave (SW) computing has been
extensively researched as a potential candidate to complement and
surpass CMOS-based technologies"” for digital’ or analog signal
processing* and neural network implementation.”” This is because
SWs offer high-frequency operation, even at tens of GHz, miniatur-
ization well below 100 nm, and most importantly, ultralow power
consumption, as low as 1 aJ per operation. Moreover, they can locally
interact with magnetic solitons, i.e., domain walls in 1D* and mag-
netic vortices’ or skyrmions in 2D'’ and thus can hybridize with, be
excited by, and be controlled by soliton dynamics.”"’

Magnetic skyrmions are topologically protected 2D magnetiza-
tion textures, known for their stability and very small size down to
10 nm, especially Néel skyrmions in thin ferromagnetic films, which
are stabilized by the interfacial Dzyaloshinskii-Moriya interaction

(DMI)."? Their dynamics can be driven by external forces, such as
magnetic field, electric current, structural stress, thermal fluctua-
tions, or laser pulses,'” which expands their potential applications
for information storage and processing, including unconventional
computing'*'? as well as usefulness in magnonics,'® for instance, to
control SW propagation,”” to scatter SWs,”"” to form SW frequency
combs,” or to excite propagating SWs in thin films.”* Further-
more, 1D and 2D arrays of skyrmions in thin films form a periodic
potential for SWs, and these structures can be considered as repro-
grammable magnonic crystals with transmission bands separated by
bandgaps.” ** However, due to the high damping of SWs in mul-
tilayers with DML’"" and the high frequencies considered so far
(tens of GHz)”® with a few exceptions, these effects remain mainly
numerical demonstrations with negligible damping assumed.””*
Hybrid structures are commonly used to obtain systems that
combine two, usually mutually exclusive, material properties, such
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as ferromagnetism and superconductivity“‘gl or SW propagation

and enhanced programmability provided by the artificial spin ice
system.”” "’ This is also true for magnonics and skyrmions. The for-
mer requires long propagation distances’ and coherence times* and
thus low damping, while the latter requires DMI and PMA resulting
from spin-orbit interactions and neighboring heavy metals, which
is associated with increased damping.

Following these ideas, we propose a hybrid structure consisting
of a SW conduit made of a low-damping material (Py) and a chain
of nanodots made with strong PMA and DMI material (Ir/Co/Pt),
thus also high SW damping. We show in micromagnetic simulations
that this structure forms a hybrid magnonic crystal (HMC), which
serves as a multifunctional platform for SW applications with prop-
erties controlled by the static magnetization configuration—single
domain or skyrmion state—of the nanodots. Among the interesting
properties arising from the coupling between the two subsystems
is a reprogrammable magnonic band structure, where the widths
of the Bragg bandgaps are modified by the magnetization texture
in the nanodots and flat magnonic bands both below and above
the ferromagnetic resonance (FMR) frequency in Py in the case of
the skyrmion state. The former property allows SW filtering and
the latter enables enhanced nonlinear dynamics,” the realization of
bound states in the continuum (above FMR of Py) in a magnonic
domain®’ or the evanescent coupling between the skyrmion oscil-
lations (below the FMR). Furthermore, we found that a dynamical
coupling between clockwise (CW) skyrmion modes and propagating
SWs leads to band anticrossing with non-Bragg bandgaps, suit-
able for exploiting the magnon-magnon coupling and thus useful
for excitation of short spin waves, neuromorphic computing*' and
quantum magnonic applications.””"’ Considering a wide range of
interesting properties, the proposed HMC represents a promising
multifunctional platform for magnonics, allowing the exploitation
of high-damping multilayer materials with PMA and DMI.

Il. GEOMETRY OF THE HMC

The system under investigation is presented in Fig. 1. It con-
sists of an infinite permalloy (Py, NigoFez) waveguide with width
of 300 nm and thickness of 4.5 nm and a chain of Ir/Co/Pt multi-
layer nanodots with a 300 nm diameter and 1.5 nm thickness. The
dots are positioned centrally above the waveguide with a relative
separation of 50 nm, resulting in a periodic structure with a lattice
constant of 350 nm. The waveguide and the dots are separated by
a 3 nm-thick nonmagnetic layer. The study is based on micromag-
netic simulations, with SW dynamic simulations performed in linear
approximation. The simulation details and the material parameters
are provided in Sec. V.

lll. RESULTS AND DISCUSSION
A. Static magnetization configuration

In the multilayer nanodot, characterized by strong PMA and
DMI, various magnetization states can be stabilized, including an
out-of-plane single-domain state, a Néel-type skyrmion, a double-
domain structure, and worm-like domains.** In this paper, we focus
on two of the above-mentioned configurations—a single-domain
(SD) state and a skyrmion (Sk) state. While the literature is well-
versed in the static and dynamic behavior of these structures in

pubs.aip.org/aip/apm
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FIG. 1. Visual representation of the system under consideration. (a) A schematic
geometry of the Ir/Co/Pt multilayer nanodot, separated from the 4.5 nm-thick Py
strip by a 3 nm-thick nonmagnetic layer. (b) An artist’s rendering of the simulated
magnetization configuration, showing an egg-shaped Néel-type skyrmion in the
dot stabilized by magnetostatic coupling to the skyrmion imprint on the in-plane
magnetized strip. The arrows and their colors (according to the HSL-cone color
scale) indicate the direction of magnetization. Note that the figure is not to scale.

isolation,””** their statics become complex in a compact hybrid

system,”” and the dynamics have not yet been presented.

Figure 2 presents the static magnetic configuration of a
single unit cell of the HMC with two different magnetization
configurations—the waveguide (W) with a chain of nanodots with
the out-of-plane SD magnetization state (W/SD) and the wave-
guide with a chain of nanodots with Sks (W/Sk). The magnetization
texture is shown on the xy-planes crossing the center of the dot
[(a) and (c)] and the center of the waveguide [(b) and (d)], respec-
tively. In the HMC, the magnetization configuration differs from
that of isolated subsystems. This change, induced by the dipolar cou-
pling, is mainly caused by the competition between the strong PMA
in the nanodots, which favors magnetization along the z axis, and
the shape anisotropy inherent in the waveguide, which induces a
preference for magnetization along the x axis.*’

In the W/SD system, the most pronounced effect of dipolar
interaction between the subsystems manifests just beneath the edges
of the nanodot, as illustrated in Fig. 2(b). Here, the peak deviation in
magnetization reaches max|Moy| = 216 kA/m (i.e., 27% of Ms in Py)
along the y axis and max|M.| = 23 kA/m along the z axis. Notably,
within the nanodot itself, the magnetization deviation of ~2% is
present close to the nanodot edge.

The static magnetic texture in the W/Sk system undergoes more
significant modification. The Sk is not only imprinted in the magne-
tization of the waveguide but also takes on an egg-like shape instead
of being circular.”” Note that the imprint intensity is stronger in
the W/Sk system than in the W/SD system. The average net mag-
netization along the easy axis in the W/Sk system decreases by
20 kA/m in comparison with only 5 kA/m for the W/SD system.
In addition, the maximum deviation reaches max|Mo,| = 475 kA/m
and max|My,| = 59 kA/m.
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FIG. 2. Configuration of the magnetization in the unit cell of the HMC with nanodots
in [(a) and (b)] the SD state and [(c) and (d)] the Sk state. The magnetization is
shown in the xy-planes crossing [(a) and (c)] the center of the nanodot and [(b) and
(d)] the center of the waveguide. The color map shows the My, component of the
magnetization, and the in-plane component My, is represented with the arrows.

B. Magnonic band structure

Following analysis of the system’s static magnetization config-
urations, we performed numerical simulations of the SW dynamics
(see Sec. V for details). The dispersion relations of W/SD and W/Sk
systems are depicted in Figs. 3(a) and 3(b), respectively, where the
color map indicates the intensity I of the out-of-plane dynamic mag-

netization component m; across the entire system. The intensity of

each mode is quantified as follows:

toaie 6 00 = | [ meCineasyad,

where V denotes the volume of magnetic material within a single
unit cell and f, (k) is the frequency of the nth mode at wavevector
k, being a complex function. Next, the intensities of all modes are
converted into the Lorentzian function and then summed to give
the total intensity I,

I(k,f) _ Z Imoda(k’f”(k))

@)
; Im[fn(k)](l + (%)2)

at wavevector k and frequency f. This method of quantifying inten-
sity makes these results comparable with the Brillouin light scatter-
ing measurement results.’® For comparison, the dispersion relation
of an isolated waveguide without a chain of dots is illustrated with
the yellow dashed lines and the resonance frequencies of the dot
with the blue horizontal lines. The SW modes start at 8.887 GHz and

ARTICLE pubs.aip.org/aip/apm

54 MHz in the first and next systems, respectively. The more detailed
comparison between the dispersion relation of the isolated wave-
guide and the frequencies of the SW modes in the isolated nanodot
in the SD and Sk states is presented in Sec. S2 of the supplementary
material.

The dispersion relations of both systems contain complex
mode dependencies, caused by the interaction between the nanodots
and their magnetization imprints in the waveguide. The highest-
intensity mode follows the fundamental mode of an isolated wave-
guide. The antisymmetric waveguide modes are barely visible in the
plots due to the nature of the intensity calculation. Above the third
waveguide mode, the intensity distribution is unclear and only the
fundamental modes are recognizable. The reflected branches and
bandgaps are present as a result of the periodicity induced by the
arrangement of the nanodots.

However, there are significant differences in the bandgap width
of the Bragg gaps among the systems. The zoom-ins of the dis-
persions of W/SD and W/Sk systems are shown in Figs. 3(c) and
3(d), respectively, with the gray strips marking the positions of the
bandgaps. The widths of the first five bandgaps are listed in Fig. 3(e).
The W/SD system is characterized by larger low-order gaps, with
the size exceeding 400 MHz. The size of higher-order gaps is much
smaller, with gap 5 already being similar in size to the linewidth
of the modes (which is 77 MHz), making it barely noticeable. In
contrast, the W/Sk system is characterized by larger sizes of higher-
order bandgaps, i.e., third and higher. Due to the backward wave
character of the low-frequency mode at low wavevectors, the edge
of the first Brillouin zone lies close to the frequency minimum.
As a result, the first and second bands share the same character.
In the W/SD system, the stronger interaction between the modes
pushes the first band much below the frequency of the isolated
waveguide [see Fig. 3(a)]. In the W/Sk system, this interaction is
weaker, which causes the first band maximum to be at a higher fre-
quency than the second band minimum, leading to the absence of
the bandgap, as shown in Fig. 3(d). These properties clearly demon-
strate the reprogrammable nature of the proposed HMC system. By
preserving the frequency positions of the bandgaps, we can mod-
ify their width and even close or open the first bandgap simply by
changing the magnetization state in the dots. This property can be
directly used for the realization of the magnonic artificial neural
network proposed in Ref. 49, where instead of hard magnets mod-
ifying the local magnetic field, the nanodots in the SD or Sk state
are used.

An important question is about the mechanisms of the bandgap
formation in the W/SD and W/Sk systems. There are two main fac-
tors that can be involved in the formation. One is a periodic static
configuration. The magnetization imprint in the waveguide coming
from the dipolar interaction with the dot enables the Bragg scat-
tering in the system. However, the dynamic coupling between the
propagating SWs in the waveguide and the magnetization dynam-
ics confined to the nanodots can also provide such an effect. It is
more intuitive when the resonator eigenfrequencies overlap with
the continuous bands of the waveguide.””"”" Nevertheless, cou-
pling can also occur when the resonant frequencies of the nanoele-
ments are much higher than the lowest propagation bands of the
waveguide.”””” In our study, the former situation is realized in the
W/Sk system and the latter in the W/SD system.
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Another difference between the spectra in both systems is the
presence of numerous flat bands in the dispersion of the W/Sk sys-
tem, which lie below the waveguide modes and begin at frequencies
below 1 GHz. These modes are directly connected to the dynamics
of the Sk domain wall in the dots, which starts at the level of tens
of MHz (see Fig. S2 in the supplementary material). At higher fre-
quencies, some of the skyrmion modes hybridize with the waveguide
modes. Interestingly, one of these modes leads to the generation
of an additional bandgap with a width of 53 MHz, marked as gap
3a in Fig. 3(d). The modified spectra indicate that the presence of
Sks in dots can directly affect the dynamics of SWs propagating in
the waveguide. Obviously, such modes are not present in the W/SD
system since the lowest resonant mode of the nanodot in an SD state
is at the frequency of 8.887 GHz, which is above the third wave-
guide mode. These results show that the change of a magnetization
configuration of the dots can induce additional flat bands in the
SW spectrum and also magnon-magnon coupling, effects that are
currently under intense investigation and also important from an
application point of view.”””” "’ In Sec. 11T C, we will explore these
properties, focusing on understanding of the physical mechanisms
involved.

C. Mode localization

In order to deepen the analysis of the SW dynamics, we calcu-
lated the localization of the modes and plotted it on the dispersion
relation folded to the first Brillouin zone, as shown in Figs. 4(b) and
4(c). We define the mode localization as a measure of how much of
the intensity of a given mode comes from a given subsystem (in this
case—a waveguide). It is calculated as

Hw

L(k)fn) = m,

(©)

where .%, and .#; are the intensity of the mode in the waveguide and
dot, respectively. Intensity is measured as

200 400 600
Band-gap width (MHz)

A= [, mlk g dsdye @

where Vg is the volume of the waveguide (dot) in a unit cell. The
mode fully localized in the dot has a value of L = 0 and is indicated in
Figs. 4(b) and 4(c) with light blue color, while the mode fully local-
ized in the waveguide has a value of L = 1 and is indicated with light
brown color. A more extensive description of the mode localization
is presented in Sec. S1 of the supplementary material.

Analysis of the SW spectrum will be conducted in three dif-
ferent frequency ranges: range I, marking the frequencies below the
SW excitation in the waveguide but available Sk excitation in the
dot; range II, where the waveguide can be excited but still only the
Sk in the dot; and range III, where the excitation of the whole dot is
possible.

The mode localization for the W/SD system is shown in
Fig. 4(b). The SW profiles of five selected modes (W/SD-1-W/SD-5)
are presented in the first row of Fig. 4(e). In addition, we plot the
frequency as a function of localization in Fig. 4(a), with k depen-
dence coded in the following colors: green for k = 0 and navy blue
for the Brillouin zone boundary. There are no modes existing in
range I. This is because the excitations in the isolated subsystems
are also not possible here. The W/Sk system is presented in Fig. 4(c).
The SW profiles of nine selected modes are presented in two bottom
rows of Fig. 4(e). In addition, we plot the frequency as a function of
localization in Fig. 4(d).

1. W/SD system—Waveguide modes

In the W/SD system, the lowest mode has a frequency slightly
above 3 GHz, and all modes up to 8.9 GHz (range II) are predom-
inantly confined to the waveguide with minimal amplitude in the
nanodot. The lowest localization value in this region is L = 0.89.
This is consistent with the simulations of eigenstates of an isolated
nanodot, where the lowest mode was observed at 8.887 GHz
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FIG. 4. Dispersion relation in the first Brillouin zone presents the localization of modes in both (b) W/SD and (c) W/Sk systems. Each mode localization value is indicated
by the color of the point on the dispersion. The corresponding plots with the localization value are shown in panel (a) for the W/SD system and in panel (d) for the W/Sk
system. Here, the color of the point marks the absolute value of the wavevector. The black dashed vertical lines mark the limits of ranges. (e) SW mode profiles for five
modes in the W/SD system and nine modes in the W/Sk system. The modes are marked on the dispersion relations with a square point and a label. In each mode profile,
the left color map displays the m, magnetization component in the xy-plane at the center of the dot, while the right color map displays my in the xy-plane at the center of
the waveguide. The intensity is normalized so that the maximum value of |my | is 1 for each of the mode profiles. All profiles are labeled and their wavevector and frequency

are given (Multimedia available online).

(see Sec. S2 in the supplementary material). Consistently, most of the
modes in this range resemble typical waveguide modes, e.g., mode
W/SD-3. However, selected modes, such as W/SD-1 and W/SD-
2, as discussed already in Sec. III B, are coupled over the entire
range of the Brillouin zone, resulting in a non-uniform SW ampli-
tude distribution even at k = 0. Therefore, the Bragg scattering and
bandgap formation in range I in the W/SD system can be attributed
to the static magnetization imprint created in the waveguide by the
nanodot [see Fig. 2(b)].

2. W/Sk system—Narrow-bandwidth skyrmion modes

In the W/Sk system, range I spans the frequencies from
100 MHz to 3.5 GHz [Figs. 4(c) and 4(d)], which is below
the frequency of the lowest waveguide band (see Sec. S2 in the
supplementary material). It contains 15 flat bands related to the
modes localized in nanodots (the largest localization in this range
is L = 0.08), which are CW and counterclockwise (CCW) azimuthal
modes of the skyrmion domain wall, similar to the skyrmion in an
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isolated dot (see Fig. S1 in the supplementary material)."**"** The
lowest frequency mode, W/Sk-1, is a third-order CCW mode. The
skyrmion breathing mode,*> W/Sk-2, has a frequency of 1.226 GHz
and is only the ninth lowest mode.

The modes in this range have very small bandwidths ranging
from 9 kHz to 34 MHz (breathing mode, W/Sk-2). This is because
these modes can only interact via dipolar interactions or evanescent
SWs, which are the only ones that can exist in the waveguide at such
low frequencies. The simulation of the dot chain in the Sk state but
without the waveguide (see Table 1 in Sec. S3 of the supplementary
material) shows that the bandwidths of most of the bands are sig-
nificantly smaller in the absence of the waveguide, except for the
breathing mode (of comparable bandwidth, 33 MHz) and the fourth
CCW mode, which is larger than in the system with the wave-
guide (further details on this comparison can be found in Sec. S3
of the supplementary material). This suggests the coupling of the Sk
modes from range I through the evanescent waves in the waveguide.
Such an effect is similar to the enhanced SW transmission observed
experimentally in bi-component 1D MC at frequencies below the
FMR frequency of one of the constituent materials.®> However, here,
it is theoretically predicted for 1D HMC consisting of a homoge-
neous film and a chain of dots in the Sk state that the system is easily
extendable to a 2D array.

The effects described above could be exploited for the design of
frequency-selective magnonic devices at the nanoscale. The evanes-
cent wave coupling between Sk oscillations in nanodots can be
exploited for tuning the bandwidth of the collective excitations,
extending the possibilities offered by the chain and arrays of Sk
nanodots.”*®* In particular, the distinct localization and narrow
bandwidths of these modes offer opportunities to create highly effi-
cient filters or oscillators that operate within a precisely defined
frequency range. Furthermore, these weakly dispersive bands can
be used to exploit the flat-band physics recently demonstrated
in 1D MCs with periodic modulation of a DML’ These are
expected to create suitable conditions for Bose-Einstein conden-
sation of magnons® for predefined and reconfigurable energy
landscapes.®®

3. W/Sk system—Hybridized and bound states

Starting from 3.5 GHz in the W/Sk system, the waveguide
modes start to appear and they coexist with Sk modes (range II).
Interestingly, the Sk is always slightly excited even if the mode is
strongly localized in the waveguide; for instance, the mode W/Sk-
3 has a localization L = 0.925. Such strong waveguide localization
is also found at the edges of the Bragg bandgaps, confirming that
their origin is mainly in the imprinted magnetization texture in the
waveguide, similar to the W/SD system.

On the one hand, the CW Sk modes hybridize with the wave-
guide modes, resulting in mixed modes that are present in both
the waveguide and the nanodot. In Fig. 4(d), these modes form
characteristic horizontally aligned points with localization between
0.05 and about 0.55. As shown before, such hybridization leads to
an additional bandgap marked as gap 3a in Fig. 3(d), with the sur-
rounding modes labeled W/Sk-4 and W/Sk-5. This is an example of
magnon-magnon coupling, which has recently been studied inten-
sively in many different realizations,” " including skyrmions'®
in the context of the quantum technologies.”” In our HMC, the
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hybridization occurs for nonzero k, so it can also provide a protocol
for the excitation of propagating modes in the waveguide at a given
wavelength by excitation of a specific Sk mode only, locally with sin-
gle Sk pumped or as a grating coupler with an array of nanodots.”’
Moreover, the resonant coupling offers a possibility for the realiza-
tion of artificial neural networks, " where the propagating SWs act
as synapses connecting neurons, playing through the nanodot in the
Sk or SD state. This will require the activation of neurons by propa-
gating SWs. Such a nonlinear property can be achieved by slightly
increasing the SW amplitude so that the static magnetic compo-
nent decreases, resulting in a change of the resonance frequency
(e.g., around the modes W/Sk-4 and W/Sk-5 or around 4 GHz,
with a change of just about 10 MHz)*’* and, depending on the
realization, activating or deactivating of the resonance effect.

On the other hand, CCW Sk modes form a vertical line of
points shown in Fig. 4(d) and have strong localization in nanodots
with L not exceeding 0.02. Thus, we can conclude that the interaction
between the CCW modes and the waveguide modes is negligible.
The pair of modes W/Sk-6 and W/Sk-7 around 8.56 GHz differ in
frequency by only 1 MHz but their localization values are 0.97 and
0.01, respectively. As expected, the small amplitude in the nanodot
for mode W/Sk-6 is not connected with the Sk mode W/Sk-7, fur-
ther confirming a lack of coupling between them. This suggests the
possibility of exploiting these modes, which are strongly localized in
the dot but are uncoupled to the waveguide, as bound states in the
continuum. Such states are extensively studied in photonics*’ due to
enhanced light confinement, sharp Fano resonances, and topological
characteristics,”” but have yet to be explored in magnonics.

4. Range lll-Mixed regime

In the frequency range marked as range III, the modes have a
mixed character. It starts at 8.9 GHz for the W/SD system and at
10 GHz for the W/Sk system. The higher frequency for the W/Sk
system is due to the presence of skyrmion in the dot, which induces
specific confinement of the resonant modes in the dot, leading to an
increase in their frequency. The localization value in the range varies
between 0.13 and 0.96 (after excluding the weakly interacting CCW
skyrmion modes), and the range further reduces to 0.14-0.83 above
10.5 GHz in W/SD system and to 0.23-0.82 above 11.5 GHz in the
W/Sk system. In this range, there are modes localized predominantly
in the nanodot [e.g., mode W/SD-4, W/Sk-8, and W/Sk-9 shown in
Fig. 4(e)], which originate from the resonant modes in the isolated
nanodot in the SD or Sk state, but they always have energy leak-
age to the waveguide. On the other hand, the propagating waveguide
modes, such as mode W/SD-5, also have significant amplitude in the
nanodots. This indicates that in both systems considered, most of
the modes in range III are hybrid in nature, combining excitations in
the nanodot with modes propagating in the waveguide. This is also
the reason for the smeared intensity observed in the band structure
in Fig. 3(a), above the dispersion of the fundamental mode. Fur-
thermore, a large number of hybridized modes do not support the
formation of bandgaps in range III.

D. Role of damping on band structure in HMC

The results presented above were performed assuming realistic
values of damping for Py and multilayer nanodot (see Sec. V), thus
we expect to observe the discussed properties under experimental
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conditions. However, to make the results more general, we per-
form a study of the magnonic band structure assuming no damping
(o =0 for both Py and Ir/Co/Pt multilayer). The detailed com-
parison of the magnonic band structure of systems with realistic
damping values and without damping is shown in Fig. $4 in the
supplementary material. We found that damping has a minor impact
on the band structure except for the hybridizations between the
modes propagating in the waveguide and Sk modes, especially in
range II. The zoom-ins to the vicinity of three different Sk modes
are shown in Fig. 5 for the case of no damping in both subsystems
(left side of the figure) and the case of realistic values of damping
(right side of the figure). Around the fourth CW Sk mode [around
5.5 GHz, Fig. 5(c)], the interaction between the modes in both cases
leads to the opening of the bandgap. The gap is only slightly larger
for the case without the damping (60 MHz) than with the damp-
ing (53 MHz). A stronger influence of damping is visible for the
sixth CW Sk mode [around 7 GHz, Fig. 5(a)]. Here, the presence
of damping leads to a closure of the bandgap. However, despite the
gap being closed, the modes are still interacting since the Sk mode
is slightly dispersive and its localization reaches the value 0.36. Even
more pronounced influence of the damping is shown in Fig. 5(b) for
the fifth CW mode (around 8.5 GHz), where the Sk mode opens two
bandgaps in the case of no damping, while the presence of damping
leads to the closure of these gaps. Here, the coupling is significantly
diminished resulting in the separation of modes localized in the dots
and the waveguide.

To better understand and quantify the role of damping in the
dynamic coupling between the Sk and the waveguide, we calcu-
late the effective damping, defined as ratio of the imaginary part
to the real part of the mode frequency a.g = Im(f)/Re(f), for each
mode in the HMC. This is done in pairs, comparing g for W/SD
and W/Sk systems with nominal damping values and comparing
nominal damping values and zero damping for the W/Sk system
(see Fig. S3 and detailed discussion in Sec. S4 of the supplementary
material). A significant change in effective damping leads to changes
in the lifetime of the hybridized modes, which is an inverse of the
imaginary angular frequency, T = (Im(27f)) ™" = (aeRe(27f)) .
Interestingly, high damping in the nanodots has a small influence
on the collective dynamics in the HMC. The effective damping

-5 0 5
Wavevector, k (rad/pum)

Localization

value follows the value of pristine waveguide, only increasing in
the W/Sk system when the waveguide modes are coupled to the
Sk modes and in range III when the waveguide and nanodot modes
are strongly coupled. For instance, around the fourth CW Sk mode
around 5.5 GHz, the effective damping value for the isolated wave-
guide is about 0.013, while its maximum in the W/Sk system reaches
0.037, reducing the mode lifetime by three times. In summary, the
proposed hybrid system reduces the effect of the high damping
present in the nanodots and it keeps the lifetime of the modes as low
as in the isolated waveguide while having a modulated dispersion
relation.

E. Experimental feasibility of the system

The geometry and magnetization configuration are complex,
making them challenging to create and study experimentally. The
waveguide and dots can be created using the magnetron sputter-
ing method. The final process requires additional steps includ-
ing the deposition of the resist and lithography (e.g., electron
beam, ion beam, or deep ultraviolet) before depositing the mag-
netic material and removal of the unwanted material with a lift-
off technique.”””” Bringing the system to the expected magnetic
state requires first saturating the system with an external mag-
netic field, then going to zero field. The magnetic state of the dots
can be switched by scanning with a magnetic tip. Numerical anal-
ysis has shown that this method can efficiently switch between
the single-domain and skyrmion states.”® An important point is
the size of the system. Although the magnonic crystal is infinite
in theory, its basic properties should be detectable in arrays as
small as ten repetitions.”” The SW propagation can be measured
using different techniques. Brillouin light scattering (BLS) spec-
troscopy can be used to measure the dispersion relation of the
system.®” SWs can also be excited using a microstrip or coplanar
waveguide antenna and detected electrically using second receiving
antenna (so called propagating SW spectroscopy),’’ or optically with
microfocused BLS,* time-resolved magneto-optic Kerr effect (TR-
MOKE) microscopy,®® or scanning transmission x-ray microscopy
(STXM).**
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IV. CONCLUSIONS

We have studied a one-dimensional HMC consisting of an
infinitely long Py waveguide and a chain of nanodots with PMA
and DMI (Ir/Co/Pt), in which we consider two different magnetic
states: a skyrmion and a single-domain state. The static magneti-
zation configuration in the HMC differs from that of its isolated
subsystems. This is because the configuration of the dot imprints the
magnetization texture upon the waveguide, and at the same time, the
skyrmion shape becomes strongly distorted, taking on an egg-like
shape. This makes a SW dynamic in an HMC complex while increas-
ing the skyrmion stability and offering multifunctional properties
for advancing magnonics.

The dispersion relations of both systems exhibit characteristic
features of magnonic crystals such as folded branches and bandgaps
that open at the border or center of the Brillouin zone, resulting
from the Bragg scattering on the static magnetization imprints in the
waveguide. However, there is a substantial difference in the sizes of
the bandgaps, demonstrating the programmability of the proposed
HMC. In addition, the W/Sk system has a large number of flat low-
frequency modes below the resonance frequency of the waveguide.
These modes are related to the azimuthal rotating modes, both CW
and CCW, localized in the Sk domain wall and are characterized by
very narrow bandwidths ranging from single kHz to single MHz.
Interestingly, the bandwidths are significantly larger than those of
the dots with the Sks forming a chain but without a waveguide, indi-
cating evanescent-SW coupling between the Sks in the W/Sk system.
The flat bands may also overlap with the waveguide modes at higher
frequencies and, interestingly, depending on their sense of rotation,
can hybridize (CW modes) with them, sometimes leading to addi-
tional non-Bragg bandgaps in the spectrum, or be uncoupled (CCW
modes). Importantly, some of the anticrossing bandgaps in the W/Sk
system are preserved even at high damping values in Co/Pt dots. In
the same frequency range in the W/SD system, all modes are almost
exclusively localized in the waveguide.

The aforementioned properties offer several useful functional-
ities and potential applications of the proposed HMCs, allowing the
magnonic exploitation of the Sk formed in high-damping multilay-
ers. These are (i) exploitation of the Bragg and non-Bragg bandgaps
for SW filtering; (ii) coupling between Sk localized modes via evanes-
cent SWs in the Py for controlled SW transmission; (iii) flat bands
below the FMR of the Py waveguide with a high density of states
for exploitation of nonlinear effects; (iv) flat bands overlapping with
the spectra of propagating SWs in Py for exploitation of bound
states in the continuum; and (v) magnon-magnon coupling between
Sk modes and propagating SWs for quantum and neuromorphic
computing. Importantly, the coupling/decoupling depends on the
chirality of the Sk mode and all properties can be controlled by
reconfiguring the magnetization texture in the nanodots between Sk
and SD states, further extending the functionality of HMCs.

V. METHODS

The magnetization dynamics of the system are described by the
Landau-Lifshitz-Gilbert equation,

oM oM

04
M oM x Hg + “ M x 2
or = M xHar+ 1 Mx 0 (%)
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where y is the gyromagnetic ratio, g, is the permeability of vacuum,
Hef is the effective magnetic field, « is the damping constant, and
Ms is the saturation magnetization. The effective magnetic field
H. is described as follows:

Her = Ho + 220 giM 4+ 290 5 g
HoMs HoMs
L 2D (oMo oM. (oMc oMy o
poME\ Ox Oy Y ox Oy ’

where Hj is the external magnetic field, A is the exchange stiffness
constant, Kpyma is the perpendicular magnetic anisotropy constant,
D is the Dzyaloshinskii-Moriya constant, and ¢ is the magnetic
scalar potential, which can be determined from the formula,

Vo=V-M, 7)

which is derived from Maxwell equations in the magnetostatic
approximation.

The system was studied using the finite-element method sim-
ulations in COMSOL Multiphysics.*” The simulations were per-
formed in the 3D model with the implementation of Egs. (5) and (7).
The static magnetization configuration was stabilized in the time-
domain simulation with periodic boundary conditions placed at the
ends of the unit cell perpendicular to the x axis to introduce the peri-
odicity into the system. For proper calculation of the stray magnetic
field, the condition ¢ = 0 is applied at a distance of 10 ym from the
system. As an initial magnetization configuration, the waveguide is
uniformly magnetized along the x axis while the dots are uniformly
magnetized along the z axis (for the study of a single-domain state
configuration) or have a skyrmion inside (for the study of skyrmion
state).” The magnetic state relaxation lasts 1 ps. The dispersion
relation was calculated using the eigenfrequency solver. For this
purpose, the Landau-Lifshitz-Gilbert equation is solved in its lin-
earized form, where the total magnetization vector M = My + me'*
is split to a static component My = (Mox, Moy, Mo ) and a dynamic
component m = (1, my, m;). The equation takes the form of an
eigenvalue equation, where the complex eigenvalues give the fre-
quencies, the dynamic magnetization m and the dynamic magnetic
scalar potential are the eigenvectors, and the wavevector is a sweep
parameter. Here, the periodic boundary conditions are replaced by
Bloch boundary conditions. The tetrahedral mesh is used with a
maximum size of 5 nm in the dot and 7 nm in the waveguide.
Outside the magnetic material, the mesh grows with ratio 1.4. On
the sides where Bloch boundary condition is applied, we prepared
identical triangular meshes.

The material parameters of Py are Ms =800 kA/m,
Aex =13 pJ/m, D=0, Kpma =0, and « =0.005. The magnetic
dot is defined with an effective-medium approach” *’ as a struc-
ture with DMI and PMA, where the three repetitions of the 0.5
nm-thick Ir/Co/Pt multilayer are simulated as a single Co layer
with an effective thickness. The effective parameters of the dot are
Ms = 956 kA/m Ae = 10 pJ/m, D = —1.6 mJ/m?, Kpma = 717
kJ/m?, and «=0.02. In all calculations, the external magnetic
field Hy = 0.

APL Mater. 13, 091108 (2025); doi: 10.1063/5.0277362
© Author(s) 2025

13, 091108-8

20:/€'2) G20z Jequisydes z|


https://pubs.aip.org/aip/apm

APL Materials

SUPPLEMENTARY MATERIAL

The supplementary material contains the description of mode
localization, the numerical simulations of the dynamics of isolated
subsystems, the comparison between the frequencies of skyrmion
modes in an isolated dot, a dot chain, and W/Sk system, and study
of the impact of damping on the spin-wave dynamics.
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