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The role of non-uniform
magnetization texture

for magnon-magnon coupling
in an antidot lattice

Mathieu Moalic™, Mateusz Zelent, Krzysztof Szulc & Maciej Krawczyk

We numerically study the spin-wave dynamics in an antidot lattice based on a Co/Pd multilayer
structure with reduced perpendicular magnetic anisotropy at the edges of the antidots. This structure
forms a magnonic crystal with a periodic antidot pattern and a periodic magnetization configuration
consisting of out-of-plane magnetized bulk and in-plane magnetized rims. Our results show a different
behavior of spin waves in the bulk and in the rims under varying out-of-plane external magnetic field
strength, revealing complex spin-wave spectra and hybridizations between the modes of these two
subsystems. A particularly strong magnon-magnon coupling, due to exchange interactions, is found
between the fundamental bulk spin-wave mode and the second-order radial rim modes. However,
the dynamical coupling between the spin-wave modes at low frequencies, involving the first-order
radial rim modes, is masked by the changes in the static magnetization at the bulk-rim interface with
magnetic field changes. The study expands the horizons of magnonic-crystal research by combining
periodic structural patterning and non-collinear magnetization texture to achieve strong magnon-
magnon coupling, highlighting the significant role of exchange interactions in the hybridization.

Magnonic crystals (MCs) are a type of magnetic meta-material characterized by the periodicity of some material
properties that cause the formation of an artificially tailored spin-wave (SW) band structure!~. These crystals
are analogous to photonic crystals, which utilize periodic modulation of the refractive index to control the
propagation of electromagnetic waves®. MCs provide guidance and control over SWs, promising them for a
variety of applications*’. They can be created by the periodic arrangement of two different materials, which
can be two ferromagnetic materials’, ferromagnetic and non-magnetic, i.e., an array of ferromagnetic dots in a
non-magnetic matrix'®-'?, or inverse structures, i.e., an array of holes in a ferromagnetic matrix, also known as
antidot lattices (ADLs)'>!4,

Periodic modulation of SW-relevant parameters can be introduced during the patterning process'>!¢, but
also through post-fabrication techniques such as ion irradiation, which selectively modifies the magnetic prop-
erties of targeted regions in ferromagnetic films and multilayers'’~*!. A recent promising concept involves the
formation of periodicity by a regular change of magnetization orientation in a homogeneous thin film?2. This is
exemplified by periodic stripe domains, which can be considered as one-dimensional MCs?***, or skyrmion lat-
tices, which form 2D MCs*%, These structures possess a crucial feature of reconfigurable magnetization texture
that is sensitive to an external bias magnetic field, allowing the magnonic band structure to be programmed and
tuned after device fabrication to suit actual requirements?. Nevertheless, there is still a lack of understanding of
structures that combine both patterning and magnetization texture, especially in the context of SW dynamics.

Recent explorations in magnon-magnon coupling have revealed diverse mechanisms across various systems.
In synthetic antiferromagnets and nanomagnonic devices, studies such as Chen et al.”®, Sud et al*® and Shiota
et al.*! have demonstrated strong interlayer coupling, influenced by both interlayer exchange and dynamical dipo-
lar interactions, with tunability via external parameters like magnetic-field orientation. This coupling manifests
as mode splitting and large anticrossing gaps, pivotal for advanced device applications®’. Additionally, the works
of Dai et al.** and Shiota et al.*' specifically address the coupling between acoustic and optic magnon modes in
synthetic antiferromagnets, highlighting the role of bias-field tuning and symmetry breaking in achieving strong-
coupling regimes. In single-system contexts, such as magnetic skyrmions, different internal mode couplings
(e.g., gyrotropic and azimuthal modes) primarily occur through direct exchange interactions, as discussed in
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Li et al**. However, the coupling between the SWs of the two domains, which provides both magnetostatic and
exchange interactions mediated by the domain wall, remains unexplored.

In our previous studies, we have shown that multilayer ADLs with perpendicular magnetic anisotropy
(PMA) have the potential to be promising patterned systems with periodic magnetization texture to control SW
propagation®=*7. Micromagnetic simulations were used to interpret time-resolved magneto-optical Kerr effect
microscopy measurements of SW spectra in ADLs based on [Co/Pd]g multilayers®. The low-frequency mode
observed in the spectra has been attributed to a rim formed during the focused ion-beam patterning process at
the antidots edges (see Fig. 1). The rims exhibit modified magnetic properties due to the area penetrated by Ga™
ions being larger than antidots. Consequently, at remanence, the magnetization assumes an in-plane alignment,
generating an MC composed of two regions with different magnetization orientations*®. This arrangement gives
rise to complex SW spectra consisting of bulk modes confined to the ferromagnetic matrix and various modes
localized in the rims, with the potential for their hybrid excitations. However, the hybridization of SWs confined
to different areas, particularly those with varying magnetization orientations, within the magnetic conduit has
not been explored to date.

In this paper, we focus on a SW spectrum in ADL with modified rims (ADL-MR) based on [Co/Pd]s
multilayers®®*® as a function of the strength of an external magnetic field, which is perpendicular to the multilayer
plane. We show that magnetic field variation affects bulk- and rim-localized modes in different ways, thereby
creating good conditions for bulk and edge mode hybridization. We explain the nature of the bulk-rim interac-
tions resulting in magnon-magnon coupling and formulate conditions for its existence. This discovery unlocks
possibilities for hybridizing different modes in ADL, exploring new collective SW phenomena, and advancing
practical applications of magnonics.

The structure of the paper is as follows: The next section introduces the system and micromagnetic model
utilized in the simulations. Following that, in the Results section, we present the hysteresis of the system,
the SW modes in dependence on the magnetic field, the bulk-rim static coupling at low frequencies and the
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Figure 1. (a) Schematic illustration of the investigated structure showing the Co/Pd unit cell of the ADL-MR.
Note that the figure is not to scale. The light gray area around the hole represents the rim with the reduced PMA.
The arrows roughly indicate the orientation of the magnetization for Bex;; = 0 T. (b) Variation of the PMA
constant along the radial direction, starting at the center of the antidot. (c) Hysteresis loop along the z-axis. The
dashed black line marks the regime where the demagnetization process is reversible, and within which the SW
spectra are calculated. In the insets, the static magnetization configuration at selected field values is illustrated.
The non-magnetic areas are hatched in gray. (a) and (c) The hue represents the in-plane orientation of the
magnetization, while the brightness indicates the out-of-plane value, with black being fully down and white fully

up.

Scientific Reports |  (2024) 14:11501 | https://doi.org/10.1038/s41598-024-61246-5 nature portfolio



www.nature.com/scientificreports/

magnon-magnon coupling between second-order radial rim modes and the bulk modes. Finally, we summarize
the findings.

Structure and methodology

We are investigating a multilayered [Co/Pd]g sample containing a square lattice of antidots with a 200 nm
diameter, oriented on the xy-plane with a lattice constant of 500 nm. The magnetic structure is defined with an
effective-medium approach, where the 8 repetitions of the Co/Pd bilayer stack, consisting of Co (0.75 nm) and Pd
(0.9 nm) layers are simulated as a single 13.2 nm-thick layer of Co with effective material parameters®, according
to the approach described in Ref.*’. We used the following parameters®: PMA constant Ky, pu = 4.5 x 10° J/m°,
saturation magnetization Mg = 0.81 x 10% A/m, exchange constant Aex = 1.3 x 10~1J/m. In most simulations,
we used a low damping constant @ = 1 x 1077 to get a sharp SW spectrum.

We discretized the system with 256 cuboids along the x- and y-axes in the square-lattice unit cell shown in
Fig. 1a, each cuboid being 1.94 x 1.94 x 13.2 nm? for a total of 500 x 500 x 13.2 nm?>. We also tested with up to 8
cells across the thickness and the results were largely the same in the considered frequency range, with the mode
frequency difference not exceeding 10%, but at a significant cost in simulation time. Therefore, for efficiency, we
modeled only a single lattice unit cell, but with periodic boundary conditions (32 repetitions along the x- and
y-directions) to recreate the square lattice, and with the single cell across the thickness.

We assume that each antidot is surrounded by a 50 nm-wide rim, wherein the PMA constant reduces to zero
at the antidot edge. A hyperbolic tangent function is utilized to model the transition of the PMA value from the

bulk value to 0:
1 P — Pedge 1
K = -tanh [ ——= — | K,
u(p) (2 an ( 3 ) + 2) u,bulk

for p > 100 nm, where p is a radial coordinate relative to the center of antidot, peqge = 150 nm is the rim edge
position, as plotted in Fig. 1b. This function serves as an approximate representation of the anisotropy-reduction
profile that is likely to be encountered in experimental samples.
For micromagnetic simulations, we use own our version of Mumax3*#?, called Amumax*, which solves the
Landau-Lifshitz-Gilbert equation:
dm Y Ko

5 = 1+a2(mXHeﬁ+CImX(mXHeﬁ)), (1)

where m = M/Ms is the normalized magnetization, Heg is the effective magnetic field acting on the magnetiza-
tion,y = 187 rad/(s:T) is the gyromagnetic ratio, 1o is the vacuum permeability. The following components were
considered in the effective magnetic field Heg: demagnetizing field Hy, exchange field Heych, uniaxial magnetic
anisotropy field Hapis, and external magnetic field Hey. Thermal effects were neglected. Thus, the effective field
is expressed as:

Heg = Hq + Hexeh + Hext + Hanis + hyt, )

where the last term, hy,¢ is a microwave magnetic field used for SW excitation. The exchange and anisotropy
fields are defined as

2A 2K,
ex Am, Hanis _ u,bulk
noMs HoMs

mya, (3)

Hexeh =

where Ay is the exchange constant.

During the simulations, we first relax the magnetization in the system until we reach the ground state. We then
excite the SWs with a global microwave magnetic field along the x-axis, uniform in space, with a sinc temporal
profile, a cut-off frequency of 20 GHz, and a peak amplitude of 5 x 10~* T. The excitation field is applied for 1
ns, and we sample the magnetization dynamics at intervals of 16.66 ps over a period of 100 ns.

To acquire the SW spectrum, we took the space- and time-resolved in-plane magnetization and applied a
Hanning window along the time axis. We then computed the real discrete Fourier transform using the fast Fourier
transform (FFT) algorithm along the time axis for each cuboid composing the system. After this process, for every
discrete frequency, we pinpointed the cell exhibiting the maximum amplitude. This step was repeated iteratively
for each frequency to progressively construct the spectrum. By selecting the highest amplitude rather than the
average, the strongly-localized mode is emphasized over the modes that are spread over a wide area, such as the
bulk modes. This procedure is applied to each simulation, where the external magnetic field value varies. The
SW spectral response (Figs. 2, 3, 4, and 5) in dependence on the external magnetic field directed along the z-axis
were calculated for values from 1 T to —0.014 T in decrements of 2 mT. To prevent numerical artifacts arising
from a super-symmetry of the spins, we angle the external field by 0.0001 degrees from the z-axis. To generate
the mode visualizations, we separately took each cuboid making up the system and we calculated the FFT of the
in-plane magnetization over time. Then, for a selected frequency, we map the modulus of the complex number
to a saturation value between 0 and 1 and the argument of the complex number to a hue where it is red if the
argument is 0. This process is repeated for each cuboid in the system.
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Figure 2. Evolution of the SW resonance spectra for the RL, ADL, and ADL-MR in dependence on the external
out-of-plane magnetic field. The line intensity correlates with the SW amplitude. In the insets, the hue represents
the phase of the in-plane dynamic magnetization, while the saturation indicates its spatial amplitude. The
circular dashed line represents the outer edge of the modified rim. The border color of each inset specifies the
corresponding geometry. Non-magnetic areas are hatched in gray. A colorblind-accessible version of this figure
is available in the supplementary material.

Results

Hysteresis

First, we study the change of the static magnetization configuration in ADL-MR with the magnetic field
applied out of the plane. The hysteresis loop along this direction, changing the magnetic field intensity from
Bext,z = oHext,, = —1T to 1 T and back is shown in Fig. 1c. At the remanence, the bulk magnetization keeps
an out-of-plane saturation, while in the rim area, it stabilizes into a vortex-like state. Upon switching the external
magnetic field, domain walls emerge within the bulk starting at Bext; = +0.014 (see, states H2 and H4). Conse-
quently, at field Bex,; = £0.124 T, the domain evolves to full saturation in the opposite direction (HI and H3).
The rim magnetization reaches full saturation when the magnetic field intensity exceeds Bex,, = 0.86 T or falls
below Bext,; = —0.86 T, resulting in an out-of-plane saturation. In the following section, we will examine the SW
dynamics in the field range marked by the dashed line in Fig. 1c (i.e., between 1 and —0.014 T), which signifies
the full saturation of the bulk. The static magnetization can be in a clockwise (CW) or counter-clockwise (CCW)
vortex-like state in the rims. These two states are degenerated, therefore this chirality do not affect the frequencies
of the azimuthal modes within the rims. For this reason, when not saturated out of the plane, the magnetization
in the rims was chosen to be in the CCW vortex-like state in the rest of this paper.

SW modes in dependence on the magnetic field
Before examining the field dependence of SWs in ADL-MR, we analyze the spectra of two complementary
subsystems: a square lattice of rings (RL) with a width of 50 nm but without PMA, plotted in purple in Fig. 2;
and a simplified ADL utilizing PMA but without rims, with an antidot diameter of 300 nm plotted in green in
Fig. 2 and marked as ADL. The other geometric and material parameters for subsystems remain the same as
in ADL-MR. The spatial amplitude distribution of the SW modes is presented in insets adjacent to the spectra.
The color of each inset’s boundary and label indicates its affiliation with a specific system. Colorblind-accessible
visualizations of the ADL, RL and ADL-MR spectra are provided in the supplementary material in Fig. S1, S3,
and S2 respectively and a detailed visualization of all the modes from Fig. 2 are displayed in Fig. S7. At remanence
in the ADL system, we found the fundamental mode ADL-1 (the mode numbering refers to the order of modes
appearing in the discussion) at f = 4.02 GHz and a multitude of higher-order bulk modes, such as ADL-2 and
ADL-3, at f = 5.29 and 7.37 GHz, respectively. The system is characterized by a standard linear relationship
between the SW frequency and the external field®. Therefore, as the field increases, no interaction between the
modes is observed.

In the RL system with a CCW vortex-like magnetization texture, all the modes have an azimuthal component.
At Bext,; = 0T, the three modes of lowest frequency are at f = 11.55 (RL-1), 11.94 and 12.32 GHz, and corre-
spond to the 3rd, 1st, and 5th order azimuthal modes, respectively. These modes are standing modes resulting
from the degeneration of CW and CCW azimuthal modes of the same order. A non-zero value of the magnetic
field leads to the splitting of this degeneration** and a monotonous decrease in the frequency of the modes with
increasing magnetic field, until the magnetization saturates out of plane for 0.78 T. The second-order radial modes
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Figure 3. (a) Evolution of the SW resonance spectra for the ADL-MR in dependence on the external out-
of-plane magnetic field. The line intensity correlates with the SW amplitude. The branch highlighted in blue
corresponds to the first-order CW azimuthal mode considered in (b) and (d). The static configuration shown

in (c) and the modes in (d) are marked by black crosses. (b) Rim/bulk mode intensity ratio (in blue) and peak
maximum location (in orange) in dependence on the external out-of-plane magnetic field. The light gray areas
in (a) and (b) represent the magnetic field values where the first- and fourth-order azimuthal branches overlap.
(c) Profile of the out-of-plane static magnetization for Beyr, = 0.150 T (dashed lines) and Bey, = 0.550 T (solid
lines) for 3 systems (ADL-MR, ADL-S-MR and RL). (d) Amplitude profile of the marked modes from (a). The
dotted orange line indicates the boundary between the rim and the bulk.

start at around 17.5 GHz at remanence and decrease frequency to 10 GHz at the magnetization reorientation
field. All SWs increase in frequency as the magnetic field continues to increase above 0.78 T.

The SW spectrum as a function of the external magnetic field for ADL-MR is plotted in red in Fig. 2. By com-
parison with the spectra of ADL and RL, we can distinguish two main groups of branches that are related to: (i)
the bulk modes that are similar to those in the ADL system, and exhibit a linear frequency increase trend with an
increasing magnetic field (compare the branches ADL-MR-1 and ADL-1); (ii) rim modes, like ADL-MR-2, ADL-
MR-3, and ADL-MR-4, which exhibit a non-monotonic frequency response to changes in the applied magnetic
field. Rim modes are similar to those in the RL system at large fields, Bext,; 2 0.4 T (e.g., ADL-MR-2 is analogous
to RL-2). Here, however, the degeneration of the CW and CCW azimuthal modes is broken even for Bext,; = 0
T because of the dipolar field generated by the out-of-plane bulk magnetization. Beyond Bex,, = 0.4 T, these
branches decrease in frequency due to the SW-mode softening until they reach a phase transition at Bey; ; = 0.862
T. Subsequently, the frequency of these branches increases as the magnetic-field strength continues to increase.

Although the behavior of the two complementary systems, ADL and RL, merge in the ADL-MR system’s spec-
tra, some effects remain distinct to ADL-MR. Specifically, we can identify two frequency ranges where collective
bulk-rim effects occur. The first range (i) spans low frequencies from 3 to 12.5 GHz, characterized by first-order
radial modes in the rims, i.e., modes whose phase does not change sign along the radial direction in the rim
(e.g., ADL-MR-2, ADL-MR-3, and ADL-MR-4). The second range (ii) 12.5-17.5 GHz is where the second-order
radial modes are in the rim (e.g., ADL-MR-5 and ADL-MR-6). In (i), the bulk modes dependence on Beyt,, devi-
ates from a straight-line relationship (see ADL-MR-1), and the branches of the rim modes (e.g., ADL-MR-2 and
ADL-MR-3) gain dependencies similar to the bulk modes at low field values, leading to a decrease in frequency
as the magnetic field decreases starting at Bext; < 0.4 T. In turn, regarding the (ii) range, there are multiple points

~

of intersection between the bulk and rim modes resulting in anti-crossings.
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Figure 4. Evolution of the SW resonance spectra for the ADL-MR, ADL-S-MR, and RL in dependence on the
external out-of-plane magnetic field. The line intensity correlates with the maximal SW amplitude. In the insets,
the hue represents the phase of the in-plane dynamic magnetization, while the saturation indicates its spatial
amplitude. The circular dashed line represents the outer edge of the modified rim. The border color of each inset
specifies the corresponding geometry. Non-magnetic areas are hatched in gray. A colorblind-accessible version
of this figure is available in the supplementary material.
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Figure 5. (a) A zoom-in part of Fig. 4, which shows the evolution of the SW resonance spectra for the
ADL-MR and ADL-S-MR in dependence on the external out-of-plane magnetic field at a higher-frequency
range. The vertical dashed orange line indicates the value for which (b) was plotted. The line intensity correlates
with the SW amplitude. In the insets, the hue represents the phase of the in-plane dynamic magnetization, while
the saturation indicates its spatial amplitude. The circular dashed line represents the outer edge of the modified
rim. The border color of each inset specifies the corresponding geometry. Non-magnetic areas are hatched in
gray. (b) Ferromagnetic resonance spectra of ADL-MR for By, = 0.354 T with low damping in red and realistic
damping (e = 0.01) in orange. The dashed lines are Gaussian fits of the peaks with frequencies 14.38, 14.82,
14.89, and 15.16 GHz. A colorblind-accessible version of this figure is available in the supplementary materials.
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The aforementioned effects of ADL-MR indicate a magnetic coupling between bulk and rim, which is the
focus of this paper. However, these effects are influenced by several factors: the gradual change of the magneti-
zation orientation within the rims from an in-plane to an out-of-plane configuration with Bey, change (see the
hysteresis loop in Fig. 1a), the change of the magnetization gradient between rim and bulk, the static stray mag-
netic field of the bulk area on the rim, and finally the dynamical coupling between bulk and rim SW modes. In
the next two sections, the effects found in the ADL-MR are discussed separately for the first- and second-order
radial rim modes, i.e., at low (3-12.5 GHz) and high (12.5-17.5 GHz) frequency ranges.

Bulk-rim coupling at low frequencies: first-order radial modes

Our results have shown that the frequencies of the first-order radial modes in the rim are significantly influenced
by the interaction with the bulk part of the ADL-MR. The effects of this interaction are also visible in the azi-
muthal mode profiles shown in Fig. 2, ADL-MR-2, 3, 4. They show the transition of the mode localization, where
at low magnetic field amplitudes, the mode is predominantly located in the bulk (ADL-MR-2) and then gradu-
ally shifts its position towards the edge region (ADL-MR-4). To explain this bulk-rim coupling, our subsequent
analysis will focus on the first-order CW azimuthal mode (i.e., the mode where the m, component undergoes a
phase change of 277 along the path encircling the rim, as illustrated in Figs. S7-S10 in the supplementary mate-
rial). This mode is highlighted in blue in Fig. 3a, where profiles at three selected values of Beyt ., namely ADL-
MR-2, ADL-MR-4, and ADL-MR-7, are also depicted. A detailed visualization of all the modes from Fig. 3a are
displayed in Fig. S8 in the supplementary material.

We evaluate the spatial distribution of this mode’s amplitude, particularly its concentration in bulk or rim. To
quantify the extent of concentration, we define the parameter Prim = Arim/Aunit» Where Apim and Aypit denote
the integrated amplitude profiles within the rim and the unit cell defined as Aim = || 110500 fozn FFT(m(p))? dpd¢
and Ayt = fOSOO 6500 FFT(m(x, y))? dxdy with the integration over the surface of the rim and the surface of the
unit cell excluding the antidot, respectively. Pyin as a function of Bext,; is visualized in blue in Fig. 3b. A Pyip, value
of 0 and 100% indicates that the mode is entirely concentrated within the bulk and the rim, respectively. At the
remanence, the mode concentrates predominantly in the bulk as Pri, = 14%, the intensity is equally distributed
between the rim and the bulk at 0.282 T, and, at higher fields, this mode is predominantly concentrated in the
rim. The peak around Bex, = 0.03 T, which breaks the monotonic dependence of P(Bext;), corresponds to
the first- and fourth-order CW azimuthal branches overlapping in this frequency range, which makes the Prim
parameter extracted from the simulations (i.e., from profiles of the degenerate modes) inaccurate in this region.

We also quantify the shift of the amplitude maximum of this mode as a function of Bex 7, as shown in orange
in Fig. 3b. Starting at 160 nm at remanence, i.e., in the bulk of the ADL-MR, the position of the peak moves
towards the rim as the magnetic field increases. It reaches the rim edge (150 nm) at 0.2 T and moves into the
rim region at higher fields. Confirmation of this behavior is shown in Fig. 3d, which shows the normalized
amplitude profiles of the mode, marked by black crosses in Fig. 3a, at Bext,; values of 0.15 and 0.55 T. As Bext
is increased, not only does the amplitude maximum of the mode move to the rim, but the profile undergoes a
transformation, becoming less localized in the domain wall and exhibiting a flattened distribution within the
rim region. The radial cross-section of the m, component of the static magnetization, starting from the antidot
edge (p = 100 nm), is presented for the ADL-MR and the RL configurations in Fig. 3c. The dependencies are
depicted for two distinct external field strengths, Bext; = 0.15 T (dashed lines) and Beyt,; = 0.55T (solid lines).
Notably, the RL configuration exhibits a larger out-of-plane magnetization component compared to the other
structures, attributable to the absence of a static stray magnetic field from the bulk of the ADL. In addition, the
magnetization gradient of the out-of-plane component, between the bulk and the rim, shifts toward the rim
region with increasing Bext,z, While the gradient strength decreases due to the decreasing difference between the
out-of-plane magnetization component in the rim and the bulk. The position of the mode-intensity maximum
follows the position of the largest magnetization gradient. It is because the gradient of m, (a domain wall) softens
the stiffness of the magnetization, allowing for SW's of high amplitude.

The consequence of changing the magnetization texture at small Bey: ;, apart from the change in the loca-
tion and concentration of the azimuthal modes, discussed above (see also Fig. 3b-d), is a significant frequency
reduction compared to the RL reference system. Mode softening is an effect characteristic of systems with
magnetization gradients such as domain walls, vortices, and skyrmions®. In such regions, the effective field and
energy are reduced (due to compensation of the exchange and anisotropy contributions) so that the magnetic
moment requires less energy to precess.

To further pinpoint the origins of the observed bulk-rim interactions shown in Figs. 2 and 3, we conducted
simulations of the ADL-MR with a 5.82 nm-wide non-magnetic spacer between the rim and the bulk (ADL-
S-MR), see the structure schema in the inset in Fig. 4. The SW spectrum in dependence on Beyt,; is depicted in
blue in Fig. 4. Colorblind-accessible visualizations of the ADL-S-MR, RL, and ADL-MR spectra are provided in
Figs. S4, S3, and S2, respectively, and detailed visualization of all the modes from Fig. 4 is displayed in Fig. S9
in the supplementary material. This approach effectively nullifies the exchange interaction between the rim and
the bulk, thereby isolating the dipolar interaction as the only carrier of the bulk-rim interactions. Consequently,
the introduction of this spacer eliminates the large magnetization gradient that existed between the bulk and the
rim in ADL-MR (see Fig. 3c). Nevertheless, the magnetic configuration inside the rim is different from that of
the RL. This is due to the stray field from the bulk of the ADL in the case of ADL-S-MR.

Within the field range from Bexi; = 0to 0.5 T, the ADL-S-MR system exhibits higher frequencies relative to
those in the ADL-MR system, and their field dependence resembles that of the RL system, although with lower
frequencies. Interestingly, the azimuthal modes of the rim in the ADL-S-MR system are coupled with the bulk
modes, as indicated by anti-crossings (see range 8.5-10.5 GHz in Fig. 4). Due to separated rim and bulk parts, this
interaction is attributed to dipolar coupling. The large differences between the ADL and ADL-S-MR observed in
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Fig. 4 indicate that the exchange interaction between the bulk and the rim in ADL-MR has a significant impact
on the azimuthal modes of the rim. We select the first-order azimuthal CW modes at 0.2 T for the ADL-MR,
ADL-S-MR, and RL systems, at 7.87, 9.46, and 11.63 GHz, respectively, to visualize their amplitude distribution,
which is shown in Fig. 4 in the insets with labels ADL-MR-8, ADL-S-MR-1 and RL-3, respectively. These modes
and their CCW counterparts are the most intense and robust branches as they have a strong intensity even for
higher fields and after saturation. Comparing ADL-MR-8 with ADL-S-MR-1, we see higher SW amplitude in the
bulk in ADL-MR system, which indicates that the exchange coupling between the rim and the bulk increases the
dynamic coupling between the rim and bulk magnons.

The observations discussed above show that the presence of a static magnetization gradient, its evolution,
and the reorientation of the magnetization in the rim with a change in the magnetic field intensity are the most
important factors influencing the SW spectra, in particular, mode softening in ADL-MR at low frequencies and
low magnetic fields. On top of this, there is a dynamical magnon-magnon coupling, which is clearly evidenced
by the amplitude profiles of the predominantly bulk (ADL-MR-1 and ADL-MR-2) and rim (ADL-MR-4) modes,
which have properties of both the fundamental bulk mode and the first-order azimuthal CW mode (see Fig. 2
and S7 in the supplementary material). However, the overlap of the static magnetization deformation and the
dynamical coupling change with the external magnetic field makes the estimation of the dynamical-coupling
strength difficult.

Magnon-magnon coupling between second-order radial rim modes and the bulk modes

Let us now move on to analyzing the higher-frequency spectrum, where the interaction between the second-
order radial rim modes and the bulk modes exists. The detailed spectra are shown in Fig. 5, which is a zoom-
in part of Fig. 4. Colorblind-accessible visualizations of the zoomed-in ADL-MR and ADL-S-MR spectra are
provided in Figs. S5 and S6 respectively and a detailed visualization of all the modes from Fig. 5a are displayed
in Fig. S10 in the supplementary material. Here, the horizontal branches are related to the azimuthal SW modes
concentrated in the rim, which have a 7 phase change along the radial direction (see the insets and figures in
the supplementary material), while the lines with a non-zero slope originate from the bulk modes of the ADL.
Comparing the spectra of ADL-MR (in red) with the ADL-S-MR (in blue), it is evident that the ADL-MR exhibits
a number of hybridizations between selected bulk modes and second-order radial rim modes, as evidenced by
large anti-crossing gaps between the branches, and a strong deviation from the linear dependencies f (Bext,z)-
Conversely, the ADL-S-MR system demonstrates crossings with only tiny gaps, especially between fundamental
bulk mode (blue line along the diagonal of the plot in Fig. 5) and second-order radial rim modes, as indicated by
vertical orange line at Beyt,, = 0.354 T. Considering that the only difference between ADL-MR and ADL-S-MR
systems is the break of the exchange interaction between the rim and the bulk of the ADL in the latter, we can
conclude that the exchange interaction is responsible for the strong magnon-magnon coupling observed in the
former system. Nevertheless, it is still the hybrid coupling in ADL-MR, involving dynamical magnon-magnon
coupling, dominating in this range of fields and frequencies but modified by the magnetization texture with a
change of Bex,z.

We aim to understand why some rim and bulk modes show large anticrossing and some do not in ADL-MR.
To find the matching condition, we compare the ADL-MR-9/10/11 modes shown in Fig. 5a, which correspond
to the bulk mode, bulk+rim mode, and rim mode, respectively. From there, we can see the smooth transition
of the amplitude of the mode as we increase the field. From ADL-MR-9 to ADL-MR-10, we see the bulk part of
the mode which is first outside of the rim for Beyt, = 0.31 T to partly inside the rim for Bex, = 0.354 T while
the rim amplitude increases. The azimuthal homogeneous nature of the outer ring of the rim mode can still be
found at Beyt,; = 0.394 T for ADL-MR-11 while the amplitude in the bulk is close to null. In comparison, ADL-
MR-12 has a second-order quantization in the azimuthal direction and we observe the crossing of its branch and
a fundamental bulk mode at By, = 0.37 T for f = 15.16 GHz. A deeper analysis of the mode profiles indicates
the capability of coupling between rim and bulk modes if the number of azimuthal order of these modes is the
same after modulo 4 operation. Such a nature of coupling is strictly connected with the fact that the symmetry
of bulk modes is governed by the fourfold symmetry of the square lattice.

As mentioned above, for ADL-S-MR we find a much reduced anti-crossing gap of 50 MHz for Beyt, = 0.352T
compared to 380 MHz for ADL-MR. Similarly, as for ADL-MR, we can look at the evolution of the mode profile
as we increase the field. The modes ADL-MR-9/10/11 are taken to be analogous to ADL-S-MR-2/3/4 for the same
branches and the same fields. Removing the exchange interaction between the rim and the bulk had an effect
on the expansion of the bulk mode into the rim area, which is not present in the middle of the hybridization on
ADL-S-MR-3 as it is for ADL-MR-10. We can then confirm that the exchange interaction is responsible for this
particular hybridization.

In Fig. 5b showing the ferromagnetic-resonance spectrum at 0.354 T, we demonstrate that the hybridization
under consideration in the ADL-MR system is still visible when using a realistic damping value of & = 0.01°,
which is close to the experimental value for Co/Pd multilayers. We fitted the resonant modes of frequencies
f =14.38,14.82,14.89 and 15.16 GHz with the four Gaussian curves. Based on this, we estimate the cooperativ-
ity of the bulk magnon-rim magnon coupling between fhigh = 14.82 GHz and fio, = 14.38 GHz. The strength
of the coupling, g, is defined as half of the minimal peak-to-peak frequency spacing in the anti-crossing, it is
g =220 MHz at 0.354 T. The half width at half maximum for both peaks is k5, = 120 MHz and ., = 86
MHez. Using these values, we calculate the cooperativity

W

g2

C= ——=
Kflow x thigh

= 4.698.
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Even though the system was not optimized for it, this value of the cooperativity indicates a strong magnon-mag-
non coupling in the ADL-MR between the second-order radial, first-order azimuthal rim mode and the funda-
mental bulk ADL mode.

We can compare this cooperativity with the values given for various systems presented in the literature. For
instance, Chen et al.?’ report C = 0.38 and C = 21 in ferromagnetic metallic nanowires magnetized in parallel
or antiparallel order, respectively, which are forming an array deposited on YIG film. In the single planar fer-
romagnetic nanoelement with optimized ends, Dai et al.>* achieved C = 60.1 for the hybridization between the
bulk and the edge SW modes. Adhikari et al.*® reports the coupling between magnons in NiggFe; nanocross with
cooperativity C = 0.28, which can be enhanced to 2.5 by making a hole in the nanocross*. Synthetic antifer-
romagnets are also considered for exploitation of the magnon-magnon coupling. Here, the coupling strength
depends directly on the RKKY interaction strength between the ferromagnetic layers (controlled by the thickness
of the non-magnetic interlayer) but also on the external magnetic field, which changes the relative orientation
of the magnetizations in the layers. Depending on materials used, the reported values are C = 25.0%, C = 5.26
4 or C = 8.4%. Just recently, Dion et al.*! achieved probably the largest magnon-magnon cooperativity so far
C = 126.4 in finite-size magnetostatically-coupled ferromagnetic bilayers, thus combining inter-element cou-
pling and the finite size to enhance the coupling between magnons in both layers. In the context presented, the
coupling between rim and bulk modes in the ADL-MR system based on PMA material, as demonstrated above,
explores a new type of rather strong dynamic coupling between planar regions of non-collinear magnetization,
which is mainly mediated by exchange interactions and turns on a higher-order azimuthal mode. The influence
of the lattice type, as indicated by the hybridization selection rules, suggests a possibility for further optimiza-
tion of the coupling strength, not only by changing the material but also by changing the geometry of the ADL.

Conclusions

Using micromagnetic simulations, we study the SW dynamics in a PMA thin film magnonic crystal consisting
of antidots with rims around the antidot edges with in-plane magnetization (ADL-MR) as a function of the
out-of-plane magnetic field strength. Through comparative studies with its complementary subsystems, i.e. pure
ADL and the rim lattice, we have shown that the interactions between the subsystems significantly modify the
spectrum of the collective SWs and its dependence on the magnetic field. The study reveals SW hybridizations
between different waves concentrated in the rim and the bulk, which depend on the mode type and the out-of-
plane magnetic field strength and are additionally modified by the associated changes in the magnetization state
at the interface between the subsystems.

We show that in our system a strong magnon-magnon coupling between the fundamental bulk mode and
the second-order radial azimuthal mode is present. It is characterized by a cooperativity of C = 4.698, which is
competitive compared to the other magnon-magnon couplings reported so far in the literature. We show that this
coupling is mainly determined by the exchange interactions between the bulk and the rim, which are mediated
by the domain wall. In addition, it is influenced by the lattice type, which in combination with the lattice and
material parameters opens a wide field for further optimization and exploitation of the collective hybrid dynamics
in such systems. Thus, the demonstrated properties are pivotal for the development of magnonic applications
and devices, including hybrid and quantum magnonics.

Data availability
The simulations input files and post processing code are available publicly at https://doi.org/10.5281/zenodo.
10531882.
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