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Magnetic nanostructures with nonhomogeneous magnetic properties exhibit distinct magnon modes, and their interac-
tions are crucial for understanding magnetization dynamics. In this work, we numerically investigate the magnon—magnon
coupling in a nanodisk with radially varying magnetic anisotropy by using micromagnetic simulations. By introducing
perpendicular magnetic anisotropy into the inner region of the nanodisk, a radially chiral spin texture is observed. The
presence of the chiral spin texture results in coupling between the ferromagnetic resonance mode of the whole disk and
the higher-order confined modes in the outer region. Moreover, we find that the coupling strength is highly sensitive to
the perpendicular magnetic anisotropy, the saturation magnetization, and the interfacial Dzyaloshinskii-Moriya interaction.
Our findings could enrich the understanding of the dynamic characteristics of chiral nanomagnets and suggest a possible
route to harnessing tunable magnon—-magnon coupling for spin-based quantum information processing.
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1. Introduction

Magnetic chirality refers to the handedness of spin
arrangements, a characteristic commonly found in cer-
tain spin-ordered states or nanoscale spin textures.!!™! The
Dzyaloshinskii—Moriya interaction (DMI) is recognized as a
fundamental interaction that induces the formation of chi-
ral spin structures such as magnetic skyrmions.®”! In mag-
netic thin films, the interfacial DMI is the principal mech-
anism that gives rise to distinctive chiral spin textures, i.e.,
chiral domain walls,'8! spin spirals,[ radial vortices,%-!?]
and skyrmions.[!3!4! Chiral spin textures hold great promise
for realizing information storage and processing functions,

51 Jogic devices,!'®! transistors,

[16

such as racetrack memory,

oscillators, 131 and frequency combs, %! thereby significantly

facilitating the development of novel spintronic devices.
Cavity magnonics has attracted great attention due

to its potential applications in coherent information

processing.!'”-2l As quanta of spin waves, magnons pos-

sess short wavelengths, high frequencies (up to the terahertz

regime), non-Ohmic dissipation, and easy tunability.[?!-%3]

These advantages open the possibility of developing
energy-efficient magnonic devices for quantum informa-
tion operations.”»>!  The coupling between magnons

and other quasiparticles or excitations has been studied

in a variety of systems, such as magnon—photon,2¢-28]

magnon—-magnon, >*3% magnon—phonon,3!'~*3 and magnon-

34-36]

superconducting-qubit interactions. ! Among them,

magnon—magnon coupling has been investigated toward the

TCorresponding author. E-mail: phymafs@njnu.edu.cn

CSTR: 32038.14.CPB.ade426

miniaturization and integration of spintronic devices.?’40]
The coupling between the ferromagnetic resonance (FMR)
mode and the standing spin-wave (SSW) mode has
been reported in Ni/YIG and Co/YIG heterostructures,

28.30] Recent studies have demonstrated that the

respectively.|
coupling between the optical mode and the acoustic mode in
synthetic antiferromagnets can reach the strong, ultra-strong,
and deep-strong regimes.[*'*3! The magnon—-magnon cou-
pling within an individual magnetic single layer has also been
realized in, for instance, an irregular hexagonal dot and a

[44-48] Very recently, it has been found

cross-shaped nanoring.
that magnetic nanostructures with nonhomogeneous material
properties can exhibit diverse spin configurations in the pres-
ence of interfacial DML ! The coupling between magnon
modes confined in such nonhomogeneous magnetic nanos-
tructures is therefore worth exploring.

In this work, we perform micromagnetic simulations to
numerically investigate the coupling between magnons in a
magnetic nanodisk with radially varying magnetic anisotropy.
The chiral spin texture is obtained by introducing the interfa-
cial DMI and the radially distributed perpendicular magnetic
anisotropy (PMA). We find that the FMR mode of the entire
nanodisk can couple with various radial modes confined in the
outer ring-shaped (OR) region. The tunability of the coupling
is verified by varying the PMA, saturation magnetization, and
interfacial DMI. Our findings demonstrate that chiral nano-
magnets could serve as an excellent platform for exploring
coupling phenomena within the field of cavity magnonics.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Model and simulation method

Figure 1(a) schematically shows the magnetic nanodisk
used, with a spatially distributed magnetic anisotropy along
the radial direction, i.e., the inner circular (IC) region pos-
sesses PMA. The diameters of the nanodisk and the IC region
are represented by d; and d,, respectively. The micromagnetic
simulations are performed using Mumax>./*° During the sim-

0] 20
f (GHz)

0 200 400 600
H. (mT)
(o)
-
-

(d)

ulations, the nanodisk is discretized into cubic cells with a size
of 1 nm x 1 nm x 1 nm along the x, y, and z axes, respectively.
The material parameters used in the simulations are adopted
from the Pt/Co/Al system: saturation magnetization M =
9x%x10° A/m, exchange stiffness constant A = 1.6 x 1071 J/m,
interfacial DMI constant D = 1.5 x 1073 J/m?, damping con-
stant & = 0.01, and PMA constant K, = 5.7 x 103 J/m3.[>47]

(b)

1.0
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Fig. 1. (a) Schematic illustration of the magnetic nanodisk with radially varying magnetic anisotropy. The red and blue regions represent the IC
and OR regions, respectively. (b) The fraction of m,—H; curves for a fixed d, = 100 nm and various d; = 135 nm, 170 nm, and 205 nm. Insets
show the magnetization distributions for d; = 170 nm under three typical fields. Color plots of the f—H, dispersion for (c) the IC region and (d)
the OR region. Insets display the corresponding magnon spectra at H, = 200 mT. (e) Normalized mode profiles of the magnon modes labeled as

(1)—(v) in (c) and (d).

The magnetization distribution and magnon modes un-
der different bias fields H, are calculated through a two-
step simulation procedure. Firstly, the magnetization distri-

bution is obtained by minimizing the total energy of the sys-

tem under each H,. Secondly, to excite magnons with fre-
quencies ranging from 0 GHz to 100 GHz, a spatially uni-
form sinc-function-type perturbation field of the form Z(¢) =

hosin(2zfet)/ (2 f.t) is applied along the x-axis, where the
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amplitude is iy = 5 mT and the cut-off frequency is f. =
100 GHz.%! Alternatively, to excite magnons at a fixed fre-
quency f and to obtain the corresponding mode profiles, a
sinusoidal perturbation field h.(¢) = hosin(27ft) is applied
along the x-axis. For the dynamic simulations under each H,,
the temporal evolution of the spatially averaged magnetization
m(t) is recorded, with a time step of Az = 10 ps. The magnon
spectra are obtained by performing a fast Fourier transform
(FFT) on the spatially averaged m, (7). The mode profiles of
magnons are characterized by temporal snapshots of the mag-
netization variation, defined as Am,(¢) = my (1) — my(0).

3. Results and discussion

The investigated nanodisk consists of two regions: the
IC region with perpendicular magnetic anisotropy K, = 5.7 x
103 J/m? along the z-axis, and the OR region with zero
Ky, as schematically illustrated in Fig. 1(a). The calculated
magnetization—field (m,—H;) loops of the nanodisk are shown
in Fig. 1(b) for d = 100 nm and d; = 135 nm, 170 nm, and
205 nm. The slope of the magnetization curve increases with
larger d;. The insets in Fig. 1(b) display the magnetization
distributions for d; = 170 nm at H, = 200 mT, 500 mT, and
800 mT, respectively. The observed chiral spin textures arise
from the competition among DMI, exchange interaction, and
magnetic anisotropy.

We first focus on the nanodisk with d; = 170 nm, as
shown in Figs. 1(c) and 1(d).
IC and OR regions are separately calculated, and the corre-

The magnon spectra of the

sponding frequency—field (f—H;) dispersions are presented in
Figs. 1(c) and 1(d). Figure 1(d) shows the f—H, dispersion of
the OR region alone, with the magnetization of the IC region
fixed. The fixed out-of-plane magnetization in the IC region
still exerts a significant static influence on the magnon modes
confined within the OR region. This interaction disturbs the
spatial uniformity required for coherent precession, thereby
suppressing the visibility of the FMR mode in the OR region.

For the IC region, two distinct magnon modes, labeled (i)
and (ii), are identified in Fig. 1(c). The inset shows the corre-
sponding spectrum at H, = 200 mT. Based on the spatial mode
profiles in Fig. 1(e), mode (i) is recognized as the first radial
mode (the ferromagnetic resonance, or FMR mode), charac-
terized by a nearly uniform precession without radial nodes.
Mode (ii) is identified as the second radial mode, exhibiting a
single radial node in the magnetization distribution.

In contrast, for the unsaturated OR region, three distinct
magnon modes, (iii), (iv), and (v), are observed, as indicated in
Fig. 1(c). These modes exhibit combined azimuthal and radial
characteristics and can be indexed by (radial, azimuthal) num-
bers. They correspond to the spatially confined (0, +2), (0,
—2), and (1, 4+2) modes, respectively, as shown in Fig. 1(e).

For clarity, the color maps of all mode profiles in Fig. 1(e)
are individually normalized to their maximum Am, amplitude.
Modes (iii) and (iv) are low-frequency gyrotropic modes, with
the signs +/— denoting counterclockwise/clockwise propaga-
tion directions. Mode (v), having a higher frequency than (iii)
and (iv), exhibits counterclockwise propagation and features
one azimuthal and two radial nodes. Although some modes
share the same azimuthal number m, differences in their radial
node numbers lead to distinct spatial distributions.

Next, Fig. 2(a) presents the f—H, color plot of the nan-
odisk with d; = 170 nm and d; = 100 nm. The high- and
low-frequency branches clearly exhibit coupling features, such
as the characteristic “anti-crossing” behavior and pronounced
intensity exchange. The coupling parameters are analyzed
as follows: the coupling strength g = |f; — f2|/2, the cou-
pling magnetic field H,, and the coupling center frequency
fe = |fi + f2/2, where fi and f, are the frequencies of the
upper and lower magnon modes at H,.

To identify which magnon modes participate in the cou-
pling, we extract the mode frequencies in the IC region, OR
region, and the whole nanodisk, as shown in Fig. 2(b). Fig-
ure 2(c) shows the radial intensity distributions of the FMR
mode, the (1, +2) mode, and the coupling mode (CM) for H, =
320 mT. The temporal variation of magnetization Amy/(x,t)
along the radius is normalized to indicate the relative magnon
intensity.[>°! The intensity distributions reflect the overall dy-
namic response of the coupled state. It can be seen that the (1,
+2) mode strongly influences the precession near the IC-OR
interface, while the FMR mode extends across the entire nan-
odisk. The CM exhibits a hybridized character that combines
features of both.

To further verify the mode origins, Fig. 2(d) displays
normalized Am, intensity maps of modes I-IV (labeled in
Fig. 2(b)). Each color map is normalized to its own maxi-
mum value. At H, = 320 mT (near H,), the profiles of modes
I and II indicate strong hybridization between the FMR and
(1, +2) modes. At H, = 600 mT (far from H), the hybridiza-
tion largely vanishes, as shown by modes III and I'V. Further-
more, Fig. 2(e) presents the radial intensity distributions of
modes I-IV at t = 0 and 7 /2, marked by the dashed lines in
Fig. 2(d). The results show that mode III corresponds to the
(1, +2) mode, mode IV to the FMR mode, and mode II to the
coupled mode, which is a superposition of both.

Compared with the FMR mode, the (1, 4+2) mode ex-
hibits a weaker magnetic-field dependence, allowing the two
magnon modes to intersect and couple. Higher-order radial
magnon modes have a similar f—H; slope to that of the first
radial mode, implying that coupling with the FMR mode is
also possible.
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Fig. 2. (a) Color plots of the f—H_ dispersion for a magnetic nanodisk with d; = 170 nm and d, = 100 nm. (b) Extracted f—H_ dispersion of the
high- and low-frequency branches (green lines) from (a), the FMR mode (i) (red dashed line) extracted from Fig. 1(c), and the confined mode
(v) (blue dashed line) extracted from Fig. 1(d). (c) Conceptual illustration of the magnon intensity in the nanodisk along the radius: the (1, +2)
mode, FMR mode, and CM. (d) Mode profiles of magnon modes I-IV as marked in panel (b). Dashed circles represent the boundaries between
the IC and OR regions. (e) Intensity distributions of magnon modes I-IV along the radial direction, labeled by horizontal dotted lines in panel (d)
for 7 =0 and T /2. The red and blue backgrounds represent the IC and OR regions, respectively.

According to the characteristics of radial magnons,
higher-order radial modes can be excited by increasing the di-
ameter of the OR region. As an example, Fig. 3(a) shows the
color plots of the f—H, dispersion obtained for d; = 190 nm
and d, = 100 nm. The intensity distributions of Am, along the
radius for various magnon modes b, ¢, d, and e are shown
in Figs. 3(b)-3(e), respectively, as labeled by triangles in
Fig. 3(a). It is clearly observed that modes ¢ and e are FMR
modes, while modes b and d are confined modes in the OR
region with different node configurations, (1, +2) and (2, +2).
In Fig. 3(a), the lower anti-crossing arises from the coupling
between the FMR mode and the (1, +2) mode, whereas the
higher anti-crossing results from the coupling between the
FMR mode and the (2, +2) mode. Therefore, it is expected

that the coupling between the FMR mode and even higher-
order radial magnon modes can be achieved by further increas-
ing d;.

To investigate the influence of magnetic parameters on
the coupling, we study the nanodisk by varying D, K,;, and M,
respectively.

First, Fig. 4(c) illustrates the effect of M; in the range
from 8.1 x 103 A/mt0 9.9 x 10° A/m. It is observed that g and
fe decrease from 2.39 GHz to 1.63 GHz and from 14.84 GHz
to 13.68 GHz, while H, increases from 41 mT to 470 mT. The
increasing M enhances the demagnetizing field, which flat-
tens the magnetization at the boundary between the IC and
OR regions, i.e., broadens the transition region.’!) This re-
duced spatial overlap between the magnon modes suppresses
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the coupling strength.>?]

Second, the effect of K, in the IC region is examined
within the range from 5.1 x 10 J/m? to 6.3 x 10° J/m?, as
shown in Fig. 4(b). Hg, g, and f, exhibit distinct depen-
dences on K,: g increases from 1.79 GHz to 2.06 GHz, H,
decreases from 410 mT to 150 mT, and f,; remains nearly con-
stant around 14.50 GHz. The increasing K, enhances the out-
of-plane alignment of magnetization in the IC region, caus-
ing the transition region at the IC-OR boundary to become
narrower. >3 This leads to increased spatial overlap between
the magnon modes, thereby enhancing the coupling strength.
Moreover, a higher K, strengthens the internal effective field
and raises the intrinsic resonance frequency of the IC region,
shifting the mode crossing point to a lower external field.

Third, the dependence of Hg, g, and f,; on D is shown

in Fig. 4(a). With D increasing from 1.5 to 2.5 x 1073 J/m?,
g decreases from 1.90 GHz to 1.66 GHz, f, increases from
14.55 GHz to 16.38 GHz, and H, increases from 280 mT
to 340 mT. With increasing D, the DMI favors non-collinear
alignment between the magnetizations in the IC and OR re-
gions, thereby enlarging the angular deviation and broadening
the magnetization transition region. This reduces the spatial
overlap between the FMR and (1, 4+2) modes, thus weaken-
ing the coupling strength.[>* A stronger external field H is re-
quired to overcome this non-collinear tendency, leading to an
increase in Hy. Since the coupling occurs within a single-layer
nanodisk, it is primarily mediated by exchange interaction,
which dominates when the interacting spin-wave modes ex-
hibit strong spatial overlap, while the dipolar interaction plays

a negligible role in such confined geometries.>>=7]

(a) 40
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Fig. 3. (a) Color plots of the f—H, dispersion for a magnetic nanodisk with d; = 190 nm and d, = 100 nm. The lower anti-crossing represents

the coupling between the FMR mode (orange dashed line) and the (1, 4+-2) mode (green dashed line), while the higher anti-crossing represents the
coupling between the FMR mode and the (2, +2) mode (blue dashed line). (b)—(e) Intensity distributions of magnon modes b, c, d, and e along
the radial direction, as labeled by triangles in (a), for # = 0 and 7' /2. The red and blue backgrounds represent the IC and OR regions, respectively.
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4. Conclusion

In summary, we numerically study the magnon-magnon
coupling in a magnetic nanodisk with a radially chiral spin
texture, which is realized through the introduction of inter-
facial DMI and radially distributed PMA. The observed cou-
pling is attributed to the interaction between the FMR mode
of the entire nanodisk and the higher-order confined modes in
its outer ring-shaped region. It is also found that the coupling
phenomena are highly sensitive to D, K, and M. The cou-
pling strength increases with K, but decreases with D and M.
This work provides new insights into the dynamic characteris-
tics of chiral nanomagnets, highlighting them as a promising
platform for exploring magnon coupling phenomena.
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