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We investigate the angular dependence of stress-induced spin-wave dynamics in magnetic antivortices stabi-
lized in square FeGa nanodots by means of micromagnetic simulations. The application of in-plane uniaxial
stress generates an effective magnetoelastic anisotropy whose magnitude and orientation are systematically
varied to analyze their impact on the stability, core position, and dynamic response of the antivortex state. A
magnetic state diagram reveals well-defined regions where the antivortex remains stable, as well as angular
and stress thresholds beyond which the configuration becomes unstable and relaxes into a different magnetic
state. Within the stable regime, the antivortex core undergoes pronounced angular-dependent displacements,
reflecting the strong sensitivity of the antivortex topology to the orientation of the applied stress. Ferromagnetic
resonance analysis shows that the spin-wave spectrum exhibits a multibranch structure composed of discrete
modes whose frequencies, intensities, and angular dispersion are strongly modulated by the stress orientation.
At higher stress amplitudes, the spectra display enhanced angular modulation, mode hybridization, and
the emergence of instability-induced spectral fragmentation. Spatial mode analysis reveals a rich variety of
excitations ranging from core-localized modes to extended standing-wave patterns governed by the combined
effects of square confinement and angular magnetoelastic anisotropy. These results demonstrate that angular
stress tuning provides an efficient and energy-efficient route to control antivortex stability and spin-wave
dynamics, opening new perspectives for reconfigurable magnonic devices based on topological magnetic
textures.

1. Introduction Among the different strategies explored to manipulate magnetiza-
tion dynamics, mechanical stress has emerged as a particularly power-
ful and versatile control parameter. Through magnetoelastic coupling,
applied strain induces an effective magnetic anisotropy that modi-
fies both the static magnetic configuration and the dynamic response

of magnetostrictive materials. In contrast to magnetic-field [3,4]- or

The control of spin-wave dynamics in confined magnetic nanos-
tructures is a central topic in modern magnonics, motivated by the
growing demand for low-power, compact, and reconfigurable platforms

operating in the gigahertz frequency range [1,2]. Spin waves provide
an attractive route for information transport and processing without
charge motion, enabling reduced energy dissipation compared to con-
ventional electronic approaches. Consequently, considerable effort has
been devoted to identifying efficient mechanisms capable of tailoring
magnetic excitations in nanoscale systems while preserving scalability
and energy efficiency.
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current-driven approaches [5], stress-induced control is inherently en-
ergy efficient and nonvolatile, while also avoiding Joule heating [6,7].
These advantages have positioned strain-mediated magnetism at the
core of magnetic straintronics [8,9] and flexible magnonic systems [1,
10].

In addition to conventional magnetoelastic anisotropy, strain may
also modify other magnetic interaction terms. In particular, recent
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studies have shown that lattice distortions can induce anisotropic con-
tributions to the Dzyaloshinskii-Moriya interaction (DMI), leading to
complex domain structures in systems where strong spin—orbit cou-
pling is present. For instance, Sapozhnikov et al. demonstrated that
strain-induced anisotropy of DMI can produce zigzag magnetic domains
in chiral systems [11]. However, in magnetostrictive materials such
as FeGa without heavy-metal interfaces, strain effects are typically
dominated by magnetoelastic energy contributions. Recent theoreti-
cal studies have further shown that electric-field-induced strain in
hybrid multiferroic heterostructures can also modulate the interfa-
cial Dzyaloshinskii-Moriya interaction (DMI), providing an additional
route for controlling chiral magnetic textures through voltage-driven
strain [12]. Experimental evidence of this mechanism has also been
reported in heavy-metal/ferromagnet multilayers, where uniaxial strain
was shown to reversibly modify the interfacial DMI constant in Co/Pt
systems, demonstrating the feasibility of strain-driven control of chiral
interactions in thin films [13].

FeGa alloys are especially attractive for strain-controlled magnonic
applications [14-18], due to their large magnetostriction coefficient,
low magnetic damping, and favorable mechanical properties. These
characteristics have enabled extensive investigations of stress-tunable
magnetization dynamics in a wide range of systems, including con-
tinuous films [15], stripes [17], nanodots [16,19], nanorings [14],
and geometrically engineered two-dimensional nanostructures [18].
Previous studies have demonstrated that stress-induced anisotropy can
strongly modify ferromagnetic resonance frequencies, dynamic suscep-
tibility, and spin-wave mode profiles, providing efficient spectral recon-
figuration across the gigahertz range. In confined nanostructures, the
interplay between geometry, dipolar interactions, and magnetoelastic
effects gives rise to rich and highly tunable spin-wave spectra.

Within this context, magnetic vortices have been extensively stud-
ied as prototypical topological textures stabilized by geometric con-
finement. Their dynamic excitations, including gyrotropic, azimuthal,
and breathing modes, are now well understood [20] and can be effi-
ciently tailored through geometry, material parameters, external mag-
netic fields, and mechanical stress. In particular, recent works [16,19]
on FeGa-based nanostructures have demonstrated that strain-induced
anisotropy strongly modifies both the resonance frequencies and spatial
profiles of vortex spin-wave modes, enabling dynamic reconfiguration
of their microwave response.

Topological magnetic textures, including vortices, skyrmions, and
antivortices have attracted considerable attention due to their stability
and unique dynamical properties. In particular, the stabilization and
nucleation of skyrmions in confined nanostructures have been widely
investigated, where geometrical confinement and the interplay between
exchange, dipolar interactions, and anisotropy play a crucial role [21,
22].

In contrast, magnetic antivortices, which are the topological coun-
terparts of vortices, have received considerably less attention, espe-
cially regarding their dynamic properties. Antivortices are character-
ized by an opposite winding number and an in-plane magnetization
pattern with converging and diverging components, leading to en-
hanced magnetostatic charges and reduced intrinsic stability. These
features make their stabilization challenging and highly sensitive to ge-
ometry and symmetry. Only recently have micromagnetic studies [23—
25] demonstrated that antivortices can be stabilized in carefully de-
signed nanostructures and can support distinct spin-wave excitations
that do not have a direct analogue in vortex systems.

Despite these advances, the influence of mechanical stress on an-
tivortex spin-wave dynamics remains largely unexplored. Existing stud-
ies have primarily focused on field-driven excitations or geometrical
stabilization mechanisms, leaving open fundamental questions regard-
ing how stress-induced anisotropy affects antivortex stability and dy-
namics. This issue is particularly relevant given the reduced symmetry
and anisotropic magnetization distribution of antivortices, which sug-
gest an enhanced sensitivity not only to the magnitude but also to the
in-plane orientation of externally applied stress.
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In this work, we investigate the angular dependence of stress-
induced spin-wave dynamics in antivortices stabilized in square FeGa
nanodots using micromagnetic simulations. By systematically varying
both the magnitude and the orientation of the applied uniaxial stress,
we demonstrate that angular stress tuning provides an efficient control
mechanism to reshape the spin-wave spectra, spatial mode profiles, and
stability of antivortex configurations. Our results reveal a strong inter-
play between antivortex topology, geometric confinement, and angular
magnetoelastic anisotropy. These findings establish angular stress as a
versatile and energy-efficient parameter for controlling antivortex dy-
namics and open new perspectives for reconfigurable magnonic devices
and spin-wave-based information processing architectures [26].

2. Micromagnetic simulations

We performed micromagnetic simulations using the MuMax3 soft-
ware package [27], which numerically solves the Landau-Lifshitz—
Gilbert (LLG) equation [28],

%:—y(MxHeﬂ)+ML§(Mx%>, o))
where y and « denote the gyromagnetic ratio and the Gilbert damping
constant, respectively. The vector M represents the magnetization,
and Hg; is the effective magnetic field, including exchange, dipolar,
Zeeman, and stress-induced uniaxial anisotropy contributions. Surface
anisotropy was not explicitly included in the simulations, as the mag-
netic configuration of the nanodot is primarily governed by exchange
and magnetostatic interactions associated with the lateral confinement
of the structure.

The simulations were performed using an exchange stiffness A =
14x10712 J,m~! and a saturation magnetization M, = 1350x10°> A,m™!,
corresponding to typical magnetic parameters of FeGa. Angular stress
tuning was implemented by applying an in-plane uniaxial stress to the
square FeGa nanodots. The stress orientation, defined by the angle 6,
was swept from 0° to 90° in steps of 5°, while the stress magnitude o
was varied from 0 to 150 MPa in increments of 5 MPa.

The resulting stress-induced anisotropy (K,) was modeled through
an effective uniaxial anisotropy constant by the expression [16,17,29,
30]

K, = %ASG, @
where the magnetostriction coefficient was taken as A, = 260 ppm.

In the simulations, the effect of the applied stress is incorporated
as an additional uniaxial magnetoelastic anisotropy. Although small
strain relaxation may occur near the edges of patterned structures
due to substrate clamping or boundary effects, elastic simulations in-
dicate that the strain distribution remains nearly uniform over most
of the interior region of the magnetic element [31]. Given that the
antivortex core dynamics and the spin-wave modes analyzed in this
work are mainly governed by the magnetization distribution in the
interior of the nanodot, these edge-related variations are expected
to have only a minor influence on the results. Therefore, the strain-
induced contribution is modeled here as a spatially uniform anisotropy
term, a commonly adopted approximation in micromagnetic studies of
strain-mediated magnetization dynamics [32,33]. No additional intrin-
sic magnetocrystalline anisotropy was included, in order to isolate the
role of the stress-induced magnetoelastic anisotropy. This assumption
is justified by the polycrystalline nature of the FeGa nanostructures,
where magnetocrystalline contributions are typically averaged out and
remain smaller than the stress-induced anisotropy within the range of
parameters considered [17,18].

The system under investigation consists of a square FeGa nanodot
with lateral size L = 200 nm and thickness 4 = 5 nm, discretized into
cubic cells of 1 x 1 x 1 nm? in order to accurately resolve the relevant
micromagnetic features. The mesh size used in the simulations was cho-
sen to be smaller than the characteristic magnetic length scales of FeGa.
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Fig. 1. Equilibrium magnetization configuration of an antivortex stabilized in a square FeGa nanodot obtained from micromagnetic simulations. The nanodot
has lateral size L = 200 nm and thickness 4 = 5 nm. The arrows represent the in-plane magnetization components, while the color map shows the normalized
magnetization components M, /M, (left panel) and M_/M, (right panel), as indicated by the color scale. The antivortex core is visible as a localized red region
at the center of the nanodot. The angle ¢ defines the in-plane orientation of the applied uniaxial stress with respect to the x axis. The configuration corresponds

to the stress-free case (¢ = 0 MPa).

In particular, the exchange length [, = 1/2A/(uyM?) is approximately
3-4 nm. Additionally, the anisotropy exchange length I/, = \/A/K was
evaluated using the maximum stress-induced anisotropy considered in
this study (K =~ 5.85 x 10* J/m? for ¢ = 150 MPa), yielding I, ~ 49 nm.
These values confirm that the chosen discretization is sufficiently fine
to accurately resolve the domain-wall structure and the antivortex core.

The antivortex configurations were stabilized through a two-step
relaxation procedure. Initial magnetization state were generated using
the built-in MuMax3 function m = antivortex(1,1), which produces a
well-defined antivortex configuration with prescribed circulation and
core polarization. This state were subsequently relaxed under zero
external magnetic field using an enhanced damping constant a = 0.5,
and the relaxation process was terminated when the maximum torque
acting on the magnetic moments dropped below 10~#T [34,35].

After static relaxation, the resulting configurations were further
evolved dynamically by solving the Landau-Lifshitz-Gilbert (LLG) equa-
tion in the absence of external fields for 100 ns. This time interval is
sufficient to ensure the decay of residual spin-wave excitations [36]
and to confirm the temporal stability of the antivortex state. Fig. 1
shows the relaxed magnetic configuration of the antivortex state for the
stress-free case (¢ = 0 MPa). The color scale represents the normalized
x- and z-components of the magnetization, while the arrows indicate
the in-plane magnetization direction. The antivortex core is visible as
a localized red region at the center of the nanodot, as highlighted in
Fig. 1(b). The angle 6 defines the in-plane orientation of the applied
uniaxial stress with respect to the x axis.

The final magnetic configuration obtained after the dynamic re-
laxation stage was subsequently used as the equilibrium state for
the ferromagnetic resonance (FMR) analysis. Ferromagnetic resonance
techniques are widely used to characterize spin-wave excitations and
standing spin-wave modes in nanostructured magnetic systems [37].
To excite the system and probe its dynamic response, a time-dependent
magnetic field pulse h(r) was applied along the out-of-plane direction,
defined as h(f) = hysinc[2xf,.(t — )| 2, where hy = | mT is the field
amplitude, f, = 40 GHz is the cutoff frequency, and ¢, = 1 ns is the pulse
delay. For the dynamic simulations and the FMR spectral analysis, a
Gilbert damping constant of « = 0.01 was used. The spatial distribution
of the magnetization was recorded every 10 ps over a total simulation
time of 100 ns, resulting in a frequency resolution of 0.01 GHz.

After this process, the time-dependent magnetic field hA(r) and the
magnetization distribution M (f) were transformed into the frequency
domain, h(w) and M (), using the Fast Fourier Transform (FFT). The
dynamic susceptibility was then obtained as the ratio between the

Fourier components of the magnetization response and the excita-
tion field, y(w) = M(w)/h(w), and its imaginary part was used to
characterize the ferromagnetic resonance spectrum.

To gain further insight into the origin of the resonance peaks, the
spatial profiles of the spin-wave modes were extracted by performing
a temporal Fourier transform of the magnetization dynamics at each
simulation cell, m(r;;,), according to w, = DFTt(m(r;jk,1,)). Here, DFT,
denotes the discrete-time Fourier transform, the subscript ijk labels the
spatial coordinates (x, y, z) of each discretization cell, and » indexes the
frequency components of the power spectrum. This spatially resolved
spectral analysis allows the construction of mode maps, providing
direct insight into the spatial distribution, localization, and propagation
characteristics of the excited spin-wave modes.

3. Results and discussion

First, a magnetic state diagram was obtained by systematically
varying the stress orientation # and magnitude o, starting from an
initial antivortex (AV) configuration, as shown in Fig. 1. This analysis
focuses exclusively on the stability of the antivortex state. The resulting
phase diagram, presented in Fig. 2(a), summarizes the final magnetic
configurations as a function of # and . The red region identifies
parameter combinations for which the antivortex remains stable after
relaxation, whereas the blue region denotes cases in which the initial
AV configuration becomes unstable and relaxes into a different equi-
librium magnetic state. The critical angle 6 separating these regimes is
strongly dependent on the applied stress magnitude o.

Representative equilibrium magnetization configurations for se-
lected stress values ¢ = 25, 50, 100, and 125 MPa and different stress
orientations ¢ are presented in Fig. S1 of the Supplemental Material.
In these maps, the color scale represents the normalized out-of-plane
magnetization component M,/M,, while the arrows indicate the in-
plane magnetization direction. These configurations reveal that the
antivortex core progressively shifts away from the center of the nanodot
as 6 and o are varied. For stress values approaching the instabil-
ity boundary identified in the phase diagram, the antivortex core is
displaced toward the edges of the nanodot and the magnetization distri-
bution becomes increasingly distorted. Beyond the stability threshold,
the system relaxes into non-antivortex configurations characterized
by strongly nonuniform in-plane magnetization patterns without a
well-defined topological core.

To quantify this behavior, the trajectory of the antivortex core
position was extracted and is shown in Fig. 2(b). The core position
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Fig. 2. (a) Magnetic state diagram as a function of the stress orientation angle ¢ and stress magnitude o, obtained by relaxing an initial antivortex configuration.
The red region indicates parameter combinations for which the antivortex state remains stable, while the blue region (“non-antivortex region”) corresponds to
cases where the initial antivortex configuration becomes unstable and relaxes into a different equilibrium magnetic state. (b) Trajectories of the antivortex core
position in the xy plane for selected stress magnitudes ¢ = 25, 50, 100, and 125 MPa as a function of the stress orientation 6. The color scale encodes the value

of 6, highlighting the angular dependence of the core displacement.
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Fig. 3. Spin-wave spectra and mode profiles of the antivortex configuration in a square FeGa nanodot for the stress-free case (¢ = 0 MPa). Left panel: imaginary
part of the dynamic susceptibility as a function of frequency, showing discrete resonance peaks. The horizontal dashed blue line indicates the cutoff threshold set
to 4% of the maximum peak intensity, used to identify the dominant modes. Right panels: spatial distributions of the normalized FFT amplitude extracted from the
magnetization dynamics at the selected resonance frequencies (4.39, 9.36, 11.38, 13.84, and 16.45 GHz). The mode profiles correspond to radial (breathing-type)
excitations of the antivortex core with increasing spatial complexity and a growing number of diagonal nodal lines.

was determined from the spatial distribution of the out-of-plane mag-
netization component M, identifying the location where |M,| reaches
its maximum value, which corresponds to the center of the antivortex
core, as illustrated in Fig. S1 of the Supplementary Material. Although
the antivortex core may exhibit a diffuse profile, the maximum of |M,|
remains well localized within a small region, allowing for a robust
determination of the core position. The results demonstrate that the
core displacement follows distinct angular-dependent paths for differ-
ent stress magnitudes, indicating that the combined action of stress
amplitude and orientation provides an efficient mechanism to control
both the stability and spatial position of the antivortex core within the
nanodot.

To further understand the stability thresholds observed in the mag-
netic state diagram, we analyzed the individual energy contributions
associated with the equilibrium configurations. The exchange, dipo-
lar, and anisotropy energies as a function of the stress orientation
angle 0 for representative stress values are presented in Fig. S2 of the
Supplementary Material.

The results show that, for low and intermediate stress amplitudes (¢
= 25-100 MPa), the different energy contributions remain relatively
stable as a function of 9, which is consistent with the robustness of
the antivortex state in this regime. In contrast, for higher stress values
(o = 125 MPa), pronounced variations in the dipolar and anisotropy
energies are observed, particularly around intermediate angles. This
behavior reflects an increased competition between these energy terms,
which destabilizes the antivortex configuration and is consistent with
the instability region identified in the phase diagram (Fig. 2(a)).

Fig. 3 shows the spin-wave spectra of the antivortex configuration
in a square FeGa nanodot for the stress-free case (¢ = 0 MPa), excited
by an out-of-plane magnetic field pulse. Before analyzing the spectral
features in detail, we verified that the obtained resonances are robust
with respect to the value of the damping parameter used in the dynamic
simulations. Additional calculations were performed using different
damping constants (¢ = 0.01-0.025). The results, presented in Fig.
S4 of the Supplementary Material, show that increasing the damp-
ing reduces the peak amplitude and broadens the spectral linewidth,
while the resonance frequencies remain essentially unchanged. The
frequency spectrum, obtained from the imaginary part of the dynamic
susceptibility, exhibits a discrete set of well-defined resonance peaks.
To ensure a consistent identification of the dominant modes, a cutoff
threshold corresponding to 4% of the amplitude of the highest-intensity
resonance was applied and is indicated by the horizontal dashed blue
line (See Fig. S3 of the Supplementary Material).

Five resonant modes are clearly observed at frequencies of 4.39,
9.36, 11.38, 13.84, and 16.45 GHz. These modes are associated with
radial (breathing-type) excitations of the antivortex core, character-
ized by increasing frequency and spatial complexity. To elucidate the
origin of these resonances, the right panels of Fig. 3 display the spa-
tial distributions of the normalized FFT amplitude extracted from the
magnetization dynamics at the corresponding frequencies. The mode
profiles reveal a progressive increase in the number of nodal lines
along the diagonals of the nanodot, allowing the modes to be classified
by an integer index n = 1, 2,3, 4 and 5, corresponding to diagonal
standing-wave patterns with increasing order [23,38,39]. These nodal
patterns reflect the underlying symmetry of the system. In the absence
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Fig. 4. Angular-frequency dispersion of the spin-wave modes of the antivortex state in a square FeGa nanodot under different stress magnitudes. The color maps
represent the imaginary part of the dynamic susceptibility as a function of frequency and stress orientation angle ¢ for (a) ¢ = 25 MPa, (b) ¢ = 50 MPa, (c) ¢ =
100 MPa, and (d) ¢ = 125 MPa. Bright regions indicate resonance modes. At ¢ = 125 MPa, the white dashed vertical lines delimit the angular region where the

antivortex becomes unstable.

of applied stress, the square geometry imposes an approximate fourfold
symmetry, leading to standing spin-wave modes with diagonal nodal
structures. The antivortex topology further modifies this symmetry by
introducing a nonuniform magnetization distribution with converging
and diverging in-plane components, which reshapes the internal ef-
fective field and results in mode profiles that differ from those of
vortex states. As a consequence, the observed modes can be interpreted
as diagonal standing-wave excitations with mixed symmetry charac-
ter determined by the interplay between geometric confinement and
antivortex topology.

Now we analyze the role of the stress orientation angle § on the
spin-wave dynamics for different stress magnitudes. Fig. 4 summarizes
the resulting angular—frequency dispersion of the resonant modes, pro-
viding a comprehensive overview of the spin-wave response of the
antivortex state. Figs. 4(a)-4(d) display the frequency spectra as a
function of @ for ¢ = 25, 50, 100, and 125 MPa, respectively.

For the low-stress case o = 25 MPa, the spin-wave spectrum exhibits
a rich set of well-defined resonance branches spanning the entire
angular range from 6 = 0° to 90°, as shown in Fig. 4(a). A low-
frequency resonance appears at approximately 4 GHz and shows a
weak angular dispersion, characterized by a shallow maximum around
0 ~ 45°. At higher frequencies, several nearly parallel branches are
observed in the range between 8 and 14 GHz, indicating the presence
of multiple standing spin-wave modes with comparable spatial extent
but different mode orders. Within this frequency window, the resonant

branches display smooth and nearly symmetric angular dependence
with respect to 6§ = 45°, reflecting the relatively weak distortion of
the antivortex configuration at low stress amplitude. Additional higher-
frequency modes appear above 14 GHz, exhibiting reduced intensity
and slightly enhanced angular curvature.

For the intermediate stress amplitude ¢ = 50 MPa, the spin-wave
spectrum retains the multibranch character observed at lower stress,
while exhibiting a noticeably enhanced angular modulation, as shown
in Fig. 4(b). A low-frequency resonance remains in the vicinity of
4 GHz and shows a more pronounced angular dependence compared
to the ¢ = 25 MPa case, with a broader curvature centered around
0 ~ 45°. In the intermediate frequency range, approximately between
8 and 14 GHz, the resonance branches display increased bending and
reduced parallelism, indicating a stronger sensitivity of the spin-wave
frequencies to the stress orientation. At higher frequencies, additional
distortions of the resonance branches become evident, including the
onset of mode bending and partial hybridization between neighboring
modes. These features reflect the increased asymmetry of the antivortex
configuration induced by the larger stress amplitude, as evidenced by
the core displacement shown in Fig. 2(b).

For a higher stress amplitude of & = 100 MPa, the spin-wave spec-
trum undergoes a pronounced reorganization, as illustrated in Fig. 4(c).
Compared to the lower-stress cases, the resonance branches exhibit
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Fig. 5. Spatial profiles of the spin-wave modes for ¢ = 25 MPa and 6 = 0°.

strong angular modulation, with enhanced curvature and the appear-
ance of clear anticrossing-like features in the intermediate frequency
range.

This behavior reflects the progressive breaking of the fourfold sym-
metry imposed by the square geometry due to the stress-induced uni-
axial anisotropy. The resulting symmetry reduction modifies the equi-
librium magnetization configuration and allows coupling between spin-
wave modes with different spatial symmetries, leading to the hybridiza-
tion features observed in the spectra.

Several modes concentrate around the angular region 6 =~ 45°,
where the stress-induced displacement of the antivortex core is max-
imal, leading to a significant redistribution of spectral intensity. In
addition, the number of well-resolved resonance branches is reduced,
particularly at higher frequencies, where mode merging and hybridiza-
tion become evident. The angular dispersion is highly nonmonotonic,
reflecting a substantial breaking of the fourfold symmetry of the nan-
odot.

For the highest stress amplitude, ¢ = 125 MPa, the spin-wave
spectrum exhibits a qualitatively different behavior, as shown in Fig.
4(d). In contrast to the lower-stress regimes, a broad angular interval
emerges in which the antivortex configuration becomes unstable. This
region, delimited by the white dashed vertical lines, corresponds to
the parameter range where the system relaxes into a non-antivortex
magnetic state, in agreement with the phase diagram presented in Fig.
2(a). Within this angular interval, the spin-wave response is strongly
modified, with the disappearance of well-defined resonance branches
and the emergence of fragmented spectral features with reduced
intensity. Outside this unstable region, where the antivortex state
remains stable, the spectra recover a multibranch structure similar to
that observed at lower stress amplitudes, albeit with enhanced angular
distortion. These results demonstrate that, at sufficiently large stress,
angular tuning not only reshapes the spin-wave spectrum but also
drives a transition in the underlying magnetic configuration, leading to
a qualitatively different dynamical response.

To gain deeper insight into the nature of the spin-wave modes,
their spatial profiles were analyzed. Fig. 5 presents the spatial distri-
butions of the resonant modes for ¢ = 25 MPa and # = 0°, obtained
from the normalized FFT amplitude of the out-of-plane magnetization
component.

The lowest-frequency mode at 3.83 GHz is strongly localized around
the antivortex core, exhibiting an asymmetric intensity distribution
elongated along a preferred in-plane direction. This mode corresponds
to a core-dominated excitation with weak spatial extension across
the nanodot. At 6.55 GHz, the spatial profile evolves into a more
extended pattern, characterized by a cross-like asymmetry with pro-
nounced intensity along the principal axes, indicating the onset of a
collective excitation involving both the core region and the surrounding
magnetization.

As the frequency increases to 9.20 and 10.92 GHz, the modes
exhibit progressively more complex spatial structures, characterized
by the appearance of regions with reduced oscillation amplitude and
a redistribution of intensity away from the antivortex core toward
the interior of the nanodot. In these modes, the oscillation pattern
extends across the nanodot and develops preferred directions aligned
with the square geometry, leading to curved boundaries separating
regions of high and low intensity. This behavior reflects the combined
effect of square confinement and symmetry breaking induced by the
antivortex configuration. The mode at 11.61 GHz further enhances this
complexity, showing several distinct regions of alternating intensity
and a reduced degree of localization at the core.

For higher frequencies above 12 GHz, the modes become increas-
ingly extended and spatially intricate. The profiles at 12.87 and
14.24 GHz show oscillations distributed over the entire nanodot, with
multiple regions where the oscillation amplitude is strongly suppressed
due to interference between counterpropagating spin waves. At even
higher frequencies, such as 15.50 and 16.22 GHz, the spatial patterns
display a larger number of such regions and pronounced interference
effects, indicating highly excited standing spin-wave modes whose
spatial structure is predominantly governed by geometric confinement.

Fig. 6 presents the spatial profiles of selected spin-wave modes for
o =25 MPa at a stress orientation of § = 45°. In contrast to the § = 0°
case, the spatial patterns are significantly modified and exhibit a clear
alignment along the diagonal direction of the nanodot, consistent with
the imposed stress orientation. The lowest-frequency modes remain
partially localized near the antivortex core; however, their spatial
distribution becomes more asymmetric and elongated along the 45°
direction.

At higher frequencies, the spin-wave modes develop increasingly
extended and complex spatial structures, with intensity maxima and
regions of suppressed oscillation predominantly arranged along the
diagonal of the nanodot. This behavior indicates that a stress ori-
entation of § = 45° enhances the coupling between the antivortex
configuration and the diagonal confinement imposed by the square
geometry, leading to standing spin-wave modes whose spatial structure
is governed by the combined effects of stress-induced anisotropy and
geometric boundaries, as shown in Fig. 6.

Overall, Figs. 4-6 show that the stress angle provides a direct handle
to reshape both the resonance spectrum and the spatial character of the
antivortex spin-wave modes. Increasing ¢ enhances angular dispersion,
promotes mode hybridization, and ultimately leads to spectral fragmen-
tation near the instability region found in the state diagram. This close
link between stability, core displacement, and mode structure motivates
the conclusions presented next.

The proposed angular stress control can be experimentally imple-
mented using piezoelectric substrates, where voltage-induced strain in
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Fig. 6. Spatial profiles of the spin-wave modes for ¢ = 25 MPa and 6 = 45°.

the piezoelectric layer is transferred to the magnetic film. Patterned
electrode arrays allow different electrode pairs to generate uniaxial
strain along distinct in-plane directions, enabling directional control
of the applied stress without mechanically rotating the sample [40].
In addition, experimental studies have shown that strain applied to the
substrate can be efficiently transferred to FeGa films due to mechanical
interlocking and chemical bonding at the interface [41]. For instance,
in FeGa/PMN-PT heterostructures electric fields of about +4 kV/cm
generate in-plane strains of approximately 0.19%, corresponding to
stresses on the order of 100-150 MPa in the magnetic layer, which are
comparable to the stress levels considered in this work [18,42].

Recent studies have further shown that electric-field-induced strain
can be used to modulate the interfacial Dzyaloshinskii-Moriya in-
teraction in multilayer systems such as Pt/Co/Pt, enabling voltage-
controlled manipulation of chiral magnetic interactions and opening
promising routes toward ultralow-power spintronic and magnonic de-
vices [43]. These developments suggest that future hybrid multiferroic—
magnonic platforms could exploit strain to simultaneously tune mag-
netoelastic anisotropy, chiral exchange interactions, and spin-wave
propagation.

4. Conclusions

In conclusion, we have presented a comprehensive micromagnetic
study of the angular dependence of stress-induced spin-wave dynam-
ics in magnetic antivortices stabilized in square FeGa nanodots. By
systematically varying both the magnitude and orientation of an in-
plane uniaxial stress, we demonstrated that angular magnetoelastic
anisotropy plays a crucial role in determining the stability, spatial
position, and dynamic response of the antivortex configuration.

The magnetic state diagram reveals extended stability regions for
the antivortex state, together with well-defined angular and stress
thresholds beyond which the antivortex becomes unstable. Within
the stable regime, the antivortex core exhibits pronounced angular-
dependent displacements, indicating that stress orientation provides an
efficient means to manipulate the internal structure of the antivortex
without the application of external magnetic fields or electric currents.

The dynamic susceptibility analysis shows that the antivortex sup-
ports a discrete set of spin-wave modes whose frequencies and angular
dispersion are strongly influenced by the stress orientation. At low
and intermediate stress amplitudes, the spectra display multiple well-
resolved resonance branches with smooth angular modulation, whereas
at higher stress levels the spectra undergo a strong reorganization
characterized by enhanced angular curvature, mode hybridization, and
partial suppression of well-defined resonances in the vicinity of in-
stability regions. Spatially resolved mode profiles reveal a transition
from core-localized excitations at low frequencies to extended standing-
wave modes governed by the interplay between square confinement
and angular stress-induced anisotropy.

Overall, our results establish angular stress as a powerful and
energy-efficient control parameter for tailoring both the stability and
spin-wave dynamics of magnetic antivortices. This work provides fun-
damental insight into the magnetoelastic control of topological mag-
netic textures and highlights the potential of antivortex-based nanos-
tructures as reconfigurable building blocks for future strain-controlled
magnonic and spintronic devices.
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