
Phys. Scr. 101 (2026) 145902 https://doi.org/10.1088/1402-4896/ae5615

PAPER

Controlling the spin-wavemodes in planar nanostructure with wire-
ringmorphology

Eduardo Saavedra1,∗aa, UlisesGuevara2aa, HelmuntVigo-Cotrina3aa,MohammedAlBahri4aa,
TamaraGonzález-Vega5aa and LauraMPérez6aa
1 Departamento de Física, Universidad de Santiago deChile, 9170124, Santiago, Chile
2 Vicerrectoría de Investigación y Postgrado,Universidad de La Serena, La Serena 1700000, Chile
3 Centro de Investigación enNanotecnología yMateriales Avanzados (CINMA), Universidad Privada delNorte (UPN), Peru
4 Department of Basic andApplied Sciences, A’SharqiyahUniversity, Post Box 42, PC 400, Ibra, Oman
5 Facultad deCiencias de laVida,UniversidadViña delMar, Agua Santa 7055, Rodelillo, Viña delMar 2572007, Chile
6 Departamento de Ingeniería Industrial y de Sistemas, Universidad de Tarapacá, Casilla 7D, Arica 1000000, Chile
∗ Author towhomany correspondence should be addressed.

E-mail: eduardo.saavedra.d@usach.cl

Keywords:micromagnetic simulation, spin-wave resonance, wire-ringGeometry

Supplementarymaterial for this article is available online

Abstract
We investigate the dynamicmagnetic response of planar ferromagnetic nanostructures withwire-
ringmorphology usingmicromagnetic simulations. By systematically varying the inner ring diameter
and thickness, we analyze how geometric confinement governs the accessibility of stable and
metastablemagnetic states and shapes the spin-wave spectra. The equilibrium configurations are
found to depend strongly on the relaxation pathway, giving rise to bistability for intermediate ring
diameters. Dynamic susceptibility calculations undermicrowave excitation reveal distinct resonance
spectra associatedwith low- and high-energymagnetic states, whichwe classify in terms of two
energy-evolution paths. Spatial Fourier analysis of the out-of-planemagnetization identifies wire-
like, ring-localized, and hybrid spin-wavemodes, whose localization and spectral complexity are
controlled by geometry.Our results demonstrate that planarwire-ring nanostructures offer a
versatile platform for tailoring spin-wave excitations through geometric design, with potential
implications for reconfigurablemagnonic and spintronic devices.

1. Introduction

In recent decades, significant progress has been achieved in the understanding of both static and dynamic
magnetic properties of nanoscale systemswith planar geometries [1–4]. This advance has been driven by the
development of lithographic techniques that enable the fabrication of ferromagnetic nanostructures with
complex shapes, allowing precise control overmagnetization configurations, domain-wall dynamics, and spin-
wave excitations [5, 6]. Among these systems, planar ferromagnetic nanowires have attracted considerable
attention because they can effectively act as conduits for the controlled propagation of domainwalls [7]. As a
result, they constitute the basis for awide range of proposed applications, includingmagnetic logic devices [8],
sensors [9], andmore recently, concepts formagneticmemory technologies [10, 11].

To furthermanipulate domain-wallmotion andmagnetization reversal processes, a variety of geometric
modifications have been introduced in planar nanowires, such as triangular [12, 13], rectangular [14], or asym-
metric notches [15, 16], anti-notches [17], nucleation pads [18], and patterned constrictions [7, 19]. These
features generate controlled pinning landscapes that allow domainwalls to be nucleated, trapped, or released in
a predictablemanner. An alternative and particularly versatile strategy consists of integrating a nanoringwithin
the nanowire, giving rise to planar nanostructures withwire-ringmorphology [20, 21]. In these systems, the
closed topology of the ring introduces additional geometric degrees of freedom—most notably the inner
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diameter andwall thickness of the ring—which strongly influence themagnetic energy landscape and enable
enhanced control ofmagnetization processes.

Recent studies have highlighted the central role of geometry in determining the static and dynamicmagn-
etic properties of nanoscale systems. Variations in shape [22] and curvature can significantly influence the sta-
bility ofmagnetic configurations, including quasi-uniform and vortex states, as well as the localization and
frequency of spin-wavemodes. In particular, different geometries such as nanowires [23], curved nanos-
tructures [24], and coupled systems [3]provide distinctmechanisms for controllingmagnetization dynamics
and resonance spectra.

However,most of these geometries are limited to either open or closedmagnetic pathways, restricting the
diversity of accessiblemagnetic states and dynamic responses. In this context, hybrid geometries that combine
multiple topological features offer a promising route to achieve enhanced control overmagnetic configurations
and their associated spin-wave excitations.

In this context, planarwire-ring nanostructures represent a particularly versatile class of hybrid systems
that combine open and closedmagnetic pathways. They have been shown to support a rich variety ofmagnetic
behaviors. Depending on the ring geometry,magnetization reversalmay proceed through domain-wall nuclea-
tion and propagation along the nanowire, or through vortex formationwithin the ring region, leading to dis-
tinct hysteresis signatures andmetastable states [20, 21, 25].Moreover, by combining differentmagnetic
materials in thewire and ring sections, it is possible to control the chirality of vortex domainwalls as they
traverse the ring, highlighting the potential of these systems for domain-wall–based logic [26] andmemory
applications [27].

While the staticmagnetic behavior andmagnetization reversalmechanisms of planarwire–ring nanos-
tructures have beenwidely investigated, their high-frequency dynamic response remains far less explored. In
particular, the presence ofmultiple accessiblemagnetic states suggests that different relaxation pathwaysmay
lead to distinct ferromagnetic resonance spectra, an aspect that is crucial formagnonic applications but has not
been systematically addressed.

The experimental realization of the proposed geometry is compatible with established top-downnanofab-
rication techniques. Electron-beam lithography (EBL) combinedwithmetal deposition and lift-off or ionmil-
ling has beenwidely used to fabricatemagnetic nanostructureswith lateral dimensions below 50 nm [28]. In
particular, lithographically definedmagnetic nanorings have been experimentally demonstrated [29], indicat-
ing that the geometrical parameters considered here (50 nmwirewidth, 100 nm ring diameter, and thicknesses
between 1 and 25 nm) lie within current fabrication capabilities.

Moreover, the characteristicmagnetic length scales of the configurations studied here arewell within the
resolution limits of existingmagnetic imaging techniques. Synchrotron-based x-raymagnetic circular dichro-
ism (XMCD)microscopies, such as X-PEEMand scanning transmission x-raymicroscopy (STXM), routinely
achieve spatial resolutions in the 20–30 nm range [30–32], which are sufficient to resolve themagnetic config-
urations predicted in this work. Therefore, both fabrication and experimental observation of the proposed
system are feasible with current state-of-the-art techniques.

In this work, we investigate the dynamicmagnetic response of planarwire–ring nanostructures using
micromagnetic simulations, focusing on the role of geometric parameters and relaxation pathways in deter-
mining the accessiblemagnetic states and their associated spin-wave spectra. By correlating equilibrium config-
urationswith dynamic susceptibility and spatialmode profiles, we demonstrate howgeometry enables
controlled tailoring of spin-wave excitations.

2.Model andmethodology

We investigate the dynamicmagnetic properties for non-interacting planar nanostructures with awire-ring
morphology using theMuMax3 software [33]which solved the Landau–Lifshitz-Gilbert (LLG). The effective
magnetic field includes exchange, Zeeman, and long-rangemagnetostatic (dipolar) interactions. As shown in
figure 1 this planar nanostructure has a thickness h, which varies between 1 and 25 nmand is composed of three
structures: the first is a planar nanowirewith length x1 = 250 nmandwidth y1 = 50 nm. The second structure is
a nanoring that has an outer diameterD= 100 nmand an inner diameter d variable, which in our particular
case, we have varied d between 0 nmand 90 nm. The third structure is another planar nanowirewith lengths
x2 = 150 nmand x3 = 100 nm.

All of the simulations utilized a 1 nmmesh to accurately represent the geometry and to be below the char-
acteristic exchange length of thematerial (in the case of Permalloy it is 5.08 nm), and employed standardmagn-
etic parameters for Permalloy [34], including saturationmagnetization ofMs = 800× 103 Am−1 and exchange
stiffness ofA= 13× 10−12 Jm−1.Magnetocrystalline anisotropywas set toKu = 0 Jm−3, consistent with the
soft-magnetic approximation commonly adopted for Permalloy, where crystalline anisotropy is negligible. All
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micromagnetic simulationswere performed under ideal conditions (uniformmaterial parameters, smooth
boundaries, andT= 0K) in order to determine the intrinsic geometry-driven energy landscape of the system.
In experimental realizations, structural disorder can be interpreted as spatial variations ofmaterial parameters
(e.g., saturationmagnetization, exchange stiffness, or anisotropy), while edge roughness primarily introduces
additional pinning and quantitative shifts in switching thresholds. Finite temperature is expected to reduce
effective energy barriers andmodify critical fields.

These effects generally lead to quantitative variations in stability ranges and transition fields rather than
suppressing geometry-stabilized local energyminima, except in caseswhere the system lies extremely close to a
critical transition boundary. Therefore, the bistable regimes identified here are expected to remain qualitatively
robust under realistic experimental conditions.

Moreover,multistability and stimulus-driven transitions between distinctmagnetic states arewell estab-
lished experimentally in confined nanostructures. Field- and current-induced switching between vortex,
onion, and other topologically distinct configurations has been demonstrated inmagnetic nanorings and rela-
ted systems [35–37], supporting the physical relevance ofmultiple local energyminima in nanoscale
magnetism.

To analyze the frequency spectra of the excited system,we employed the Ringdownmethod [38, 39], which
consists of twomain steps: (i) First, theminimumenergy configurationwas obtained under zero external field,
using a damping parameter ofα = 0.5. The simulationwas haltedwhen the torque on allmagneticmoments
fell below 10−4 T [40]. Next, a 100-nanosecond timeminimization stepwas performed to further attenuate
residual spinwaves. Energyminimizationwas performed starting from three initialmagnetic configurations:
State I, a ferromagnetic state aligned almost entirely along the x-direction; State II, a ferromagnetic state
aligned almost entirely along the y-direction; and State III, a hybrid configuration combining a vortex state in
the ringwith a ferromagnetic state in the nanowire aligned almost entirely along the x-direction. These initial
configurationswere chosen to probe different regions of themagnetic energy landscape that are commonly
accessed during experimentalmagnetization reversal processes inwire-ring systems [20, 21]. Themagnetiza-
tion profiles are depicted in figure 1(b) respectively.

Throughout this work, we refer to two distinct relaxation pathways.Path I corresponds to relaxation pro-
cesses that converge to the lowest-energymagnetic configuration, whereasPath II leads tometastable higher-
energy states stabilized by geometric confinement. These paths emerge naturally from the energy landscape of
thewire–ring geometry and depend on the initialmagnetic configuration.

Subsequently, a sincmagnetic pulse field ( ) [ ( )] ˆ=h zt h f t tsin 20 max 0 was applied [41, 42]. Here, the
amplitudewas set at h0 = 1mT,with a cut-off frequency of f= 20GHz. The excitation amplitudewas chosen
sufficiently small to ensure a linear dynamic response and to avoid inducing irreversible changes in themagn-
etic configuration. The spatial profile of the z-component of themagnetizationwas saved every 10 ps for a total
simulation time of 100 ns, and the frequency resolutionwas 0.01GHz. In this process, a lower damping con-
stantα = 0.008was used [43, 44], a typical value for permalloy providing better resolution of the spinwave
modes. Using the Fast Fourier Transform (FFT), both the excitation field h(t) and themagnetizationM(t)were
transformed to the frequency domain [h(ω),M(ω)]. The nature of the spinwavemodeswas determined by
numerical calculations of the spatial distributions of the amplitudes of the resonances. For this purpose, we
determined the time of the Fourier image of eachmagneticmomentm(rijk,ωn) =DFTt (m(rijk, tn)) (obtained

Figure 1. (a) Schematic representation of the planar ferromagnetic nanostructurewithwire-ring geometry, showing themain
geometric parameters. (b) Initialmagnetization configurations considered before relaxation: State I with quasi-uniform
magnetization along the x direction, State II with quasi-uniformmagnetization along the y direction, and State III combining a
vortex-like state in the ringwith a longitudinallymagnetized nanowire. The color scale represents the normalizedmagnetization
componentMx/Ms.
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fromMumax3 simulations), whereDFTt is the Fourier transform. The subscripts ijk correspond to each cell’s
spatial coordinates x, y, and z, while the subscript n denotes the frequency position of the power spectrum.

3. Results and analysis

The equilibriummagnetic states are determined after the relaxation process described above, starting from
different initial configurations (States I, II, and III). The resultingmagnetic behavior is summarized in the
phase diagram shown in figure 2(a), presented as a function of the inner ring diameter d (nm) and the thickness
h (nm). The color coding indicates the number of accessiblemagnetic states after relaxation: orange denotes a
single possible final state, whereas light blue indicates bistability, corresponding to the coexistence of two
distinct final states depending on the initial condition.

Figure 2(b) shows representative relaxedmagnetic configurations (normalizedmagnetization component
My/Ms) calculated for h= 15 nmat selected values of d, explicitly illustrating the role of different relaxation
pathways. In all cases, and for both Path I and Path II, themagneticmoments located in thewire segments (i.e.,
regions x1, x2, and x3) are predominantly aligned along the longitudinal axis of the nanostructure, as a con-
sequence of the strong shape anisotropy imposed by the elongatedwire geometry. For large inner diameters,
relaxation along Path I andPath II leads to the same low-energy configuration, indicating a unique equilibrium
state that is independent of the initial condition. In contrast, for intermediate values of d, the system exhibits
bistability: relaxation along Path I results in a low-energy state inwhich the central ring hosts an onion-like
configuration, withmagneticmoments following the curved trajectory, whereas Path II drives the system
toward a distinct high-energy configuration characterized by a vortex state in the ring, where themagnetization
undergoes curling around the ring circumference. For very small inner diameters, both relaxation paths again
converge to the same low-energy state, reflecting the dominance of geometric confinement over the relaxation
dynamics.

To further elucidate the energetic origin of the different relaxation pathways, figure S1 in the Supplemen-
taryMaterial presents the total final energy as a function of the inner diameter d for several thickness values h,
considering all three initial states. These energy curves confirm that the bistable regions identified in the phase
diagram correspond to ranges of dwhere relaxation along Path I andPath II leads to two energetically distinct
localminima.Outside these regions, the energy landscape is characterized by a single globalminimum, such
that both paths converge to the same equilibrium configuration regardless of the initial state.

In addition, figures S2 and S3 in the SupplementaryMaterial present representative relaxedmagnetic con-
figurations for the extreme thickness values h= 1 nmand h= 25 nm, respectively, at selected inner diameters d.
These results demonstrate that the qualitative features identified for h= 15 nm specifically, the convergence of

Figure 2. (a)Phase diagramas a function of the inner ring diameter d (nm) and the thickness h (nm), indicating the number of
accessible equilibriummagnetic states after relaxation.Orange denotes a single possible state, while light blue indicates bistability.
(b)Representative relaxedmagnetic configurations for h= 15 nmat selected values of d, showing that Path I and Path II converge to
the same low-energy state for small and large d, whereas at intermediate d they lead to distinct low- andhigh-energy configurations.
The color scale representsMy/Ms.
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Path I andPath II to a unique low-energy state for small and large d, and the emergence of bistability at inter-
mediate inner diameters-remain robust over a broad range of thicknesses.

After establishing the stable andmetastablemagnetic configurations as a function of the inner ring dia-
meter d and thickness h, we investigate the dynamicmagnetic response of the systemunder an out-of-plane
magnetic field pulse applied along the zdirection, following the procedure described in theModel andMetho-
dology section. The resulting dynamicmagnetic susceptibility spectra for planarwire-ring nanostructures with
h= 15 nmand varying d are presented in figure 3, where panels (a) and (b) correspond to Path I and Path II,
respectively, and the dashed vertical lines separate the spectra into low-, intermediate-, and high-frequency
regimes to facilitate the interpretation of the collective behavior of the resonant frequencies.

For Path I [figure 3(a)], the dynamic susceptibility spectra exhibit awell-defined set of resonantmodes that
are largely preserved over the entire range of inner diameters. A single resonance is observed in the low-fre-
quency regime, together with a second isolatedmode in the intermediate-frequency region. In contrast, the
high-frequency regime displays amore complexmodal structure, with up to eight distinct resonantmodes
appearing between approximately 10 and 15 GHz.

As the inner diameter decreases, the low-frequencymode remains essentially unchanged, indicating aweak
sensitivity to geometric confinement. The intermediate-frequencymode, however, exhibits a non-monotonic
behavior, characterized by small frequency shifts and amplitude variations that reflect a redistribution of the
dynamicmagnetization. In the high-frequency regime, the resonantmodes undergo aweak andnearlymono-
tonic downward frequency shift while preserving their relative spectral ordering and comparable intensities.

For Path II [figure 3(b)], the dynamic susceptibility spectra preserve the overallmodal organization
observed for Path I, with one dominant resonance in the low-frequency regime, a singlewell-definedmode in
the intermediate-frequency range, and a complex structure in the high-frequency regime. As in Path I, up to
eight resonantmodes are observed between approximately 10 and 16 GHz, indicating that the total number of
accessible spin-wavemodes is largely insensitive to the relaxation path.

Despite these similarities, clear differences emerge in the detailed spectral evolution. Compared to Path I,
the intermediate-frequencymode in Path II exhibits larger frequency shifts andmore pronounced variations in
amplitude as the inner diameter decreases, revealing a stronger sensitivity to the underlyingmagnetic config-
uration. In the high-frequency regime, although the resonantmodes follow a similar weak downward fre-
quency shift with decreasing inner diameter, Path II displays broader resonances and noticeable changes in the
relative peak intensities amongneighboringmodes.

Figure 3.Dynamic susceptibility spectra of planarwire-ring nanostructureswith a thickness of h= 15 nm for varying inner ring
diameters d. The spectra illustrate twodistinct energy-evolution trajectories: (a)Path I and (b)Path II. In all configurations, the
magnetic field pulse is applied perpendicular to the nanostructure plane.Dashed vertical lines demarcate the low-, intermediate-,
and high-frequency regimes.
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To evaluate the robustness of the higher-energy configuration against thermal activation, additional simu-
lations including thermal fluctuations at T= 300Kwere performed for h= 15 nmwithin the bistable diameter
range (d= 10–80 nm). Figure S4 in the SupplementaryMaterial compares the dynamic susceptibility spectra
obtained at T= 0K andT= 300K for the high energy configuration. Although thermal fluctuations introduce
stochastic noise andmoderate spectral broadening, the resonance positions and overallmodal structure
remain clearly preserved.

Figure 4 provides a detailed view of the dynamicmagnetic susceptibility spectra for selected inner ring
diameters d at a fixed thickness h= 15 nm, highlighting the identification of individual resonantmodes across
different frequency regimes. The cutoff threshold, defined as 4%of the amplitude of the highest-intensity reso-
nance among all analyzed spectra, was used to ensure a consistent and simplified identification of the dominant
modes. This threshold is indicated by the horizontal dashed blue line, while the identified resonant peaks are
highlighted by red circles.

For small inner diameters [figure 4(a), d= 5 nm] and large inner diameters [figure 4(c), d= 90 nm], the
spectra are associatedwith a unique low-energymagnetic configuration, resulting in awell-defined and repro-
ducible set of resonantmodes dominated by the high-frequency regime. In contrast, for the intermediate dia-
meter d= 50 nm, the dynamicmagnetic susceptibility depends strongly on the relaxation pathway. As shown in
figure 4(b), relaxation alongPath I yields a spectrumwith fewer intense high-frequency resonances and amore
regularmodal structure. Conversely, relaxation along Path II [figure 4(d)] leads to a richer high-frequency
spectrumwith additional resonant peaks and enhanced intensities, reflecting themetastable, higher-energy
magnetic configuration.

Considering that edge roughness in experimentally fabricated nanostructuresmay introduce additional
pinning and contribute to resonance line-width broadening, we assessed the robustness of our results through
simulationswith increased in-plane discretization. As shown in figure S5 in the SupplementaryMaterial, only
moderate peak broadening and slight frequency shifts are observed, and the vortex state remains stable across
all tested conditions.

To elucidate the origin of the resonant peaks identified in figure 4 and to gain deeper insight into the role of
geometric confinement, figure 5 presents the spatial profiles of the excited spin-wavemodes extracted from the
Fourier transformof the out-of-planemagnetization componentMz. For the small inner diameter case (d= 5
nm), seven distinct resonantmodes are identifiedwithin the analyzed frequency range, each characterized by a
unique spatial distribution of the dynamicmagnetization.

Figure 4.Dynamic susceptibility spectra of planarwire–ring nanostructureswith thickness h=15 nm for different inner ring
diameters d. Panels correspond to (a)d= 5 nm, (b) d= 50 nm following Path I, (c)d= 90 nm, and (d)d= 50 nm following Path II.
In all cases, themagnetic field pulse is applied perpendicular to the nanostructure plane.Dashed vertical lines delineate the low-,
intermediate-, and high-frequency regimes. The horizontal dashed blue line indicates the cutoff threshold used to identify resonant
modes, which are highlighted by red circles.
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The lowest-frequencymode, at approximately 2.07 GHz, is weakly excited and exhibitsmagnetization
oscillations localized at the left edge of the nanowire, along the longitudinal segment x1. Themode at 6.40 GHz
displays a strong localization of the dynamic oscillationswithin the ring region, with an almost symmetric
amplitude distribution around the ring, indicating a ring-confined spin-wavemode. In the high-frequency
regime (approximately 10-16GHz), the resonantmodes are predominantly extended along the nanowire,
forming standing-wave patterns characterized bymultiple antinodes distributed along thewire length.Nota-
bly, themodes at 12.38 GHz and 13.05 GHz exhibit localized excitation at the right edge of the nanostructure
(right edge of the longitudinal segment x3), while the central wire region simultaneously supports standing-
wave-like oscillations [3, 45–47].

For the intermediate inner diameter case (d= 50 nm), the spatial profiles of the resonantmodes exhibit a
strong dependence on the relaxation pathway, reflecting the bistable nature of themagnetic configuration.
Along Path I, the dominantmodes are relatively delocalized along the nanowire, forming standing-wave pat-
ternswithwell-defined nodes and antinodes, while the contribution of the ring region to the overall dynamic
response remainsweak and becomes noticeable only at specific frequencies, such as 8.57 GHz, 13.20 GHz,
13.48 GHz, and 13.95 GHz. Thesemodes closely resemble those observed for small inner diameters, consistent
with the stabilization of a low-energymagnetic configuration.

In contrast, along Path II, the spatial profiles reveal amarkedly different behavior. Several resonantmodes
exhibit pronounced localization around the ring, accompanied by asymmetric intensity distributions and
enhanced dynamic oscillations near thewire-ring junctions, as observed, for instance, at 7.91 GHz and
11.52 GHz. At higher frequencies, themodes display amixed character, combining ring-localized oscillations
with standing-wave patterns extending along the nanowire.

In the high-frequency regime, spanning approximately 10 to 13.1 GHz, the resonantmodes aremainly
extended along the nanowire and formwell-defined standing-wave patterns characterized bymultiple anti-
nodes distributed along its length. Severalmodes, including those at 10.63, 11.03, and 11.35 GHz, exhibit a
systematic increase in the number of nodes as the frequency rises, which is consistent with higher-order spin-
wave excitations imposed by geometric confinement [3, 47, 48]. Themode at 11.54GHz shows enhanced inten-
sity localized near the left side of the nanowire, whilemodes at higher frequencies, between 12.23 and
13.08 GHz, present amore homogeneous spatial distributionwith onlyweakmodulation around the ring
[49, 50]. These differences can also be interpreted in terms of the demagnetizing field, shown in figure S6 in the
SupplementaryMaterial. From the analysis of these results, it is evident that for d= 50 nm the stray field
associatedwith Path II exhibits amultipolar-like structure, arising from the presence of a vortex state hosted in
the central ring. Thismultipolar character is absent in the d= 50 nmconfiguration obtained along Path I,
where the ring remains in an onion-like state. The distinct spatial distributions of the demagnetizing field in the

Figure 5. Spatial profiles of the excited spin-wavemodes obtained after applying a smallmicrowavemagnetic field pulse
perpendicular to the nanostructure plane. Columns correspond to different inner ring diameters and energy-evolution paths: (a)
d= 5 nm, (b) d= 50 nm (Path I), (c) d= 90 nm, and (d) d= 50 nm (Path II). Rows display representative resonantmodes at the
indicated frequencies. The color scale represents the normalized amplitude of the FFTof the out-of-planemagnetization component
Mz, where red (blue) indicates higher (near-zero) spin-wave amplitude. (For interpretation of the references to color in this figure
legend, the reader is referred to theweb version of this article.).
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two cases lead to different internal field landscapes, which in turn account for the emergence and redistribution
of resonant spin-wavemodes observed for Path I andPath II.

The geometric transition between thewire and the ring introduces a localizedmodification of the effective
magnetic field, including the demagnetizing contribution, whichmay in principle influence spin-wave reflec-
tion and transmission in a propagative regime.However, the present work focuses on the intrinsic eigenmodes
of the coupledwire–ring system, obtained from fullmicromagnetic simulations inwhich the dipolar field is
computed self-consistently. Therefore, the reported hybridmodes inherently incorporate the effects of the
junction, while a quantitative analysis ofmagnonic transport, reflection coefficients, or impedancemismatch
lies beyond the scope of this study.

For the large inner diameter case (d= 90 nm), the spatial profiles of the resonantmodes indicate the pre-
sence of a unique and stable low-energymagnetic configuration. The lowest-frequencymode, at approximately
2.03 GHz, exhibits localized oscillations at the left edge of the nanowire, characteristic of an edge-like excita-
tion. At 6.70 GHz, the dynamicmagnetization becomesweakly confined around the ring region, revealing a
low-order ring-assistedmode.

In the high-frequency regime, spanning approximately 10 to 13.1 GHz, the resonantmodes aremainly
extended along the nanowire and formwell-defined standing-wave patterns characterized bymultiple anti-
nodes distributed along its length. Severalmodes, including those at 10.63, 11.03, and 11.35 GHz, exhibit a
systematic increase in the number of nodes as the frequency rises, which is consistent with higher-order spin-
wave excitations imposed by geometric confinement [3, 47, 48]. Themode at 11.54GHz shows enhanced inten-
sity localized near the left side of the nanowire, whilemodes at higher frequencies, between 12.23 and
13.08 GHz, present amore homogeneous spatial distributionwith onlyweakmodulation around the
ring [49, 50].

4. Conclusions

In this work, we have presented a comprehensivemicromagnetic investigation of the static and dynamic
magnetic properties of planar ferromagnetic nanostructures withwire–ringmorphology. By systematically
varying the inner ring diameter and thickness, we have shown that geometric confinement plays a decisive role
in shaping both the equilibriummagnetic configurations and the associated spin-wave response.

Our results demonstrate the existence of distinct relaxation pathways leading either to a unique low-energy
magnetic state or to bistable regimes inwhich low- and high-energy configurations coexist for intermediate
inner ring diameters. This bistability is robust over awide range of thicknesses and originates from the geo-
metric constraints imposed by thewire–ring architecture. Importantly, the different equilibrium states are
characterized bymarkedly different internal field landscapes, as evidenced by the distinct spatial distributions
of the demagnetizing field.

The dynamic susceptibility analysis reveals that, although the total number of accessible resonantmodes
remains largely unchanged, the relaxation pathway strongly influences the spectral distribution, intensity, and
spatial localization of the spin-wavemodes. Spatial Fourier analysis identifies a rich variety of excitations,
including edge-localizedmodes, ring-confined resonances, extended standing-wavemodes along the nano-
wire, and hybridmodes arising from the coupling betweenwire and ring regions. These features highlight the
strong correlation betweenmagnetic state, internal field topology, and dynamic response.

Overall, our findings establish planarwire–ring nanostructures as a versatile and reconfigurable platform
for controlling spin-wave excitations through geometric design andmagnetic state selection. The demon-
strated sensitivity of the spin-wave spectra to relaxation pathways provides a promising route toward state-
selective and geometry-driven functionality in futuremagnonic and spintronic devices based on complex pla-
nar nanogeometries.
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