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ARTICLE INFO ABSTRACT
Keywords: We investigate the spin-wave dynamics in concentric magnetic nanotori through micromagnetic
Tunable spin-wave resonance simulations under perpendicular pulsed magnetic fields, using the free software MuMax3. These

Concentric nanotori

3D nanostructures can host homochiral and heterochiral vortex configurations, whose spin-wave
Chirality control

spectra strongly depend on the magnetostatic coupling parameter 5. In homochiral systems, res-
onance modes converge as § increases, while in heterochiral systems, they diverge. Two distinct
modes are identified: one associated with the outer surfaces of the tori and another with the
inner torus. A central result is the demonstration of reversible transitions between homochiral
and heterochiral vortex states using oscillating magnetic fields. The switching behavior and reso-
nance properties vary with the coupling parameter §, revealing the system’s dynamic versatility.
This tunable chirality control positions concentric nanotori as promising candidates for future
spintronic devices, enabling new opportunities for magnonic logic, non-volatile memory, and
neuromorphic architectures. This work enhances the integration of 3D magnetic geometries with
dynamic control, paving the way for applications in topological information processing and re-
configurable magnetic computing.

1. Introduction

In recent decades, significant progress has been made in understanding the static and dynamic magnetic properties of nanoscale
systems with complex geometries. A broad variety of two- and three-dimensional nanostructures-such as disks [1-3], rings [4,5],
thin films and multilayer structures [6-11], and spheres [12,13]-have been extensively investigated as versatile platforms for hosting
diverse magnetic states. In contrast, toroidal geometries [14-17] have only recently begun to attract attention, owing to their distinc-
tive curvature-induced effects that give rise to nontrivial magnetization textures. By precisely tailoring parameters such as diameter,
thickness, and curvature, these nanostructures are capable of stabilizing a variety of complex magnetization textures.

Among the most notable configurations found in such systems are skyrmions [4], bimerons [1,2], onion states [17], hopfions [15],
and magnetic vortices [5,12,14,16-18], as well as other non-trivial magnetic textures [3]. In particular, magnetic vortices stand out
due to their topological character and are defined by two independent degrees of freedom: chirality and polarity. Chirality describes
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the rotational sense of the in-plane magnetization-either clockwise or counterclockwise-while polarity refers to the orientation of the
magnetization at the vortex core along the out-of-plane (z) direction, taking values of +1 or —1.

The controlled formation and manipulation of these topologically distinct states have unlocked new possibilities for technological
applications. Magnetic vortex configurations, in particular, are being explored as functional units in a wide array of devices, including
magnetic random access memory (MRAM) [19], highly sensitive magnetic sensors [20], high-density data storage platforms [21-
23], reconfigurable logic gates [24,25], magnetic valves [18,26], and nanoscale magnetic oscillators [27]. These advances not only
demonstrate the versatility of magnetic nanostructures but also highlight the role of geometry and topology in the development of
future spintronic technologies.

Previous studies have highlighted the critical role of magnetostatic interactions and geometrical parameters in determining the
spin-wave dynamics of concentric magnetic nanostructures. McKeever et al. [28] investigated the high-frequency behavior of concen-
tric permalloy nanorings in vortex states using micromagnetic simulations. Their results revealed that the resonance frequencies are
highly sensitive to the inter-ring magnetostatic coupling, which can be modulated by adjusting the width and spacing of the rings.
Additionally, they reported that the spatial localization of the uniform resonance mode changes systematically with the separation
between rings, underscoring the spatial tunability of the magnetic response.

In a related study, Sahu et al. [29] analyzed both static and dynamic magnetic properties of similar concentric nanoring systems.
They observed that, for most geometries, the magnetic hysteresis loops exhibit negligible remanence and coercivity, suggesting soft
magnetic behavior. Dynamically, they found that in-plane magnetic field pulses primarily excite azimuthal spin-wave modes, with the
number of resonance peaks increasing proportionally with the number of rings. Furthermore, the resonant frequencies were shown to
depend on the magnetic ground state of the system, indicating a strong interplay between static configuration and dynamic excitation.

We know that the mass production of toroidal nanoparticles faces a delicate balance between structural precision and indus-
trial feasibility. While nanoimprint lithography (NIL) allows for the replication of nanostructures with high fidelity and low cost,
limitations such as junction defects and optical leakage reduce uniformity over large areas [30]. Therefore, three-dimensional fab-
rication techniques, such as two-photon lithography (TPL) and focused electron beam-induced deposition (FEBID), allow for the
creation of complex structures and topological control, but their high cost and low throughput restrict their use to laboratory-scale
prototypes [31]. In the biomedical field, toroidal magnetite nanoparticles stand out for their "on/off" magnetization behavior; how-
ever, hydrothermal synthesis methods still exhibit low reproducibility and limited scalability [17]. In short, there is a clear need
for 3D manufacturing with the efficiency of replicative methods, for standardized large-scale manufacturing of functional toroidal
nanostructures.

Building upon this line of research, Saavedra et al. [16] extended the analysis to concentric nanotori, exploring the role of
vortex chirality in shaping the spin-wave resonance spectra. Using micromagnetic simulations under in-plane pulsed excitation, they
demonstrated that poloidal resonance modes are strongly influenced by the relative chirality of the vortices hosted in each torus.
Specifically, they showed that the frequency spectra differ markedly between homochiral and heterochiral configurations, and that
this spectral structure can be tuned by varying the inter-torus distance. These findings underscore the importance of topological
features such as chirality in modulating magnetization dynamics, further reinforcing the potential of such architectures in the design
of advanced spintronic and magnonic devices.

This study investigates the dynamic magnetic properties of two concentric nanotori nanostructures, enabling homochiral and het-
erochiral vortex configurations, with a focus on their frequency spectra and spatial resonance modes under perpendicular microwave
excitation. By applying oscillating magnetic field pulses along the z-axis at the frequency of the spin wave mode and adjusting the
intensity of the magnetic field in the sub-nanosecond range, it is possible to switch between heterochiral and homochiral vortex states.
This control over chirality has significant implications for the development of advanced magnetic materials and devices, potentially
improving their performance in applications such as data storage, spintronics, and magnetic sensing technologies.

2. Model and methodology

The system under study consists of two concentric magnetic nanotori, geometrically characterized by a fixed toroidal radius
Ry =226 nm for the outer torus, and a variable toroidal radius Ry, for the inner one. The relationship between these radii is
governed by the following expression:

Ryy = 68(Ryy —3r,) +1,
where r,=24nm denotes the poloidal radius, which remains identical for both nanotori. The parameter § € [0, 1] is a dimensionless
proportionality factor that controls the separation and coupling strength between the inner and outer tori. When § = 0, the inner
torus collapses to its minimum size Ry, = r,, while § = 1 corresponds to the condition where the inner torus just touches the interior
surface of the outer torus, i.e., Ry, = Ry — 2r), as illustrated in Fig. 1.

This parametrization provides a continuous and controllable framework to tune the spatial configuration and magnetostatic inter-
action between the tori. Such a setup enables a systematic exploration of the effects of geometric coupling on the spin-wave dynamics
and vortex chirality within three-dimensional nanomagnetic systems.

All micromagnetic simulations in this work were performed using the open-source software package MUMAX3 [32], which nu-
merically solves the Landau-Lifshitz-Gilbert (LLG) equation by means of the finite difference method. This approach allows for the
precise modeling of magnetization dynamics in complex geometries, such as the concentric nanotori studied here.
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Fig. 1. Schematic representations of two concentric nanotori used in the micromagnetic simulations, where R;, represents the toroidal radius of
the inner toroid, and Ry, represents the toroidal radius of the outer toroid andthe parameter r, are the same for both nanotori.

The LLG equation governs the time evolution of the normalized magnetization vector m = M /M,, where M is the local magneti-
zation and M, denotes the saturation magnetization. The equation is expressed as follows:

dm dm

—_— = m><H~-+a(m><—) 1
dr 7( of ) ar (€))
where y is the gyromagnetic ratio and «a is the Gilbert damping constant, which characterizes the rate at which the system dissipates
energy and relaxes toward equilibrium. The effective magnetic field H.; encapsulates all local and nonlocal interactions and is

obtained from the variational derivative of the total magnetic energy density ¢ with respect to m, expressed as:

1 o¢

Hyp = ——— —,
eff ﬂOMs sm

2

where , is the vacuum permeability. The total energy density ¢ includes contributions from the exchange interaction ¢
static (dipolar) interaction ¢4, and the Zeeman interaction £,, such that:

ex» Magneto-

E =€ tEgTEL.

To ensure an accurate representation of the curved geometry of the concentric nanotori and to minimize artificial boundary effects,
the computational domain was discretized using a uniform mesh size of 2 x 2 x 2 nm?, which provides an acceptable spatial resolution
well-suited for capturing the magnetization dynamics in three-dimensional nanostructures [33,34]. This mesh size is sufficiently small
to resolve the intricate features of the vortex configurations while maintaining computational efficiency. To mitigate staircase effects
arising from cubic cells, the edges were smoothed. The smoothed edge volume is determined by averaging p> samples per cell, where
p is the input parameter for the function. Given that the geometry is a curved shape, the "SmoothEdges" function was set to its
maximum value of 8.

To validate the robustness of the results, additional simulations were conducted using an even finer discretization of 1 x 1 x 1 nm3.
These higher-resolution calculations showed negligible differences, with deviations in the results remaining below 1% (see Fig. S2 in
the supplementary material), confirming the convergence and reliability of the chosen mesh.

The magnetic parameters used in the simulations correspond to those of Permalloy, a soft magnetic material commonly employed
in nanomagnetism studies. Specifically, we used a saturation magnetization of M, = 800 x 10> Am~!, an exchange stiffness constant of
A =1.30x 10" Tm~! [29,34], and assumed a vanishing magnetocrystalline anisotropy. All simulations were conducted at zero Kelvin
(i.e., no stochastic thermal field was considered in the effective field, H,;,). A comparative analysis of the dynamic susceptibility
spectra for each magnetic configuration is presented in Figure S8, where we found that the differences were minimal, primarily
attributed to the stochastic noise introduced by the temperature function in the Mumax3 software.

In the first part of our calculations, we investigated the impact of the § interaction parameter on two distinct magnetic config-
urations: homochiral and heterochiral vortices within magnetic systems. Homochiral vortices are characterized by having the same
chirality, whereas heterochiral vortices exhibit different chiralities (see Fig. S1 in the Supplementary Material). To achieve this, the
magnetic configuration is established, and the final state is obtained by integrating the Landau-Lifshitz-Gilbert (LLG) equation until
the torque reaches 10~* T [35-37]. After convergence, a 100 ns time minimization step damps spin waves, stabilizing the configuration
[38]. In the relaxation process, we considered a damping parameter a = 0.5 [39].

In the second part of our calculations, we determined the resonance frequencies associated with the homochiral and heterochiral
magnetic vortex configurations. To excite these modes and examine the influence of the interaction parameter 5, we applied a
broadband magnetic field pulse along the z-axis of the form h(r) = A, - sinc[27 f,,(t — 1)1 Z [39,40], where hy = 1 mT, f,,« = 25GHz,
and f, = 1 ns. To accurately resolve the system’s resonant response, we employed a low damping constant of a = 0.008 during this
stage [41]. The amplitude of excitation was chosen to ensure that the system remained within the linear response regime [42].
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Fig. 2. Amplitude maps of the dynamic susceptibility spectra as a function of the interaction parameter § for: (a) homochiral vortex configurations
and (b) heterochiral vortex configurations.
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Fig. 3. Dynamic susceptibility and spatial distribution of the excited spin-waves modes in two concentric nanotori for § = 0.5. The color code in
the figures at the right represents the amplitude of the FFT on the z-component of the magnetization field. The top row represents a surface of
nanostructures, while the bottom row represents a slice in the xy plane.

Magnetization dynamics was simulated over a time window of 100 ns, with data recorded every 20 ps, yielding a spectral resolution
of 0.01 GHz.

The dynamic susceptibility spectra y”, corresponding to the imaginary part of the magnetic susceptibility, were obtained by
dividing the fast Fourier transform (FFT) of the magnetization response M (r) by the FFT of the excitation field A(r) [43,44]. To spatially
resolve the excited spin-wave modes, we reconstructed the temporal Fourier image of the magnetization for each computational cell.
This was calculated as m(r, ., f,,) = DFT, (m(r;jy., 1)), where DFT, denotes the discrete-time Fourier transform, ijk indicates the spatial
coordinates x, y, z, and »n corresponds to the frequency index in the power spectrum.

3. Results and discussion

Fig. 2 presents the amplitude maps of the dynamic susceptibility spectra for each value of the interaction parameter § from 0.05
to 0.95. For each magnetic configuration, two well-defined resonance peaks are observed. Notably, in the case of two homochiral
vortices (Fig. 2(a)), the resonance modes appear between approximately 14 and 15GHz and gradually merge into a single mode
as § increases up to 0.95. In contrast, for a heterochiral system (Fig. 2(b)), the spectra initially exhibit two distinct modes, which
progressively diverge as § approaches 0.95.
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Fig. 4. (a) Transformation from homochiral to heterochiral vortices for § = 0.5. (b) Transformation from heterochiral to homochiral vortices for
5§=0.5.

The left-hand graph of Fig. 3 shows the dynamic susceptibility profiles for both homochiral vortex configurations (blue dashed line)
and heterochiral vortices (red line), for the case § = 0.5 (This case corresponds to an intermediate magnetic interaction regime due to
a center-to-center distance of 2.5 times the poloidal diameter). where the peaks correspond to the system’s resonance frequencies. In
addition, the center and right panels present the spatial distribution profiles of the fast Fourier transform of the z component of the
magnetization for each cell, using a color scale. The top row represents a surface of nanostructures, while the bottom row represents a
slice in the xy plane. Two distinct resonance modes are observed for both homochiral (central panels) and heterochiral (right panels)
vortex configurations. The first mode, labeled M,, corresponds predominantly to the excitation of magnetic moments located on the
outer surfaces of both nanotorii. In contrast, the second mode, M,, is mainly associated with the excitation of magnetic moments
localized on the inner torus.

This behavior is consistent with the dynamics observed in an isolated single torus (see Supplementary Material, Fig. S3), where
two modes are also present. The first mode, M,, appears at low intensity and within a frequency range between 13 and 14 GHz. It
arises from the excitation of both the inner and outer surfaces of the torus and is barely noticeable when compared to the second,
more intense mode. This latter mode, labeled M,, is observed between 14 and 15 GHz and is primarily attributed to the excitation of
magnetic moments located exclusively on the outer surface of the torus. Notably, this high-intensity mode (M,) is the one that also
manifests in the dynamics of the concentric nanotorus system.

To evaluate the scalability of the proposed system, additional micromagnetic simulations were carried out for 6 = 0.5 using
progressively larger computational domains, ranging from 500 x 500 x 50 nm? to 800 x 800 x 80 nm?, while maintaining a cell size of
2nm. As illustrated in Fig. S7 in Supplementary Material, the resonance peaks exhibit only slight frequency shifts-less than 1%-as the
system size increases.

This invariance confirms that the spin-wave dynamics and chirality-dependent resonance modes are robust against scaling, high-
lighting the potential of concentric nanotori as scalable building blocks for magnonic and spintronic architectures.

Next, it is shown that it is possible transformation from homochiral vortices to heterochiral vortices and viceversa by applying
an oscillating magnetic field along the z-direction, given by B, = B, sin(2z f1), where By, is the amplitude of the magnetic field and
f corresponds to the frequency of the resonance mode (M,) of the desired final configuration. This mode is mainly localized on the
inner torus, where chirality reversal occurs, and thus represents the most efficient channel for driving the transformation of magnetic
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configurations. In contrast, the M; mode involves magnetization oscillations distributed over both tori and would require substantially
higher field amplitudes to produce switching. The selection of the M, mode thus ensures selective, energy-efficient control of the
vortex chirality. The procedure involved activating the oscillating magnetic field for 1 nanosecond [45], followed by deactivation,
during which the magnetization was observed for 20ns. To justify the choice of the pulse duration, we additionally explored the
effect of varying the excitation time in the range from 0.5ns to 2.0ns for representative cases (§ = 0.5), as shown in Fig. S9 in
the Supplementary Material. We found that the homochiral-to-heterochiral switching is only achieved for pulse durations around
1 ns within the field amplitudes considered in this work. Shorter pulses do not inject enough energy to overcome the energy barrier
separating the two chiral states, while significantly longer pulses may also enable the transition but were not systematically analyzed
here. This result indicates that the chirality switching process is highly sensitive to the pulse duration. A more comprehensive study,
including a phase diagram of switching as a function of pulse duration and field amplitude, will be the subject of future work. In this
stage, we consider the case 6§ = 0.5, which represents an intermediate magnetic interaction regime between neighboring nanotori, and
we set the Gilbert damping constant to a« = 0.01 [46,47]. To induce the transformation from homochiral nanovortices to heterochiral
nanovortices (See Fig. 4(a)), we apply an oscillating field with f=14.58 GHz during 1ns, and then turn off the field to allow the
system to stabilize. By systematically varying the field amplitude B,, from 100 mT to 1000 mT, we observe that the system switches
from the homochiral to the heterochiral configuration when B, reaches 700 mT.

Conversely, the reverse transformation-from heterochiral to homochiral nanovortices (See Fig.4(b))-can also be achieved by se-
lecting the appropriate spin-wave frequency and field strength. In this case, we employ an oscillating field at f = 14.26 GHz with
the same temporal protocol: the field is applied for 1ns and then removed, while the amplitude B, is varied. We find that the system
transitions back to the homochiral state when B, reaches 530 mT. These results demonstrate that the chirality of the nanotorus system
can be controlled by tailoring the frequency and amplitude of an external oscillating magnetic field, revealing a tunable mechanism
for manipulating topological states in such nanosystems. Similarly, as shown in Figures S4 and S5 of the Supplementary Materials,
we demonstrate the transformation between homochiral and heterochiral vortices and vice versa. For § = 0.2, we report a magnetic
field strength of 320 mT for the transition from homochiral to heterochiral vortices and 190 mT for the transition from heterochiral
to homochiral vortices. For § = 0.8, the reported values are 950 mT for the transformation from homochiral to heterochiral vortices
and 980 mT for the reverse transition from heterochiral to homochiral vortices.

In addition, we quantified the total energy variation during the transitions between homochiral and heterochiral vortex config-
urations to estimate the energy barriers governing these processes. The temporal evolution of the total energy under resonant field
excitation (see Fig. S6 in the Supplementary Material) shows a well-defined maximum corresponding to the transition barrier Ey, e,
The observed trend reflects the strengthening of magnetostatic coupling between the tori, which requires higher excitation fields to
overcome the barrier separating the two chiral states.

4. Conclusion

Our results demonstrate the dynamics of spin waves in concentric nanotori structures using micromagnetic simulations under
perpendicular magnetic field pulses. It was observed that the magnetic configuration of the vortices-homochiral or heterochiral-
strongly influences the spectrum of resonance modes. In homochiral configurations, the modes tend to converge to a single frequency
as the interaction parameter § increases, whereas in heterochiral configurations, the modes diverge more sharply. Two predominant
resonant modes were identified: one located on the outer surfaces of the tori and another concentrated in the inner torus.

A key result of this work is the demonstration that reversible transitions between homochiral and heterochiral states can be
induced by applying oscillating magnetic fields tuned in frequency and intensity. For example, for 5 = 0.5, homochiral-to-heterochiral
switching was achieved by applying a field of 700 mT at 14.58 GHz, and the reverse transition was achieved with 530 mT at 14.26 GHz.
This phenomenon was also observed for other § values, demonstrating the existence of precise field thresholds that allow topological
control of the system’s magnetic texture.

Furthermore, the estimation of the transition energy barriers revealed that the energetic cost of switching between homochiral
and heterochiral configurations increases with the coupling parameter §, confirming that magnetostatic interactions play a dominant
role in stabilizing the vortex chirality.

The quest to control magnetic states has been explored in systems such as magnetic nanodisks and vortex pairs using gigahertz
magnetic pulses and laser-assisted switching [48-50], which demonstrates the interest in this topic from a materials engineering
perspective. Our results show that magnetic nanostructures shaped like nanotori open up a new line for engineering functional
magnetic materials with topological control at the nanometer scale. This advance represents a breakthrough in the integration of 3D
geometries into storage technologies, reconfigurable logic, and advanced spintronics.
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