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Dominant higher-order vortex gyromodes
in circular magnetic nanodots†

Artem V. Bondarenko, *abc Sergey A. Bunyaev, a Amit K. Shukla,d

Arlete Apolinario, a Navab Singh,e David Navas, f Konstantin Y. Guslienko, gh

Adekunle O. Adeyeye *di and Gleb N. Kakazei *a

The transition to the third dimension enables the creation of

spintronic nanodevices with significantly enhanced functionality

compared to traditional 2D magnetic applications. In this study,

we extend common two-dimensional magnetic vortex configura-

tions, which are known for their efficient dynamical response to

external stimuli without a bias magnetic field, into the third dimen-

sion. This extension results in a substantial increase in vortex

frequency, reaching up to 5 GHz, compared to the typical sub-

GHz range observed in planar vortex oscillators. A systematic study

reveals a complex pattern of vortex excitation modes, explaining

the decrease in the lowest gyrotropic mode frequency, the inver-

sion of vortex mode intensities, and the nontrivial spatial distribu-

tion of vortex dynamical magnetization noted in previous research.

These phenomena enable the optimization of both oscillation

frequency and frequency reproducibility, minimizing the impact

of uncontrolled size variations in those magnetic nanodevices.

1. Introduction

Ferromagnetic materials have a wide range of novel and excit-
ing applications, including magnetic logic gates,1–3 magnetic

memory,4 and a plethora of other magnonic RF components
and circuits5,6 that have also been proposed and studied.
Further advancements are being achieved with antiferromag-
netic materials7 which can host even faster terahertz spin
dynamics. Magnetic systems offer numerous convenient ways
to interface with existing technology, using spin transfer8,9 and
spin–orbit10,11 torque for driving, and a number of techniques
like tunneling magnetoresistance12 to read the magnetization
out. In this way, a complete ecosystem of magnetic devices is
being developed.

In magnetic materials, the individual spin angular momenta
of the lattice are globally ordered, guided by exchange, dipolar
interaction, and other forces. Magnetic vortices are a special
type of a magnetization ordering consisting of a global in-plane
curl of the spins, and a small localized out-of-plane core.13,14

This type of magnetization is extremely stable throughout a
variety of geometries,15 is easily directly observable,13 and is
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New concepts
Spin waves are elementary excitation modes in magnetically ordered media,
with quantized frequencies in finite-sized samples. Spin eigenmodes can be
classified using integer numbers. In two-dimensional systems, higher mode
numbers correspond to higher frequencies and more complex spatial
distributions. The intensity of a mode, induced by a uniform microwave
field, is directly proportional to the square of the mode’s volume-averaged
magnetization. As mode numbers increase, intensities decrease due to more
complex patterns leading to lower magnetization. In our study, we
investigated the magnetization dynamics of thick vortex-state permalloy
nanodots. We found that extending these systems into the third-dimension
results in entirely new effects, surpassing conventional spin wave resonance.
Notably, as the thickness of the nanodot increases, the lowest vortex core
mode exhibits a reduction in both frequency and intensity until it eventually
vanishes. Meanwhile, higher-order modes (with frequencies reaching up to
5 GHz, extending into telecommunication bands) become dominant,
positioning the vortex-state thick dot as a potential next-generation
microwave nano-oscillator. The observed phenomena can be explained by
the significant increase in dipolar energy contributions due to this
dimensional extension, along with the varying impact of energy balance
alterations on different modes.
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sufficiently malleable16 making it one of the most iconic objects
in nanomagnetism. It serves as an extremely useful reference
system for probing new physics concepts and experimental
techniques.

However, despite the promise of the increased frequency,17

which is important for the development of vortex nano-
oscillators,18,19 the exploration of 3D behavior in vortices has
been limited to thicknesses up to 100 nm due to technological
challenges and the pessimistic outlook provided by initial
research.20–25 It has been reported, that at this intermediate
scale, the fundamental gyration mode G0 frequency suddenly
begins to drop and its amplitude simultaneously decreases.22,25

The mechanism behind this phenomenon remains unclear,
despite attempts to explain the frequency drop by including
factors such as vortex mass in the model.26

Apart from the lowest frequency vortex gyromode (G0),
higher-order gyration modes become observable at intermedi-
ate thicknesses. The gyrotropic modes Gn, which are flexure
oscillations of the vortex core string with n = 0, 1, 2 . . . nodes
along the dot thickness, can be considered a class of standing
spin waves excited in an inhomogeneous magnetic ground
state without an external magnetic field. This is similar to the
spin wave resonance (standing spin waves) in thin films pre-
dicted by Charles Kittel in 195827 and confirmed experimentally
soon after.28 Standing spin waves have also been observed in
perpendicularly magnetized disks29 and stripes.30 The intensity
of a standing spin mode is expected to decrease as the mode
number increases due to more complex, inhomogeneous mode
profiles and, consequently, lower mode-averaged magnetiza-
tions. This behavior has indeed been observed in all the
mentioned experiments.

Furthermore, previous works were unable to achieve the
resolution necessary to visualize many important details on a
microscopic level. However, it was later shown that with thick-
ness increase the lowest mode became strongly localized at the
top and bottom faces of the cylindrical dot, and there is no
simple vortex core precession with the same amplitude
throughout the dot thickness,23,31 unlike the higher-order
modes. We will refer to the depth-dependent position of the
mz = 1 vortex core a vortex core line (m is the reduced
magnetization vector).

In this work, we investigated the magnetization dynamics of
thick (up to 350 nm) Ni80Fe20 dome-shaped nanodots, fabri-
cated using nano stencil lithography, through broadband fer-
romagnetic resonance both experimentally and theoretically.
Our results demonstrate that extending nanoelements into the
third dimension leads to the emergence of entirely new effects.
The behavior of mode frequencies and intensities is drastically
different from that of other standing spin waves. As the
nanodot thickness increases, the lowest frequency vortex gyro-
mode begins to decrease in both frequency and intensity,
eventually disappearing, while higher-order modes become
dominant.

Our findings are particularly significant for microwave
applications of vortex nano-oscillators. We have clearly demon-
strated that the resonance frequency of the dominant mode can

be increased directly into telecommunication bands (up to 5 GHz),
making vortex-state thick dots a potential next-generation micro-
wave nano-oscillator. This important frequency range is achieved
directly, without the need for frequency multiplication, unlike
traditional quartz and MEMS oscillator technology. Additionally,
the frequency of magnetic oscillators can be rapidly tuned,
enabling novel applications such as ultrafast time-resolved spectral
analysis.32 Finally, this work clearly shows that extending to 3D
leads to the emergence of new and striking effects, as recently
demonstrated by Berganza et al. for 3D quasi-skyrmions in dome-
shaped structures.33

2. Experimental methods

Periodic arrays of the magnetic dome-shaped nanodots were
fabricated over an area (1 mm � 1 mm) on silicon substrates
using nanostencil lithography (NSL).34 NSL is a resistless and
direct pattern technique where a controlled amount of material
is deposited through apertures onto a substrate in a vacuum
environment. This technique distinguishes itself from the
other nanofabrication techniques by its well-known advan-
tages, such as straightforward fabrication, substrate indepen-
dence, lack of high-temperature and wet chemical process
steps, wafer-scale high throughput and cost-effectiveness due
to the reusability of the masks once they are cleaned. The
nanostencil masks used in this work contain low-stress silicon
nitride membranes. In our sample fabrication process, the
nano-sized geometric patterns were transferred onto the mem-
branes using deep UV lithography at an exposure wavelength of
193 nm.35 The apertures were etched using dry etching. To
transfer the patterns onto the silicon substrate, permalloy
(Ni80Fe20, Py) films of different thicknesses on top of a 5 nm
thin Cr adhesive layer were deposited through the corres-
ponding stencil apertures on the substrates by electron beam
deposition, operating at a base pressure of 4� 10�8 torr with an
optimized growth rate of 0.2 Å s�1. The dimensions and shapes
of the nanodots obtained this way were characterized using
atomic force and scanning electron microscopies, and mag-
netic hysteresis loops were measured using a Quantum Design
SQUID-VSM magnetometer at room temperature with the
external field applied in the sample plane. The microwave
absorption spectra of the dot arrays in their ground state (i.e.,
without an external magnetic field) and at room temperature
were measured using a vector network analyzer. The frequency
was swept from 50 MHz to 3 GHz (targeting only the vortex
gyrotropic modes) with an input microwave power of 0 dBm
and an averaging process repeated 100 times. Samples were
placed face down on the coplanar waveguide (CPW), and the
normalized microwave absorption was measured. The micro-
wave field with the amplitude below 1 Oersted oscillated in the
patterned film plane.

The micromagnetic simulations were performed by using
the MuMax3 solver.36 The saturation magnetization Ms = 830 �
103 A m�1 and gyromagnetic ratio g/2p = 2.96 � 1010 s�1 T�1

were directly extracted from ferromagnetic resonance frequency
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vs. resonance field dependence of the reference Ni80Fe20 con-
tinuous film when the exchange stiffness A = 13 pJ m�1 was
picked from the literature as the most typical value for permal-
loy. The Gilbert damping was set at the higher end of the range
for permallloy a = 0.02, to decrease the simulation runtime. The
cell size and grid size were adjusted dynamically to conserve
high performance when the geometric size of the structure is
varied. As noted in the accompanying paper of MuMax3, the
best performance is achieved for grid sizes, which comes up to
the product of the first 7 primes, since the fast Fourier trans-
form library used by MuMax3 is optimized for those. We have
constructed a small algorithm that is able to select products 2,
3, and 5, which results in the cell dimensions being from
2.5 nm to 5 nm. For frequency analysis the sinc pulse Bx =
Bamp.sinc(2pflimt � j0) was used, flim sets an upper limit, we
used 6 GHz in our case, which is slightly lower than half the
sampling 16 GHz frequency to avoid aliasing. In the raw data,
we observe that the frequency drops sharply, by as much as
40 dB, at the edge of the excitation pulse as expected. The shift
j0 = 32.31 rad (or roughly 5 periods at flim) was selected such
that no matter the flim, 99% of the energy of the excitation pulse
is delivered within the simulation time window, which starts at
t = 0. The amplitude is selected small enough such that the
excitation is in a linear regime.

3. Results and discussion

So far, both experimental and numerical studies of the vortex
dynamics in nanodots have been limited to the thickness up to
100 nm. To reveal what happens at higher thicknesses and to
obtain a consistent picture of thickness dependencies for
different gyrotropic modes, we performed micromagnetic simu-
lations of magnetization dynamics in the cylindrical nanodots
(Fig. 1) of varying thickness up to 400 nm with a dimensional
resolution much higher than what can be obtained in an
experiment. The results of simulations for several representa-
tive nanodot diameters 100 nm, 300 nm and 500 nm are
presented in Fig. 2.

In numerical simulations, contrary to the experiment, it is
easy to explore the depth distribution of the magnetic momenta
motion and the resulting motion of the core of a magnetic
vortex can be observed directly. This approach immediately
allows us to focus exclusively on excitation modes involving the
motion of the vortex core (known as gyrotropic modes), distin-
guishing them from other modes that are typically well loca-
lized at the periphery of a nanodot. To introduce similarity with
the experiment, all the simulations, presented in Fig. 2, were
performed for the square dot arrays with lattice parameters
equal to two dot diameters by implying periodic boundary
conditions (PBC). To check the influence of dipolar interactions
on spin-wave spectra, we performed additional simulations
for the representative dot array – diameter D = 500 nm and

Fig. 1 Cylindrical magnetic dot in the vortex state (not to scale), arrows
represent spin momenta directions of individual spins in the cubic lattice.
The color of the spins corresponds to the direction of the planar compo-
nent of the spin, spins on the axis of the particle point out of plane and
form the core of the magnetic vortex.

Fig. 2 Simulated thickness (l) dependence of the frequencies of the
gyrotropic modes for 500 nm, 300 nm, and 150 nm diameter nanodots.
Two kinds of approximation curves are used: for a homogenous mode a
theoretical dependence17 of the lowest vortex gyrotropic G0 frequency is
shown as a red dashed line; dashed black curves represent hyperbolae
B l�b fits of the high frequency and high thickness asymptotes of modes.
Colour represents the in-plane microwave magnetic field response inten-
sity of the vortex gyromodes.
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thickness l = 300 nm – without PBC. In both cases, the
excitation spectra exhibited a similar form, with the same
number of peaks and their respective intensities. The peak
frequencies varied slightly, by less than 0.1 GHz.

To interpret the simulated vortex frequencies shown in
Fig. 2, we introduce two easy-to-follow types of gyrotropic model
modes consistent with previous analytical descriptions37 by
assigning orders to the model modes. Previous studies have
shown that with some simplifications, the distinct gyrotropic
modes arise differentiated, like in the mechanical string pro-
blem, by the number of nodes and depths at which the vortex
core is stationary at the axis of the cylindrical nanodot. The
initial, 0th order, is distinct from the higher orders because the
vortex core stays in almost the same spot along the particle
thickness. This makes it so that the homogenous 0th order
mode is dipolar, in contrast to the exchange-determined higher
order modes, and its frequency rises slowly with the dot
thickness increasing, as described by the analytical results.17

Meanwhile, the exchange modes, contrary to the homogenous
0th order, have their frequency decrease in thicker particles. So,
even in the simple analytical models, frequency crossings arise
between the rising homogenous mode and high-order
exchange-determined gyrotropic modes.

It is easy to see that at the points of the crossing of the
predicted model modes, a non-accounted interaction produces
mode-repulsion behaviour, Fig. 2. The model modes are shown
in the figure with dashed lines. The homogeneous mode is
plotted against dot thickness (l) using a previously established
expression. In contrast, the more complex high-order modes
are fitted to the data approximately as Bl�b, with b being
slightly less than 2 (b = 2 corresponds to purely exchange-
determined behaviour). Three observations can be made to get
the point across further:

(1) The observed frequency curves can be fit well with a
linear coupling introduced between the previously mentioned

model mode curves with a coupling strength of order g/2p B
500 MHz (the result of a fit of the data in Fig. 2);

(2) Secondly, from a macroscopic perspective, we observe
that the amplitudes of the excitations decrease significantly as
the mode frequencies diverge from the original homogeneous
mode resonance. Therefore, the high-order model modes exhi-
bit zero net magnetization and are excited only indirectly
through their coupling with the homogeneous mode.

(3) Microscopically, we observe that the resulting distribu-
tions of dynamic magnetization are hybridized, exhibiting the
combined motion of several model modes. This hybridization
is most clearly seen as a doublet at the point of mode crossing.

Through numerical experiments, we can overcome the chal-
lenges of real-world experiments, such as examining thickness
variations of the parameters at much higher resolution and
extending to much greater end thicknesses. This approach
allows us to provide sufficient data to explain previous observa-
tions, including mode amplitude inversion and the non-
monotonous behavior of the fundamental mode. In addition,
the vortex gyration mode crossings at large diameters form
geometric dimension intervals where the frequency changes
only a little, while the dimension variance can be significant.
This provides a good way to produce the structures more
repeatably at the expense of needing larger particles to achieve
the same frequencies. See the qualitative difference in the
lowest diameter particles in Fig. 2.

Having gotten through the frequency spectra shown in
Fig. 2, we can shift our attention to the calculated mode spatial
microscopic distributions of the vortex dynamical magnetiza-
tion exemplified in Fig. 3. The distributions presented are for a
realistic thick nanodot profile, as the one presented in the
experimental section of this work. Unlike previous studies, we
simultaneously examine the high-order vortex gyrotropic
modes (also known as flexure modes20,22,24 of the vortex core
string oscillations) in both the time and frequency domains.

Fig. 3 Frequency and time domain representations of the vortex gyromode G3 in 350 nm thick nanodots. In frequency domain a cross-section of the
Fourier transform of the in-plane dynamical magnetization m̃x + im̃y at the resonance frequency is shown. In the time domain, a side view (on the left)
and a top view (on the right) of a snapshot of the vortex core position inside the nanodot is shown, the thickness of the line is representing the relative
core size. The instantaneous vortex core position throughout depth of the particle is rotating in sync with the external counter-clockwise (as seen from
the top of the dome) continuous wave magnetic field around the nanodot axis OZ (shown in red). The dips of intensity in frequency domain along the
nanodot axis correspond to the points A, B, and C where the vortex core line goes closest to the axis.
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The resonance frequencies received with wideband micro-
wave magnetic field excitation were used to excite individual
modes with a monochromatic circularly polarized magnetic
field. A slightly faster convergence to the stationary state was
observed with circular rather than linear polarization as the
external magnetic field couples more directly to the magnetiza-
tion precession. Exciting only selected modes allows us to get
the vortex core trajectory directly, without doing pass-filter FFT
post-processing, and also slightly refines the quality of the
vortex mode spatial distributions.

With the fine resolution of our data, we can attempt to
classify the vortex modes of the thick nanodots. The most naı̈ve
approach would be to enumerate the resonances by their
frequencies. However, as we have already shown, such an
approach would make an inter-nanodot comparison impossi-
ble because it ignores structural similarities. Although not
entirely accurate, the simple flexion gyrotropic mode theory,
having been long theorised,20,37 provides a simple picture upon
which we can build our interpretation of the spin excitation
modes. The main classifying factor in this model is the number
of nanodot axis crossings by the vortex core string.

The real behaviour is far more complex, but it is possible to
infer several empirical classifying characteristics analogous to
the nanodot axis crossings. Firstly, because the vortex core line
approaches the dot axis very close, we can extend the idealized
model and count close passes instead. This can be achieved by
either observing the vortex core position directly or by counting
local minima along the axis in spectral distribution. Alterna-
tively, it is also possible to quantify how many turns the core
line makes around the axis or how many turns the curve makes
on itself. In the simple model, those would increase by half a
turn for each successive resonance mode. All three metrics are
presented in Table 1 for comparison.

Lower order modes show significant discrepancies in the
metrics; for example, the G3 mode, which in the easiest model,
should have had close to 1.5 axis turns, even if that would have
made it impossible to excite it because there would be two
identical lobes and two identical tails opposing each other! We
see that this sort of deviation is stronger for high-order vortex
modes, making the vortex core line closer to a helix and
decreasing the variation of core distance from the nanodot axis.

So far, the dot arrays with a maximum thickness of 100 nm
have been studied experimentally. To check our findings in
numerical simulations reported above, it is necessary to fabri-
cate dots with much higher thickness. Here, nanostencil litho-
graphy (NSL) was successfully used for these purposes. Below,

the results for two square dot arrays with period 1 mm and
thicknesses 200 nm and 350 are presented. The dimensions
and shapes of the nanodots were characterized through com-
bined scanning electron and atomic force microscopies, results
of which are presented in Fig. 4(a) and (b). Both measurements
were taken to get a quantitative description of the resulting
structure geometry. The nanodots captured within the field of
view of a scanning electron microscope show a good degree of
repeatability, with planar size varying by just a couple dozen
nanometers over an effective diameter of a nanodot. As one
may observe, for both thicknesses, the dots have dome-like
shapes with diameters at the bottom larger than the designed
500 nm, which is a known issue of NSL. For a 200 nm thick
sample, the edge-to-edge distance at the substrate was found to
be 220 nm, and for a 350 nm thick sample – it was only 90 nm.
The in-plane magnetization behavior of the fabricated dot
arrays is shown in Fig. 4(c). Both hysteresis loops have zero
remanence, typical for the dots in the vortex ground state.15

Vortex nucleation and annihilation fields are not as pro-
nounced as in the case of thin cylindrical dots but are still
clearly visible. As expected, the thicker dot array has lower
susceptibility due to the higher in-plane demagnetizing factor.

The microwave absorption spectra of the dot arrays in the
absence of an external magnetic field are presented in Fig. 5. To

Table 1 Calculated vortex gyrational modes and their characteristics for
the 350 nm thick nanodots of 300 nm diameter

Class. Freq. Min. count Axis turns Self turns

G1 94.8 MHz 1 0.465 E0
G2 495 MHz 2 1.12 0.75
G3 1.38 GHz 3 1.80 1.42
G4 2.44 GHz 4 0.75 1.98
G04 2.63 GHz 4 0.465 2.086

Fig. 4 (a) Scanning electron microscopy images of 200 nm and 350 nm
high nanodot arrays; (b) permalloy nanodot profiles derived from atomic
force microscopy and renders of the model shapes of averaged nanodots
for samples with 200 nm and 350 nm thick nanodots; (c) First quadrant of
magnetization hysteretic loops for corresponding nanodot arrays. Nuclea-
tion and annihilation fields indicated with arrows.
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identify the observed resonance peaks, the experimental mea-
surements were complemented with MuMax336 micromagnetic
calculations of sinc pulse response. It is important to note that
the gyrotropic frequencies of the studied dome-shaped dots are
similar to the ones of cylindrical dots with the same thickness
and 500 nm diameter, which means that properties of the
gyrotropic modes are more sensitive to the dot thickness than
to lateral shapes. A detailed comparison of the circular and
dome-shaped dot geometries is out of the scope of this article;
we will focus on those in a separate paper. The simulated
spectra were obtained using experimentally determined mag-
netization and gyromagnetic ratio values, a literature value for
exchange stiffness, and nanodot shapes derived from atomic
force microscopy data. The MuMax3 software was customized
to accommodate arbitrary pre-calculated shape geometries.
Dipolar interactions between nanodots were included in the simu-
lations using periodic boundary conditions (PBC), with a center-to-
center distance of 1 mm, consistent with the experiment.

It is important to note that for both thicknesses, experi-
mental and simulated spectra contain the same number of
peaks: for 200 nm thick dot, three signals are clearly observed,
while for 350 nm, the spectrum is richer – there are five of
them. Given that the frequencies of the experimental and
simulated spectra are quite similar (with the largest difference
between corresponding peaks being 250 MHz, or less than 10%
at 3 GHz), the experimental modes were identified as G1 and a
doublet of G2 gyromodes for the 200 nm sample, and as G1, G2,
G3, and a doublet of G4 gyromodes for the 350 nm sample. The
only noticeable difference between the simulations and the
experiment is the intensity ratio of the doublets. Specifically,
for the 350 nm sample, simulations predicted that the intensity

of the G04 mode would be much higher than that of the G4

mode, whereas the experiment showed their intensities to be
almost identical. This effect may be caused by different pinning
of the magnetic moments on the bottom and top surfaces of the
dots. However, the most important result of this comparison is
that it is distinctly observed in the experiment that the most
intense peaks shift to higher frequencies with the dot thickness
increase, as predicted by micromagnetic simulations.

The doublets of both the G2 and G4 at corresponding particle
thicknesses are a showcase of the hybridization discussed
previously in a simulation part. The modes mentioned are
the closest ones to the model homogeneous gyration mode in
frequency. As a result, they inherit the number of nodes/turns
as the high-frequency hybridization partner (refer to Table 1)
but have slight differences both in excitation amplitude and
mix of the modes.

4. Summary

In summary, a wealth of fascinating magnetic vortex dynamics
is revealed in thick nanodots. We observe how the third
dimension becomes significant as thickness increases. Initially,
the effect is gradual, with the vortex core position remaining
consistent throughout the layers. For each higher-order mode,
there exists a thickness at which hybridization occurs due to
the distinct nature of gyrational modes: the thickness-
homogeneous G0 mode, primarily influenced by the demagne-
tization field, and the higher-order gyromodes, which are
mainly affected by exchange interaction. This hybridization
eliminates any mode with depth-homogeneous gyration after

Fig. 5 The microwave absorption spectrum of the 200 nm and 350 nm high nanodot arrays (blue solid lines), and a simulated response of a
corresponding idealized infinite arrays composed of the model magnetic nanodots with a period 1 mm (filled solid black line). Peaks are annotated with
renders of corresponding simulated resonant mode intensity cross-sections. Modes are named using a scheme counting the number of the gyrational
standing wave nodes (alternatively layers in which the vortex core is almost stationary).
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the first high-order mode G1. We developed a framework for
describing and classifying these modes, supported by extensive
numerical study. Additionally, we demonstrated the resilience
of gyro-modes to the shape imperfections typical of patterned
thick films. Practically, this allows for significantly higher
excitation frequencies than those expected for magnetic vor-
tices in thin dots, reaching into the telecommunications
microwave bands. Furthermore, the new dimension enables
engineering the system to minimize the impact of uncontrolled
uncertainties by targeting specific frequency crossings.

Data availability

All the simulations were performed using MuMax3 – an open-
source application for micromagnetic simulation optimized for
general-purpose computing on graphic processing unit (GPU).
It can be downloaded from https://mumax.github.io/.
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16 L. Ramasubramanian, A. Kákay, C. Fowley, O. Yildirim,

P. Matthes, S. Sorokin, A. Titova, D. Hilliard, R. Böttger,
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