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ABSTRACT

The stability and resonance spectra associated with a domain wall skyrmion embedded within a Néel skyrmion, forming a 1-kink skyrmion, has been studied using
micromagnetic simulations. We show that the 1-kink skyrmion is stable over a wide range of fields at moderate strengths of the Dzyaloshinskii-Moriya interaction. By
exciting these structures with a broadband magnetic field excitation, we find complex resonance behavior deviating from that of a pure Néel skyrmion. For out-of-
plane excitations, the 1-kink skyrmion demonstrates an additional mode relative to that of the Néel skyrmion at reduced amplitude. These consist of low frequency
and high frequency modes associated with both a breathing mode and an oscillation of the embedded domain wall skyrmion. Following an in-plane excitation, both
Néel and 1-kink skyrmions exhibit a counterclockwise rotational mode with similar frequencies, as well as a higher frequency mode associated with the interaction of
the structure with the ferromagnetic background state. These results may help pave the way for exploration of more complex spin structures for magnetic-based

microwave devices.

1. Introduction

The study of topological magnetic structures stabilized by the
Dzyalloshinskii-Moriya interaction has attracted significant attention in
recent years due to their wide range of potential applications, ranging
from spin-orbit torque memory and logic devices [1-5] to neuromorphic
[6-9] and reservoir computing [10-12]. These objects, including the
magnetic skyrmion, are classified by a topological charge,
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where m is the normalized magnetization vector. Skyrmions and other
topological objects, such as biskyrmions and merons, are capably of
being stabilized down to a few nanometers in extent, efficiently
manipulated by spin currents, and, assuming a proper balance of
micromagnetic energies, achieve high stability [13-18]. Skyrmions
specifically have been shown to exhibit unique dynamics and transport
properties such as the skyrmion Hall angle [19-22], topological Hall
effect [23,24], and high frequency resonant modes [25-30]. These
modes, for an isolated skyrmion, consist of a breathing mode when
excited by an out-of-plane excitation, in which the diameter of the
skyrmion varies sinusoidally with time, and a counter-clockwise rota-
tional mode when excited with an in-plane excitation, corresponding to
counter-clockwise translation of the skyrmion core about a central point
[30]. They have been found to vary significantly with externally applied
magnetic fields and can be tuned over broad frequency ranges. Because
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of these interesting resonant modes and their inherent stability, these
objects have recently been explored for a variety of applications,
including energy harvesting [31] and as magnonic devices [32].
Recently, another object, the domain wall skyrmion, was discovered in
magnetic thin films with moderate DMI [33-36]. The domain wall sky-
rmion describes a winding of the magnetization along the domain wall
such that the winding has Q = £1. These domain wall skyrmions may be
embedded within a traditional magnetic skyrmion, in which case their
topological charge adds to the net charge of the skyrmion and is observed
as a kink in the skyrmion boundary, and are hence termed n-kink sky-
rmions, where n- characterizes the total kinks within the system. It was
recently demonstrated that, once embedded, these objects can have pro-
found effects on the dynamics of the skyrmion when exposed to spin
polarized currents, modifying the skyrmion Hall angle and velocities [37].
However, their influence on resonant dynamics has yet to be explored. In
this work, we utilize micromagnetic modelling to determine the influence
of a single embedded kink on the resonant dynamics of a 1-kink skyrmion.
We find mode splitting and frequency shifts associated with this object,
which also observes a significant field dependence. Therefore, these ob-
jects may represent a new knob in which to tune resonances in skyrmionics
devices. In this paper we explore the resonant modes associated with the
insertion of a 1-kink skyrmion with a total topological charge of Q = —2.

2. Methods

The system in this work consists of a cylindrical nanodot composed
of 256 x 256 x 2 cells with each shell being 0.488 x 0.488 x 0.9 nm®.
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Fig. 1. (a,b) Initial magnetic configuration for a Néel skyrmion showing the normalized z- (a) and x- (b) components of the magnetization, respectively. (c,d) Same as

(a,b) but for a 1-kink skyrmion.
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Fig. 2. Phase diagram of an initialized 1-kink skyrmion as a function of DMI strength and magnetic field. The insets show the metastable magnetic configuration

corresponding to each region of the diagram.

Micromagnetic modelling was performed utilizing MuMax3 [38,39].
The 1.8 nm total thickness was chosen to enhance the system stability to
perturbations. All other parameters were chosen in concordance with
ref.[37], with the saturation magnetization Mg = 1420kA/m, the ex-
change stiffness = 16pJ/m, the uniaxial anisotropy constant K, =
1.36MJ/m®, and a damping constant @ = 0.01. These parameters are
consistent with common Pt/Co multilayers [40]. The nanodot was
initialized with either a single Néel skyrmion or 1-kink skyrmion at the
center, with the core region oriented along the -z direction, and allowed
to relax at zero field (Fig. 1). The embedded DW-Sky was chosen to have
a net topological charge of Q = -1, adding to the net topological charge
of the system, Qye, such that Qe = —2. Of note, if opposite DW-Sky

topological charge is chosen, Q. = 0, which was found to be energet-
ically unstable and would rapidly decay. The interfacial DMI strength
was varied to determine the required DMI values and fields in which the
1-kink skyrmion was stable. Subsequent measurements of the resonant
modes of the given structures were done at the DMI value determined to
give a broad range of field stability while also selecting an experimen-
tally realizable DMI strength D. For this work, this was chosen as 1.5 mJ/
m?. The resonant frequencies were determined by exciting the structure
following relaxation by applying a field pulse either parallel or orthog-
onal to the z-axis and then evaluating the Fourier transform of the
magnetization response. The excitation pulse was chosen to be a sinc
function with a cut-off frequency of 25 GHz and a delay time of 2 ns. To



T.L. Staggers and S.D. Pollard

Journal of Magnetism and Magnetic Materials 591 (2024) 171761

—— Néel Skyrmion b - :
i i —— Néel Skymion
0.70 —— 1-kink Skyrmion i Syt
w
.‘é’
=
< 0651 l £
= ‘ ’ =
b
0.60 %
1 = |\
| fi
il IA)
0.55 . . b= S N
0 10 20 00 05 10 15 20 25 30
Time (ns) Frequency (GHz)
C d —0mr
— 10 mT
—20mT
—30mT
—40mT

Magnitude (arb. units)

Frequency (GHz)

0.0 05 1.0 15 20

Magnitude {arb. units)

AN AN
10 15 20 25 30 35
Frequency (GHz)

o
(=]

Fig. 3. (a) M,/Ms versus time for both structures simulated in this work, without any offset field. (b) Frequency spectra taken from the magnitude of the Fourier
transform of (a). (c,d) Néel and 1-kink skyrmion resonant spectra for indicated offset fields in the z-direction.

excite a specific mode, a sinusoidal magnetic field with the frequency
associated with that mode was applied either in- or out-of-plane, with a
magnitude of 1 mT for in-plane excitations and 0.5 mT for out-of-plane.
All simulations were performed at a temperature T = OK and run for 25
ns.

3. Results

The phase diagram in Fig. 2 shows the region of metastability for the
system initialized with a 1-kink skyrmion at various values of out-of-
plane magnetic field. For values of D < 0.5mJ/m?, the system is not
stable and decays to the uniform ferromagnetic state. For
0.75mJ/m? < D < 2.75mJ/m?, the 1-kink skyrmion is stable over a
small field range, which increases to approximately 110 mT at
2.5mJ/m?, before decreasing at larger values of D. Of note, at interme-
diate values of D, the 1-kink skyrmion transforms into a pure Néel
skyrmion at increasing fields, while for large D, the system evolves to a
two skyrmion state. As D = 1.5mJ/m? provided a wide range of stability
at an experimentally reasonable magnitude, the remainder of this work
focuses on this value.

Fig. 3 shows the response of the magnetization for both a Néel sky-
rmion and 1-kink skyrmion following application of the out-of-plane
field pulse. Clear differences are observed in magnetization oscilla-
tions as a function of time resulting from the sinc pulse, with the Néel
skyrmion exhibiting a single frequency oscillation, with a pair of
different frequencies observed for the 1-kink Skyrmion, as demonstrated
in Fig. 3a. Note that the z-component of the magnetization is greater for
the Néel skyrmion, due to its larger size compared to the 1-kink sky-
rmion. The distinct frequencies composing the signal are shown in the
Fourier transform of the resultant magnetization, shown in Fig. 3b. Of
note, there is a very low frequency rotation of the kink location within
the kink-skyrmion, with a period, T, of over 50 ns. This drift has been
filtered out of the signal using a bandpass filter. The single frequency
observed in the Néel skyrmion case splits into multiple distinct modes
for the 1-kink skyrmion, with two primary modes, one lower and one

higher than in the Néel skyrmion case. The amplitude of each mode is
significantly decreased relative to that of the single skyrmion. Fig. 3(c,d)
show the effects of an externally applied offset field along the z-axis,
aligned to shrink the core region size. For the Néel skyrmion, this results
in an increasing resonant frequency as the skyrmion shrinks. However,
for the 1-kink skyrmion, the lower frequency mode downshifts in fre-
quency, while the high frequency mode increases. Further, a weak in-
termediate peak is also observed, which increases in both frequency and
magnitude with increasing field. These results were also compared to the
case of a uniform ferromagnetic (FM) disc, and no significant resonances
were observed below 25 GHz, implying that the observed results are
directly related to the presence of the skyrmion states. Of note, no edge
modes are observed, which are expected to be present beyond the cut-off
frequency used in this work.

Fig. 4 shows the time evolution of skyrmion (Fig. 4a,b) and 1-kink
skyrmion (Fig. 4c-f) at frequencies corresponding to resonances in
Fig. 3b. For the single skyrmion, the standard breathing mode is
observed [28-30]. However, more complex phenomena is observed for
the two 1-kink skyrmion modes. The low frequency mode consists of a
periodic oscillation of the structure, coincident with a breathing pattern
for the entire structure, however, superimposed with an oscillation of
the kink itself. The high frequency mode consists of a similar oscillation,
including a breathing and oscillating kink. In the high frequency case,
the top and bottom hemispheres of the structure, however, oscillate out
of phase with each other, and the kink oscillation is much weaker. This
emergence of multiple modes is a result of the broken symmetry of the
system induced by inclusion of the domain wall skyrmion within the
boundary of the Néel skyrmion. This emergence of new modes due to
broken symmetry has previously been reported in elliptical disks,
wherein symmetry is instead broken by the shape of the disk itself,
instead of by embedding defects within the skyrmion boundary [27].
Fig. 5 shows the response of the driven 1-kink skyrmion’s intermediate
frequency mode at a 40 mT offset. Of note, the breathing mode is largely
suppressed, and the oscillation is primarily driven by the oscillatory
behavior of the embedded domain wall skyrmion.
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Fig. 4. (a,b) Magnetization state vs. time over a period, T, of the oscillation for an out-plane driven skyrmion at 1000 MHz, showing its out-of-plane breathing mode.

(a) shows M as a function of time, while (b) shows [M;(t)

—M,(0)]/Ms. (c-f) show the same as (a,b), but at 470 and 1700 MHz, for a 1-kink skyrmion. Each snapshot

is taken a quarter of a period from the previous snapshot. The color scale is the same throughout the remaining images in this work. Red arrows indicate the location

of the embedded domain wall skyrmion.
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Fig. 5. Magnetization state vs. time over a period, T, of the oscillation for an out-plane driven 1-kink skyrmion at a 40 mT field offset and 2240 MHz (top) and

[M,(t) —M,(0) ] /Ms (bottom).

For an in-plane excitation field, similar time traces of the magneti-
zation are observed. However, in this case, two resonant frequencies are
seen in both Néel and 1-kink skyrmion systems (Fig. 6a,b). The complex,
weak oscillatory peaks seen in Fig. 6b for the 1-kink skyrmion are arti-
facts of complex oscillations immediately following excitation, which
quickly die out. The effects of an out-of-plane bias field result in a shift of
the low frequency mode to higher frequencies, with little change

observed in the frequency corresponding to the high frequency mode.
These higher frequency modes have been previously described as a
result of the precessional motion of the magnetization outside of the
skyrmion region, which may also result in a weak dynamics of the core
region, and have a significantly weaker dependence on the external field
relative to the low frequency mode [25]. In this case here, this corre-
sponds to a very weak counterclockwise rotational mode for the Néel
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Fig. 6. (a) My /Mg versus time for both structures simulated in this work. (b) Frequency spectra taken from the magnitude of the Fourier transform of (a). (c,d) Effects

of an external bias field on the (c) Néel skyrmion spectra and (d) 1-kink skyrmion spectra.
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Fig. 7. (a,b) Magnetization state vs. time over a period, T, of the oscillation for an in-plane driven skyrmion at 2860 MHz, showing its counterclockwise rotational

mode. (a) shows M, as a function of time, while (b) shows [M,(t)

indicate the location of the embedded domain wall skyrmion.

—M;(0)]/Ms. (c,d) show the same as (a,b), but at 3920 MHz for a 1-kink skyrmion. Red arrows
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skyrmion and an even weaker oscillation of the 1-kink skyrmion. The
low frequency mode for the Néel skyrmion also describes the well-
studied counterclockwise rotational mode, which can be seen in
Fig. 7a,b. For the 1-kink skyrmion, the low frequency mode also consists
of a clockwise rotation of the embedded domain wall skyrmion and a
counter-clockwise oscillation of the kink-skyrmion, shown in Fig. 7c,d,
albeit shifted to a higher frequency relative to that for the Néel
skyrmion.

4. Summary

To summarize, we have investigated the resonant modes of a single
confined 1-kink skyrmion and compared these modes to that obtained
for a single isolated Néel skyrmion without the embedded topological
charge using micromagnetic modelling. As a result of the broken sym-
metry introduced by the embedded topological charge, significantly
more complex resonant behavior was observed. For an out-of-plane
excitation, the primary breathing mode splits into two significantly
more complex oscillatory modes, one at lower and one at higher fre-
quency relative to that observed for the Néel skyrmion. For in-plane
excitations, the inclusion of the domain wall skyrmion in the Néel sky-
rmion boundary results in a small shift to a frequency while maintaining
the general counterclockwise rotational motion observed without the
embedded domain wall skyrmion. As these embedded objects may arise
in a variety of films [34,36,41,42], they could provide a means to tune
the resonance spectra of skyrmion structures for a variety of applica-
tions, but could also pose challenges, leading the emergence of new
modes and a decrease in overall amplitude of oscillations. Therefore, to
limit the prevalence of kink-type defects, films may be engineered with
proper DMI to preclude their stability.
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