www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

‘ W) Check for updates

Oscillations of skyrmion clusters
in Co/Pt multilayer nanodots

Felipe Tejo'?*, Felipe Velozo?, Ricardo Gabriel Elias** & Juan Escrig'?

In this work we study the oscillations of the skyrmion cores in a multilayer nanodot as a function of
the number of skyrmions hosted in the system. When all the skyrmions in the nanodot have the same
core radius, and after applying a perpendicular spin-polarized current, a relaxation process takes
place towards an equilibrium configuration that is accompanied by coherent damped oscillations of
the skyrmion cores, whose frequency depends on the number of skyrmions present in the nanodot.
Additionally, we found that the oscillation frequency is directly related to the total energy of the
system.

Magnetic skyrmions are stable or metastable quasiparticles found in two-dimensional or quasi-two-dimensional
magnetic systems'. During the last decades, both the behavior and stability of skyrmions have been inten-
sively studied in a wide range of situations and geometries, where the chiral term of energy known as Dzya-
loshinskii-Moriya (DMI) interaction, which comes from spin-orbit interaction in the bulk or in an interface, is
essential for their stabilization. This difference in the origin of the DMI is responsible for different skyrmionic
configurations: when we are in the presence of the bulk DMI, the so-called Bloch skyrmions appear, where the
magnetization has a vortex-like chirality, while for the interfacial DMI the Néel skyrmions appear, characterized
by a magnetization field that is radial when it is projected onto the sample plane.

It is well known that both the oscillations of quasiparticles and the behavior of fluctuations around them are
a complex and rich phenomenon found in different physical contexts and where many factors, such as geometry,
topology and the type of stimulation, play a role. This is also true in magnetic systems where linear oscillations
are known as spin waves. In fact, spin waves have been investigated around skyrmions?, in skyrmion lattices*
and at Bloch points’, to name a few examples, giving rise to a subfield that mixes spin waves with spintronics,
called magnonics®, whose applications are very promising, ranging from the detection of magnetic solitons’ to
the control of magnetic structures for information processing®.

In the same direction, in recent years, different research groups have faced several problems related to the
oscillations of skyrmions, such as the breathing modes of individual skyrmions® under the action of an alternat-
ing external magnetic field’, as well as oscillations and rotation of arrays of skyrmions (called clusters) under
in-plane external magnetic fields'. In all these works the nature of the stimulation, the coupling of the magnons"!
with the breathing modes of the skyrmions'?, and the geometry and nature of the skyrmions themselves seem to
be relevant. Recently it was observed that skyrmions leave their equilibrium position and perform a gyrotropic
movement using an oscillating out-of-plane magnetic field"’. The authors also argue that this movement is a
consequence of the change in the skyrmion diameter along the spiral path.

In this paper we are mainly interested in the natural frequency of the first internal breath mode, or uniform
breathing mode® !4, that appears when the core radius of the Néel skyrmions changes. The main goal is to explore
the influence of the number of skyrmions in a Co/Pt multilayer nanodot'®, which alternates cobalt and platinum
layers, on the oscillation frequency of the skyrmion cores. For the process of exciting the multilayer nanodot with
an out-of-plane spin-polarized current, the system is modeled by a 1 nm thick cobalt layer'¢ with the parameters
and energy terms given by the actual values of a Co/Pt multilayer nanodot, obtaining in-phase oscillations of
the cores (see Fig. 1a). Once we establish the way to obtain coherent oscillations, we numerically investigate the
relationship between the number of skyrmions and the frequency of their oscillations.

This paper is organized as follows: In the second section we present the model and the equations used in
the stimulations. In the third section we describe the relaxation process that gives rise to the metastable states
characterized by the skyrmion cluster. In the fourth section we present and discuss the oscillation process after
the current injection. Finally, in the last section we present the conclusions and perspectives of the work.
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Figure 1. (Color online) (a) Schematic representation of the system under study. (b) For the parameters
used, metastable initial conditions are shown after a relaxation process and before injecting a spin-polarized
current. It can be seen that the skyrmion radius r varies little with the number of skyrmions N. (c) Schematic
representation of the definition of the cluster radius. (d) Cluster radius (R) and distance between skyrmions
(dsky) as a function of N.

Relaxation process of initial configuration

We consider a Co/Pt multilayer nanodot of 200 nm in diameter, which has a strong interfacial DMI that favors
the appearance of Néel skyrmions in the 1 nm thick ferromagnetic layer (see Fig. 1a). The ferromagnetic layer is
described by the magnetization M (x, t) = M,m(x, t), where M; is the saturation magnetization and |m(x, t)| = 1.
The dynamics of this field is governed by the Landau-Lifshitz-Gilbert (LLG) equation'”

dm Hoot m
— = —ymXx am x —,
dt 4 off dt
where y is the gyromagnetic ratio, « is the Gilbert’s damping, responsible of the alignment of the magnetization

with the effective magnetic field Hg, which can be deduced from the free energy functional, U[m], as'®

1 §U[m]
noM; m

(1)

H.g=— (2)
where jig is the vacuum permeability. The energy depends on both the bulk and the interfaces, as well as the
geometry and interaction with the external fields. In this study, we have considered the following energy density ¢.
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which is related to the functional energy through U[m] = f e[m]dV . In the definition of Eq. (3), the first term
corresponds to the exchange energy with the stiffness constant A, the second term corresponds to the interfacial
DMLI, where the magnitude of D controls the strength of the interfacial DMI and its sign determines the chiral-
ity of the configurations that minimize its energy. Additionally, we include the effects of out-of-plane uniaxial
magnetic anisotropy (where K, is the uniaxial anisotropy constant), dipolar interaction and Zeeman energy,
where B is the Oersted field produced by the current flowing through the sample.

Once the energies involved are defined, we consider the following magnetic parameters for the multilayer Co/
Pt system'®: M; = 580 x 10% (A/m), A = 15 x 10712 (J/m), K, = 0.7 x 10° (J/m3) and D = 3.0 x 1073(J/m?).
The competition of these energies is responsible for the magnetic configurations observed in the nanodot. In
order to obtain skyrmion clusters, we place in an initially saturated configuration in the 4+z-direction, N circular
and localized antiparallel regions (in the —z-direction). This magnetic configuration is relaxed by minimizing
the total energy U[m] until the condition m x H.g = 0 is satisfied and a steady state is reached (see Fig. 1b).
The skyrmions tend to be organized in symmetrical clusters (with cluster radius R) and the radius of their cores
(r) do not vary much, thus avoiding the deformation of the skyrmions and the excitations of internal modes of
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oscillations that, in fact, have been studied in various contexts'®-*!. It is worth noting that, in this study, we have
considered the core radius of the skyrmions (from now on, skyrmion radius) as the length along the x — y plane
in which m, continuously varies from — 1 to 0. Finally, we have discretized the system into cubic cells of 1 nm?>.

Initial configuration disturbed by a spin-polarized current

A spin-polarized current interacts with the magnetization of the sample by coupling the spin of the itinerant
electrons that the current carries and the localized electrons that produce the magnetization®?. As a result of the
conservation of angular momentum, a torque is produced between the current and the magnetization called
spin-transfer torque. In this work we are interested in the effect produced by a perpendicular polarized current
and we consider a homogeneous magnetization along the z-axis. As a result, there is a torque only when the direc-
tion of the magnetization is non-collinear with the spin polarization. In other words, we neglect the dynamics
of magnetization along the thickness of the layer. If we define a particular direction for the polarization of the
perpendicular current, p, the torque takes the form of the so-called Slonczewski torque?

Tst = yojem x (m x p), (4)

where ] is the magnitude of the current density, o = f/(oeM;A) with & the Planck’s constant reduced, e is
the magnitude of the electron charge and A is the thickness of the magnetic layer. The definition of ¢ is more
complicated, including transport coefficients?. In the standard approach, this depends explicitly on the degree
of polarization P of the current, the conductance and the effective resistance of the layers®.

Additionally, we introduce the field-like torque (FLT), which is a secondary torque that appears when a verti-
cal current is injected into the system?* 2%

Tpr = —yoJe (m x p), (5)

where the value of ¢/, commonly called secondary spin transfer term, is not yet clearly defined* and, thus, we
study its influence considering different values. The action of the field-like torque is, as the name implies, func-
tionally equivalent to the effect of an external magnetic field. This torque allows to move a domain wall with a
current two orders of magnitude lower than that necessary in the absence of this torque, which captures its inter-
est for future applications®. Although many studies have investigated the influence of spin-polarized currents
on skyrmions, none of them have explored the influence of field-like torque, an issue that may be fundamental
in the development of future spintronic devices.

Once the system has relaxed to the desired magnetic configuration (with a certain number N of skyrmions),
a spin-polarized current perpendicular to the nanodot plane and homogeneously polarized with p = +Z is
introduced during 5 ns. In this work, we use a standard value of P = 0.4, obtaining an ¢ = 0.2%. In a first series
of stimulations, we consider a current density of ] = 0.5 A/um?, whose order of magnitude is a standard value
used in experimental works*®%°, and a secondary spin transfer term given by ¢’ = 0.02, which has been reported

in'®2, This current produces a decrease in the skyrmions radius due to the effect of FLT (see left section of Fig. 2).

Relaxation process after current is turned off: oscillations

Once the current pulse is turned off, the system relaxes until it reaches its equilibrium state again after approxi-
mately 3 ns (see Fig. 2). The relaxation time is related to dissipative dynamics, mainly controlled by the o
parameter. From Fig. 2 we can see that for all the cases considered (1, 5 and 8 skyrmions) the relaxation process
is mediated by oscillations of the skyrmion sizes, which are in phase, and follow a behavior similar to damped
harmonic oscillator (for more details, see Supplementary Fig. S1). Although skyrmions are known to exhibit
several internal modes, typically, the lowest frequency local mode is the breathing mode’, in which skyrmion
size is oscillating around it’s equilibrium value. From analysis of Fig. 2 we conclude that the observed oscilla-
tions correspond to the breathing mode. It is important to note that, once the current pulse is turned off, the
skyrmions tend to relax to their initial size.

Effect of field-like torque on the dynamics of skyrmions. To understand the effect of field-like
torque on the skyrmions dynamics, in Fig. 3 we show the behavior of the skyrmions for three values of ¢’. We
can see that as the field-like torque increases, the skyrmion radius decreases because the field produced by FLT is
opposite to the skyrmion core (in the presence of a spin-polarized current). This produces that when the current
is turned off, the skyrmions that had drastically reduced their size due to the field-like torque now relax oscillat-
ing with a greater amplitude.

The oscillation frequencies of the skyrmions can be analyzed by calculating the power spectral density (PSD)
of each signal associated with each skyrmion. Figure 4 shows the response frequency for different values of N. In
Fig. 4a, we show the PSD of the oscillations of 5 skyrmions with ¢’ = 0.05 analyzed in Fig. 3b. Our results show
that the oscillation frequencies of each skyrmion are positioned at a very precise point in the frequency space
(8.90 GHz). Our calculations also show that this phenomenon repeats for ¢’ = 0.0 and ¢’ = 0.1 (see Supplemen-
tary Fig. S2). On the other hand, Fig. 4b presents the peak of the oscillation frequency of the skyrmions consid-
ering different values of ¢'. It is possible to note that the effect of ¢’ has no influence on the natural frequency of
the system and is limited exclusively to a change in the initial amplitude of the oscillation, which reveals that the
relevant parameter here is the Slonczewski torque.

It is worth noting that the coherence in the oscillations occurs mainly due to the small size of the skyrmions
and because they interact weakly with each other (for more details, see Supplementary Fig. S3). The fact that
there is a specific frequency of oscillation suggests that it is associated with the total energy of the system and not
with the energy of a specific skyrmion. In this way, we can obtain different oscillation frequencies for the same
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Figure 2. (Color online) Temporal evolution of the skyrmion radius for three different configurations
investigated when a spin-polarized current is applied perpendicular to the nanodot for 5 ns. The inserted
snapshots represent the initial magnetic state before applying the current pulse. Once the current is turned off,
the magnetic states relax to their equilibrium positions.

nanodot simply by changing the number of skyrmions present without modifying any geometrical or magnetic
parameter. This advantage may be of practical interest for potential applications in magnonics and spintronics.

Our results are summarized in Fig. 5a which shows the peak frequency for three different values of ¢’ and for
three different values of the current density J as a function of the number of skyrmions. As we can see, the value of
&’ is irrelevant (the curves overlap) for any value of N, while the value of ] begins to be relevant only from N = 8,
obtaining that a higher current density produces a greater oscillation frequency. The above result is due to the fact
that the field-like torque also depends on the value of J (see Eq. (5)). If the action of the field-like torque is intense,
the oscillations amplitude going to be greater when the current pulse is turned off, becoming highly interacting
system due to the increase in skyrmion sizes. The same situation occurs for large values of &’. Nevertheless, this
interaction can be reduced by controlling the skyrmion sizes through homogeneous magnetic fields, as studied
in reference®. Additionally, we can confirm our results from Fig. 5b in which it is possible to observe that, for a
fixed value of &', the oscillation frequency only depends on N, except for N = 8 in which we found a very small
linear dependency with J. This result prevents us from knowing the possible oscillations that appear in a cluster
of more numerous skyrmions, since the oscillation would depend on J. In addition, it is important to note that
for N > 9 the array symmetry is lost and the interaction between the skyrmions becomes important, causing
that the radius of the skyrmions that form the cluster are not equal (see Supplementary Fig. S4).

From a theoretical point of view, we can understand the behavior of the breathing mode (its natural frequency
of oscillation) as a consequence of the change in radius of the skyrmion produced by the number of these. In
fact, skyrmions repel each other®® producing symmetrical patterns when many of them are forced to be in the
same nanodot, causing a reduction in the radius of their cores. Additionally, it is known that the frequency of
the uniform breathing mode exhibits linear growth with respect to a magnetic field antiparallel to the skyrmion
core direction® . This result can also be interpreted as a direct dependence of the frequency of the uniform
breathing on the radius of the skyrmion cores. Supplementary Fig. S5 allows to verify the linear relationship
that exists between the radius of the core of the samples considering a different number N of skyrmions and the
frequency of the oscillations.

Finally, it is also interesting to explore the relation between the frequency and the total energy of the system.
Figure 5c shows the energies of the system as a function of the number of skyrmions. From this figure we can see
how the DMI and demagnetizing energy decrease almost linearly with the increase in the number of skyrmions,
while the exchange and anisotropy energies follow the opposite behavior. The sum of all these energy contribu-
tions leads us to the fact that the total energy of the system increases as the number of skyrmions in the system
increases, a behavior similar to that observed for the system’s response frequency, which justifies the relationship
between the response frequency and total energy that we have proposed throughout this article.
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Figure 3. (Color online) Temporal evolution of the skyrmion radius of a cluster of 5 skyrmions when a
spin-polarized current is applied perpendicular to the nanodot for 5 ns with (a) &’ = 0.0, (b) &’ = 0.05and (c)
¢’ = 0.1. The inserted snapshots represent the initial magnetic state before applying the current pulse. Once the
current is turned off, the magnetic state relaxes to its equilibrium position.

Conclusions and perspectives
In conclusion, we have investigated the behavior of skyrmion clusters under a controlled situation, where the
interaction between skyrmions is weak. For this, we have chosen the parameters associated with a Pt/Co multi-
layer nanodot and introduced an initial condition characterized by a multiskyrmion solution. By relaxing these
initial conditions, we have been able to achieve stable configurations of skyrmion clusters that can be stimulated
by a spin-polarized current applied perpendicular to the nanodot, which interacts with the magnetic layer
through the Slonczewski torque and the field-like torque. We found that, once the current pulse is turned off, the
relaxation to the equilibrium state occurs through coherent oscillations (all skyrmions oscillate in phase with the
same frequency) that are exclusively related to the number N of skyrmions in the weakly interacting regime. The
fact that skyrmions interact weakly with each other is crucial to obtain coherent oscillations. We have observed
that in other cases, where the interaction is not negligible (N > 9), the oscillations become more complex and
cannot be directly related to the number N of skyrmions in the nanodot. However, these new effects will be
explored in future work, where we will surely obtain rich phenomena due to the superposition and interference
of the emitted spin waves.

Finally, it could be interesting to explore the relation between the response frequency and the possible appear-
ance of a response frequency by the injection of spin waves of different frequency. It is natural to suppose that
this two frequencies must coincide but at this point we are not able to assure that.
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Figure 4. (Color online) (a) Power spectral density (PSD) for a cluster of 5 skyrmions when a spin-polarized
current is applied with ¢’ = 0.05. (b) Evolution of the response frequencies as a function of the secondary spin
transfer term &’ after the system is excited by a spin-polarized current applied perpendicular to the nanodot,
for N skyrmions hosted in a multilayer nanodot. For each value of N, the skyrmions oscillate with the same
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Figure 5. (Color online) Evolution of the response frequencies as a function of (a) the number of skyrmions
N hosted in a multilayer nanodot and (b) the applied current density J, after the system is excited by a spin-
polarized current applied perpendicular to the nanodot. In (a) three values of ] and three values of ¢’ were
considered, while in (b) we use &’ = 0.05. (c) Magnetic energies as a function of N. The segmented horizontal
line without geometric symbols corresponds to the uniform ferromagnetic configuration in the +z-direction.

Received: 9 March 2020; Accepted: 14 September 2020
Published online: 05 October 2020

SCIENTIFIC REPORTS |

(2020) 10:16517 |

https://doi.org/10.1038/s41598-020-73458-6



www.nature.com/scientificreports/

References
1. Finocchio, G., Biittner, E,, Tomasello, R., Carpentieri, M. & Klaui, M. Magnetic skyrmions: from fundamental to applications. J.
Phys. D. 49, 42 (2016).
2. Stancil, D. D. & Prabhakar, A. Spin Waves. Theory and Applications (Springer, Berlin, 2009).
3. Liu, Y, Yin, G., Zang, ], Shi, J. & Lake, R. K. Skyrmion creation and annihilation by spin waves. Appl. Phys. Lett. 107, 152411
(2015).
4. Petrova, O. & Tchernyshyov, O. Spin waves in a skyrmion crystal. Phys. Rev. B. 84, 214433 (2011).
5. Elias, R. G., Carvalho-Santos, V. L., Nufiez, A. S. & Verga, A. D. Spin waves scattering on a Bloch point. Phys. Rev. B. 90, 224414
(2014).
6. Chumak, A. V., Vasyuchka, V. I, Serga, A. A. & Hillebrands, B. Magnon spintronics. Nat. Phys. 11, 453-461 (2015).
7. Carvalho-Santos, V. L., Elias, R. G. & Nufiez, A. S. Spin wave vortex from the scattering on Bloch point solitons. Ann. Phys. 363,
364-370 (2015).
8. McKeever, B. F. et al. Characterizing breathing dynamics of magnetic skyrmions and antiskyrmions within the Hamiltonian
formalism. Phys. Rev. B. 99, 054430 (2019).
9. Kim, J.-V. et al. Breathing modes of confined skyrmions in ultrathin magnetic dots. Phys. Rev. B. 90, 064410 (2014).
10. Liu, Y. et al. Field-driven oscillation and rotation of a multiskyrmion cluster in a nanodisk. Phys. Rev. B. 95, 134442 (2017).
11. Psaroudaki, C. & Loss, D. Skyrmions driven by intrinsic magnons. Phys. Rev. Lett. 120, 237203 (2018).
12. Leliaert, J., Gypens, P, Miloevi¢, M. V., Van Waeyenberge, B. & Mulkers, J. Coupling of the skyrmion velocity to its breathing
mode in periodically notched nanotracks. J. Phys. D. 52, 2 (2018).
13. Xuan, S. & Liua, Y. Nonuniform gyrotropic oscillation of skyrmion in a nanodisk. AIP Adv. 8, 045312 (2018).
14. Lin, S.-Z., Batista, C. D. & Saxena, A. Internal modes of a skyrmion in the ferromagnetic state of chiral magnets. Phys. Rev. B 89,
024415 (2014).
15. Metaxas, P. J. et al. Creep and flow regimes of magnetic domain-wall motion in ultrathin Pt/Co/Pt films with perpendicular
anisotropy. Phys. Rev. Lett. 99, 217208 (2007).
16. Sampaio, J., Cros, V., Rohart, S., Thiaville, A. & Fert, A. Nucleation, stability and current-induced motion of isolated magnetic
skyrmions in nanostructures. Nat. Nanotechnol. 8, 839-844 (2013).
17. Landau, L. & Lifshits, E. On the theory of the dispersion of magnetic permeability in ferromagnetic bodies. Phys. Z. Sowj. 8,
153-169 (1935).
18. Landau, L. & Lifshits, E. Electrodynamics of Continuous Media (Pergamon Press, Oxford, 1984).
19. Mochizuki, M. Spin-wave modes and their intense excitation effects in skyrmion crystals. Phys. Rev. Lett. 108, 017601 (2012).
20. Liu, Y, Lake, R. K. & Zang, J. Shape dependent resonant modes of skyrmions in magnetic nanodisks. J. Magn. Magn. Mater. 455,
9-13 (2018).
21. Kim, J,, Yang, J., Cho, Y.-J,, Kim, B. & Kima, S.-K. Coupled breathing modes in one-dimensional Skyrmion lattices editors-pick.
J. Appl. Phy. 123,053903 (2018).
22. Slonczewski, J. C. Current-driven excitation of magnetic multilayers. J. Magn. Magn. Mater. 159, L1 (1996).
23. Xiao, J., Zangwill, A. & Stiles, M. D. Boltzmann test of Slonczewski’s theory of spin-transfer torque. Phys. Rev. B. 70, 172405 (2004).
24. Slonczewski, J. C. Currents, torques, and polarization factors in magnetic tunnel junctions. Phys. Rev. B. 71, 024411 (2005).
25. Khvalkovskiy, A. V. et al. High domain wall velocities due to spin currents perpendicular to the plane. Phys. Rev. Lett. 102, 067206
(2009).
26. Chanthbouala, A. et al. Vertical-current-induced domain-wall motion in MgO-based magnetic tunnel junctions with low current
densities. Nat. Phys. 7, 626-630 (2011).
27. Thiaville, A., Nakatani, Y., Miltat, J. & Suzuki, Y. Micromagnetic understanding of current-driven domain wall motion in patterned
nanowires. EPL. 69, 990 (2005).
28. Chui, C. P. & Zhou, Y. Skyrmion stability in nanocontact spintransfer oscillators. AIP Adv. 5, 097126 (2015).
29. Zhang, S. et al. Current-induced magnetic skyrmions oscillator. New J. Phys. 17, 023061 (2015).
30. Tejo, F, Riveros, A., Escrig, J., Guslienko, K. Y. & Chubykalo-Fesenko, O. Distinct magnetic field dependence of Néel skyrmion
sizes in ultrathin nanodots. Sci. Rep. 8, 6280 (2018).
31. Capic, D., Garanin, D. A. & Chudnovsky, E. M. Skyrmion-Skyrmion Interaction in a Magnetic Film. arXiv:2001.00273v1

Acknowledgements
The authors acknowledge financial support from Dicyt-Usach 041931EM-POSTDOC, Basal Project AFB180001,
ANID-PFCHA/Postdoctorado Becas Chile 74200122, and Fondecyt 11171122 and 1200302.

Author contributions

The problem was designed and proposed by ET. and J.E. The micromagnetic stimulations were developed by E.T.
The algorithm that allows the analysis of the results was developed by E.V. All the authors analysed the results.
The article was written by R.G.E. and ET. Finally, the article was reviewed by all authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73458-6.
Correspondence and requests for materials should be addressed to ET.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |  (2020) 10:16517 | https://doi.org/10.1038/541598-020-73458-6


http://arxiv.org/abs/2001.00273v1
https://doi.org/10.1038/s41598-020-73458-6
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |  (2020) 10:16517 | https://doi.org/10.1038/541598-020-73458-6


http://creativecommons.org/licenses/by/4.0/

	Oscillations of skyrmion clusters in CoPt multilayer nanodots
	Relaxation process of initial configuration
	Initial configuration disturbed by a spin-polarized current
	Relaxation process after current is turned off: oscillations
	Effect of field-like torque on the dynamics of skyrmions. 

	Conclusions and perspectives
	References
	Acknowledgements


