
HAL Id: hal-03445711
https://hal.science/hal-03445711

Submitted on 14 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Resonant dynamics of three-dimensional skyrmionic
textures in thin film multilayers

Titiksha Srivastava, Yanis Sassi, Fernando Ajejas, Aymeric Vecchiola, Igor
Ngouagnia, Herve Hurdequint, Karim Bouzehouane, Nicolas Reyren, Vincent

Cros, Thibaut Devolder, et al.

To cite this version:
Titiksha Srivastava, Yanis Sassi, Fernando Ajejas, Aymeric Vecchiola, Igor Ngouagnia, et al.. Resonant
dynamics of three-dimensional skyrmionic textures in thin film multilayers. APL Materials, 2023, 11
(6), pp.061110. �10.1063/5.0150265�. �hal-03445711�

https://hal.science/hal-03445711
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


APL Materials ARTICLE scitation.org/journal/apm

Resonant dynamics of three-dimensional
skyrmionic textures in thin film multilayers

Cite as: APL Mater. 11, 061110 (2023); doi: 10.1063/5.0150265
Submitted: 13 March 2023 • Accepted: 9 May 2023 •
Published Online: 1 June 2023

Titiksha Srivastava,1,2,3,a) Yanis Sassi,1 Fernando Ajejas,1 Aymeric Vecchiola,1

Igor Ngouagnia Yemeli,2 Hervé Hurdequint,2 Karim Bouzehouane,1 Nicolas Reyren,1

Vincent Cros,1 Thibaut Devolder,3 Joo-Von Kim,3,b) and Grégoire de Loubens2,c)

AFFILIATIONS
1 Unité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, 91767 Palaiseau, France
2SPEC, CEA, CNRS, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
3Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Saclay, 91120 Palaiseau, France

a)Electronic mail: titiksha.srivastava@c2n.upsaclay.fr
b)Author to whom correspondence should be addressed: joo-von.kim@c2n.upsaclay.fr
c)Electronic mail: gregoire.deloubens@cea.fr

ABSTRACT
Skyrmions are topological magnetic solitons that exhibit a rich variety of dynamics, such as breathing and gyration, which can involve col-
lective behavior in arrangements like skyrmion lattices. However, such localized excitations typically lie in the gap of the spin wave spectrum
and do not couple to propagating modes. By combining magnetic force microscopy, broadband ferromagnetic resonance, and micromagnet-
ics simulations, we show that in thin-film multilayers of [Pt/FeCoB/AlOx]20 a high-frequency (>12 GHz) mode accompanies the skyrmion
lattice phase, which involves the coherent precession of the skyrmion cores that results in the generation of 50–80 nm wavelength spin waves
flowing into the uniformly magnetized background. This observation is made possible by a Gilbert damping constant of ∼0.02, which is nearly
an order of magnitude lower than in similar ultrathin materials. The simulations also reveal a complex three-dimensional spin structure of
the skyrmion cores, which plays a key role for spin wave generation.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0150265

I. INTRODUCTION

The dynamic response of magnetic materials at microwave fre-
quencies represents a rich field of research for its fundamental inter-
est and applications in information processing. Linear excitations
in the form of spin waves (SWs) underpin the field of magnon-
ics, which describes the paradigm of transmitting and processing
information with such waves.1–3 SW-based devices may allow for
fast and energy-efficient logic applications,4 and a growing number
of proposals have shown potential uses for computing5 and spec-
tral analysis6 by SW interference. Magnonic circuit elements, such
as transistors,7 diodes,8 and filters,9 have also been demonstrated
in experiments based on the manipulation of dipole-dominated
SWs with micrometer wavelengths. The generation and detection of
shorter wavelength SWs, a prerequisite for miniaturization, is chal-
lenging, owing to the limitations of nanoscale fabrication. Recent

studies have shown that short wavelength emission can be achieved
by broadband antennae,10 grating effects,11–13 and spin torques.14

In this light, nonuniform magnetic textures have been explored
for generating and manipulating spin waves and generally offer an
alternative route to expand the range of useful phenomena for appli-
cations.15 Such textures can appear spontaneously at the micro-
and nano-scale in magnetic materials as a result of the competing
interactions, namely, exchange, dipolar, and anisotropy. Magnetic
textures like bubbles,16,17 stripes,18–20 and vortices21,22 have been
shown to exhibit a rich diversity of magnetization dynamics. For
example, it has been demonstrated that magnetic domain walls can
serve as nanoscale waveguides,23,24 while the cores of magnetic vor-
tices can be used to generate omnidirectional dipole-exchange SWs
with sub-100 nm wavelengths.25,26

Recently, topologically non-trivial chiral magnetic configura-
tions called skyrmions have generated much interest owing to
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their robust and particle-like nature.27 They can be stabilized at
room temperature in thin films28,29 with perpendicular magnetic
anisotropy (PMA) and interfacial Dzyaloshinskii–Moriya interac-
tion (DMI), which provides different handles for tuning the desired
magnetic parameters, both statically and dynamically.30 On the one
hand, their dc current-driven dynamics31,32 could be exploited for
racetrack memory and logic devices,27 and on the other hand, their
unique microwave response opens up the possibilities of skyrmion-
based spin–torque oscillators,33 rf detectors,34 and reconfigurable
magnonic crystals for microwave processing.35–38 Skyrmions exhibit
a rich variety of eigenmodes,39–43 among which azimuthal bound
states and breathing modes have been experimentally observed at
low temperatures in bulk crystals,44–46 which have low damping
parameters. Only very recently, resonant dynamics with specific
spectroscopic signatures of thin-film multilayers hosting skyrmions
has been evidenced.47,48 However, much remains to be explored
and understood concerning their individual and collective resonant
response to microwave excitations.

In this work, we report a study of the resonant dynamics of
ultrathin film multilayers with perpendicular magnetic anisotropy,
which host stable skyrmion lattices under ambient conditions with
typical periods of 250 nm and skyrmion diameters of 100 nm, while
exhibiting Gilbert damping in the range of α � 0.02. By combin-
ing magnetic force microscopy (MFM) and ferromagnetic resonance
(FMR) experiments with micromagnetic simulations, we can iden-
tify distinct SW modes associated with the skyrmion lattice phase.
At low frequency (�2 GHz), we observe a number of modes related
to the precession of the uniform background state of individual
layers close to or at the surfaces of the stack, along with eigen-
modes localized to the skyrmion edges. At intermediate frequencies
(2–8 GHz), the precession of the uniform background near the
center of the stack dominates the response. Similar modes were pre-
viously described and reported in bulk crystals,45,46 and lately in
thin films.47,48 Intriguingly, we also observe a well-defined mode
at high frequency (>12 GHz), which corresponds to the in-phase
precession of the magnetization within the skyrmion cores. The
skyrmions here, have a distinct three-dimensional structure due to
the competition between all the existing magnetic interactions in
these multilayers, notably the interlayer dipolar effects.49,50 Strik-
ingly, this skyrmion core precession is accompanied by the emission
of spin waves, with wavelengths in the range of 50 to 80 nm, into
the uniformly magnetized background. These SWs interfere with
those generated at neighboring skyrmion cores, yielding a collec-
tive dynamical state governed by the subtle interplay between the
skyrmion diameter, the wavelength of the emitted SWs, and the
skyrmion lattice periodicity.

II. RESULTS
A. Multilayer composition

The basic element of the multilayer film studied is the
Pt(1.6)/Fe0.7Co0.1B0.2(1.2)/AlOx(1.0) trilayer (hereafter referred to
as Pt/FeCoB/AlOx), where the figures in parentheses indicate
the nominal film thickness in nm. This trilayer lacks inver-
sion symmetry along the film thickness direction whereby the
Dzyaloshinskii–Moriya interaction is promoted at the interfaces
of the ferromagnetic FeCoB film with Pt (and possibly AlOx51).
The trilayer is repeated 20 times to form our multilayer sample

(see Appendix A), as shown in Fig. 1(a). The choice of Fe-rich
FeCoB and the aforementioned optimized thicknesses of Pt and
FeCoB, along with the AlOx interface, allow having sufficient DMI
and PMA52–55 to stabilize skyrmions, while limiting spin pump-
ing effects that would otherwise lead to an increased damping
coefficient.56 We estimate by FMR a Gilbert damping constant of
α = 0.022 and an inhomogeneous broadening of ∼18 mT (see Fig. 1
in the supplementary material) for our samples, which are relatively
low for such multilayer systems.47,56 The overall magnetic volume
is enhanced with the 20 repetitions of the trilayer, which not only
increases the thermal stability of the skyrmions28 but also provides a
larger signal-to-noise ratio for inductive measurements.

B. Static characterization
Figure 1(b) shows the out-of-plane hysteresis curve of the sam-

ple measured by alternating gradient field magnetometer, which is
characteristic of thin films hosting skyrmions. The quasi-static mag-
netization configuration of the sample is probed by MFM using a
low moment tip by sweeping the out-of-plane (OP) field from neg-
ative (−z) to positive (+z) saturation as illustrated in Fig. 1(d). On
decreasing the field from negative saturation, we observe nucleation
of skyrmions with an average diameter around 100 nm [zone (i)],
which develops into a dense lattice structure upon further reduction
of the field [zone (ii)]. In zone (iii) some of the skyrmions elongate
and/or coalesce to form stripes leading to a mixture of skyrmions
and stripe domains. At small positive fields, labyrinthine domains
[zone (iv)] become energetically stable and, upon increasing the
field further, lead to the formation of a dense skyrmion lattice once
again [zone (vi)]. From the MFM images, we extract the density
of skyrmions as a function of the applied field �0Hz and appar-
ent skyrmion diameter for the ranges of magnetic field where the
skyrmion density is close to maximum, as shown in Fig. 1(c).

It is interesting to note that the observed skyrmion lattice is
almost quasi-periodic hexagonal (see Fig. 2 in the supplementary
material) whereas more amorphous states were observed in previ-
ous studies47,48 in such kind of multilayered films, indicating only
minor inhomogeneities and defects induced during the film growth
in our samples. The skyrmion lattice phase is also remarkably stable
at positive field, as shown by the constant skyrmion density of about
21 per square micron between 200 and 350 mT.

By using the period of the labyrinthine domain pattern in
Fig. 1(d) (iv) and the measured values of saturation magnetiza-
tion (Ms = 1.2 MA/m) and uniaxial anisotropy (Ku = 0.7 MJ/m3),
we estimate the DMI to be D = 1.2 mJ/m2 with an exchange con-
stant of A = 15 pJ/m for our sample (see Appendix B), which are
in good agreement with direct experimental determination of these
parameters in Pt/FeCoB/MgO stacks.57

C. Dynamic characterization
The resonant dynamics of the sample was probed by broadband

FMR using a coplanar waveguide [Fig. 2(d)] and a vector network
analyzer (VNA). The dc out-of-plane field is swept from negative to
positive values while the frequency of the in-plane ac field is scanned
over a range of 0.1–20 GHz for each dc field step. The real and the
imaginary parts of the transmission signal S21 are recorded and pro-
cessed to remove a background signal that is independent of the dc
field, which improves the contrast (see Appendix A and Fig. 3 in
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FIG. 1. Static characterization of the
magnetic phases. (a) Schematics of the
sample stack. (b) The out-of-plane (OP)
magnetization curve on sweeping the
field from negative to positive values.
(c) The corresponding skyrmion density
and apparent skyrmion diameter as a
function of the field. The dashed red line
indicates the possible extrapolation of
the observed skyrmion density at higher
positive field values in accordance with
the OP hysteresis curve. The skyrmion
diameter is extracted only for the field
ranges where the skyrmion density is
close to maximum (see Appendix C).
(d) Magnetic domain configurations of
the sample: (i) randomly distributed
skyrmions, (ii) and (vi) skyrmion lattice,
(iii) and (v) skyrmion–stripe mix, and
(iv) labyrinthine domains, measured by
MFM as a function of OP magnetic field
[corresponding to the values marked in
(b)] swept from negative to positive
values.

the supplementary material). The corresponding frequency vs field
map is shown in Fig. 2(a). In the saturated state, we observe the high
intensity Kittel mode (KM) along with two additional low intensity
secondary modes at higher field (see also Fig. 1 in the supplementary
material). The latter are attributed to localized modes in the multi-
layer thickness that result from inhomogeneous interfacial couplings
of our multilayer system.58 In addition to the KM observed above
saturation fields, three groups of modes with lower intensities appear
when the magnetization enters a non-uniform state. On ramping
the field from negative saturation toward zero, the KM softens close
to �0Hz = −335 mT where skyrmions start to nucleate [see MFM
images in Fig. 1(d)]. It then evolves into a mode with negative field
dispersion (i.e., @ f �@�Hz � < 0) as the skyrmion lattice grows denser,
which we call the intermediate frequency mode (IFM). At this point,
a weak amplitude mode also emerges at high frequency (>12 GHz)
that has a positive field dispersion (i.e., @ f �@�Hz � > 0) denoted as

the high frequency mode (HFM). The IFM and HFM fade away
close to zero field, where the static magnetization configuration con-
sists of labyrinthine domains. While the IFM reappears as the field
is increased toward positive values corresponding to a mixture of
skyrmions and stripes, the HFM is visible only above 200 mT when
the magnetization profile consists of a dense skyrmion lattice net-
work [see Fig. 1(c)], and the IFM dispersion nearly flattens. We also
notice that at the very same field a mode appears at low frequency
(<2 GHz) followed by another at even lower frequencies, which
we refer to as low frequency modes (LFM). The HFM mode fades
away at fields when the skyrmion lattice transforms into isolated
skyrmions. The IFM continues beyond this point, however, with an
abrupt change of slope until the magnetization becomes uniform
beyond 390 mT. The line cuts along fixed fields (−295 and 295 mT)
and fixed frequencies (14 and 4 GHz) are shown in Figs. 2(b)
and 2(c), respectively. The modes at negative and positive fields
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FIG. 2. Broadband ferromagnetic res-
onance. (a) Frequency-field dispersion
map measured by VNA-FMR over a fre-
quency range of 0.1 to 20 GHz with
the applied OP field swept from −500
to 500 mT. Apart from the Kittel mode
(KM) above saturation, several distinct
modes appear in the non-saturated state
which are labeled HFM: high frequency
mode ( f > 12 GHz), IFM: intermediate
frequency mode ( f < 8 GHz) and LFM:
low frequency modes ( f < 2 GHz). (b)
Line cuts for fixed OP field values: −295
and 295 mT. (c) Line cuts for fixed
frequency values: 4 and 14 GHz. (d)
Schematic of the VNA-FMR setup.

are not symmetric but instead depend on the magnetic field his-
tory (see Fig. 4 in the supplementary material), as does the static
magnetization profile.

D. Micromagnetic simulations
We performed simulations with the finite-difference micro-

magnetic code MUMAX359 in order to gain better insight into the
static and dynamic properties of our sample (see Appendix D). We
modeled the full 20-layer repetition of the Pt/FeCoB/AlOx trilayer
(with periodic boundary conditions in the film plane) in order to
account for dipolar effects as accurately as possible, since it is known
that the skyrmion core deviates from the usual tubular structure to
complex three-dimensional configurations due to inhomogeneous
dipolar fields along the multilayer thickness.49 Figures 3(a) and 3(b)
show the simulated hysteresis loop and the skyrmion density and
apparent diameter variation as a function of the OP field swept from
negative to positive values. The MFM images calculated from the
simulated magnetization profiles (see Appendix C) are shown in
Fig. 3(c). The field evolution of the simulated static characteristics
presented in Figs. 3(a)–3(c) is found to be in good agreement with
the experiments.

A striking feature of the labyrinthine domain and skyrmion
structures found is that their micromagnetic configuration exhibits
strong variations along the multilayer thickness direction. An

example of such complex structures is shown in Fig. 3(d), where
the mz component is shown for a single skyrmion core in the lattice
phase at �0Hz = 285 mT. The figure shows the contours for mz = 0.9
(red), mz = 0 (yellow), and mz = −0.9 (blue) as surfaces where cubic
interpolation has been used across the nonmagnetic layers. We note
that the skyrmion core, in particular, the region of reversed magne-
tization mz ≤ −0.9, does not extend across the entire thickness of the
multilayer. Recall that the FeCoB layers are only coupled together
through dipolar interactions, which are sufficiently large to maintain
an alignment of the core center but too weak to promote a coher-
ent magnetization profile across the different layers. We can also
observe that the magnetization in the uppermost layers at the core
center is not reversed at all, but slightly tilted away from the film
normal as indicated by the presence of the inverted cone. The in-
plane components of the magnetic texture shown in Fig. 3(d) are
presented in Fig. 3(e). Here, each cube represents the magnetic state
of a finite-difference cell, where the color represents the orientation
of the magnetization in the cell. In order to highlight the role of the
in-plane components to complement the data shown in Fig. 3(d),
the relative size and opacity of each cube is scaled with the func-
tion 1 −m2

z ; this renders the regions of the uniform background and
the reversed magnetization transparent. A clear skyrmion profile
can be seen for the nine bottom layers, where the same left-handed
(i.e., counterclockwise) Néel chirality is found in each layer. In lay-
ers 10 to 14, on the other hand, the in-plane component of the
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FIG. 3. Micromagnetic simulations of equilibrium magnetic configuration. (a) Simulated magnetization curve, (b) skyrmion density and diameter evolution, and (c) the
corresponding simulated MFM images for the OP field swept from negative to positive values. The gray shaded area in (b) results from uncertainties in determining the
skyrmion diameter, as discussed in Appendix C. (d) mz contours and (e) in-plane components of the magnetization texture of a single skyrmion in the lattice phase at 285 mT.
(f) Topological charge density Q per layer at 285 mT. (g) Magnetic configuration of layer 12 at 285 mT.

magnetization at the skyrmion boundary becomes more uniform
and does not exhibit the same winding as in the bottom half of
the stack. This means that the reversed domain structure is non-
topological. A skyrmion profile reappears in layers 15, 16, and
17 but with a reversed chirality, where the in-plane magnetiza-
tion components of the right-handed (i.e., clockwise) Néel structure
are rotated by 180○ in the plane with respect to their left-handed
counterparts. Finally, in layers 18 to 20, we observe another type
of non-topological texture where the core magnetization is closely
aligned with the background magnetization, which corresponds to
the inverted cone at the top of the stack in Fig. 3(d). Figure 3(f)
shows the variation of the topological charge density per layer as a
function of the layer number, which shows that a similar thickness
dependence is observed across the skyrmion lattice. The skyrmions
in the bottom half of the stack remain topological, while the top half
comprises largely non-topological bubbles. Finally, Fig. 3(g) illus-
trates the magnetic configuration of layer 12 across the entire region
simulated, where we can observe that the mainly uniformly magne-
tized regions of the magnetic bubble walls can vary greatly from one
bubble to the next, with no discernible spatial order. We have ver-
ified that these features persist for finite difference cell sizes down
to ∼2 nm, which indicates that the complex magnetization struc-
ture does not arise from discretization effects (see Fig. 5 in the
supplementary material). We note that similar three-dimensional

textures have also been seen in Ta/CoFeB/MgO multilayers,60 where
topological spin configurations appear across the stack. The key dif-
ference with the system studied here is the stronger DMI, which
competes with the dipolar interactions and leads to the variety of
non-topological states observed.

We next discuss the dynamical response of the system, where
the frequency-dependent susceptibility is computed under different
applied fields as in Fig. 2(a) (see Appendix D). The simulated suscep-
tibility map is shown in Fig. 4(a), which is determined from response
of the static configurations computed in Fig. 3 to sinusoidal in-plane
fields in the frequency range of 0.1 to 20 GHz. The Kittel mode (KM)
is easily identified for the uniform state for fields above the satura-
tion field. In the regime in which the magnetization is nonuniform,−330 < �0Hz < 365 mT, three distinct types of modes can be iden-
tified, as illustrated by the line cut at 285 mT shown in Fig. 4(b).
As in experiments, the KM transforms into a negative field disper-
sion mode, an intermediate frequency mode (IFM), at fields where
skyrmion nucleation begins. The IFM dispersion is rather rugged on
the negative field side, where the skyrmion density rapidly evolves
with field, and a faint splitting of IFM is seen around −260 mT.
The IFM is asymmetric with respect to zero field and exhibits
smoother variations on the positive field side. Similar to the nega-
tive field side, another branch of the IFM is seen for positive fields
appearing at around 200 mT, which is relatively flat around 4 GHz
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FIG. 4. Micromagnetic simulations of the dynamic response. (a) FMR spectra simulated by calculating the frequency-dependent susceptibility of multilayer to uniform
excitation fields. (b) Imaginary part of the magnetic susceptibility at 285 mT [indicated by a dashed line in (a)], showing three LFM (0.94, 1.50, and 1.92 GHz), two IFM (3.90
and 4.24 GHz) and one HFM (15.10 GHz). (c) Thickness-resolved susceptibility at 285 mT. (d)–(f) Three-dimensional view of the magnetic response �δmx� for (d) LFM, (e)
IFM, and (f) HFM. (g)–(i) Two-dimensional view of the magnetic response �δmx� in layer 10 of the modes in (d)–(f) for (g) LFM, (h) IFM, and (i) HFM.

in the range of positive magnetic fields 240 ≤ �0Hz ≤ 345 mT, where
a dense skyrmion lattice is stable. It then merges to a single IFM and
then varies sharply until saturation. Several low frequency modes
(LFMs), comprising several closely spaced branches in the frequency
range of 0.5 < f < 2.5 GHz, extend over the entire magnetic field
range in which the magnetization is non-uniform. Finally, a high

frequency mode (HFM) is also observed above 10 GHz with a posi-
tive field dispersion. It exhibits a sawtooth-like variation at negative
fields and a smoother variation for positive fields. It is attenuated in
the field range where magnetization profile consists of randomly ori-
ented stripes [region (iv) in Fig. 3]. The simulated susceptibility map
reproduces well the three families of modes observed experimentally
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in the non-saturated state and gives good quantitative agreement for
the mode frequencies. Note that in experiments, the LFM branches
could not be resolved for the negative field side in the S21 transmis-
sion data of Fig. 2(a) (as opposed to the S11 and S22 reflection data,
presented in Fig. 6 in the supplementary material). It is because these
modes have a nearly flat frequency–field dispersion, and hence get
diluted in the signal processing, which is necessary to remove the
field independent offset. Only two of the LFM branches become
resolvable when they acquire a certain slope on the positive field
side, where the skyrmion density is constant and the skyrmion size
strongly varies with the field.

The spatial profiles of the excited modes are found by driv-
ing the system at the mode frequencies identified in Fig. 4(a) and
by recording the resonant response. In Fig. 4(b), we present the
frequency response for �0Hz = 285 mT at which the equilibrium
ground state is a skyrmion lattice, where we can identify well-defined
peaks corresponding to the LFM, IFM, and HFM. Figure 4(c) gives
layer-resolved susceptibility whose sum over all layers results in the
curve in Fig. 4(b). For the LFM, we observe that the peaks in Fig. 4(b)
correspond to two kinds of resonances. For LFM 1 at f = 0.94 GHz,
the primary response arises from the central part of the stack in
layers 13 and 14, and also from the top of the stack in layer 20. A
similar behavior is seen for LFM 2 at 1.50 GHz, where layers 1 and
19, close to the stack surfaces, resonate along with the central part of
the multilayer, as with LFM 3 at 1.92 GHz, where a strong response
is seen in layers 2 and 18. This trend continues as the frequency
increases, where successive layers farther away from the surfaces
exhibit local resonances in conjunction with the central part. These
mode profiles are visualized in Fig. 4(d), where we show the reso-
nant fluctuations in the x component of the magnetization, �δmx�
(see Appendix D). Blue regions give the main response to the sus-
ceptibility, while the sum of equally intense blue and red regions
cancel each other out. Similarly to Fig. 3(e), the opacity of the cells
increase with the strength of the response in order to provide a
clearer picture of their spatial profiles. LFM 1 mainly corresponds
to the uniform precession of the background magnetization at the
top of the multilayer stack, while the skyrmion edges are also excited
in the central part of the stack with a small overall contribution to
the susceptibility. This can be seen more clearly in Fig. 4(g), where
the fluctuations are shown for layer 10. For LFM 2 and LFM 3, a sim-
ilar behavior is seen where individual layers precess uniformly close
to the surfaces, while excitations in the central part are localized to
skyrmion edges.

For the IFM, two broad resonances are identified at
�0Hz = 285 mT and correspond to excitations that are mainly local-
ized to the central part of the multilayer [Figs. 4(c) and 4(e)]. The
main contribution comes from the uniform precession of the back-
ground magnetization between the skyrmion cores, i.e., the inter-
skyrmion region that is aligned parallel to the applied field, which
can been seen from the predominantly blue regions in Fig. 4(h) that
appear outside the cores. In addition, some SW channeling is also
observed at the skyrmion edges, as shown by alternating red and blue
patches encircling the skyrmions.

The HFM involves the in-phase precession of the reversed mag-
netization within the skyrmion cores and extends across most of the
multilayer [Figs. 4(c) and 4(f)], with much of the power concentrated
in the central part of the stack. The coherence of the precession can
be seen in Fig. 4(i) by the uniform blue zones of �δmx� within the

mz = 0 contours denoted by the continuous black circles. Moreover,
this precession results in the generation of short wavelength SWs in
the inter-skyrmion region, which are almost as intense as the core
precession. However, only the volume occupied by the skyrmion
cores provides a coherent response to the susceptibility for the HFM,
which explains its much weaker intensity compared to the IFM
and KM.

These features are also present at other applied field values
at which the equilibrium state comprises nonuniform magnetiza-
tion. (Fig. 7 in the supplementary material shows an analogous
behavior at �0Hz = −285 mT, where the lattice possesses a lower
skyrmion density with deformed core profiles.) At �0Hz = 140 mT,
where the equilibrium state comprises labyrinthine domains, only
the LFM and IFM are present, which further highlights the link
between the HFM and the precessing skyrmion cores (Fig. 8 in the
supplementary material). At zero field, the equilibrium state com-
prises a mixture of bubbles and elongated stripes in which no clear
background orientation can be defined. Here, LFM persist while
the IFM and HFM are absent. Instead, we can observe the exis-
tence of cavity modes that represent confined spin waves (Fig. 9 in
the supplementary material).

E. Spin wave emission from the high frequency mode
The short wavelength SWs associated with the HFM cannot be

excited directly with the uniform driving fields used in FMR, so their
presence indicates the skyrmion cores act as nanoscale transducers
that convert a spatially uniform drive into a spatially nonuniform
excitation. To obtain deeper insight into this process, we focus on
the HFM in the simulation data at two values of the applied fields,
300 and 364 mT, as presented in Fig. 5. The equilibrium state at
300 mT comprises a skyrmion lattice, with a skyrmion density of
20 �m−2 and an average core-to-core distance of L = 262 nm, while
only one metastable skyrmion is present at 364 mT within the same
area. The skyrmion diameters are roughly equivalent at these field
values, which are 95 and 94 nm, respectively. The susceptibility at
these two fields, shown in Fig. 5(a) for the range of 12–17 GHz, dis-
play a clear resonance peak around 15.5 GHz, which is over an order
of magnitude larger at 300 mT than at 364 mT due to the difference
in the skyrmion density.

At both field values, the coherent precession of the reversed
magnetization within the skyrmion cores emit spin waves into
the ferromagnetic background. Their wavelengths are similar at
both fields and are estimated from the �δmx� profiles in layer 10
shown in Figs. 5(b) and 5(c), yielding λ � 60 nm and λ � 54 nm at
�0Hz = 300 mT and �0Hz = 364 mT, respectively. Despite the strong
variations in the static core profile across the multilayer thickness,
the emitted spin waves are remarkably coherent across the thick-
ness. This can be seen in Fig. 5(d) for 300 mT and Fig. 5(e) for
364 mT where coherent wavefronts, driven in the central part of
the multilayer at which the core diameter is greatest, extend across
much of the multilayer thickness. The left inset in Figs. 5(d) and
5(e) indicate the number of topological charges per layer, which
shows that the spin wave emission is just as effective for the topo-
logical bubbles residing primarily in the bottom of the stack as for
the non-topological bubbles residing primarily in the top.

The overall coherence of these spin wave excitations can also
be seen from the layer-averaged spatial discrete Fourier transform
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FIG. 5. Emission and interference of spin waves in skyrmion lattice. (a) Simulated susceptibility curves at 300 and 364 mT with the dynamic magnetization profiles �δmx� in
(b) and (c) of layer 10, respectively, corresponding to the resonance at 15.5 GHz. Cross sections of �δmx�marked by dotted lines in (b) and (c) are also shown, respectively,
in panels (d) and (e), highlighting the in-phase skyrmions core precession (in blue) and spin wave emission in the surrounding medium (alternate blue and red zones).
(f) and (g) Power spectral density (PSD) of the layer averaged spatial discrete Fourier transform of the dynamic magnetization profiles indicating the average kSW -vector of
the emitted SWs at 300 and 364 mT, respectively. At 300 mT, the skyrmion lattice parameter can also be deduced from the k = 24 �m−1 periodic pattern seen in the spatial
Fourier transform.

of the dynamical magnetization shown in Figs. 5(b) and 5(c). These
Fourier maps, shown in Figs. 5(f) and 5(g), display a ring pattern
with wave vectors 100 < kSW < 150 �m−1 corresponding to wave-
lengths 40 < λ < 60 nm. At 300 mT, the pattern in the Fourier trans-
formed data also manifests the periodic structure of the skyrmion
lattice, from which the lattice periodicity can be estimated as shown
in Fig. 5(f), using 2π�k = 262 nm, where k = 24 �m−1.

The spin wave dynamics can be understood from the lin-
earized equations of motion for the dynamic magnetization δm,
@tδm = −�γ0�(δm ×Heff,0 +m0 × δHeff), where m0 is the static mag-
netization configuration and Heff,0 is the static effective (internal)
field associated with m0, while δHeff is the dynamic effective (inter-
nal) field associated with δm. The full 3D structure of the core
and the surrounding configuration determines the spatial profile of
the static internal field and the localization of the mode. The aver-
age value of this static internal field Heff,0(r) inside the skyrmion
core can be extracted from micromagnetic simulations and is about−200 mT, which leads to resonances at 5.8 GHz without any con-
finement effects. To this, one needs to add the dynamic dipolar and
exchange contributions δHeff(r, t) due to the localization of mag-
netization dynamics in a volume of ∼100 × 100 × 50 nm3, which
increases the resonant frequency to about 15 GHz (see Note 2 in the
supplementary material). Similarly, we can estimate the wavelength
of the emitted SWs by using the dispersion relation of forward-
volume SWs in the inter-skyrmion region. At 300 mT, the average
internal field in this region is around 110 mT, which results in a
wavelength of 60 nm at 15.5 GHz, a group velocity of 960 m/s and

an attenuation length of 490 nm (see Fig. 10 in the supplementary
material). These estimations are in good agreement with the SW
characteristics observed in Fig. 5.

The difference between the mode profiles shown in Figs. 5(b)
and 5(c) is due to interference effects. At low skyrmion densities, the
SW emitted at one core attenuates before reaching another, result-
ing in the familiar concentric ripples around each excitation source.
At higher skyrmion densities, on the other hand, the inter-skyrmion
distance is smaller than the attenuation length and interference pat-
terns can arise. The cores can emit SWs in a broad spectral range,
which depends on the excitation frequency and the skyrmion size
(see Fig. 11 in the supplementary material). As such, the overall
collective behavior is governed by a subtle interplay between the
characteristic length scales of the system. The skyrmion diameter,
which varies with the applied magnetic field, determines the pre-
cession frequency of the core thereby the wavelength of the emitted
SWs, whereas constructive or destructive SW interference patterns
are determined by the commensurability of SW wavelength and
lattice parameters.

III. DISCUSSION
SW emission related to the HFM can have advantages over

other reported methods of sub-100 nm wavelength generation. For
example, magnetic vortex cores, which can act as SW emitters,
require confined geometries such as dots for their existence and do
not spontaneously form lattice structures in continuous films, which
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precludes the appearance of SW interference phenomena seen here.
The precession frequency of the skyrmions in our samples is also
above the FMR gap of the surrounding domain background and
hence SWs can be excited at this frequency in the same medium,
unlike in other hybrid structures such as Pt/Co/YIG.61 Moreover,
the SWs generated in PMA materials are forward-volume SWs,
which propagate isotropically62 compared to backward-volume and
Damon–Eshbach modes in in-plane magnetized systems, while
maintaining high group velocities.

An interesting analogy of our skyrmion lattice as SW emitters
can be made with arrays of spin–torque nano-oscillators, which can
become synchronized by the generation and exchange of propagat-
ing SWs.63 These structures have been proposed for implementing
unconventional computing schemes.5,64 We have shown here that
SWs can be emitted in the uniform background by the skyrmion
dynamics, but one also expects that in return, SWs can influ-
ence the skyrmion dynamics,39 which could enlarge the processing
capabilities of this type of devices.

Our study also paves the way toward creating reconfig-
urable magnonic crystals, since the skyrmion lattices we observe
are quasi-periodic and dynamically tunable.37 We can get a
glimpse of the role of this lattice in the observation of SW inter-
ference patterns in the simulated HFM. However, the properties of
the skyrmion lattice as a magnonic crystal also need to be explored
using broadband propagating SW spectroscopy10 or advanced SW
imaging methods.9,25 Finally, our system could serve as a platform to
study magnon–skyrmion scattering,39 emergent magnon motifs,65

or chiral magnonic edge states.66

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting information
on the methodology and data related to the experimental and
simulation work.
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APPENDIX A: EXPERIMENTAL DETAILS

Ta(10)/Pt(8)/[FeCoB(1.2)/AlOx(1.0)/Pt(1.6)]19/FeCoB(1.2)/Al
Ox(1.0)/Pt(3) multilayer stacks (where FeCoB ≡ Fe70Co10B20, and
thicknesses given in nm) were deposited by dc magnetron sputter-
ing at room temperature on thermally oxidized silicon substrates,
under Ar gas flow at a pressure of 0.25 Pa. The base pressure of
the sputtering equipment was 5 × 10−6 Pa. magnetization cycles
were measured by alternating gradient force magnetometry on
3 × 3 mm2 films. MFM images were obtained at room temperature
and ambient pressure using a double-pass lift mode, detecting the
phase shift (MFM signal) of the second pass after a topographic
measurement. The employed low moment tips were homemade.49

Small permanent magnets with tunable gap and calibrated values of
field were used to bias the samples while imaging them. VNA-FMR
was conducted on 2 × 4 mm2 films facing the 50 �m wide central
conductor of a 50 � matched coplanar waveguide. The OP magnetic
field was ramped up and down between −550 and +550 mT. For
each of the 400 field steps, the VNA frequency was swept from
0.1 to 20 GHz with a number of points set to 1491 and a sweep time
of 45 s. To improve the signal to noise ratio, the data were averaged
over 30 magnetic field cycles. To remove the field independent
background and normalize the transmission signal data S21, we
calculate dDS21 using the derivative divide method.67 To increase the
contrast further, we apply an additional frequency differentiation,
and plot the imaginary part of the obtained quantity in Fig. 2(a).

APPENDIX B: EXTRACTION OF MAGNETIC
PARAMETERS

The magnetization of the studied multilayers was determined
by SQUID magnetometry. The 1.2 nm thick FeCoB is found to
have a saturation magnetization Ms = 1.20 ± 0.1 MA/m. Using angle

APL Mater. 11, 061110 (2023); doi: 10.1063/5.0150265 11, 061110-9

© Author(s) 2023

 1
4
 O

c
to

b
e
r 2

0
2
3
 1

7
:3

8
:1

0

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

dependent cavity-FMR, the gyromagnetic ratio γ0�(2π) = 28.75± 0.10 GHz/T and the total uniaxial anisotropy field including dema-
gnetizing and PMA contributions �0(Ms −Hk) = 354.7 ± 0.5 mT
are determined (see Note 1 in the supplementary material). In
the case of uniaxial anisotropy �0Hk = 2Ku�Ms; hence, Ku = 0.69± 0.11 MJ/m3. By assuming Ms = 1.2 MA/m and Ku = 0.7 MJ/m3,
the DMI and exchange parameters were iteratively determined by
adjusting the period of the simulated labyrinthine domains to the
one (� 170 nm) observed by MFM at remanence.49 We find the DMI
constant to be D = 1.2 mJ/m2 for an exchange constant A = 15 pJ/m.

APPENDIX C: DETERMINATION OF SKYRMION
DIAMETER

From the MFM measurements of the quasi static magnetic con-
figuration as a function of the applied field, we extract skyrmion
density by using a MATLAB program that uses binarization. How-
ever, as the image resolution is not good enough to estimate the
skyrmion diameters directly from the MFM images (which would
anyway require to know the transfer function of the tip,68 and
might be complicated by the influence of the tip’s stray field), we
extract the apparent skyrmion diameters (2Rsk) indirectly, for the
field values where the skyrmion density (dsk) is close to maxi-
mum, using the out-of-plane experimental magnetization curve:
Rsk =�(1 −mz)�(2πdsk). In Fig. 1(c), the error bars constitute
the errors on the skyrmion density (proportional to the density
and inversely proportional to the image size: ∼8%) and magnetic
field values to account for the slight misalignment of the mag-
netic pole and the magnetic tip in the MFM setup (10%). In the
case of simulated MFM images, we used the same MATLAB pro-
gram that binarizes the simulated MFM images, detects and finds
the diameters of all the skyrmions, and calculates the mean and
the standard deviation. For the simulations, we also compared the
skyrmion diameter (i) calculated by the program and (ii) estimated
from skyrmion density and mz curve as a function of field when the
skyrmion density is close to maximum. The small difference in the
skyrmion diameters for the two methods lies within the standard
deviation of the former method, indicated by the shaded area in gray
in Fig. 3(b).

APPENDIX D: MICROMAGNETIC SIMULATIONS

Simulations were carried out with the open-source finite-
difference micromagnetics code MUMAX3.59 We used values of
Ms = 1.3375 MA/m and Ku = 0.9 MJ/m3, which are slightly larger
than the experimentally determined values but were chosen to
reproduce quantitatively the mode frequencies (see Fig. 12 in the
supplementary material). The geometry consists of a rectangular slab
of volume 1 �m × 1 �m × 72 nm discretized using 128 × 128 × 60
rectangular cells for the susceptibility calculations and a volume of
2 �m × 2 �m × 72 nm with 256 × 256 × 60 cells for the quasi-static
hysteresis loop calculations. The simulated stack consists of 20 fer-
romagnetic layers with thickness 1.2 nm separated by 2.4 nm empty
spacers, which accurately mimics the experimental stack, in which
the total thickness of non-magnetic Pt and AlOx layers separating
adjacent FeCoB layers is 2.6 nm. Periodic boundary conditions are
used in x and y directions in the film plane. The code performs a

numerical time integration of the Landau–Lifshitz–Gilbert equation
for the magnetization dynamics,

dm
dt
= −�γ0�m ×Heff + αm × dm

dt
, (D1)

where �m(r, t)� = 1 is a unit vector representing the orienta-
tion of the magnetization field, γ0 = �0 g�B�h is the gyromagnetic
constant, and α is the Gilbert damping constant. The effective
field, Heff = −(1��0Ms)δU�δm, represents a variational derivative
of the total magnetic energy U with respect to the magnetiza-
tion, where U contains contributions from the Zeeman, nearest-
neighbor Heisenberg exchange, interfacial Dzyaloshinskii–Moriya,
and dipole–dipole interactions along with a uniaxial anisotropy with
an easy axis along ẑ, perpendicular to the film plane. Note that
while the lateral cell size of 7.8125 nm used for the simulations
presented here is larger than the characteristic exchange length,
lex =�2A��0M2

s � 3.65 nm, we have verified that using smaller dis-
cretization cells do not affect the salient features presented here
(see Fig. 13 in the supplementary material).

To simulate quasi-static processes such as hysteresis loops, we
begin with a uniform magnetic state oriented along −z under an
applied field of �0Hz = −500 mT. A Langevin-dynamics simulation
with T = 300 K is then performed over 1 ns to mimic experimen-
tal conditions in which thermal fluctuations help to sample different
metastable states in the energy landscape. The system is then relaxed
without the precessional term in Eq. (D1) toward an energy mini-
mum. This procedure of running Langevin dynamics, followed by
relaxation, is then repeated two more times. After this, the micro-
magnetic configuration is recorded and assigned as the equilibrium
state for the applied field value. This equilibrium state then serves
as the initial state for the next value of the applied field, which is
increased to �0Hz = 500 mT in increments of 1 mT. The simulated
MFM images are computed from the equilibrium state by assuming
a sample-to-tip distance of 50 nm.

To simulate the microwave susceptibility of the FeCoB multi-
layer, we compute the response of the magnetization to harmonic
excitation fields. While it is common practice (and usually more
efficient computationally) to calculate the eigenmode spectra from
the Fourier transform of the transient response to pulsed fields,
such an approach for the present system results in strong artifacts
arising from non-resonant drift of the background magnetic state,
such as the displacement of the skyrmion lattice or labyrinthine
domain structure. Instead, we adopt an approach that more closely
resembles the experimental protocol. For each value of the exter-
nal field Hz , we compute the response of the precomputed static
configuration, m0(r), to sinusoidal in-plane fields with frequency f ,
hx = hrf sin (2π f t), over 20 periods τ = 1� f , where the spatial aver-
age of the resulting component mx(t) is recorded at intervals of
0.1 τ. In this procedure, the Gilbert damping parameter is set to
α = 0.02 and the excitation amplitude to �0hrf = 0.1 mT (1 mT in
Figs. 12 and 13 in the supplementary material). We estimate the
imaginary part of the susceptibility χ at this frequency, Im[χ( f )],
by projecting �mx(t)� onto − cos (2π f t),

Im[χ( f )] � − 1
20τ�

20τ

0
�mx(t)� cos (2π f t)dt, (D2)
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which is the quantity shown in Figs. 4(a) and 4(b). Im[χ( f )] exhibits
peaks at resonance when mx is in perfect quadrature with respect to
hx. This procedure is repeated as a function of f ranging from 0.1 to
20 GHz in steps of 0.1 GHz for the map in Fig. 4(a) and in steps of
0.02 GHz for the data in Figs. 4(b) and 4(c).

The spatial mode profile at a given mode resonance
fn is extracted by driving the system harmonically at fn with
hx = hrf sin (2π fnt) and by recording, cell-by-cell, the components
of magnetization at intervals of 0.1 τn, as for the calculation of the
susceptibility. The mode profiles are characterized by the fluctuation
amplitude �δmx(r)�, which is computed in an analogous way to the
susceptibility, where we drive the system over 100 periods and then
compute, after transients are washed out,

�δmx(r)� = − 1
2τn
� 2τn

0
[mx(r, t) −mx,0(r)] cos (2π fnt)dt, (D3)

over two additional periods. Visually, dark blue regions contribute
most to the overall Im[χ( f )], while equally dark red and blue
regions cancel each other out because they represent fluctuations
with opposite sign.
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