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ABSTRACT: A linear array of periodically spaced and
individually controllable skyrmions is introduced as a
magnonic crystal. It is numerically demonstrated that skyrmion
nucleation and annihilation can be accurately controlled by a
nanosecond spin polarized current pulse through a nano-
contact. Arranged in a periodic array, such nanocontacts allow
the creation of a skyrmion lattice that causes a periodic
modulation of the waveguide’s magnetization, which can be
dynamically controlled by changing either the strength of an
applied external magnetic field or the density of the injected
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spin current through the nanocontacts. The skyrmion diameter is highly dependent on both the applied field and the injected
current. This implies tunability of the lowest band gap as the skyrmion diameter directly affects the strength of the pinning
potential. The calculated magnonic spectra thus exhibit tunable allowed frequency bands and forbidden frequency bandgaps
analogous to that of conventional magnonic crystals where, in contrast, the periodicity is structurally induced and static. In the
dynamic magnetic crystal studied here, it is possible to dynamically turn on and off the artificial periodic structure, which allows
switching between full rejection and full transmission of spin waves in the waveguide. These findings should stimulate further
research activities on multiple functionalities oftered by magnonic crystals based on periodic skyrmion lattices.
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Magnonic crystals (MCs),' ' the magnetic analog of
photonic and plasmonic crystals, refer to artificially
fabricated crystal structures with spatially periodic modulated
magnetic properties. Compared to uniform media, the spectra
of spin waves (SWs) in MCs are considerably modified and
exhibit a range of interesting magnonic features such as
frequency bands or bandgaps in which SW propagation is either
allowed or prohibited, respectively. The SW propagation in
MCs enables a wide range of magnonic devices, in which one
explores the creation, manipulation, and detection of SWs as
information carriers."*™'* As the building blocks of magnonics,
MC:s potentially provide the basis for a wide range of magnon
based spintronic devices with novel and highly technologically
relevant functionality, including signal filters, phase shifters,
isolators, and signal processing elements.'’ ™" Geometrical
structuring of a uniform thin film is an effective tool for
imposing a periodic variation of magnetic properties and,
hence, existing studies mainly focus on planar MCs fabricated
by one- or two-dimensional periodic patterning or structuring
of thin flms.5713-17:2021

Magnetic skyrmions are topologically stable spin config-
urations characterized by a nonzero topological winding
number,”>"** which leaves the magnetization intact far away

-4 ACS Publications  © 2015 American Chemical Society

4029

from their core. Therefore, in contrast to domain walls and
vortices, which have to be annihilated or created in pairs for
given boundary conditions, skyrmions can be created and
annihilated individually.”® Ensembles of skyrmions are of
considerable relevance in the emerging field of magnonics as
they form a self-organized lattice, which periodically modulates
the magnetic properties without the need for patterning.
Skyrmion lattices have been observed in both bulk magnetic
materials with a noncentrosymmetric crystal struc-
ture,>*273°7% and in magnetic ultrathin films with a broken
inversion symmetry in different regimes of magnetic field and
temperature,*#>>?73133373974 1y magnetic thin films, the
inversion symmetry is broken by the presence of nonequivalent
interfaces with Dzyaloshinskii—Moriya interaction
(DMI) 24726314243 Magnetic skyrmions are considered to be
promising candidates as information carriers for future
spintronic devices because of their small size, because of their
facile current-driven motion and topological stability,34’44’45 and
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Figure 1. (a) Schematic of the investigated skyrmion based magnonic waveguide with a linear array of skyrmions. The inset (top right) shows a
closeup view of the hedgehog-type magnetic skyrmion. Red (blue) regions indicate a positive (negative) z component of the magnetization, whereas
the white region indicates an in-plane orientation. The inset (bottom left) shows the vertical cross section of a nanocontact spin-torque oscillator
(NC-STO). (b) Nucleation and annihilation of a single skyrmion with the spin current locally applied in a circular area with diameter 10 nm in
absence of a magnetic field. The main panel shows the time evolution of the out-of-plane component of the magnetic moment and the spin current
density averaged over the simulation area. The insets show the spatial distribution of the out-of-plane magnetization component m, at selected times

during the skyrmion nucleation and annihilation process.

because the ey can be nucleated and moved in a controlled
fashion.*~>

Skyrmions may also exhibit internal dynamics and recently,
such breathing dynamics of single skyrmlons confined in
magnetic dots has been studied numerically,”"** and it has been
shown that breathing modes can hybridize with geometrically
quantized spin wave eigenmodes of the circular dots. Although
skyrmions enjoy topological protection inside the sample, it has
been shown that at the edge of kagome lattices, skyrmions may
decay into independently moving Meron pairs, and Meron—
antimeron pairs may annihilate under spin wave emission.>
The study of spin waves in dynamically controllable skyrmion
lattices opens new avenues for the control of magnonic
bandstructures. Because the lattice properties can be dynam-
ically modified by either currents**>* or electric fields,>
current- and electric-field-controlled magnonics can be
envisioned.”

Recently, a novel class of such dynamic magnonic crystals
(DMCs) has been established experimentally, where the lattice
properties can be modified such as to modify the spin wave
propagation.® '® The one-dimensional periodicity of DMCs
was introduced externally in a homogeneous film by a current-
biased meander-type wire on top of a thin ferromagnetic stripe
and both strength and orientation of the field were dynamically
controlled. Such dynamic crystals have been demonstrated to
offer unique opportunities for the manipulation of propagating
waves. However, the design is very involved and cannot be
downscaled due to the spatial distribution of inhomogeneous
fields generated by the wires.

In this work, we present a first realization of a skyrmion-
based dynamic magnonic crystal (SDMC) and numerically
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explore the features of its magnonic spectra. The SDMC is
based on a perpendicularly magnetized Co/Pt waveguide with
the presence of interfacial DML>**72%3"#>%% The magnetic
periodicity of the waveguide is realized by the presence of a
spatially periodic array of skyrmions created by nanocontacts
carrying a spin current, and its properties can be dynamically
controlled. Besides controlling the presence or absence of a
skyrmion at a given nanocontact, the skyrmion diameter also
can be dynamically varied via the strength of the magnetic field
and the amplitude of the injected current. Such dynamic
controllability constitutes a major difference to previous
realizations of magnonic crystals where the periodically varying
structure is static. The artificial skyrmion lattice of the SDMC
can be switched “off” and “on” on a subns time scale via either
magnetic field or applied current, thus providing a unique fast-
switching functionality. We shall demonstrate that upon
undergoing a transition from “off” to “on”, the allowed spin
wave modes lying within the bandgap become the forbidden
modes (and vice versa). Correspondingly, the spin wave
transmission is switched from full transmission to full rejection.

The schematic of the proposed skyrmion-based dynamic
magnonic crystal is shown in Figure la. The SDMC is in the
form of a spin wave waveguide which is assumed to be an
ultrathin cobalt (Co) layer on a metallic platinum (Pt)
substrate inducing DML*" The length of the waveguide is
given by L = 3200 nm, its width by W = 40 nm, and the
thickness of the Co layer is 1 nm. The artificial crystal lattice is
realized by creating a linear array of equally spaced skyrmions
that are nucleated by equally spaced nanocontact spin torque
oscillators (NC-STOs) separated by 80 nm (Figure 1). Such
NC-STOs have recently been proposed to act as magnonic
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Figure 2. (a) Snapshot of the skyrmion array under various field strengths (top), and skyrmion diameter versus the strength of the magnetic field
applied perpendicular to the plane of the waveguide (bottom). (b) Snapshot of the skyrmion array under various spin-polarized current densities
(top), and skyrmion diameter versus the spin-polarized current density averaged over the simulation area (bottom). The separation between two
neighboring skyrmions (denoted by a) is independent of the strength of the applied field/current.

building blocks for versatile applications.**~** Most impor-
tantly, it is possible to realize unprecedented dynamical control
of spin wave transmission by turning on/off the current of the
entire STO array or each individual STO to achieve desired
performance of the fabricated MCs, as we will demonstrate
below. As shown in Figure 1a, the lattice constant a is defined
as the distance between the centers of two neighboring NC-
STOs, and the skyrmion size d is defined as the diameter of the
circle where m, = 0 (see inset in Figure la). As the
magnetization at the skyrmion center is opposite to the
waveguide’s static magnetization, the nucleation of a skyrmion
array gives rise to a spatially periodic modulation of the
waveguide’s magnetization.

Micromagnetic simulations were performed using the public
object-oriented micromagnetic framework (OOMMF) code
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including the extension module of the Dzyaloshinskii—Moriya
interaction®*"%* and the additional spin-transfer torque
terms.*>** The micromagnetic simulation details are described
in the Supporting Information with parameters given as
follows:*’ saturation magnetization M; = 0.58 X 10° A/m,
exchange stiffness A = 1.5 X 107"' J/m, and perpendicular
magnetic anisotropy K = 0.8 MJ/m® for Co. If not indicated
otherwise, we shall use a DMI strength of D = 3 mJ/m? a
damping constant of a = 0.01, whereas the gyromagnetic ratio
is given by y = 2211 X 10° m/As. The cell size used in the
simulation is 2 X 2 X 1 nm?® which is well below the
characteristic domain wall length of these materials. A static
magnetic field H,,, is applied perpendicular to the plane of the
waveguide along the z direction. To excite SWs with
frequencies ranging from 0 to 100 GHz, a sine cardinal field
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or sinc field,>>> H,(t) = Hosin(2zft) /(2xft), with amplitude H,
= 0.5 mT and cutoff frequency f = 100 GHz, was applied locally
to a2 X 40 X 1 nm? central section of the magnonic waveguide.
To obtain the dispersion relation of SWs, the double Fourier
transform of &m,(x,t) is taken where magnetization fluctuations
are evaluated with contributions from all discretized cells.*>%®
The mode profile of each SW is then obtained by plotting the
spectral amplitude at a specific frequency for each cell in real
space. The details of the calculation procedure are included in
the Supporting Information.

The skyrmion lattice is initially created at the center of the
waveguide by means of a locally injected spin-polarized current
pulse perpendicular to the waveguide plane.*”%”%® The
nucleation and annihilation process of an individual skyrmion
is shown in Figure 1b (see also Movies 1 and 2 in the
Supporting Information). We simulate a NC-STO in zero
applied field with an ultrathin Co-free layer of strong
perpendicular magnetic anisotropy (PMA) (see inset in Figure
1a). The time evolution of the current and the magnetization
m, averaged over the simulation area is depicted in Figure 1b.
Starting from a quasi-uniform out-of-plane ferromagnetic (FM)
state, a 0.1 ns-long current pulse of current density ] = —5 X
10'* A/m” is injected locally to a 10 nm inner circular region.
The spins around the nanocontact region are first reversed
(blue region) and subsequently the reversed region expands to
form a single skyrmion. This is achieved via a Bloch point
nucleation entailing a change of the winding number from 0 to
1. When the current pulse is turned off at ¢t = 0.1 ns, the created
skyrmion is stabilized. At t = 0.3 ns, a 0.1-ns-long reversed
current pulse of current density J = 5 X 10'> A/m” is injected
locally to a 10 nm inner circular region. The skyrmion instantly
shrinks to the lattice scale and is then annihilated owing to
discreteness effects. The nucleation and annihilation process of
a single skyrmion can be generalized to the creation of a linear
array of skyrmions via multiple NC-STOs that are controllable
either synchronously or independently.®” The skyrmion based
magnonic crystal is nucleated and annihilated as shown in
Movies 3 and 4 in the Supporting Information, respectively.

The strength of the perpendicularly applied magnetic field
plays an important role in determining the size of the
skyrmions and, hence, the periodic magnetization profile of
the magnonic waveguide. Figure 2a shows the skyrmion
diameter as a function of the magnetic field strength. The
initial state of the waveguide is assumed to consist of a linear
array of skyrmions placed along its center as shown in Figure 2a
in zero field. First, in the case of an increasing magnetic field, it
is observed that the skyrmion diameter continuously shrinks
from 11.6 to 5.8 nm upon increasing the field from 0 to 390
mT. Above 390 mT, the skyrmions annihilate and the
magnetization in the waveguide converts to a quasi-uniform
out-of-plane ferromagnetic (FM) state in +z direction. Second,
for a decreasing magnetic field and starting from the initial
skyrmion state, the skyrmion diameter increases from 11.6 to
26.8 nm upon decreasing the field from 0 to —220 mT. Below
—220 mT, the skyrmion diameter becomes larger than the
width of the waveguide and the magnetization transforms into a
linear array of equally spaced domain-walls as shown in Figure
2a. The domain-wall (DW) state persists for a wide field range
from —220 to —800 mT. It should be pointed out that the
magnetization of the waveguide is then also periodically
modulated and provides an example of a domain-wall-based
magnonic crystal (DWMC). However, this phenomenon is
beyond the focus of this work and will be discussed elsewhere.
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When the field is below —800 mT, the magnetization of the
waveguide is fully reversed to the FM state along the —z
direction. We emphasize that the period of the skyrmion array
is unchanged when the magnetic field is increased or decreased
from zero, although the size of the skyrmions changes. The
conservation of the periodicity of the skyrmion array can be
partially attributed to the skyrmion-edge interactions due to the
confining potential of the edges.”

The density of the locally injected spin-polarized current is a
second factor determining the size of the skyrmions. A nonzero
current density provides the spin-transfer torque that can be
used to controllably tune the size of the skyrmions. The
skyrmion diameter as a function of the density of the spin
current is shown in Figure 2b. Starting from the initial skyrmion
state of the waveguide, the skyrmion diameter continuously
increases from 11.6 to 22.6 nm when the averaged density of
the spin current is increased from 0 to 12 X 102 A/m>
Therefore, the periodic magnetization property of the wave-
guide can be dynamically controlled by either the strength of
the magnetic field or the density of the locally injected spin
current.

The numerically calculated dispersion relations of SWs in
terms of the frequency f versus wavevector k for SDMC in the
skyrmion state under zero magnetic field and zero spin current
are shown in Figure 3. The dispersion shows a periodic
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Figure 3. Dispersion relations of spin wave propagation in the
magnonic waveguide along (a) y = 20 nm (at center), (b) y = 40 nm,
and (c) y = 0 nm under zero magnetic field and zero spin current in
the presence of a linear array of skyrmions. The dashed lines indicate
the Brillouin zone boundaries lk,|= n/a (n # 0). The intensities of the
spin waves are indicated by the color scale.

character of the three dispersion branches up to the third
Brillouin zone (BZ), which is evident from Figure 3a. The
dispersion curves are observed to be folded and feature
bandgaps with width of 6, 4, and 2.5 GHz at the BZ boundaries
lk|= 7/a, 2m/a, and 37/a, respectively. In contrast, for the
SDMC waveguide in the FM state, there is a continuous
quadratic dispersion and no forbidden band for frequencies
above 53 GHz, which reflects the standard behavior of the
uniform magnetized spin wave waveguide (see Figure S1
without DMI and Figure S2 with DMI in the Supporting
Information). Additionally, the spin wave propagating along the
left (ie, y = 40 nm) and right (i.e, y = 0 nm) edges of the
magnonic waveguide is observed to have a chiral nature in
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contrast to the symmetric spin wave propagation along the
center of the waveguide. As shown in Figure 3a, the intensity
for propagation at the center toward the left, —x, is the same as
that for propagation toward the right, +x. For spin waves along
the left edge, as shown in Figure 3b, the intensity for
propagation toward the left, —x, is larger than that for
propagation toward the right, +x. However for spin waves
along the right edge, as shown in Figure 3c, the intensity for
propagation toward the left, —x, is smaller than that for
propagation toward the right, +x. This chiral nature of the spin
waves propagating along the waveguide edge is due to the
asymmetry introduced by the DMI (see Figures SI and S2 in
the Supporting Information).”"”* For SW dispersion in SDMC
under finite magnetic field and spin current, please refer to
Figure S3 in the Supporting Information.

In order to determine the character of the SW modes and to
visualize the spatial distribution of the dynamic magnetization
component m,(x,t), we also computed the corresponding
mode profiles, frequencies, and amplitudes. Figure 4a shows the
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Figure 4. Plane-view color-coded real space images of the spin wave
mode profiles for various frequencies obtained from a two-dimensional
Fourier transform of the waveguide magnetization m, in space and
time. (a) Spin waves in the perpendicularly magnetized waveguide and
(b) spin waves in the waveguide in the presence of skyrmions (note
that spin waves are forbidden to propagate for 56 GHz). The color
map shows the spatial profiles of the fluctuation in the magnetization
component 6m,(x,t) of the spin wave modes.

calculated SW mode profiles for the SDMC waveguide in the
FM state. A SW with a frequency of 54 GHz is not allowed to
propagate in the waveguide due to the confining potential
barrier of the edge of the waveguide. SWs of frequencies 61, 66,
and 71 GHz, can propagate in the waveguide. The calculated
SW mode profiles for the SDMC waveguide in the skyrmion
state are shown in Figure 4b. SWs with frequencies within the
allowed frequency bands and forbidden frequency bandgap are
selected. SWs of frequencies 50, 56, and 66 GHz located in the
bandgaps are prohibited from propagation in the waveguide.
However, the SDMC waveguide permits the propagation of the
54, 61, and 71 GHz SWs located in the transmission band. The
chiral nature of the spin wave propagation along the right and
left edges of the waveguide is apparent from the calculated
mode profiles for the waveguide either in the FM state or the
skyrmion states.
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The magnetic field dependence of the magnonic spectra of
spin waves in the SDMC waveguide under the skyrmion state is
shown in Figure Sa. Upon increasing the magnetic field from
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Figure 5. Magnonic spectra of spin wave propagation in the magnonic
waveguide in the skyrmion state. (a) Spectrum as a function of the
perpendicular applied magnetic field H,,, with zero spin current. (b)
Spectrum as a function of the averaged density of the spin-polarized
current J in zero field.

—200 mT to 400 mT, the width of the bandgaps decreases,
whereas the bandgap centers’ frequencies increase. This is
similar to observations for the bicomponent 1D and 2D
MCs.>*! For instance, the width of the first bandgap decreases
from 17 to 0 GHz, and its center frequencies increase from 45
to 67 GHz. However, the skyrmions are annihilated and the
bandgaps disappear when the magnetic field is higher than 385
mT. The change of the bandgaps with increasing magnetic field
is due to the change of the skyrmion diameter in this field range
(see Figure 2a), which in turn affects the strength of the
periodic potential felt by the magnons. This directly affects the
lowest bandgap, which equals twice the lowest Fourier-
component Vi_,,, of the periodic potential.

Alternatively, the magnonic spectra can also be modulated by
the locally injected spin current through the NC-STOs, which
is initially used to create the skyrmion lattice. The spin current
dependence of the magnonic spectra of spin waves in the
SDMC waveguide under the skyrmion state is shown in Figure
Sb. They remain essentially unchanged for a current density
higher than 4 X 10" A/m? This is due to the fact that the
skyrmion diameter only moderately changes beyond this value
of the current.

In order to demonstrate that the designed skyrmion-based
magnonic crystal can be modulated in time on a subnano-
second time scale, a periodic driving current pulse is applied to
the multiple NC-STOs. As shown in Figure 6a, the averaged
current density is periodically varied as follows: ] = —2 X 10"
A/m?for 0 < t, <2 ns, 0 for 2 ns < t, < 10 ns, 0.5 X 10'> A/m?>
for 10 ns < t; < 12 ns, and O for 12 ns < £, < 20 ns. Therefore,
by controlling the driving current density, the switching process
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Figure 6. Switching on and off of the skyrmion-based dynamical
magnonic crystals by controlling the spin current density J under zero
magnetic field. (a) Time evolution of the spin current density and the
out-of-plane magnetization component averaged over the simulation
area. The insets show the spin structure of SDMC waveguide under
various magnetization states. Red (blue) regions indicate a positive
(negative) z-component of the magnetization, while the white region
indicates an in-plane orientation of the magnetization. (b) Time
evolution of the magnonic spectra with the spin wave bandgaps which
are enabled in the presence of the skyrmion lattice.

can be realized in four stages: skyrmion nucleation, skyrmion
stabilization (ON), skyrmion annihilation, and FM state
(OFF). In each interval, the skyrmions are first nucleated in
t, from the initial FM state driven with spin torques provided
by a nonzero negative current density ] = —2 X 10'* A/m?. The
created skyrmions stabilize in ¢, under zero current density and
the magnonic crystal is switched on. At #;, the skyrmions are
annihilated by a positive current which is opposite to the center
of the skyrmion. At the end the magnonic crystal is switched off
and the waveguide is in the FM state in t,. To demonstrate the
switching process, we set the time interval ¢, and ¢; to be 2 ns
for the skyrmion nucleation and annihilation process. Actually,
t; and t; can be set to be as short as 0.05 ns, ¢, and t, can be
controlled at will, and then the switching process can be taken
as two stages “on” and “off”. Details of the dynamical process of
periodic skyrmion nucleation and annihilation can be found in
Movie S in the Supporting Information. As shown in Figure 6b,
the magnonic spectra of spin wave propagation in the SDMC
waveguide can be dynamically controlled. The frequency
bandgaps are switched on/off by controlling the SDMC
waveguide in skyrmion (on) or FM (off) state. For instance,
for the spin wave of 67 GHz located in the second bandgap, its
transition from full rejection to full transmission is controlled
by switching on/off the SDMC waveguide. We also
demonstrate that such controllability is possible at different
magnetic fields with nonzero current at both the “on” and “off”
stages in Figures S4—S6 in the Supporting Information. In
summary, Figure 6 demonstrates an all-electric switching
process, that is, current controlled nucleation and annihilation
of skyrmion array. Alternatively, the switching process can also
be realized by current controlled skyrmion nucleation together
with the magnetic field controlled skyrmion annihilation. As
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shown in Figure 2a, skyrmions can be annihilated by a positive
field which is opposite to the center of the skyrmion.

The interactions of skyrmions with SWs are recently studied
and it was proposed that SWs can be used to control the
motion of skyrmions,”>~”° and SWs can also be scattered from
skyrmions.”””® Whether SWs can be used to drive skyrmion
motion or not depends sensitively on the amplitude of SWs.
Here, in order to calculate the dispersion curve of SWs, the
amplitude of the excitation field is only 0.5 mT; hence, the
driving force from the spin waves is very weak. Therefore,
during the excitation of SWs, the skyrmion array is unchanged,
as shown in Figures §7 and S8 in the Supporting Information,
even in the absence of injected current.

Finally, we briefly discuss the thermal effect on the main
results of our paper. It has been shown that skyrmions might be
destroyed by the edges in the presence of finite temperature,
which can weaken the confining potential of quasi-1D
nanotracks.*” However, by biasing the skyrmion crystal with
an external magnetic field or by injected current, the thermal
stability can be dramatically enhanced as shown in Figure S13
in the Supporting Information at room temperature (see also
Movies 6 and 7). Furthermore, by utilizing the mutual repulsive
effects of neighboring skyrmions within a 2D extended thin
film, we expect the thermal stability can be further enhanced for
2D skyrmion crystals. Further study is needed to fully
understand the effect of thermal fluctuations.

In summary, we have demonstrated a dynamic magnonic
crystal based on a linear array of periodically spaced skyrmions
along a magnonic waveguide. The skyrmion nucleation and
annihilation can be dynamically controlled by applying a
nanosecond current pulse from a nanocontact region. The
skyrmion induced spatial variation of the magnetization along
the waveguide results in a pronounced modification of spin
wave dispersion, which leads to the appearance of allowed and
forbidden bands. The main advantage of a skyrmion-based
magnonic crystal is its dynamic controllability. The width and
center frequencies of the bandgaps can be tuned by changing
the size of the skyrmions via adjusting either the strength of the
external magnetic field or the density of the injected spin
current. Furthermore, we have shown that the crystal can be
switched on and off through an external periodic driving
current in a field-free way and changing between full rejection
and full transmission of spin waves. Our proposal opens the
possibility of electrical control of magnonic crystals. The spin
wave properties can be controlled by injected electric current in
each individual nanocontact. The current pulse of each
individual nanocontact can also be programmed to achieve
desired device performance. For instance, the circuits can be
programmed in a way such that every other skyrmion is excited
in order to further tune the spin wave transmission (see Figure
S10a and f in the Supporting Information). This additional
degree of freedom of spin wave manipulation by electric
currents will be an advantage compared to conventional field-
controlled MCs, as it can be easily downscaled to achieve
miniaturized spintronic devices. Hence, the proposed mecha-
nism of dynamically switching a periodic inhomogeneity on and
off shows high promising functionalities for future magnon-
spintronics devices based on skyrmion lattices.
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