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We propose a method to generate magnetic skyrmions by focusing spin waves totally
reflected by a curved film edge. The edge contour is derived to be parabolic and frequency-
independent based on the identical magnonic path length principle. We performed
micromagnetic simulations to verify our theoretical design. Under proper conditions,
the reflected spin waves first converge at the focal point with the enhanced intensity
leading to the emergence of magnetic droplets, which are then converted to magnetic
skyrmion accompanied by a change in the topological charge. We numerically obtain the
phase diagram of skyrmion generation with respect to the amplitude and frequency of the
driving field. Our finding would be helpful for the design of spintronic devices combining the
advantage of skyrmionics and magnonics.
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1 INTRODUCTION

Magnetic skyrmions are topologically protected spin textures with a high thermal stability [1, 2].
They normally emerge in chiral bulk magnets or magnetic thin films with broken inversion
symmetry, which gives rise to the Dzyaloshinskii-Moriya interaction (DMI) [3, 4]. In contrast
to skyrmions, magnons are low-energy excitations in magnetic systems and can be easily generated
and destroyed because of their bosonic nature. Both skyrmions and magnons have been extensively
investigated and applied in information transmission and procession, which gives birth to two
emerging subfields of magnetism: skyrmionics [5-8] and magnonics [9-11].

The interaction between skyrmions and magnons has been widely studied in
magnon-skyrmion scattering [12, 13], magnon-driven skyrmion motion [14, 15], skyrmion-
based magnonic crystal [16, 17], and skyrmion-induced magnon frequency comb [18]. Recently,
the conversion between skyrmions and magnons has been attracting much attention. For example,
the spin wave emission is often observed during the annihilation and core switching of magnetic
skyrmions [19, 20]. However, it is quite hard to convert magnons to skyrmions because the energy
carried by spin waves is much lower than the barrier between the skyrmion and the uniform
ferromagnetic state. To create skyrmions by spin waves, the spin wave energy should be
accumulated to overcome the energy barrier, which has been realized by the combination of
the geometry change and the DMI-induced effective magnetic field [21] and by spin wave focusing
[22]. In previous studies, the spin wave focusing is achieved by constructing a spin wave lens,
which can be designed by a curved interface [22-24], a local graded-index region [25, 26], and a
metasurface [27, 28]. In these methods, the spin wave reflection at the interface would decrease the
efficiency of spin wave focusing. In this regard, one should avoid the spin wave reflection as much
as possible, intuitively.
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FIGURE 1 | Schematic of the film edge for total-reflection focusing of

spin waves. The static magnetization m is oriented along the + z direction. FM
and NM denote the ferromagnetic and non-magnetic regions, respectively.
The black bar located at x = —xs is the spin wave source. A parallel
incident spin wave (blue wavy lines with arrow) propagates towards the curved
edge, and the reflected spin wave (red wavy lines with arrow) converges on the
focal point at x = —x; (black point).

However, it is known that the spin wave can transmit through
an interface without reflection only in rare cases [29]. On the
contrary, spin wave can be completely reflected under more loose
conditions, such as at the magnetic-non-magnetic interface. One
natural issue is how to accumulate all reflected spin waves. In this
study, we design a curved film edge based on the principle of
identical magnonic path length, which suggests that the parabolic
film edge can focus all reflected spin waves independent of their
frequencies. At the focal point, the spin wave intensity can be
significantly enhanced and the focal point magnetization
oscillates strongly and might even be locally reversed, which is
considered as the precursor for the skyrmion formation.

2 ANALYTICAL MODEL

We consider a chiral ferromagnetic film with a curved boundary,
which is magnetized along the +z direction. The spin wave
dynamics are governed by the Landau-Lifshitz-Gilbert (LLG)
equation,

om

o 1)

m
= —yppom X Heg + am x a0
where m = M/M; is the unit magnetization vector with the
saturated magnetization M, y is the gyromagnetic ratio, yq is
the vacuum permeability, and « is the Gilbert damping constant.
The effective field H.g comprises the exchange field, the DM field,
the anisotropy field, and the dipolar field. In the following
discussion, the interfacial DMI is considered.

The film edge for total-reflection focusing can be designed
based on the identical magnonic path length (MPL) principle
[22]. We first consider a plane spin wave incident from the left
source (x = —x;), which is reflected by the film edge and converges
into a focal point (~xs 0), as shown in Figure 1. The identical
MPL principle yields the following:
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x+ X+ (x+xp)7 + y? = x,+ xp, ®)

and the edge contour is described as
y: = =2px, 3)

where p = 2x;. One can see that the shape of the film edge is
parabolic for the total-reflection focusing of the plane spin waves.

3 NUMERICAL RESULTS AND
DISCUSSIONS

To verify our theoretical design, we numerically solve the full LLG
equation (Equation 1) using the micromagnetic simulation code
MuMax3 [30]. Magnetic parameters of the adopted Co are as
follows: M,=5.8 x 10°> A/m, A,, = 15 pJ/m,D=2.5 mJ/m?, and
K, = 6 x 10°J/m>. The cell size 2 x 2 x 1 nm? is used to
discretize the film in simulations. The Gilbert damping
constant & = 10 is used to ensure a long-distance
propagation of spin waves, and absorbing boundary
conditions are adopted to avoid the spin wave reflection by
the film edges except for the curved edge [31].

We first set the focal length as xy= 400 nm in simulations and
design a parabolic edge to focus the reflected spin waves. A
sinusoidal monochromatic microwave field Hey; = b sin(wt)x is
applied in a narrow rectangular area (black bar in Figure 2A) to
excite the incident plane spin waves. Numerical results for
focusing spin waves with 60 GHz are shown in Figure 2A.
Using the equation Isw =+ [, (6m2 +6m§,)dt, we calculate
the spin wave intensity, as plotted in Figure 2B. The profiles
of the spin wave intensity are also shown (black curve in
Figure 2B). One can see that spin waves are reflected from
the film edge and focused, leading to a significantly enhanced
intensity around the focal point. However, it is found that the
focal point obtained from the numerical simulation is shifted
slightly along the +x direction from the theoretical position of the
focal point (black point shown in Figure 2B). It may be attributed
to two reasons: one is the ray optic approximation for analyzing
the spin wave propagation, which requires the spin wave
wavelength (about tens of nanometers) to be much smaller
than the size of the film edge. The other is the spin canting at
the curved edge (Figure 3D), which would influence the
propagation of the reflected spin waves. Eq. 3 suggests that
the shape of the parabolic edge for the total-reflection focusing
is independent of the spin wave frequency. Figures 2C,D indeed
confirm this result, which would promote the applications of the
spin wave focusing in magnonic devices.

A close inspection shows that there is a sharp kink of the spin
wave intensity at the magnon source (Figures 2B,D,F). It results
from the change in the coherence of spin waves through the
magnon source. On the right side of the magnon source, the
emitted spin waves and reflected spin waves are coherent, leading
to a strong interference with a significant interference fringe. The
phase of the reflected spin wave would change when it propagates
through the magnon source. The coherence between the reflected
and emitted spin waves on the left side is destroyed, which shows a
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FIGURE 2 | (A) Snapshot of the spin waves reflected from the parabolic edge. The spin wave frequency is w/2m = 60 GHz. The black bar in (A) denotes the spin
wave source located at x = =200 nm, which is excited by a microwave field with tighg = 10 mT. (B) The spin wave intensity in (A). The black point represents the ideal
position of the focal point. The black curve shows the profile of the spin wave intensity along the x axis at y = 0. (C) and (D) Snapshot of total-reflection focusing of spin
waves and the corresponding intensity for w/2n = 80 GHz. (E) and (F) Snapshot of spin waves and their intensity for the exciting source located at x = 600 nm.

slight fluctuation in the spin wave intensity. Different fluctuations
in spin wave intensities on both sides of the magnon source induce
a sharp kink. Therefore, the spin wave intensity at the focal point
would fluctuate drastically when the magnon source is located at
the left side of the focal point, as shown in Figures 2E,F. This severe
fluctuation of the spin wave intensity would destroy the localized
spin wave soliton (droplet) around the focal point, which hinders
the generation of skyrmion. In what follows, we focus on the case of
the magnon source locating at the right side of the focal point for
generating skyrmion by spin wave focusing.

To generate magnetic skyrmions, we increase the amplitude
of the microwave field to poho = 360 mT. The spin wave intensity
around the focal point is enhanced significantly, which shows a

strong magnetization oscillation, as plotted in Figure 3A. With
the continuous excitation of spin waves, more energy is
harvested, leading to the local switching of the magnetization
and the formation of magnetic droplets, which can be easily
driven by spin waves (Figure 3B). The magnetic droplet is a
non-topological localized spin wave soliton [32, 33] and is
unstable in a chiral ferromagnetic film because of high DMI
energy. Under the disturbance of spin waves, the magnetic
droplet is converted to a dynamical skyrmion at ¢ = 0.6 ns, as
shown in Figure 3C. Then, we turn off the microwave field at ¢ =
0.7 ns and the system is relaxed toward an equilibrium state with
a stable skyrmion state (Figure 3D). Moreover, it is noted that
the skyrmion is not created exactly at the focal point. This is
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FIGURE 3 | The creation process of the magnetic skyrmion induced by

the total-reflection focusing. The exciting field with iphg = 360 mT is applied in
(A-C) and is turned off in (D). The z-component magnetization of the
rectangular area in the left column is enlarged in the right column. (E)
Temporal evolution of the topological number Q. The microwave field starts at
t=0and ends at t = 0.7 ns, indicated by the gray dashed line.

because the first nucleated droplet driven by spin waves moves
faster than the skyrmion during which the transformation from
the droplet to skyrmion happens. This would lead to the
skyrmion nucleation site developing far away from the
focal point.

Skyrmion Generation by Total-Reflection Focusing

The topological charge, which is given by

1 om oOm
Q= 4ﬂﬂm-(axxay)dxdy, (4)

can be used to characterize the topology of skyrmions in two-
dimensional systems. However, the large spatial variations of m
in the process of the skyrmion nucleation and annihilation reduce
the accuracy of the finite difference approximation of Eq. 4 and
result in non-integer values of Q [22]. To avoid this spurious
deviation, we follow the definition of the topological charge given
by Berg and Liischer [34], which is expressed as

1
Q=— Z Gijk> (5)
AT G
with
tan(ﬂ) = i (m; K , (6)
2 1+ m;-m;+m; - myg+m;-mg

where g;j is the local topological charge density of elementary-
signed triangles, which is invariant under a cyclic permutation of
the indices #jk. This lattice-based approach has been employed in
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FIGURE 4 | (A) The nucleation time of the first skyrmion t{ as a function
of the field amplitude and frequency. The black crosses represent no skyrmion
creation. (B) The frequency dependence of the spin wave intensity at the focal
point under the microwave field with pighg = 10 mT. (C) Phase diagram of
skyrmion generation with respect to the amplitude and frequency of the
exciting field with the duration time 10 ns.
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FIGURE 5 | (A) Snapshot of spin waves reflected from the parabolic edge

with a random roughness, which is depicted by the formula x = —2/ax) + Al
where A, is the roughness amplitude and /; is a random value in the interval (-1, 1).
The black bar shows the exciting source of spin waves with tighg = 10 mT

and w/27 = 60 GHz. The enlarged image of the rectangular area is shown on the
left. The solid line in the inset denotes the ideal parabolic edge, and the dashed
lines show the amplitude of the roughness (A- = 6 nm). (B) The spin wave intensity
in (A). (C) Phase diagram of the spin wave intensity at the focal point as a function
of the roughness amplitude and the spin wave frequency. The black crosses
represent no spin wave focusing, and the colored dots are the spin wave intensity.

quantifying the topological charge in micromagnetics recently
[35-37]. Based on this scheme, we calculate the time evolution of
the topological charge Q in the process of the skyrmion
generation (Figure 3E), where nonphysical values of Q are
excluded. An abrupt change in Q from 0 to -1 is observed at
t = 0.6 ns, which confirms the skyrmion creation.

From the generation process of the skyrmion, one can see that the
magnetic droplet is an indispensable intermediate between
ferromagnetic and skyrmion states. Although the energy of the
magnetic droplet is higher than the skyrmion, the skyrmion cannot
be created directly from the ferromagnetic state. This is because the
droplet is non-topological and can be transformed continuously from a
ferromagnetic state. However, the continuous transformation from a
ferromagnetic state to the skyrmion state is highly unlikely, which is due
to the topological protection of the skyrmion. Compared to the droplet,
a change in the topological charge is accompanied for the skyrmion
creation, which requires more energy input from the external driving.

Figure 4A plots the nucleation time of the first skyrmion ¢},
induced by the total-reflection focusing of spin waves. It is found that
the skyrmion creation at the field frequency with w/2m = 70, 85, and
95 GHz needs a longer time and requires a higher amplitude of the
exciting field. To find the reason for such a frequency dependence of
the skyrmion generation, we plot the spin wave intensity at the focal
point for different frequencies, as shown in Figure 4B. We find that
these three frequencies correspond to the local minima of the spin
wave intensity, which is due to the destructive interference between
the reflected spin waves and emitted spin waves from the magnon

Skyrmion Generation by Total-Reflection Focusing

source at the focal point. In addition, we also plot a phase diagram of
skyrmion generation induced by the total-reflection focusing of spin
waves within 10 ns (Figure 4C). As in the spin wave focusing for the
transmitted waves [22], the generated skyrmion number Ng is not
monotonically increased with the field amplitude 4, owing to the
skyrmion annihilation induced by the interaction between the
magnetic droplet and skyrmion. It should be stressed that the
generated skyrmion is not able to arrive at the magnon source
and is destroyed at the duration time (10ns) considered in our
study, although it moves towards the magnon source driven by spin
waves [12-14, 38]. This is because the velocity of the magnon-driven
skyrmion motion is very slow (<10 m/s). It has been demonstrated
that the number of the nucleated skyrmion depends on the duration
time of the microwave field [22]. Thus, we can tune the duration time
of the microwave field pulse to generate a single skyrmion (Figure 3).

The above micromagnetic simulations are all performed for the
idealized edge, which is often not the case in practical applications, due
to edge roughness. To make the roughness effect on the total-
reflection focusing clear, we performed additional simulations with
random roughness, which is close to the rough edge in real cases. For
the roughness amplitude A, = 6 nm, the reflected spin waves with
60 GHz can be well focused with a reduced intensity (=81%), as shown
in Figures 5A,B. With the increase in A,, the focal point intensity of
spin waves I gw decreases. For a large amplitude of roughness, the
reflected spin waves are disordered and cannot be focused (black
crosses in Figure 5C). We also investigate the frequency dependence
of the roughness effect and find that the roughness influence becomes
weak with the decrease in the spin wave frequency. This result suggests
that our method is valid for spin waves with long wavelength (A > A,),
for which the roughness effect can be ignored.

The results in this study are obtained in magnetic metals,
which usually have high perpendicular magnetic anisotropy and
high damping. A large-amplitude microwave field is needed for
the skyrmion creation, which is difficult to achieve in
experiments.  Fortunately,  magnetic  insulators  with
perpendicular anisotropy and ultra-low damping have been
demonstrated to host skyrmions [39-41], which makes our
method more applicable from the view of materials
realizations. In a previous study, we proposed a method to
generate skyrmion by focusing the transmitted spin waves,
which is realized by constructing a spin wave lens with a
curved interface [22]. The shape of the interface depends on
the relative refraction index of spin waves, which is frequency-
dependent. Thus, that method is only feasible for focusing spin
waves with one certain frequency. For spin wave focusing with a
different frequency, a new curved interface should be designed,
which hinders the practical application of that method. We,
therefore, believe that the total-reflection focusing in the
present study provides a promising way to generate the skyrmion.

4 CONCLUSION

In summary, we theoretically investigated the skyrmion generation
induced by the total-reflection focusing of spin waves. The shape of
the film edge was derived based on the identical magnonic path
length principle. Micromagnetic simulations were performed to
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confirm the focusing effect of spin waves reflected from the parabolic
edge. By increasing the field amplitude, we observed the nucleation
of magnetic droplet induced by the total-reflection focusing and the
transformation to the skyrmion with a change in the topological
charge. Our results provide a method to generate skyrmion by
reflective focusing of spin waves, which is frequency-independent
and would promote the development and application of spintronic
devices combing magnons and skyrmions.
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