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Magnonics is a fascinating and emerging field, which mainly studies processing information with spin waves.
Magnonic devices with in-plane magnetization have recently been realized. Because of the isotropic propagation, magnonic
devices based on perpendicular magnetization are attracting extensive interest. Here, we numerically demonstrate two
magnonic filters with out-of-plane magnetization using micromagnetic simulations. The band-pass and the band-stop func-
tions have been realized in two structurally modulated waveguides, respectively. The intensity of spin waves is manipulated
when they arrive at the uniformly/non-uniformly magnetized modulators, which results in the variation of transmission
coefficients. It is found that the proposed filters can work at multiple frequencies, which can be further adjusted by the
external magnetic field. Our designed magnonic devices with Néel-type skyrmion could promote the development of spin

wave computing using spin textures.

Keywords: spin waves, filter, micromagnetic simulation, skyrmion

PACS: 75.75.—, 75.78.Cd, 85.70.-w

1. Introduction

Breakthroughs in  complementary  metal-oxide—
semiconductor (CMOS) technology are difficult to achieve be-
cause of the inherent physical limits caused by quantum effects
and power loss caused by charge effects.!!?] To solve these
obstacles, researchers have proposed various alternative de-
vices, including tunneling field-effect transistors, 3! graphene

4 magnonic devices, 50

[7-

nanoribbon field-effect transistors, !
etc. Magnonic devices use magnons,!’! the quanta of spin
waves, to transfer information without any motion of real
particles. Compared with conventional charge-based devices,
magnonic devices have no Ohmic loss.!'”) Furthermore, they
can work in the frequency range from GHz to THz!'! and
provide a variety of information encoding methods including
amplitude encoding!'? and phase encoding.!!3! These advan-
tages make spin waves a superior alternative for processing
information for low-energy computing devices!!*!>! and pro-
vide a broader and brighter prospect for the development of
information technology. ¢!

In the last decade, a large number of magnonic data-
processing devices!!”"'°! have been proposed and real-

1221221 phace

ized, for instance, transistors,?"! logic gates,!
shifters, 23! directional couplers,”*! and majority gates.[>>2%]
These devices utilize the interference of magnons,m] the non-
anisotropy of spin waves,!??! and the width modulation of
transmission waveguides!?”! to perform their functions.

Up to now, magnonic devices have been used for
complete Boolean computing!”® and non-Boolean logic

28291 They also show infinite possibilities in radio

130 [31,32]

computing.!

frequency applications!**! and neuromorphic computing
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on the nanometer scale. So far, most studies have been carried
out in in-plane magnetized systems. Because of the isotropic
propagation, magnonic devices based on perpendicular mag-
netization are attracting extensive interest. Besides, perpen-
dicular magnetization can overcome the superparamagnetic
limit and obtain thermal stability. In addition, the presence of

33.34] would not

the Dzyaloshinsky—Moriya interaction (DMI)!
only introduce the nonreciprocal propagation of spin waves
but also result in the nucleation of spin textures such as do-
main walls>¥ and skyrmions. ¢!

In this

amplitude-type filters based on a structurally modulated

work, we have numerically implemented
magnonic waveguide with perpendicular magnetization by mi-
cromagnetic simulations. It is found that the band-stop and
the band-pass functions can be realized by manipulating the
intensity of spin waves when they arrive at the uniformly/non-
uniformly magnetized modulators, which results in the varia-
tion of transmission coefficients. In addition, we find that the
proposed filters can work at multiple frequencies, which can
be further adjusted by the external magnetic field.

2. Simulation method

MuMax? was used for the micromagnetic simulation. 3]
It is a GPU-based open-source software that solves Landau—
Lifshitz—Gilbert equations through the finite difference
method. The simulated structures of the filters are shown
in Fig. 1(a). The cell size was set to I nm X 1 nm X 1 nm
and the magnetic parameters were derived from CoFeB: [38-3%]
saturation magnetization Mg = 1.6 x 10° A/m, exchange con-

stant A = 16 x 1012 J/m, perpendicular magnetic anisotropy
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constant K, = 2 X 100 J/m3, adapted DMI constant D =
3.0 mJ/m?, and Gilbert damping parameter & = 0.001. An
absorption boundary condition is applied at the ends of the
magnonic waveguide to avoid reflections of spin waves.

To excite spin waves ranging from 0 GHz to 100 GHz,
a “Sinc” perturbation field A, is applied in the orange re-
gion in Fig. 1(a): hy(t) = hsin(27 fout) /(27 feut),1*°! where
h =10 mT and f.,; = 100 GHz, while a sinusoidal perturba-
tion field . (r) = hsin(2x ft) is applied to excite a spin wave
with a specific frequency f. For each case, the perturbation
field was applied continuously for 10 ns, during which the
magnetization m(x,y, z,7) was saved every 5 ps. To obtain the
transmission of the spin-wave in the device, we selected four
calculation regions within a range of 20 nm at the input-port
as the writing-area and four regions at the output-port as the
reading-area, shown as the blue and red regions in Fig. 1(a),
respectively. The averaged magnetization m(x,y,z,7) of the
writing- and reading-areas was saved. Then, a Fourier trans-
form was performed on the magnetization m,(¢) to obtain am-
plitudes of the magnetization m,(f) of each region. Next, we
averaged the amplitudes of the writing- and reading-areas as
A and A,, respectively. Finally, the transmission coefficient
T was calculated as the ratio of the spin-wave intensity at the
writing- and the reading-areas, 7 = A3 /A3
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Fig. 1. (a) Schematics of magnonic filters: a band-stop filter (up) and a
band-pass filter (down). The dimensions of the simulated filters are the
length / = 600 nm, width w = 10 nm, thickness 8 = 1 nm, and diameter
d =40 nm. Green arrows represent the propagation of spin waves. Or-
ange areas represent the positions of the excitation source. Blue and red
areas represent the positions for calculating spin wave transmission. (b)
Magnonic dispersion of the waveguide at H, = 0 mT. Inset indicates the
schematic of a waveguide with the same dimensions /, w,  as in panel (a).

3. Results

In this work, we realized two kinds of magnonic fil-
ters: the band-pass filter and the band-stop filter, as shown in
Fig. 1(a). The simulated filters are in the form of structurally
modulated waveguides with dimensions as follows: length
[ = 600 nm, width w = 10 nm, and thickness § = 1 nm; the
modulator was in the form of a circular disk with diameter
d = 40 nm and thickness 6 = 1 nm. Figure 1(b) is the cal-
culated dispersion diagram of spin waves propagating in the
waveguide without the presence of a modulator under zero
field. There is a frequency threshold about 25 GHz.

(a) —1m m1

() 100k - Fo= 4971 GHE

Transmission (%)
ot
o
"

OF fi=44.9 GHz g
.

45 60 75
Frequency (GHz)

(d) f,=49.1 GHz

———————— e Ly e
() t=0.0Lns () t=0.01ns

Max
|'_l'_"_l']]'_l'—_i'_l_,_v______________1 ] l'l_lmn—l._,;______________"
() o1ns om ()  olns

]

Min
m11§1111113 m1_t_rr_-1';.}1_l_r_'-_l—rl_11
1 ns ) 1 ns

N\ (4 A\s/

Fig. 2. (a) Magnetization of uniformly magnetized band-stop filter.
(b) Calculated transmission of spin waves with different frequencies.
Temporal snapshots of spin waves propagating in the filter at # = 0.01 ns,
0.1 ns, and 1 ns for (c) fi =44.9 GHz and (d) f> = 49.1 GHz as marked
in panel (b).

Firstly, we studied the transmission characteristics of spin
waves in the band-stop filter shown in Fig. 1(a), in which there
is a circular modulator tangent to the waveguide. Figure 2(a)
schematically shows the magnetization of the band-stop fil-
ter, which is uniformly magnetized out-of-plane. Figure 2(b)
shows the calculated transmission coefficients of spin waves at
various frequencies from 40 GHz to 80 GHz under zero field
H, =0 mT. It is found that spin waves can almost completely
transmit from the input-port to the output-port at most fre-
quencies, where their transmission coefficient can be as high
as 90% or even more. However, spin waves with a few fre-
quencies cannot go past the waveguide, with their transmis-
sion coefficient being as low as 10% or even less. There-
fore, the magnonic model shown in Fig. 2(a) can realize the
function of a band-stop filter, and it can even work at multi-
ple frequencies. For the case of disks with spin texture, spin
waves exhibit similar transmission characteristics. And only
band-stop filters with simple magnetic structures are discussed
here. To observe the intensity distribution of spin waves with
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high and low transmission coefficients, we selected two typi-
cal frequencies: f =44.9 GHz with low transmission T = 9%;
and f = 49.1 GHz with high transmission 7' = 92%, as indi-
cated by orange circles in Fig. 2(b). Figures 2(c) and 2(d)
are the temporal snapshots of spin-wave propagation in the
filter at time r = 0.01 ns, 0.1 ns, and 1.0 ns. By comparing
Figs. 2(c) and 2(d), spin waves show different transmission
characteristics. For f = 44.9 GHz, the spin wave is bound to
the modulator when it arrives, see t = 1.0 ns in Fig. 2(c), and
spin waves propagate counterclockwise in the disk. While for
f =49.1 GHz, the spin wave can pass the modulator with al-
most no loss, see = 1.0 ns in Fig. 2(d), and spin waves prop-
agate clockwise in the disk. It is found that the transmission

coefficient is related to the chirality of spin waves.
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Fig. 3. (a) Frequency dependent transmissions of the band-stop filter
under different magnetic fields H;. (b) Intensity of spin waves with
f =41.2 GHz, 41.4 GHz, 41.6 GHz, 42.2 GHz, and 42.6 GHz for
H; =0 mT in the writing area (top) and the reading area (bottom).

To further explore the working characteristics of the band-
stop filter under different magnetic fields, we studied the trans-
mission properties of spin waves in the frequency range from
41 GHz to 43 GHz. As shown in Fig. 3(a), the working fre-
quency increases from 41.4 GHz to 42.0 GHz with its 3 dB
bandwidth unchanged when external field H, increases from
—10 mT to 10 mT. The reason for this is that the increase of H,
causes the increase of the system energy, but does not change
For H, = 0 mT,
the filter has an operating frequency of 41.6 GHz, transmis-
sion coefficient T of as low as 6%, and 3 dB bandwidth of

the magnetization of the band-stop filter.

around 0.5 GHz.
row, it has a strong ability to block spin waves at specific

Because its 3dB bandwidth is very nar-

frequencies. Hence, the proposed band-stop filter can effec-
tively filter out spin waves at irrelevant interfering frequen-
cies during the process of information transmission. Next,
we demonstrated its filtering function by simultaneously in-
putting five frequencies, i.e., fj = 41.2 GHz, f, = 41.4 GHz,
f3 =41.6 GHz, fs =42.2 GHz, and f5 = 42.6 GHz, as indi-
cated by boxes in Fig. 3(a). These spin waves were excited
by a perturbation field in the form h,(t) = ho ¥3_, sin(27 1),
where hy = 10 mT. The calculated spin wave intensities in the
writing/reading areas are shown in the top/bottom panels of
Fig. 3(b). It can be clearly found that the spin wave of the
working frequency f3 =41.6 GHz is highly suppressed. How-
ever, spin waves of the non-working frequency are nearly not
affected, for instance, f5 =42.6 GHz. It should be pointed out
that the filtering function of the proposed band-stop filter can
be extended from single frequency to multi-frequencies.
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Fig. 4. (a) Magnetization of non-uniformly magnetized band-pass fil-
ter. (b) Calculated transmission dependence of spin waves on frequen-
cies under zero field. Temporal snapshots of spin waves propagating in
the filter at # = 0.01 ns, 0.1 ns, and 1 ns for (¢) f; = 54.3 GHz and (d)
f> =61.2 GHz as marked in panel (b).

Secondly, we studied the transmission characteristics of
spin waves in the band-pass filter shown in Fig. 1(a), in which
the central part of the waveguide is designed as a circular mod-
ulator. The magnetization of the filter is perpendicularly mag-
netized with the presence of a Néel type skyrmion in the mod-
ulator as shown in Fig. 4(a). And the nucleated skyrmion can
exist in the field range from —100 mT to 150 mT. The cal-
culated transmission in the frequency range from 40 GHz to
80 GHz at H, = 0 mT is shown in Fig. 4(b). It can be clearly
found that the transmission of spin waves is different from that
in Fig. 2(b). In Fig. 4(b), the transmission coefficients T of
spin waves with most frequencies are below 20%, while those
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of only a few frequencies are above 70%. Therefore, the de-
vice in Fig. 4(a) can be used as a band-pass filter. It should
be pointed out that the introduction of the skyrmion ensures
the performance of the band-pass filter. To demonstrate the
function of the band-pass filter, we selected spin waves with
frequencies 54.3 GHz and 61.2 GHz to display their propa-
gation characteristics. The calculated temporal snapshots of
spin waves propagating in the filter at # = 0.01 ns, 0.1 ns, and
1.0 ns are shown in Figs. 4(c) and 4(d). For f = 54.3 GHz, the
spin wave is bound to the central modulator when it arrives,
see t = 1.0 ns in Fig. 4(c), and spin waves propagate counter-
clockwise in the disk. While for f = 61.2 GHz, the spin wave
can pass the modulator with negligible loss, see t = 1.0 ns in
Fig. 4(d), and spin waves propagate clockwise in the disk.
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Fig. 5. (a) Frequency dependent transmissions of the band-stop filter
under different magnetic fields H;. (b) Intensity of spin waves with
f =56 GHz, 57 GHz, 59 GHz, 61 GHz, 63 GHz, and 64 GHz for
H; =0 mT in the writing area (top) and the reading area (bottom).
Furthermore, the effect of magnetic field on the trans-
mission properties of the band-pass filter in the frequency
range from 54 GHz to 72 GHz was also studied as shown in
Fig. 5(a). The working frequency increases from 59 GHz to
64 GHz, the transmission coefficient 7" increases from 45% to
90%, and the —3 dB bandwidth narrows when external field
H, increases from —10 mT to 20 mT. It should be noted that
the diameter of the skyrmion is changed around 2 nm. For
H, = 0 mT, the working frequency of the filter is 61 GHz, and
the maximum transmission is 78% with a —3 dB bandwidth
of around 3.5 GHz. Finally, we verified its function by si-
multaneously inputting six frequencies by a perturbation field

hy(t) =ho 22:1 sin(27 f,t) with hg = 10 mT, i.e., f; = 56 GHz,
f> =57 GHz, f3 =59 GHz, f1 = 61 GHz, f5 = 63 GHz,
and fs = 64 GHz, as indicated by boxes in Fig. 5(a). The
calculated spin wave intensities in the writing/reading areas
are shown in the top/bottom panels of Fig. 5(b). It is obvi-
ous that the intensity attenuation of spin waves, whose work-
ing frequency is located in the operating bandwidth frequency
range, is weak when they pass through the filter, for instance,
f3 =59 GHz and f4 = 61 GHz. However, for spin waves
whose working frequencies are located out of the operating
bandwidth frequency range, they are suppressed. It should be
pointed out that the filtering function of the proposed band-
pass filter can be extended from single frequency to multi-
frequencies.

4. Conclusion and perspectives

In conclusion, we have numerically established the
magnonic model of a band-pass filter and band-stop filter
and verified the authenticity of their functional implementa-
tion. Depending on the magnetization in the modulator, the
magnonic filter can work functionally as a band-pass or a
band-stop. In addition, the operating frequency of the pro-
posed filters can be changed by altering the external magnetic
field, proving the possibility of reconfiguration of the device.
It is found that the transmission-coefficient is related to the
chirality of spin waves. And there are binding energies in
the band-stop filter disk for spin waves with low transmission.
These models can effectively filter the interference frequency
and realize the effective transmission of information in the
case of multiple inputting spin waves. Our findings could en-
rich the development of magnonic devices with spin textures.
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