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Dispersion characteristics of magnonic crystals have attracted considerable attention because of the potential appli-
cations for spin-wave devices. In this work, we investigated the strain-manipulated dispersion characteristics of magnonic
crystals with Dzyaloshinskii—-Moriya interaction (DMI) and discussed the potential applications in spin-wave devices. Here,
the ground states and stabilities of the magnonic crystals were investigated. Then, the strain-manipulated dispersion charac-
teristics of the magnonic crystals based on domains and skyrmions were studied. The simulation results indicated that, the
applied strain could manipulate the band widths and the positions of the allowed frequency bands. Finally, the realization
of magnonic crystal heterojunctions and potential applications in spin-wave devices, such as filters, diodes, and transistors
based on strain-manipulated magnonic crystals were proposed. Our research provides a theoretical foundation for designing
tunable spin-wave devices based on strain-manipulated magnonic crystals with DMI.
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1. Introduction

Spin waves can propagate in magnetically ordered ma-
terials and cannot dissipate Joule heating which is an obsta-
cle in the semiconductor-based electronics.!!! As the quanta
of the magnetic excitations, spin waves are also known as
magnons, which can be used to carry digital information
in magnonics.?! Similar to semiconductor crystals and pho-
tonic crystals, periodically modulated magnetic structures in
magnonic crystals (MCs) can exhibit dispersion characteris-
tics (frequency f versus wave-vector k) which present al-
lowed magnonic frequency bands and prohibited magnonic
bandgaps.>*

As topologically stable spin configurations, domains and
skyrmions are usually arranged periodically to form magnonic

s.5-%1 Basically, the spin configurations of skyrmion

crystal
and other topological magnetic textures, such as skyrmion-
ium, meron, and hopfion which can be used as the blocks of
magnonic crystals, are determined by chiral Dzyaloshinskii—
Moriya interaction (DMI).l'%!1l DMI is an antisymmetric in-
teraction induced by spin—orbit coupling, which exists widely
in non-centrosymmetric magnetic bulk compounds and thin
layers with the breaking of inversion symmetry. Kinds of topo-
logically magnetic textures can be formed through competi-
tions between DMI and Heisenberg exchange interactions, to-
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gether with anisotropy and other contributing energies. More-
over, interactions between spin waves and magnetic textures

were investigated, such as the motion of magnetic textures

12-18] and the tailor of spin-wave dis-

19-21]

driven by spin waves,!
persion relations by manipulating the magnetic textures.!

The dispersion characteristics of magnonic crystals can
be tailored by the geometry design, parameter evaluation, and
especially the manipulation of extent applied methods such
as electric fields, magnetic fields, and strains.>% For exam-
ple, the skyrmion-based magnonic crystals can be generated
and annihilated by spin-polarized current pulses® or exter-
nal magnetic field.l”) Recently, magneto-elastic coupling or
strain effect has provided a new method to manipulate the
topological spin configurations, such as generation, annihila-
tion or tuning.!?>?"! Considering that, the strain can be in-
duced by applied electric field through converse piezoelectric
effect, voltage-manipulation can be a convenient and effective
method to design and tailor the band structures or dispersion
relations of magnonic crystals with DML

In this work, we theoretically investigated the strain-
manipulated dispersion characteristics of magnonic crystals
with DMI and proposed the potential applications in spin-
wave devices. Firstly, we investigated the ground states
of the magnonic crystals. Secondly, we studied the strain-
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manipulated dispersion characteristics of the magnonic crys-
tals based on domains and skyrmions. Finally, we proposed
the potential applications in spin-wave devices such as filters,
diodes and transistors based on strain-manipulated magnonic
crystals.

2. Simulation methods

The strain-manipulated dispersion relations of the
magnonic crystals were simulated by Object Oriented Micro-
Magnetic Framework (OOMMF)[*"] embedded in Ubermag
which provides a unified interface to solve micromagnetic
problems. 3!

Firstly, we investigated the ground states of the magnonic
crystals by calculating the minimum value of the total en-
ergy Eyt. We started with a two-dimensional (2D) Heisen-
berg model with the nearest neighbor ferromagnetic exchange,
uniaxial anisotropy along the z-axis, Zeeman field, interfacial
DMI, and strain-manipulated magneto-elastic coupling. The
total energy E can be given by

Eiot = Eex + Epma + Eze + Edemag + EpMmi + Eme, (D

where E. is the nearest neighbor exchange coupling en-
ergy, Epma is the uniaxial magnetic anisotropy energy, Eze
is the Zeeman energy, Egemag is the demagnetizing field en-
ergy, Epyr is the DMI energy, and E.. is the magneto-
elastic energy. The different topological magnetic structures
of magnonic crystals based on domains or skyrmions can be
formed through the competitions of these energies and the
ground states can be obtained with the certain initial magnetic
distributions.

Secondly, we studied the strain-manipulated disper-
sion characteristics of the magnonic crystals by solving the
Landau-Lifshitz—Gilbert (LLG) equation which can be given
by

IR gy () % )

3m(r,t)) )

+o (m(r,t) X3

where m(r,t) is the unit magnetization vector, ¢ is the dimen-
sionless Gilbert damping coefficient, 7y is the gyromagnetic ra-
tio, Uo is the vacuum permeability, and H. is the effective
magnetic field which can be introduced by calculating the dif-
ferential of Eto to m(r,1). After collecting the spin excitations
among time and space, the dispersion relations can be obtained
by performing the 2D double fast Fourier transform (2D-FFT).
In addition, the strain-manipulated effects were considered
by introducing the magneto-elastic energy which can be de-
scribed as

Eme=B1 Y, miei+BY Y mmg;. 3)
i=x,y,2 i jAi

Here, B; and B, are the magnetoelastic coupling constants
which are related to magnetostriction constants and the elastic

constants. 32!

&;; is the strain tensor which is performed to de-
scribe the applied strain. In this work, biaxial in-plane strains

are considered and the strain tensor can be reduced to
E=Ex =&y = —&;, &jixj= 0. )

In addition, the applied strain is compressive when € < 0 and
tensile when € > 0.

In our simulations, Co nano-layers were used to hold
the magnonic crystals with varied DMI strength. The typi-
cal material parameters for Co were taken as: saturation mag-
netization My = 5.8 x 10° A/m, exchange stiffness constant
Aex = 1.5 x 107! J/m, Gilbert damping coefficient o = 0.005,
gyromagnetic ratio y = 2.211 x 10> m/(A-s), magneto-elastic
coupling constants B; = —1.617 x 10’ N/m? and B, = 2.31 x
10% N/m?.133-331 Here, setting a low Gilbert damping coeffi-
cient can improve the quality of the dispersion curves.[30-38]
The magnonic crystal layer is 2000 nm x50 nm x 1 nm and the
simulated mesh cell is 2 nmx2 nmx 1 nm.

3. Results and discussion

First of all, we studied the stability of strain-manipulated
magnonic crystals with DMI. Figure 1(a) presents the sim-
ulated structure consisting of a piezoelectric substrate (PE),
a heavy metal layer (HM), and a ferromagnetic (FM) ultra-
thin layer. With symmetry breaking at interface between HM
layer and FM layer, DM interaction could be introduced in
FM ultrathin layer. The voltage is applied to the PE layer in
which the strain can be induced by converse piezoelectric ef-
fect, and for typical piezoelectric materials such as LiNbO3 or
PZT, strains ranging from —0.6% to 0.6% can be induced by
voltages lower than 10 V.3%*! With manipulating the DMI
strength and strain strength, the magnetic layer can present
several different topological magnetic distributions as shown
in Fig. 1(b).
achieved with periodically arranged magnetic domains with

Magnonic crystals with domain state can be

opposite magnetizations. We can also observe skyrmion state
which presents periodically distributed skyrmions along the
central line and zigzag state which presents periodically dis-
tributed half skyrmions along both side of the edges. Mean-
while, we can also observe irregular magnetic distributions
which is indicated as maze state.

To understand the strain-manipulated and DMI-
dependent stabilities of the magnonic crystals, we investigated
the phase diagram with changing strain strength € and DMI
strength D. In our simulation, the stable distribution could
be achieved by minimizing the total energy, so the competi-
tions among energies with given initial magnetic distributions
would determine the final stable state. Figures 2(a) and 2(b)
present the phase diagrams with changing € from —3.0% to
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3.0% and changing D from 0.5 mJ/m? to 5 mJ/m?. The per-
pendicular anisotropy constant K is set to be 8 x 10° J/m® and
the static magnetic field H is set to be 1 x 10* A/m. In the
simulation of Figs. 2(a) and 2(b), we chose the domain-like
states and skyrmion-like states as the simulation initial states,
respectively. The domain-like initial states are periodically ar-
ranged domain magnetizations with unit magnetization vector
m; = +1 or m; = —1, while the skyrmion-like initial states
present periodically arranged circularly magnetizations with
m, = —1 embedded in the uniformly magnetized layer with

= +1. We can see that the phase diagrams present obvi-
ously different stable state distributions for both of domain-
like and skyrmion-like initial states.

k

Skyrmion-based magnonic crystal layer

Covovcovoooecoecoeoeoeo
Heavy metal

Piezoelectric layer

800 1200 1600 2000
z (nm)
(b) Domains-based MC
TN
Skyrmions-based MC +1
E“

Zigzag- based MC

Maze state

Fig. 1. (a) The schematic diagram of the proposed strain-manipulated
magnonic crystal based on skyrmion. (b) Topological magnetic distributions
for periodic domain-based magnonic crystal, skyrmion-based magnonic crys-
tal, zigzag-based magnonic crystal, and non-periodic maze state.

As shown in Fig. 2(a), only two stable states are achieved
in the range of varied € and D values. Uniformly ferromag-
netic state can be observed with increasing the compressive
strain and decreasing the strength of DMI. At meantime, do-
main state can be observed with increasing both of the tensile
strain and the DMI strength. Particularly, the domain states
can present different period with manipulated € and D. The
period of each final stable state is labelled in Fig. 2(a) and we
can see that, the period can be manipulated from 13 to 50. In
addition, considering that the simulation step of € and D is
0.6% and 0.5 mJ/m?,
precise period values can be obtained with decreasing the sim-

respectively, it is suggested that much

ulation step of € and D. However, we can see that, higher
tensile strain and larger value of D are favor to stabilize the
domain state.

Different to stable states with domain-like initial state,
stable states with skyrmion-like initial state present several
complex topological magnetic structures including ferromag-
netic state, skyrmion state, domain state, zigzag state and maze
state, as shown in Fig. 2(b). We can see that, ferromagnetic
state or skyrmion state can be achieved under tensile strain
with changing D values from 0.5 mJ/m? to 5.0 mJ/m?. More-
over, lower tensile strain and larger DMI strength are favor

to exhibit skyrmion state. At meantime, ferromagnetic or
skymion state converts to domain state, zigzag state or maze
state with decreasing the tensile strain and increasing the com-
pressive strain. In particular, skyrmions-based magnonic crys-
tals can only hold in very narrow ranges of applied strain

which are indicated by stars as shown in Fig. 2(b).

Initial state (period N =50)
(a) T

5 50 | 50 | 50 i 50 { 50 { 50 { 50 { 50 { 50 i 50 | 50

50 | 50 { 50 { 50 i 50 { 50 { 50 ! 50 | 48 i 48 | 48

4 50

50

50

D (mJ/m?)

12 o4
e (%)

Initial state (period N =50)

5 | Skyrmion state ¢
pAg

AT
*
A

D (mJ/m?)

24 1.2 o0 -—1.2 —24
e (%)

Fig. 2. Phase diagrams of strain strength € versus DMI strength D
with (a) domain-like initial state and (b) skyrmion-like initial state.
(K =8x10°J/m’, H = 1 x 10* A/m).

As we all know, periodical magnetic distributions such
as magnonic crystals based on domains or skyrmions can ma-
nipulate the propagation of the spin wave. Next, we continue
to study strain-manipulated dispersion relations of magnonic
crystals with DMI, especially magnonic crystals based on do-
mains and skyrmions.

Firstly, we studied the strain-manipulated dispersion
relations of domains-based magnonic crystals. Figure 3
presents the dispersion relations calculated in the domains-
based magnonic crystals under different strains: € = —1.8%,
€ =0, and € = 1.8%, represented as the frequency versus
wavenumber. The DMI constant D is set to be 3 mJ/m?. In
order to get the dispersion relations, a sine cardinal magnetic
field was applied to the central area to excite spin waves in
the magnonic crystals. The sine cardinal magnetic field can be
described as

in[o (£ —1o)]

, sin|
o(t—1)

H(t) = Hy ®)

027501-3



Chin. Phys. B 34, 027501 (2025)

with cutoff frequency f = 100 GHz and amplitude H,
100 A/m. Then the fluctuations of magnetization (6m;(x,t)

mg(x,t) —m;(x,0)) were collected during 10 ns along the line
from (0 nm, 50 nm, 1 nm) to (2000 nm, 50 nm, 1 nm). After
that, the 2D-FFT was executed to the evolution of dm;(x,t) to
obtain the frequency—wavenumber relations which represents
the dispersion characteristics of the propagating spin waves.

D=3 mJ/m2 e=—1.8%

—
s

N2
—
o
o
=
o
o

(b)

N 80 N 80
= =
O )
~ 60 ~ 60
> >
O O
5 5
g 40 g 40
o o
(9} (9}
20 - = 20

-1 0 1
Wavenumber (7/a)

-1

D=3 mJ/m?

It should be noticed that, the skyrmion also can be moved by
the propagating spin waves.!'>~!8] In our simulation, the am-
plitude of the exciting magnetic field is 1% of the static mag-
netic field, and the sine cardinal magnetic field with cutoff fre-
quency of 100 GHz can be treated as the superposition of sin-
function magnetic fields with frequencies ranging from 0 GHz
to 100 GHz, which can be considered as perturbations. 3!

e=0 D=3mJ/m2 €=18%

—~
e}

N
—_
o
o

0]
o

=)
o

40

Frequency (GHz)

20

-1 0 1
Wavenumber (7/a)

0 1
Wavenumber (7/a)

Fig. 3. Dispersion relations of the domains-based magnonic crystals with strain (a) € = —1.8%, (b) € = 0%, and (c) € = 1.8%. K =8 x 10° J/m?,

H=1x10* A/m.

As shown in Fig. 3, the dispersion relations under three
different strains all present periodic characteristics with folded
branches. These branches or allowed bands indicate that the
spin waves can propagate through the magnonic crystals at
definite wavenumbers and frequencies. At meantime, the spin
waves with some other frequencies ranging in the bandgaps
cannot propagate through the magnonic crystals. The obtained
dispersion characteristics in magnonic crystals are similar to
those in condensed solid crystals and photonic crystals, which
indicates the propagations of electrons and photons. Further-
more, the strain-manipulated dispersion relations were inves-
tigated. As shown in Fig. 3, the dispersion branches shift
to higher frequencies with strain changing from compressive
(e = —1.8%) to tensile (¢ = 1.8%). Particularly, the widths of
the allowed bands and the forbidden bands are changing with
the strains. In addition, it can be seen that, the energy branches
exhibit weakening intensities with increasing the frequency,
which is due to the numerical simulation configurations, such
as simulation times, simulation steps or cell discretizations.

In order to investigate the strain-manipulated dispersion
characteristics clearly, we summarized the strain dependencies

of the four lower allowed bands and the forbidden bands for
domains-based magnonic crystals with D = 3 mJ/m?, 4 mJ/m?,
and 5 mJ/m?, as shown in Fig. 4. The simulated value of strain
€ changes from —3.0% to 3.0% and the periodic domains-
based magnonic crystals can be achieved in the range of €
changing from —1.8% to 2.7% for D = 3 mJ/m?, from —2.1%
to 3.0% for D = 4 mJ/m?, and from —2.1% to 3.0% for D =
5 mJ/m?, as denoted by ‘II" in Figs. 4(a)—4(c). No magnonic
crystals based on topological magnetic structure is obtained
with € changing in the range denoted by ‘I" and ‘III".

As shown in Fig. 4(a), the four lower allowed bands are
lifted to higher frequency range when the compressive strain
is decreased. In addition, the bandwidths of the four lower
allowed bands keep increasing with the compressive strain de-
creased to zero. Moreover, these observed allowed bands are
lifted to higher frequency range when the tensile strain is in-
creased from 0% to 1.8% and then dropped to lower frequency
range when the tensile strain is increased from 1.8% to 2.7%.
At meantime, the allowed band 1 and 2 merge to an identical
band, while the allowed band 3 and 4 merge to another identi-
cal band.

(a)100 . gEEE="=n] (b 100 (c) 100 -
= Allowed pand | gii= =y = Alleved band 3 i = Allowed Pand |
~ | owed ban - == < ] owed band 2 w | owe: zln
S i 3 o|= AL getWAlE ) 2ol i R
. -
= 60+ m=lm = 60 B5_gEs====-| ~ 6o III
? min S l!'.l. g‘ ll III.
< 40 == § 40 E==n S 40+ | m————
2 == =S T z, II. =
9] - 9 g=_ = o |
& 209 -- D=3 mJ/m? £ 209 _I--- D=4 mJ/m? & 207 ..‘ l!-.. D=5 mJ/m?
= Rl
I . 11 ‘ ] oLl =i iy ' N BLUH ur .
-3.0 —-15 0 1.5 3.0 -3.0 -—-1.5 0 1.5 3.0 -30 —-15 0 1.5 3.0
e (%) e (%) e (%)

Fig. 4. Strain dependencies of the allowed bands and forbidden bands for domains-based magnonic crystals with (a) D =3 mJ/m2, (b) D = 4 mJ/m?, and
(©)D=5mJ/m? K =8x10° J/m?, H =1 x 10* A/m.
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Fig. 5. Dispersion relations of the skyrmions-based magnonic crystals with strain (a) € = 0% and (b) € = 0.5%. (c) Strain dependencies of the
allowed bands and forbidden bands. D =3 mJ/m?, K = 8 x 10° J/m?, H = 1 x 10* A/m.

(a) Compound MC based on skyrmioniums

[sJoJo]ojo]ojo]o]o]o]ojojojo[o]o]o]o]o]olo]o]ojojolo]o]ojojoo]olo]ojojofo]ofo]e]

(b) Compound MC based on domains and skyrmions

(c) Heterojunctions composed by skyrmions/zigzag-based MCs

Skyrmions-based MC

Zigzag-based MC

1"

Skyrmions-based MC

(d) Heterojunctions composed by skyrmions/skyrmioniums-based MCs

0/0]0/0]0(0]0]0/0]0[0OEEEEEEEEEEEEEEEEE0]ojo]olojo]ojo]o]o]o]

Skyrmions-based MC

© Voltage/strain

Source Drain

/

Magnonic crystals channel
with strain-manipulated dispersion characteristics

L

Skyrmioniums-based MC

Skyrmions-based MC

Voltage/strain-manipulated
— » Spin-wave filter with uniform MCs
» Spin-wave diode with single heterojunction

» Spin-wave transistor with double heterojunctions

Fig. 6. Compound magnonic crystals based on (a) periodically arranged skyrmioniums (D = 5 mJ/m?, K = 0.8 x 10° J/m3, H = 1 x 10* A/m, £ = 0) and
(b) periodically arranged domains and skyrmions (D = 5 mJ/m?, K = 1 x 10° J/m?, H = —8 x 10> A/m, € = —0.56%). Magnonic crystal heterojunctions
composed by (c) skyrmions-based magnonic crystal and zigzag-based magnonic crystal (D = 5 mJ/m?, K =7 x 10° J/m®, H = 1 x 10* A/m, £ = 0.25%)
and (d) skrymions-based magnonic crystal and skyrmioniums-based magnonic crystal (D = 5 mJ/m?, K = 8 x 10° J/m3, H = 1 x 10* A/m, £ = 0.21%).
(e) Proposed voltage/strain-manipulated spin-wave devices based on magnonic crystals with DMI.

As shown in Fig. 4(b), similar strain-manipulated vari-
ation trends of the discussed allowed bands are achieved in
domains-based magnonic crystals for D = 4 mJ/m?, which is
that the bands are lifted firstly and then dropped with applied
strain changing from compressive —2.1% to tensile 3.0%, and
also, the four allowed bands merge to two identical bands.
Comparing with the strain-manipulated dispersion character-
istics achieved for D = 3 mJ/m? and D = 4 mJ/m?, the dis-
persion relations present different behaviors for D = 5 mJ/m?.
As shown in Fig. 4(c), the allowed bands 1 and 2 are dropped
to lower frequency range when the compressive strain is in-
creased to —1.8% and then are annihilated when the compres-
sive strain is —2.1%. Particularly, the allowed bands 3 and
4 are dropped to lower frequency range when the compres-
sive strain is increased to —1.2% and then lifted to higher fre-
quency range when the compressive strain is increased from
—1.2% to —2.1%.
are achieved with high tensile strain. Furthermore, for D =
3 mJ/m? as presented in Fig. 4(a), the frequency in the mid-
dle of the allowed band 1 changes from minimum value of

Similarly, two merged allowed bands

10.4 GHz to maximum value of 81.5 GHz with varied applied
strains, the variation of which is as high as 71.1 GHz, while

the varied value of allowed band 3 is also as high as 70.9 GHz,
which demonstrate that the change of spin-wave frequency by
strains is very large, and indicate remarkable manipulation ef-
fects.

Secondly, we studied the strain-manipulated disper-
sion characteristics of skyrmions-based magnonic crystals.
The dispersion relations achieved in the skyrmions-based
magnonic crystals without applied tensile strain and with
strain € = 0.5% are simulated and presented in Figs. 5(a) and
5(b), respectively. The summarized strain dependencies of the
four lower allowed bands and the forbidden bands are shown
in Fig. 5(c). It can be seen that, several distinct allowed fre-
quency bands and forbidden frequency bands are observed,
and the strain can manipulate the band widths and the posi-
tions. The denoted areas ‘II’ in Fig. 5(c) indicate the forma-
tions of skyrmions-based magnonic crystals with certain range
of applied strains. We can see that, the widths of allowed
bands 2 and 3 increase obviously when the tensile strain is
0.06% comparing with that when no strain is applied. Then,
the widths of allowed bands 1 and 2 keep decreasing with in-
creasing strain from 0.06% to 0.6%. At meantime, the band
gap between allowed bands 2 and 3 keeps increasing with the
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increased tensile strain. In addition, the allowed bands shift
to higher frequencies with increasing the tensile strain from
0% to 0.48%, and then shift to a little lower frequency at
€ =0.54%.

The above result has demonstrated that magnonic crystals
based on domains or skyrmions can be obtained and the dis-
persion characteristics can be manipulated by applied strains.
Akin to semiconductor solid crystals that the periodically ar-
ranged unit elements can be not only one kind of atoms but
also several kinds of compound atoms, magnonic crystals can
also be realized based on compound elements such as skyrmio-
niums (as shown in Fig. 6(a)) or domains and skyrmions (as
shown in Fig. 6(b)). With more complex magnetic unit el-
ements considered, the strain-manipulated dispersion charac-
teristics would be more abundant and meaningful.

Furthermore, as key components in advanced spin-wave
devices, heterojunctions can be realized in strain-manipulated
magnonic crystals. With applied strains and other parameters
finely tuned, part of the skyrmions-based magnonic crystals
can converse to zigzag-based magnonic crystals as shown in
Fig. 6(c) or skyrmioniums-based manonic crystals as shown
in Fig. 6(d), which lead to two heterojunctions. In addition,
the periods and the lengths of each magnonic crystal can be
manipulated by applied strains. Above all, voltage or strain-
manipulated spin-wave devices such as filters, diodes, and
transistors, as shown in Fig. 6(e), can be realized based on
this platform.

4. Conclusion

In summary, we theoretically investigated the strain-
manipulated dispersion characteristics of magnonic crystals
with DMI and proposed the potential applications in spin-wave
devices. We started with investigating the ground states of the
magnonic crystals. Then, the strain-manipulated dispersion
characteristics of the magnonic crystals based on domains and
skyrmions were studied. It is found that, the applied strain can
manipulate the band widths and the positions of the allowed
frequency bands. Particularly, the simulation results show that
manipulation effect is remarkable and the frequency ranges of
the allowed bands are very large, which still need further ana-
lytical explanations and experimental confirmation. At mean-
time, larger strains will also distort the periodic arrangement
of the magnetic distributions, which should be considered in
the characteristics of topological robustness.[*?l Finally, we
proposed the realization of magnonic crystal heterojunctions
and potential applications in spin-wave devices such as filters,
diodes, and transistors based on strain-manipulated magnonic
crystals. The results may provide an interesting and effec-
tive platform for designing tunable spin-wave devices based
on strain-manipulated magnonic crystals with DMI.
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