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We observe and explain theoretically strain-induced spin-wave routing in the bilateral composite
multilayer. By means of Brillouin light scattering and microwave spectroscopy, we study the spin-wave
transport across three adjacent magnonic stripes, which are strain coupled to a piezoelectric layer. The
strain may effectively induce voltage-controlled dipolar spin-wave interactions. We experimentally
demonstrate the basic features of the voltage-controlled spin-wave switching. We show that the spin-
wave characteristics can be tuned with an electrical field due to piezoelectricity and magnetostriction of the
piezolayer and layered composite and mechanical coupling between them. Our experimental observations

agree with numerical calculations.
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Advances in the micro- and nanoscale engineering of
insulating-based magnetic structures opens a promising
alternative to signal processing by spin waves in beyond-
CMOS computing technology, based on magnonic
networks [1-5] with low-level energy consumption. The
micro- and nanosized magnetic structures emerge as a
promising basis for magnonic integrated circuits [1,6—10],
which overcomes the inherent limits of the conventional
CMOS-based electronics [11-13]. The quasiparticles asso-
ciated with the eigenexcitations of magnetic materials
known as spin waves (SWs) or magnons can be used as
information carriers in the magnonic circuits; however, the
magnetic field tunability of magnonic devices is inherently
slow and needs significant power consumption. In contrast,
the electrical tuning is potentially much faster and more
relevant to energy-consumption-based applications [14-17].
The ability to control spin-wave transport by both the electric
and magnetic field will enable the development of smaller
and more efficient magnonic devices.

Recent theoretical and experimental studies suggest that
strain can be used to engineer energy-efficient complicated
2D and 3D piezoelectric material and heterostructures
based, e.g., on semiconductors [18], ferroelectrics [19],
polar metals [20], piezoelectric crystals or ceramics [21],
graphene layers [22-24], and nanowire arrays [25]. It
was also shown that it is possible to induce a ferro-
magnetic resonance frequency shift due to the effect of
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the electric-field-to-magnetic-field conversion [26,27].
The effect of the electric field on the magnetic configura-
tion results from the modification of the effective internal
magnetic field. The latter is changed due to inverse
magnetostriction (Villary effect) as a result of the local
deformation of the magnetic film.

It was demonstrated experimentally that the spin-
wave coupling can be effectively used to manipulate
magnon transport [28], where it underlies the operational
regimes of versatile components of magnonic networks:
the dual channel directional coupler [28,29], spin-wave
power splitter [4,30], and tunable frequency-selective all-
magnonic unit [2,31]. This demonstration of propagating
spin-wave coupling opens the door to both the study of
nonlinear spin-wave dynamics [32] and mechanisms of
spin-wave coupling manipulation.

The combination of strain tuning and spin-wave cou-
pling can underlie a new branch of functional magnonics—
magnon straintronics. Thus, the voltage-driven spin-wave
operation can be potentially used for low-dissipation spin-
wave-based logic circuits [33] and memory elements [34].

In this Letter, we report the direct measurement of
voltage-controlled spin-wave switching in a bilateral com-
posite structure, where the dipolar stray fields produced by
the spin wave in one magnetic stripe affects the spin-wave
behavior in two neighbor stripes. By utilizing Brillouin light
scattering (BLS) spectroscopy, we demonstrate the dynamic
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FIG. 1. (a) Schematic view of bilateral magnonic stripes.
Top inset: Microphotograph of the fabricated YIG stripes. Red
dotted rectangles denote the electrodes. Bottom inset: The
distribution of the voltage in the case of V., =250 V and
V. = =250 V. (b) The spin-wave transmission through stripe
S, when voltage is not applied (blue dashed curve) and in the case
of applied voltage (red solid curve).

strain-mediated coupling of spin waves. We show that the
spin-wave characteristics can be tuned effectively with an
electrical field due to piezoelectricity and magnetostriction
of the piezolayer and layered composite and mechanical
coupling between them, which enables effective spin-wave
routing in parallel magnonic networks.

Our device is three adjacent magnonic stripes, which
form three spin-wave channels as shown schematically in
Fig. 1(a). The structure consists of three = 10-ym-thick
yttrium iron garnet [35] [Y;3FesO;, (111), YIG] stripes of
w =500 yum width placed on a 500-um-thick gadoli-
nium gallium garnet [Gd;GasO;, (111), GGG] substrate.
The saturation magnetization of YIG is M, = 139 G. Side-
coupled stripes have an edge-to-edge spacing of d = 40 um.
Hereafter, we will call these stripes S, S,, and S5 as denoted
in Fig. 1(a). The length along the long side of the waveguides
was 4 mm for §; and S5 and 10 mm for S,. Spin-wave
excitation was realized by the 1-um-thick input microstrip
antenna of 30 um width. An output antenna with the same
dimensions was placed only at stripe S, at the distance of
5.5 mm from the input microstrip. The bias magnetic field
Hy = 1100 Oe was applied along the x axis. A 500-nm-
thick chrome (Cr) electrode was deposited on the top
surfaces of a 1580 x 4000 x 200 um? piezoelectric ceramic
layer from lead zirconate titanate (PZT) [36]. Because of the
sufficiently thick PZT layer, the upper electrode has no effect
on spin-wave propagation in YIG. In order to neglect the
influence of the metal layer on the spin-wave dynamics, two
50-nm-thick Cr electrodes were deposited on the other side

of the PZT [37-40]. Strain coupling of the PZT and YIG
stripes [26] was achieved in the experiment using the heat-
cured two-part epoxy strain gage adhesive [41].

The electric voltage V. 5 in the range of —250...250 V
is applied to the electrodes in order to induce the strain both
in the PZT layer and on the surface of YIG due to the strain
coupling. The distribution of electric voltage is shown in
the bottom inset in Fig. 1(a) for the case of V., =250 V
and V. = —250 V. Next, by means of microwave spec-
troscopy (vector network analyzer), we measure the abso-
lute value of the S,; coefficient which corresponds to the
spin-wave transmission through stripe S,. The noticeable
dip in the frequency range 4.975 < f < 5.1 GHz at the
transmission response [blue dashed curve and region 2 in
Fig. 1(b)], when E; = E5; = 0 kV/cm, corresponds to the
regime when input power P, is transmitted from stripe S, to
stripes S| and S;. When we apply the voltage to one of the
electrodes (E; = 0 kV/cm and E; = 10 kV/cm), a peak
in the same frequency range (region 2) is clearly observed
in the transmission response [red solid curve in Fig. 1(b)].
This peak corresponds to the full power transmittance
through stripe S,. We provide also the spin-wave trans-
mission characteristic of the reference YIG stripe of
500 ym width [green dashed curve in Fig. 1(b)], which
is typical for the Daemon-Eshbach configuration [42,43]
demonstrating the monotonic decrease of S,; with the
increase of frequency. Thus, the microwave spectroscopy
shows that the voltage-controlled tunability of spin-wave
transmission is possible. The nature of this dip and peak
will be revealed further from numerical simulations and
BLS experiments.

We use the finite-element simulation software based on
COMSOL Multiphysics [44-47] and MATLAB [48] with
the micromagnetic simulations [49] to solve the self-
consistent 3D problem. First, we find the strain, mediated
in each of the YIG stripes by the voltage applied to the
PZT layer. Second, we compute the internal magnetic
field profile in adjacent magnetic stripes. Next, we use
the calculated internal magnetic field profile in the micro-
magnetic simulations, and we use the finite-element
method [28,46,50] to calculate the eigenmode spectra
and mode profiles of the laterally parallel magnetic stripes
with the nonuniform magnetization configurations.

We start from solving the linear magnetostrictive prob-
lem [51]. Figures 2(a) and 2(b) demonstrate [52] the lateral
and axial deformation of the PZT layer and distribution of
stress tensor component S, in the case of V,; = 250 V and
V. = =250 V. Thus, the electrical field E causes an
interface strain in YIG due to the piezoelectric effect.
Next, the inverse magnetostrictive effect produces the local
transformation of the internal magnetic field H;, profile.
Since SWs are propagated along three waveguiding chan-
nels, which are formed as a result of the shape anisotropy of
magnetic structures, the variation of H;, affects the spin-
wave characteristic. In particular, if the positive or negative
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FIG. 2. (a), (b) The distribution of stress tensor component S,
showing a local deformation of the PZT layer and induced stress on
the surface of YIG stripes. (c), (d) The voltage-induced trans-
formation of the internal magnetic field profile. (e)—(g) Eigenmodes
oftheadjacentmagneticstripesinthecaseof E; = E; = 0 kV/cm.
(h) The dispersion of the two symmetric and one antisym-
metric modes, when E; = E5 = 0 kV/cm (red curves) and E; =
10kV/em and E; =0kV/ecm  (blue curves). (i)—(k)
Eigenmodes of the adjacent magnetic stripes in the case
of E, = E3 =10 kV/cm.

value of the electric field is applied to the electrodes on the
PZT layer, the value of H,, is reduced or increased,
respectively.

For a more precise understanding of our observations,
we focus on the spin-wave spectra in the bilateral stripes.
The dipolar coupling of the propagating SW in isolated
stripes leads to the splitting of the spin-wave dispersion
[28,53-55] into three SW modes with wave numbers k1, k»,
and k5 [see Fig. 2(h)]. Thus, the eigenmode spectrum of the
identical three adjacent stripes consists of the orthogonal
system [28,56] of antisymmetric ®,; and two symmetric
(D, Dy,) modes [see Figs. 2(e)-2(g)] with the wave
numbers of k,, k;, and k3, respectively.

The appropriate values of the piezoelectric voltage
coefficients [36] provide sufficient strain to change the
internal magnetic field in stripe S; or/and S, as shown in
Figs. 2(c) and 2(d). This leads to the transformation of
eigenmode profiles and dispersion characteristics. Thus, if
E, =10 kV/cm and E; = 0 kV/cm, the dispersion of the
quasisymmetric @, ®, modes [Figs. 2(i) and 2(k)] and
quasiantisymmetric eigenmode @, [Fig. 2(j)] is shown in
Fig. 2(h) with blue curves. The wave numbers f;, 5, and
p, correspond to these modes.

To demonstrate the switching in spin-wave propagation
along the bilateral stripes, we use the BLS technique in the
backscattering configuration [57-59]. Probing laser light
with a 532 nm wavelength was focused on the transparent
GGG side of the composite structure [as shown in
Fig. 1(a)]. Figures 3(a)-3(d) show the pseudocolor-coded
two-dimensional 4 x 1.6 mm? spatial maps of the recorded
BLS intensity /(x, y) at the frequency of f; = 4.925 GHz
and level of input power of Py = —15 dBm. To complement
and further understand the experimental data, micromagnetic
simulations [49,60] were performed to yield the phase of the
propagating spin wave [Figs. 3(e)-3(h)]. If no electric field is
applied to the sample, the coupling length for three-channel
directional coupler Ly = z/|k; — k| is defined as the dis-
tance at which the spin-wave energy is transmitted from S, to
both S, and S5 [see Figs. 3(a) and 3(e)]. We emphasize that
the eigenmodes (P, , ,5) beat along the direction of propa-
gation leads to the formation of the periodic pattern of spin-
wave intensity [28,53,61,62]. The calculation results agree
qualitatively with the BLS data, and it should be noted that the
three magnetic stripes provide a smaller value of the spin-
wave coupling length in comparison with the two-channel
configuration. This is important due to the finite spin-wave
propagation length. If the voltage is applied to one or both
electrodes, the spatial spin-wave intensity distribution is
transformed. If E; =0 kV/cm and E; = 10 kV/cm, the
spin-wave power exchange is observed between stripes S;
and S, [Figs. 3(b) and 3(f)]. In this case, the coupling length
can be estimated as L3 = 7/ A, where Af = |3, — f3,|. This
agrees well with the data obtained from the microwave
measurement [Fig. 1(b)]. The splitting of the input power
between S, and S5 occurs if E; = 10 kV/cm and E; =
0 kV/cm [Figs. 3(c) and 3(g)]. It is worth noting that L, <
L, 5 from the BLS experiment, micromagnetic simulations,
and data from the dispersion calculation. If the voltage is
applied to both electrodes (E; = Ez = 10 kV/cm), the spin-
wave coupling is not efficient between S,, S, and S5 due to
the synchronous increase of the value of AH| and AH; as
shown in Fig. 2(d). In this case, the SW propagates along S,
[see Figs. 3(d) and 3(h)]. Specifically designed geometry
offers the possibility to tune the coupling characteristics.
In particular, the variation of the width of each YIG stripes
in the range 100 < w < 1000 ym leads to the coupling
length increase by a factor of 5 [Fig. 3(i)]. At the same time,
the difference of the internal magnetic field between
the positions of center of the ith and stripe S, reads as
AH;(x = x;) (where i = 1,3)and also varied from 14 to 2 Oe
as shown in Fig. 3(i). Thus, the optimal width of the YIG
stripes should provide the optimal value of AH to tune the
value of the coupling length to be comparable with the spin-
wave propagation length.

Next, to validate our findings on the spin-wave switching
mechanism, we measure the frequency dependence of the
BLS signal integrated over each stripe at the position of
y=2Ly=3.0mm. It is clearly seen from Fig. 3(j)
that there is a distinguished dip in the frequency range
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FIG. 3. (a)—~(d) The BLS spin-wave intensity at the frequency of

f1 =4.925 GHz at the different values of the applied voltages
(denoted in the figure); (c)—(h) snapshots of the dynamic out-of-
plane component of dynamic magnetization calculated by means
of micromagnetic simulations at the excitation frequency of
f1 =4.925 GHz. Edges of stripes are guided with dotted lines.
(i) Calculated coupling length and difference of the internal
magnetic field as a function of the stripe width. The curve is a
guide for the eyes. (j) Frequency dependence of the output signal
Py, P,, and P; in stripe Sy, S,, and S5, respectively. All the shown
data were obtained at Hy = 1100 Oe.

of 495 < f <5.1 GHz in the signal obtained at S,
[compare with Fig. 1(b)]. The peaks in the same frequency
range in the signals from S; and S5 are also observed. To
show the transformation of the spin-wave intensity distri-
bution between the stripes, we demonstrate the frequency
dependence of BLS signal P, at the y position of y =
2Ly = 3.6 mm when E| = E; = 0 kV/cm [see Fig. 4(a)]
and E; = 10 kV/cm, E5 = 0 kV/cm [see Fig. 4(b)]. In the
frequency region between f; =4.925 GHz and f, =
4.985 GHz, the signal attenuation in S, is visible, and this
corresponds to the regime when the power is nonequally
divided between the magnonic stripes. When f > 4.985,
the spin-wave power is mainly localized in the central stripe
S,. It should be noted in the case of E; = 10 kV/cm that
only the edge mode [63] is excited in stripe S; over the
frequency range 4.9-5.1 GHz, as shown in Fig. 4(b). The
propagation of the center mode along S; is therefore
suppressed by the locally adjusted strain.
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FIG. 4. Frequency dependence of the BLS signal over all three
stripes when E; = E3 =0kV/cm (a) and E; = 10 kV/cm,
E; =0 kV/cm. (c) and (d) show the value of the coefficients
C, 5 (open squares and circles) as a function of E; in the case of
E; =0kV/cm and E; = 10 kV/cm, respectively. The dashed
dotted lines denote the threshold value of the electric field.

Finally, we study how the power is divided between the
spin-wave channels. We introduce the coefficients C; =
101g(P;/P,), where P; = I;(x) correspond to BLS inten-
sities across the ith stripe. The behavior of C,3(E;) is
plotted for the case of E3 = 0 kV/cm [see Fig. 4(c)] and
E; = 10 kV/cm [see Fig. 4(d)]. Therefore, we define the
threshold electric field Ey,;, necessary to switch the output
power from the stripe §; by the variation of the electric
field E;. The necessary value of threshold field is defined
at E = E; when the 5 dB level of the variation of the
coefficient C from the value C(E; = 0) is reached. In the
case of both E; =0kV/cm [Fig. 4(c)] and E; =
10 kV/cm [Fig. 4(d)], the value of the threshold field is
about 5-6 kV/cm. Thus, the proposed strain-reconfigurable
three-channel structure demonstrates the efficient voltage-
controlled spin-wave switching and can act as a tunable
demultiplexer or spin-wave splitter and directional coupler.

In summary, using BLS and microwave spectroscopy
we experimentally demonstrated voltage-controlled
spin-wave transport along bilateral magnonic stripes.
We identified the spin-wave routing between the strain-
reconfigurable magnetic channels. A model describing the
spin-wave transmission response and predicting its value
is proposed. Our work shows that the strain-mediated
spin-wave channels provide a useful window into the
transformation of the spin-wave spectra and spin-wave
dynamics. This revelation is of particular importance when
we consider the practical advantages that the composite
magnon-straintronic structure could provide to fabricating
magnonic platforms for energy-efficient signal processing.
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Thus, the three-channel isolator-based directional coupler
distinguishes itself as an ideal platform for magnonics in
three key aspects: first, dual tunability with both the
magnetic and electric field; second, it supports large spin-
wave propagation distances, which is appropriate for spin-
wave interference in magnonic logic applications; and third,
its versatile magnonic component with the voltage-
controlled frequency-selective characteristics.
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(SP-2819.2018.5) and Grant of the President of Russian
Federation (MK-3650.2018.9).
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