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We experimentally study the spin-wave coupling in adjacent ferrimagnetic-ferroelectric heterostructures.
By using the space-resolved Brillouin light-scattering spectroscopy, we perform a systematic study of the
coupling of waves propagating in both a magnetic and a ferroelectric layer. We demonstrate the voltage-
controlled transfer of the spin-wave energy between the adjacent bilayers. Our results show, that the
coupling efficiency of the proposed laterally coupled multiferroics can be tuned by independent variation of
the applied magnetic and electric field, which opens exciting prospects for an emerging field of magnonics.
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I. INTRODUCTION

Recent progress in magnon-based electronics shows that
a spin wave can be used as a signal carrier in the magnonic
waveguide structures operating in the gigahertz and tera-
hertz frequency range [1–5]. Composite structures consist-
ing of ferrimagnetic and ferroelectric layers have aroused
tremendous interest in the scientific community over the
years due to their improved properties compared to those
of the individual layers [6–13]. Such layered heterostruc-
tures provide us with unique opportunities for theoretical
and experimental studies on magnetoelectric coupling.
The latter leads to the possibility of tuning the magnetic
properties with an electric field, and vice versa. Dual
H-field and E-field tunability is the key advantage of
ferromagnetic-ferroelectric heterostructures operating at
room temperature. Magnetic tuning can be performed
through the variation of a bias magnetic field, while electric
tuning is possible due to control of the properties of
ferroelectric layer through the variation of an applied
electric field [14–16], which causes the change of dielectric
permittivity of the ferroelectric layer.
The revival of interest in multiferroic heterostructures

has been primarily driven by important potential applica-
tions in micro- and nanosized functional devices. The
formation of the gradient of a magnetic and electric field
[17,18] in multiferroic heterostructures allows one to be
effectively used as a building block in the inherently
scalable magnonic architecture [4]. Recently significant
attention has focused on tunable magnonic couplers and
beam splitters, which are the universal magnonic compo-
nents suitable for versatile operations with data in mag-
nonic networks [19–22]. The integration of magnonic
structures with ferroelectric opens a promising alternative

to signal processing by spin waves. However, the coupling
mechanism in side-coupled multiferroic bilayers has been
elusive. Our studies of the properties and wave dynamics in
the coupled multiferroics were originally motivated by their
promising features, which have the potential to provide
beyond-CMOS computing technology [3,4,23,24] with
decreased energy consumption.
Here, we report on an experimental investigation of spin-

wave coupling in an adjacent ferromagnetic-ferroelectric
heterostructure bilayer. The latter is composed of a barium
strontium titanate slab and insulating thin-film ferrimagnet
yttrium iron garnet film. We show the efficient voltage-
controlled transfer of the spin-wave energy between the
adjacent bilayers. We demonstrate by numerical simulation
the hybridization of eigenmodes of adjacent magnetic
stripes with transverse modes of a ferroelectric slab. We
report on Brillouin light scattering and microwave mea-
surements, displaying the effective tuning of coupling
length via both the magnetic and the electric field.
These results are important for the development of inte-
grated magnetic devices with dual tunability in the frame-
work of alternative wave-based magnonic computing
concepts.
Our paper is organized as follows. In Sec. II, we present

the experimental details of fabrication as well as microwave
and Brillouin light-scattering characteristics of the coupled
multiferroic structure. In Sec. III, we reveal the mechanism
of the hybrid spin-electromagnetic wave coupling in the
side-coupled bilayer stripes. We conclude with a discussion
in Secs. IV and V.

II. SIDE-COUPLED MULTIFERROIC BILAYER

Figure 1(a) shows the schematic of laterally coupled
bilayers. The magnetic layer is fabricated with the pattern-
ing [25] of the insulating thin-film ferrimagnet yttrium*sadovnikovav@gmail.com

PHYSICAL REVIEW APPLIED 7, 014013 (2017)

2331-7019=17=7(1)=014013(6) 014013-1 © 2017 American Physical Society

http://dx.doi.org/10.1103/PhysRevApplied.7.014013
http://dx.doi.org/10.1103/PhysRevApplied.7.014013
http://dx.doi.org/10.1103/PhysRevApplied.7.014013
http://dx.doi.org/10.1103/PhysRevApplied.7.014013


iron garnet [(YIG), Y3Fe5O12ð111Þ] into the form of
side-coupled stripes with edge-to-edge spacing of
d ¼ 40 μm. YIG film with a thickness of t1 ¼ 7.7 μm
and a saturation magnetization of M0 ¼ 140 G is epitax-
ially grown on a t2 ¼ 500 μm thick gadolinium gallium
garnet [(GGG), Gd3Ga5O12ð111Þ] substrate. The reverse
side of GGG is optically polished to provide the Brillouin
light-scattering (BLS) measurement in the backscattering
configuration [26]. It is convenient to denote the magnetic
stripes by S1 and S2. The width of both stripes is
w ¼ 210 μm. We separate a 450-μm-thick ceramic barium
strontium titanate [(BST), Ba0.6Sr0.4TiO3] slab with the in-
plane dimension of 5 × 0.46 mm from the YIG layer by a
30-nm-thick chromium (Cr) electrode, which is deposited
on the surface of BST. The thickness of the Cr electrode is
smaller than the skin depth for microwaves over the
frequency range up to 10 GHz [27–31]. A 40-μm-thick
Cr electrode is attached to the top of the BST. Owing to a
sufficiently thick BST slab, the upper Cr electrode has no
effect on spin-wave propagation in YIG. The electric
voltage Vc in the range 0–900 V (an electric field) is

applied to Cr electrodes in order to change the electric
permittivity of the BST layer εðEÞ. The electric field in BST
varies within the range E ¼ 0–20 kV=cm. This range leads
to a variation of the permittivity [see the inset in Fig. 1(a)].
First, we analyze the transformation of transmission

response of the test device when varying the applied
electric field E from 0 to 15 kV=cm. The sample is placed
into the uniform static magnetic field H ¼ 1200 Oe ori-
ented along the z axis for effective excitation in stripe S1 of
a guided magnetostatic surface wave (MSSW), also
referred to as Damon-Eshbach (DE) spin waves [32–34].
The lateral confinement of both magnetic stripes leads to a
reduction of the internal magnetic field in the DE configu-
ration. Thus, the internal field at the center of the wave-
guide is Hi ¼ 1148 Oe.
The principle of the tested structure operation is as

follows. Excitation of a MSSW in the stripe S1 is performed
with the 50-Ω-matched microstrip transmission line with
microwave transducers 30 μm wide and 1 mm long. As the
spin wave propagates along the x direction, it is trans-
formed to a hybrid spin-electromagnetic wave (HSEW) in
the region where both YIG stripes are in contact with the
BST slab. The HSEW propagates along the coupled stripes
S1 and S2, loaded with BSTas a superposition of symmetric
and antisymmetric modes [19,21] of the adjacent magnetic
stripes. The output transducer is also attached to S1 at a
distance of 6 mm from the input transducer [see Fig. 1(a)].
Thus, the HSEW reaches the area of YIG stripes without
BST, where it is transformed back into a MSSW and is
received by the output microstrip transducer [27,28,31].
The transmission response (the absolute value of S21

parameter) of the MSSW in the tested device is measured
by a microwave (MW) technique using the E8362C PNA
network analyzer. The experiments are performed at the
relatively small inputMWpowerPin ¼ 0.1 μWcorrespond-
ing to the linear regime of theMSSWpropagation in theYIG
film [34]. The solid red line in Fig. 1(b) shows the measured
absolute value of S21 when no electric field is applied
(E ¼ 0 kV=cm). Two well-pronounced stop-band dips,
denoted by f1 ¼ 5.15 GHz (a 30-dB drop) and f2 ¼
5.19 GHz (a 10-dB drop) in Fig. 1(b), correspond to the
frequencies, at which the power of the HSEW does not
effectively return to the stripe S1 [21]. Thus, the side-coupled
multiferroics can act as the frequency-filtering element,
similar to that found in Ref. [35]. When the applied electric
field is increased from 0 to 15 kV=cm, the central frequency
of the first stop-band dip exhibits a redshift atΔf ¼ 25 MHz
[see the inset in Fig. 1(b)]. This result is demonstrated by
the blue curve in Fig. 1(b). Here, the frequency of first dip
is denoted by f1. The gray vertical dashed-dotted line
denotes the frequency of the ferromagnetic resonance [36]
f0 ¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HiðHi þ 4πM0Þ

p
, where γ ¼ 2.8 MHz=Oe is the

electronic gyromagnetic ratio for YIG.
Second, to demonstrate the efficient coupling between

multiferroics and to prove the nature of the dip in
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FIG. 1. (a) Schematic view of the bilayer heterostructure. A
BLS measurement is performed in a backscattering configura-
tion. A probing laser beam is focused from the polished GGG
side. (Inset) Dielectric permittivity of BST, measured at different
values of the electric field. (b) Transmission for port P1 for
different levels of a static electric field (red solid curve, 0 kV=cm;
blue dashed curve, 15 kV=cm). The calculated transmission is
shown as a dashed green curve. (Inset) Scaled region of a voltage-
induced frequency shift of a transmission dip.
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transmission response, the detection and spatial mapping
of the HSEW intensity is performed by using the BLS
technique [26,37,38] and by scanning the probing light spot
along the x and z axes with a spatial resolution of 20 μm.
Figure 2 shows the pseudo-color-coded two-dimensional
5 × 0.5 mm2 spatial maps of the recorded BLS intensity
Iðx; zÞ at the frequency f1. When comparing the maps for
E ¼ 0 kV=cm [Fig. 2(a)] and E ¼ 15 kV=cm [Fig. 2(b)],
one should note that the power of the HSEW is transferred
from S1 to S2 in a periodic manner with the spatial period
2L, which is tuned by the value of the applied electric field.
Here, L is the coupling length [21,39], i.e., the distance
necessary to fully transfer the power from S1 to S2.
Thus, owing to the signal switching from port P1 at
E ¼ 0 kV=cm to port P2 at E ¼ 15 kV=cm, the coupled
multiferroics demonstrate electric-field tunability.

III. MECHANISM OF HSEW COUPLING
IN SIDE-COUPLED MULTIFERROIC

STRIPES

Next, to elucidate the reason of the observed switching of
HSEW power, we compare the dispersion of the wave
propagated in the coupled multiferroics and the coupled
magnetic stripes [21]. We demonstrate in Fig. 3(a) the
dispersion of MSSW in the coupled stripes without a BST
layer in order to obtain the reference characteristics (the
open squares). With open triangles, we plot the dispersion
of the HSEW in the tested coupled multiferroic structure.
To analyze the shift of the dispersion curve (the differences
between the coupled MSSW and the coupled HSEW), we
use the finite-element method (FEM) [40,41], which
provides the electrodynamic characteristics of both the
MSSW and the HEMSW. The dotted curves in Fig. 3(a)
show the calculated dispersion for symmetric (ks1) and
antisymmetric (kas1 ) MSSW modes (in the coupled stripes
without BST). The distribution of the Ez component for
these modes is depicted in Figs. 3(f) and 3(e). In the

coupled multiferroic structure, the symmetric mode ks1 and
the antisymmetric mode kas1 are coupled to the first [k1,
Fig. 3(c)] and second [k2, Fig. 3(d)] eigenmodes of the slow
transverse-electric (TE) electromagnetic wave in the BST
slab, respectively. We emphasize that we consider only the
first width modes of each magnetic stripe [42,43] and two
lower-order modes of the BST slab [39] to establish the
theoretical models which can describe the behavior of the
side-coupled multiferroics. The hybridization of the waves
in the magnetic stripes and the BST slab leads to the
splitting of the dispersion curves of both the symmetric and
antisymmetric modes, which is demonstrated in Fig. 3(a)
by the solid lines. Therefore, a coupled multiferroic
structure can propagate both a slow wave with a trans-
verse-electric polarization in a BST slab (kHE1, kHE2) and a
symmetric [ksHE1, Fig. 3(g)] and an antisymmetric [kasHE1,
Fig. 3(h)] HSEW.

(a)

(b)

z 
co

or
di

na
te

 (
m

m
)

x coordinate (mm)

FIG. 2. Normalized color-coded BLS intensity map recorded
at (a) E ¼ 0 kV=cm and (b) E ¼ 15 kV=cm at the excitation
frequency of f1. All of the shown data are obtained at
H ¼ 1200 Oe.
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FIG. 3. FEM calculation results for (a) dispersion character-
istics and (b) frequency dependence of the coupling length for
symmetric and antisymmetric modes in coupled magnetic stripes
(the dotted curves) and coupled multiferroics (the solid curves).
Open squares and triangles denote the experimental data. The
horizontal gray dashed-dotted line marks the frequency f0, while
the dashed line denotes the frequency fi. Profiles of the (c) first
and (d) second modes of the TE electromagnetic wave of the BST
slab. Profiles of symmetric and antisymmetric modes in (e),(f) a
coupled YIG film and (g),(h) a YIG/BST bilayer. Frames of the
BST layer are outlined with a rectangle. Borders of the YIG film
are not depicted due to the small thickness (in the current figure
scale). The data are calculated for the frequency of f1 and
H ¼ 1200 Oe.
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We note that the dispersion curve for ksHE1 intersects the
dispersion curve for kasHE1 at the frequency fi ¼ 5.145 GHz,
denoted by the horizontal dashed line in Fig. 3(a).
Therefore, we can conclude that the frequency dependence
of the coupling length, which is defined as LðfÞ ¼
π=jksHE1ðfÞ − kasHE1ðfÞj, has the singularity at fi; i.e., the
small frequency deviation from fi leads to the intense
variation of L. To demonstrate this fact, we perform the
BLS measurement of L in the frequency range 5.05–
5.3 GHz with a step of 25 MHz [see Fig. 3(b), the open
triangles], where E ¼ 0 kV=cm. The black triangle corre-
sponds to the frequency f1 ¼ 5.15 GHz. The measured
data are consistent with the simulated results [Fig. 3(b), the
solid curve]. The coupling length decreases by about a
factor of 2 when the frequency is detuned from fi by about
50 MHz. We emphasize that the coupling length is tuned
mainly due to the eigenmode hybridization, not the electric
field-dependent ferromagnetic resonance [44]. As seen in
Figs. 3(a) and 3(b), the most effective tuning of L is
achieved for HSEW with wave numbers in the range of
50–150 cm−1. This correlation explains why the frequency
of the second dip, f2, is not shifted when the dc voltage is
applied [Fig. 1(b)]. It should also be noted that the
completely monotonic form of LðfÞ is typical for the
side-coupled magnetic stripes [21] [see the dotted curve in
Fig. 3(b)], simulated for ε ¼ 1. The numerical simulation
confirms the nature of the dip in the transmission of the

HSEW. The dashed curves in Fig. 1(b) show the calculated
transmission, and Figs. 4(a) and 4(b) demonstrate the
calculated distribution of the spin-wave intensity at E ¼
0 kV=cm and E ¼ 15 kV=cm.
To confirm the smooth voltage tunability of the coupled

multiferroics, we change the electric field to the range
0–20 kV=cm and perform the BLS measurements of the
coupling length [shown in Fig. 4(c) by open triangles] at the
frequency f1. Since we know the relation between ε and E,
we calculate the coupling lengthL as a function ofE [shown
by a solid red curve in Fig. 4(c)]. These data demonstrate
that the experimental results are in good agreement with the
calculated results, i.e., the monotonic decrease of L with a
decrease of ε. We also note that the increase of E from 0 to
12.5 kV=cm leads to an increase of the coefficient C of
about 50 dB, which is defined asC ¼ 10 logðP1=P2Þ, where
P1 ¼

R
w
0 IðzÞdz and P2 ¼

R
2wþd
wþd IðzÞdz.

IV. DISCUSSION

It is worth noting that the frequency shift Δf ¼ 25 MHz
of the first dip [see Fig. 1(b)] can be achieved not only
by varying the electric field from 0 to 15 kV=cm but also
by decreasing the value of the bias magnetic field at
ΔH ¼ Δf=γ ¼ 8.9 Oe. From this discussion, we can
conclude that the variation of both E and H can affect
the spin-wave dynamics in coupled multiferroic stripes.
To demonstrate the dual tunability of the tested device, we
plot the color-coded regime map CðE;HÞ in Fig. 4(d) for
the frequency f1. To confirm the validity of the numerically
calculated map CðE;HÞ, we perform the MW measure-
ments at the fixed electric and magnetic fields in the range
of values shown in Fig. 4(d). We denote by open squares in
Fig. 4(d) the regime, which corresponds to the signal output
through the port P1. As the transmission decreases by 5 dB,
we mark this point with an open triangle. As has been
mentioned above, this intensity drop at the position of port
P1 suggests that the energy is transmitted into the port P2.
Therefore, we conclude that the coupling length—and thus
the coupling efficiency—is controlled by the electric and
magnetic field. We emphasize that the voltage control of the
coupling length in the YIG/BST bilayer is originated
mainly by the coupling of the symmetric and antisymmetric
modes of the magnetic stripe with the first and second
modes in the ferroelectric slab, respectively. Our findings
are of particular importance for future applications of
coupled multiferroics as dual-channel directional coupler
in magnonic networks without the drawbacks inherent in
modern semiconductor electronics, such as heatless signal
transfer and operation in the terahertz frequency range.

V. CONCLUSION

In this paper, we demonstrate that the efficient coupling
of the hybrid spin-electromagnetic waves propagating in
the heterostructure bilayer is composed of a ferroelectric
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FIG. 4. FEM simulation results. Normalized color-coded in-
tensity map of a HSEW at (a) E ¼ 0 kV=cm and
(b) E ¼ 15 kV=cm. (c) Electric-field dependence of coupling
length L and coefficient C. Open triangles show the BLS data.
(d) Output regime map CðE;HÞ of a direction two-channel
coupler. Open squares and triangles correspond to the output
ports P1 and P2. All of the shown data are obtained at the
frequency of f1, and H ¼ 1200 Oe.
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layer and adjacent magnetic stripes. Using the space-
resolved BLS technique, we show the voltage-controlled
transfer of the spin-wave energy between side-coupled
stripes. The effective tuning of the coupling length owes its
origin to the hybridization of symmetric and antisymmetric
modes of adjacent magnetic stripes with transverse modes
of ferroelectric slabs. We demonstrate the electric-field
control of the efficiency of the spin-wave power transfer
between two magnetic stripes of the layered multiferroic
structure due to a change of the dielectric constant of the
ferroelectric layer. These features make the studied phe-
nomenon very promising for applications of coupled multi-
ferroics to spin-wave-based integrated circuits as a part of
magnonic networks.
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