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Magnons, the quanta of the oscillations of localized electron spins, are a powerful tool for information
transport and processing of microwave signals. Owing to the challenge of energy efficient spin-wave control
on small time- and space scales, dynamic magnonic crystals have been proposed. Their distinct feature is
the possibility to toggle on and off the spatial periodicity of the magnetic waveguide that allows one to
realize the unusual signal processing functions. The miniaturization of magnonic circuits, reduction in energy
consumption, and fast operation are important possibilities of these artificial crystals. These can be achieved in
ferrite-ferroelectric (multiferroic) heterostructures, where strong coupling of magnons and microwave photons
constitutes quasiparticles called electromagnons. Using both a theoretical approach and microwave measure-
ments, we report on successful dynamic control of electromagnonic band structures in artificial thin film crystals
via application of a voltage to the grid electrode located on a ferroelectric film. A promising functionality of
the proposed waveguiding structures arises from two major factors: (i) low energy consumptions due to the thin
ferroelectric layer, and (ii) pronounced rejection bands caused by a gradual change of the dielectric permittivity.
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I. INTRODUCTION

Information can be transferred in diverse magnetic mate-
rials, including insulators, in the form of a spin wave [1-3].
Investigations of a wide variety of linear [4—6] and nonlin-
ear [7-9] spin-wave phenomena address the field of science
known as magnonics. The promising building blocks for
magnonic devices are constituted by artificial spatially peri-
odic magnetic media, known as magnonic crystals [10-17].
Their functionality arises from a band structure engineering
that is mainly caused by spin-wave Bragg reflections from
periodic disturbances. However, these crystals have static
properties, which are predefined by the fabrication and cannot
be modified later. Time-dependent control of the waveguiding
properties resolves the above-mentioned restriction and makes
it possible to toggle on and off the spatial periodicity of the
magnetic waveguide, known as the dynamic magnonic crystal
(DMC) [18-22]. Most DMC:s are controlled by an electric cur-
rent in metal wires or in periodic screens leading to generation
of waste heat. A more challenging, but more energy-efficient
approach is to utilize the electric field controlled crystals
[23-26].

Voltage control of magnon currents representing a form of
spin currents [27] promises to be fast and low energy consum-
ing. This can be achieved in ferrite-ferroelectric (multiferroic)
heterostructures, where an electrodynamic interaction be-
tween high-frequency electromagnetic and spin waves leads to
the formation of hybrid spin-electromagnetic waves (SEWs)
[28]. Dispersion characteristics of SEW combine features of
electromagnetic waves in ferroelectric-based materials and
spin waves in ferrites. Therefore, the resulting wave spectrum
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is dually controllable by both electric and magnetic fields. The
electric tuning is realized through a variation of the dielectric
permittivity of a ferroelectric layer by changing an applied
electric field, while the magnetic tuning is provided by a
dependence of the magnetic permeability of ferrites on a bias
magnetic field. The SEW quanta are considered electroac-
tive magnons or electromagnons. By analogy to the known
magnonic and photonic crystals, the multiferroic periodic het-
erostructures, called electromagnonic crystals, demonstrate
band gaps in SEW spectra [29,30]. A working dynamic elec-
tromagnonic crystal (DEMC) based on artificial multiferroic
heterostructures was experimentally demonstrated recently
[31]. Although the presented crystal has relatively large di-
mensions and requires an application of the large voltage of
1800 V, it is more efficient than the other proposed methods
of dynamic control of the spin-wave band structure [18,19]
since the electrical power is required only when switching the
electric field on/off.

A miniaturization of a ferroelectric layer opens up fur-
ther opportunities for advanced DEMC with low energy
consumption. Namely, thin film multiferroics allows one to
reduce the control voltage needed for well-pronounced elec-
tric field control of the wave propagation [32-34]. It has
been recently shown that regular waveguides made of the
ferrite-ferroelectric-ferrite three-layer structures enrich the
properties of multiferroics because of a hybridization among
one electromagnetic mode and two spin-wave modes in the
closely spaced ferrite films [35-39]. In this case, SEW spectra
are formed as the result of the two types of coupling: (i)
electromagnetic interaction between spin and electromagnetic
modes, and (ii) magnetodipole interaction between two spin
waves modes. This feature allows one to increase the effi-
ciency of electric field control of SEWs propagating in two
ferrite films separated by a thin ferroelectric layer. Namely,
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FIG. 1. (a) Thin film dynamic electromagnonic crystal (DEMC)
based on ferrite-ferroelectric multilayer. It consists of ferroelectric
layer with thickness 6 = 25um and two (top and bottom) ferrite
layers with thickness #; = 13.6um and #, = 5.5 um, respectively.
The grid electrode consists of ten stripes with thickness 100 nm and
width 80 um, which are placed on top of the ferroelectric film. (b) A
top view of a fragment of the DEMC.

this control originated from the change of the magnetodipole
interaction between the ferrite films by the variation of the
dielectric permittivity of a ferroelectric layer. A decrease in
the dielectric permittivity can be considered as a reduction in
effective spatial distance between the magnetic films, leading
to an increase in the coupling of spin-wave modes in the
magnetic films. This topic has special potential considering
recent theoretical and experimental progress that links the
wave dynamics of thin film structures to the static electro-
magnonic band formation [40].

In this work, we present a realization of a thin film DEMC
operating with electromagnons at microwave frequencies. In
contrast to existing multiferroic waveguides, where spatial
periodicity was realized by a change in the properties of the
adjacent ferroelectric slab, our DEMC design allows one to
combine thin film ferrite and ferroelectric elements for the tai-
loring of band structures in a single voltage-controlled device.

I1. DESIGN OF THE DYNAMIC
ELECTROMAGNONIC CRYSTAL

A schematic of the investigated structure is shown in
Fig. 1(a). The DEMC consists of two ferrite films separated
by a ferroelectric layer with zero voltage permittivity £(0) =
1490. It comprises a grid electrode consisting of N = 10
stripes with a thickness of 100 nm and a width of 80 um,
which are patterned on top of the ferroelectric film [(see
Fig. 1(b)]. During investigations, we stress that the grid
electrode is transparent for a microwave field of waves propa-
gating in the structure and does not introduce any disturbance
in their propagation. It was confirmed by measurements of the
transmission characteristics of the dynamic electromagnonic
crystal. The period of the metal grid, A, is 400 um. In sim-
ulations, the thickness of the ferroelectric film & is varied
from 15 to 75 wm, while the bias voltage U applied to the
grid electrodes is changed from O to 120 V. The top and

bottom ferrites have thickness #; = 13.6 um and #, = 5.5 um,
respectively, as well as saturation magnetization M; = 143.24
kA/m and M, = 153.58 kA/m at room temperature. The fer-
romagnetic resonance linewidth AH of the ferrite layers is
assumed to be constant with frequency. In accordance with
Fig. 1, the DEMC itself is a part of the top ferrite film waveg-
uide with a propagation path of Lppvc = 4.6 mm making
contact to the ferrite-ferroelectric bilayer with the metal grid
electrodes. The structure is magnetized by a uniform magnetic
field of H = 127.324 kA/m applied along the grid electrodes
to establish the condition for magnetostatic surface spin-wave
excitation.

Some comments about the design of the DEMC should
be added. Firstly, the proposed set of ferrite parameters en-
sures a strong magnetodipole interaction between spin-wave
modes in the closely spaced ferrite films. The strength of this
interaction is strongly dependent on the overlapping of the
dynamic fields of spin-wave modes. The dynamic magnetic
fields of the surface spin waves propagating in the lower
and upper ferrite layers have weak exponential transverse
distributions with the maxima lying at the upper surfaces
of both layers. This means that the overlapping depends on
the geometry of the layered structures and parameters of the
materials. In the case of identical micron-sized ferrite films,
the spin-wave modes demonstrate a strong coupling for rel-
atively small wave numbers (up to 10 rad/cm). An increase
in the wave numbers leads to a decrease in the interaction.
This is explained by the dependence of the damping decre-
ments of the alternating fields outside the ferrite films on
the wave number. Therefore, waves having relatively large
wave numbers propagate independently and their dispersion
branches tend to follow the dispersion of the separate ferrite
films. To realize a pronounced rejection band in the proposed
dynamic electromagnonic crystal, an effective magnetodipole
interaction should be realized in a broad range of wave num-
bers, where the band structure is formed. As follows from the
conventional Bragg analysis, an interaction of waves in the
proposed DEMC leads to the formation of the rejection bands
at wave numbers Kp, = nmr /A, where n is a band-gap number.
Namely, the first three rejection bands should be formed at
78.54, 157, and 235.6 rad/cm, respectively. This means that
nonidentical ferrite layers, where a broad range spin-wave
coupling is realized, should be used. In this case, the strength
of spin-wave interactions is determined by a phase velocity
contrast, which is affected by a ratio of the thicknesses and the
saturation magnetization of the ferrite layers. Some possible
cases are summarized in Fig. 2. To achieve a strong interaction
between surface spin-wave modes, an effective overlapping
of their dynamic components of the magnetic fields should
be realized. It can be achieved when the configuration of two
ferrite films fulfills the condition shown in Fig. 2(d). Here, the
dispersion branches for thin and thick ferrite layers shown by
solid green and dashed blue curves, respectively, cross each
other in the magnetostatic region. In this case, the overlapping
of the dynamic fields of spin-wave modes is increased in
comparison with other configurations [see Figs. 2(a)-2(c)],
which leads to enhancement of the magnetodipole interaction
between nonidentical ferrite films.

Secondly, robust operation of the proposed DEMC depends
on the effectiveness of spin-wave excitation and reception.
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FIG. 2. Qualitative pictures of spin-wave dispersion character-
istics of uncoupled ferrite films with various thicknesses (z, 1)
and saturation magnetizations (M,;, M,). The dependencies are
shown inside the magnetostatic region with wave numbers less than
10* rad/cm. In the calculations, the following thickness and satu-
ration magnetization values were used: (a) f; = 6 um, #, = 20 um,
M, =M, = 139.26 kA/m; (b) t; = t, = 20 um, M; = 139.26 kA/m,
M, = 142.44 kA/m; (¢) t; = 6 um, 1, = 20um, M, = 119.37 kA/m,
M, = 139.26 kA/m; (d) f; = 20 um, £, = 6 um, M; = 139.26 kA/m,
M, = 142.44 kKA/m.

To accomplish this, we used a standard microstrip structure
[41], where short-circuited microstrip antennas are posi-
tioned on the surface of the top ferrite film [see Fig. 1(a)].
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This provides the opportunity to convert surface spin waves
into SEWs through an effective overlapping of the dy-
namic components of the magnetic fields of spin-wave modes
coupled by strong magnetodipole interactions and electro-
magnetic wave mode TE; localized mostly in the ferroelectric
layer.

Finally, the application of a control voltage U to the grid
electrodes provides a reliable approach to create periodi-
cally modulated properties in the proposed structure. For the
considered configuration, the electric field induces a spatial
modulation of the dielectric permittivity e. To simulate this
effect, we solved the two-dimensional Poisson equation taking
into account both the geometry of the grid electrodes and the
dependence e(U), as detailed in Appendix A. In the calcu-
lations, barium-strontium titanate [Bag 5Srg sTiO3(BST)] was
chosen as the ferroelectric owing to its low dielectric loss
and strong dependence e(U). Figure 3(a) shows the calculated
distribution of the dielectric permittivity for a 25 um thick fer-
roelectric film under an applied voltage of 120 V. This figure
is plotted on a linear color scale, where high ¢ is indicated as
blue and low ¢ as red.

III. NUMERICAL MODELING AND
UNDERLYING PHYSICS

To investigate the band structure, the wave dynamics in
the DEMC was modeled numerically and later verified ex-
perimentally. Theoretical transmission characteristics were
calculated by means of a two-step algorithm. As a first step,
the complex dispersion relation w*(k) = w(k) + jw,(k) for
each region of the layered structure with constant dielectric
permittivity &; was found using the theory presented in [32].
This is an important step because dispersion characteristics
are uniquely related to the waveguiding transfer functions.
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FIG. 3. (a) Spatial distribution of the dielectric permittivity ¢ after application of electrical voltage U = 120 V to the grid electrode located
on the top of the 25 wm thick ferroelectric film. (b) Calculated spatial distribution of the dielectric permittivity after application of 120 V to
the grid electrode within one period of the DEMC. Here, the dashed black line represents the dependence calculated by the two-dimensional
Poisson equation, while the solid red line shows the fitting curve consisting of 48 regions.
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FIG. 4. (a) Dispersion characteristic of spin-electromagnetic waves for an applied voltage U = 120 V (see solid black line). The dashed
and dash-dotted blue curves show dispersion characteristics of surface spin waves determining the lower cutoff frequency ,/2m. The dark
gray area below this frequency indicates an impossibility to excite waves in the proposed design of the DEMC. The inset shows a fragment of
the dispersion characteristic near the first electromagnonic band gap (EMBG) marked by light gray color. (b) Transmission characteristics of
the DEMC for zero voltage (dashed red curve) and for U = 120 V (solid black curve).

The real part of the dispersion relation w,(k) defines a group
velocity of waves and its imaginary part w, (k) describes the
propagation loss. The combination of these quantities allows
one to calculate transmission characteristics of each region of
the layered structure. As a second step, the resulting trans-
mission characteristic of the DEMC was obtained using a
transfer-matrix method [42] allowing one to realize an effect
of a set of the regions by cascading them. This method allows
one to calculate transmission characteristics of waveguiding
structures with periodically modulated properties in the shape
of rectangles with the same thickness and width. In YIG-based
magnonic crystals, the transfer-matrix method is applicable
because their regions with constant properties are produced
by periodic variations of the thickness [43], width [44], mag-
netization [45,46], and metallization [47]. In these cases, the
rectangular cross section of the periodic disturbances is pre-
determined. The proposed DEMC differs conceptually from
these magnetic media because it lacks abrupt borders between
periodic disturbances. As seen from Fig. 3(a), the value ¢
varies gradually induced by an electrical voltage. To apply
the transfer-matrix method for the considered structure, we
divided one period of the DEMC into P = 48 regions with
length /; consisting of two ferrite films and a ferroelectric layer
with dielectric permittivity &;, where i is any integer from 1 to
P. This allows one to describe the distribution of ¢ by the step
function as shown in Fig. 3(b). Note that a further increase in
the number of regions P changes the result of the numerical
calculation by less than 1% but provides a sufficient increase
in the calculation time. Table I, which contains information
about the dielectric permittivity &; of the ferroelectric layer
and its length /; within one period of the DEMC, is given in
Appendix B.

To solve this electrodynamic problem, the standard
transfer-matrix method was modified to describe the prop-

agation and reflections of waves in each region within one
period of the DEMC, as discussed in Appendix C. Results of
the numerical modeling are shown in Fig. 4. The black solid
curves in Fig. 4(a) show the calculated dispersion characteris-
tics in the DEMC after applying a voltage U = 120 V, while
blue lines represent, for comparison, uncoupled spin-wave
dispersion characteristics in the top (see dash-dotted line) and
bottom (see dashed line) ferrite films. The obtained results
show that a strong coupling between spin-wave modes takes
place around the point of crossing their pure modes marked in
Fig. 4(a). The sign of strong coupling is the large curvature of
the SEW dispersion branches. More details about the principle
of the hybrid wave formation in ferrite-ferroelectric thin film
multilayers are presented in Appendix D. For the consid-
ered structure, the strength of spin-wave interaction depends
mostly on three factors: (i) a ratio of the thicknesses and the
saturation magnetization of the ferrite films; (ii) a distance
between the ferrite films, i.e., a thickness of the intermediate
ferroelectric layer; and (iii) a value of a dielectric permit-
tivity of the ferroelectric layer. A variation of one of these
parameters changes a coupling strength between spin-wave
modes resulting in stronger/weaker repulsion of the dispersion
branches around the point of the intersection of the uncoupled
spin-wave modes. This behavior corresponds with the exper-
imental and theoretical results presented in previous reports
[48-51].

One can see from Fig. 4(a) that an area of strong cou-
pling between spin-wave modes is realized outside the region
where the band structure is formed. The position of this area
is caused by two reasons. Firstly, magnetodipole interaction
should be strong enough to realize pronounced rejection bands
in DEMCs. It means that the spin-wave modes should be
coupled in a broad range of wave numbers from 70 to 300
rad/cm, where DEMC band structure is formed. Secondly, in
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experiments the used method of wave excitation would not
allow for observations below the spin-wave cutoff frequency
wp/2m = 6.53 GHz (see area of dark gray color in Fig. 4).
Therefore, magnetodipole interaction should not be too strong
inside wave number range 70-300 rad/cm to avoid the forma-
tion of the first rejection band below this cutoff frequency.
This is because of the interaction between wave modes man-
ifesting itself in a strong repulsion of the dispersion branches
around the point of the intersection of uncoupled spin-wave
modes. As seen from Fig. 4(a), the repulsion becomes less
pronounced for smaller wave numbers.

The detailed analysis of the dispersion characteristics pre-
sented in Fig. 4(a) shows that the first electromagnonic band
gap (EMBG) formed at the Bragg wave vector kg = /A
is much broader than those of high-order bands. As a re-
sult, only one pronounced rejection band marked by the
light gray color is observed in the transmission characteris-
tic shown in Fig. 4(b). The physical mechanism underlying
the appearance of the EMBG can be understood as follows.
Initially, the multiferroic heterostructure without application
of a voltage represents a spatially homogeneous waveguide
for SEWSs. Due to this fact, the transmission characteristic
of the structure exhibits slowly increasing losses [see dotted
red line in Fig. 4(b)]. As a result, the electromagnon currents
flow through the DEMC without backscattering resulting in
the transmission characteristic as in a regular waveguide. In
addition, one can see some oscillations in Fig. 4(b). In an
experiment, one can observe this behavior which is basically
caused by an interference of fundamental modes in each fer-
rite film. To take it into account during theoretical modeling,
the constituting characteristics were found separately for the
waves propagating as fundamental modes for each ferrite film.
The resulting transmission characteristic was calculated as a
superposition of the two interfering waves.

The application of a voltage to the grid electrodes causes a
local reduction of ¢ across the ferroelectric film [see Fig. 3].
This produces a periodic array of reflectors, where the group
velocity of the electromagnetic mode is varied. Under these
conditions, excited waves undergo the cumulative effect of
scattering, resulting in the formation of spectral regions with
prohibited propagation. For the proposed DEMC configura-
tion, the application of a bias voltage of 120 V produces a
first rejection band in the vicinity of 6.576 GHz, where the
dip in the transmission characteristic is formed. Removal of
the bias voltage transforms the DEMC back to a spatially
homogeneous multiferroic waveguide.

The shape and width of the EMBG depend on several pa-
rameters, such as the thickness § of the ferroelectric film and
the value of the external electric field E = U/§. The influence
of these parameters on the band structure is shown in Fig. 5.
Here the black solid lines are identical to the spectrum shown
in Fig. 4(b).

As shown in Fig. 5(a), an increase of the ferroelectric film
thickness leads to a frequency shift and broadening of the
rejection band. This behavior is caused by a change in the
difference between the SEW group velocity in the DEMC
segments with spatially modulated dielectric permittivity. At
the same time, thinner ferroelectric films produce higher loss
of the microwave signal within the pass bands, resulting in a
less pronounced rejection band.
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FIG. 5. Fragments of the transmission characteristics around the
first rejection band for (a) different thickness & of the ferroelectric
film for fixed E = 4.8 V/um and (b) different electric field E for fixed
6 = 25um.

Electric field control of the EMBG is shown in Fig. 5(b).
The proposed DEMC with 25 um thick ferroelectric film
combines the advantages of a relatively low control voltage
and a pronounced first rejection band. Therefore, we estimated
the tuning ranges in the vicinity of this rejection band. The
obtained results show that a rejection band depth in decibels
increases by applying higher electric field E. This behavior
is confirmed by the Bragg resonance condition, where the
depth of a rejection band is mainly defined by the reflection
efficiency of waves from an array of reflectors. For the pro-
posed configuration of the DEMC, the reflection efficiency
depends on the difference between dielectric permittivity of
the periodically poled regions of the ferroelectric layer that
becomes more pronounced with increasing electric field.

IV. EXPERIMENTAL TESTING

To check the adequacy of the developed theoreti-
cal model, we carried out experimental research using a
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ferrite-ferroelectric thin film multilayer as a measurement cell.
The prototype of a DEMC was composed of two single-crystal
yttrium iron garnet [Y3FesO»(YIG)] films separated by a
barium strontium titanate [Bag 551 sTiO3(BST)] layer having
metal grid electrodes. Two ferrite films were fabricated from
13.6- and 5.5-um YIG films grown by liquid-phase epitaxy
on gadolinium gallium garnet [Gd3GasO;,(GGG)] substrates.
The thick spin-wave waveguide was cut from the YIG/GGG
wafer into a 3 cm long and 2 mm wide stripe with a saturation
magnetization M; = 143.24 kA/m at room temperature, while
the thin ferrite film had in-plane dimensions of 4 x 2 mm? and
M, = 153.58 kKA/m.

The BST layer was fabricated by a conventional mixed
oxide route followed by sintering in air. After that, a hydraulic
press and subsequent annealing formed the BST slab. At room
temperature, the produced slab had an isotropic dielectric per-
mittivity of 2300 at 5 GHz confirming the paraelectric nature
of the sample. The slab was polished down to a thickness
of 100 um and cut into stripes with in-plane dimensions of
4 x 2mm?. This thickness is enough to demonstrate the valid-
ity of the obtained theoretical results. As shown in Fig. 5(a),
an increase of the ferroelectric thickness leads to a small
down-frequency shift and broadening of the rejection band.

To form the DEMC, a ten-stripe grid electrode made of
3-nm Ta/120-nm Au was patterned using optical lithography
with a maskless aligner, e-beam evaporation, and lift-off. The
stripe width was 110 um and the grid period was 420 um. The
DEMC was positioned in a way that metal grid electrodes
were in contact with the surface of the thin YIG film. To
accomplish excitation and reception of waves, short-circuited
microstrip antennas with a width of 50 um and a length of
2.5 mm were used. The antennas were positioned at a distance
of 7.3 mm. The structure was magnetized by a bias magnetic
field H = 127.324 kA/m applied across the multiferroic struc-
ture along the antennas.

We measured DEMC transmission characteristics using a
vector network analyzer R&S®ZVB-20. As expected from
the theoretical calculations, the application of a voltage to the
grid electrodes leads to the formation of a pronounced rejec-
tion band in transmission characteristics shown in Fig. 6(a).
Here, the red dashed line represents the frequency response
of the DEMC without applying a control voltage. In this case,
the structure represents a spatially inhomogeneous medium
for waves. The application of a voltage to the grid electrodes
creates a spatially periodic electric field across the BST layer
inducing a modulation of its dielectric permittivity. This re-
sults in formation of a rejection band as shown in Fig. 6(a) by
the blue dash-dotted and black solid lines. For the performed
experiment, the width of the deepest rejection band is about
9 MHz, and its depth is about 8 dB.

Although the presented transmission characteristic of the
DEMC has relatively large insertion losses, our approach
demonstrates a more pronounced band structure in compar-
ison with the crystal based on a ferroelectric slab [31], where
the width and depth of the deepest rejection band are about 1
MHz and 5 dB, respectively. At the same time, the minimum
loss level of the proposed device remains comparable to that
presented in [31]. Such a high value of the insertion loss is
observed because of the large reflection of the incident mi-
crowave signal and additional reflections of the incident wave
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FIG. 6. (a) Fragment of the experimental transmission charac-
teristics around the first rejection band of the DEMC measured for
different control voltage U. (b) Dependence of the depth of the first
rejection band versus the control voltage obtained from experimental
data (black circles) and theoretical modeling (magenta solid line).

from the edges of the layered structure. One should recall that
the YIG/BST bilayer covers only the central 4-mm length of
the waveguiding ferrite film. Note that the insertion loss can be
reduced significantly through matching the microstrip antenna
with the feeding line, as well as through optimization of the
geometry of the transition region from the YIG film to the
multiferroic structure.

To compare experimental and theoretical data, we per-
formed additional measurements to gauge the effect of an
electric field on the DEMC band structure shown in Fig. 6(b).
Here, the experimental values of the rejection band depth
are presented by black circles, while the magenta solid line
shows the theoretical dependence. Theoretical values were
obtained as a difference of transmission coefficients for the
DEMC in off and on states at a central frequency of a studied
rejection band. Note that theoretical dependencies of trans-
mission characteristics were calculated by the same algorithm
described in Sec. III “Numerical modeling and underlying
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physics.” As one can see, the theory is in good agreement
with the experiment. The obtained results demonstrate that the
rejection band depth in decibels varies almost linearly with
the applied voltage. The deviation from a linear dependence
is increased with the applied voltage. This behavior is caused
mainly by a nonlinear dependence of dielectric permittivity
¢ on an applied control voltage U. At the same time, an
increase of the rejection band depth is confirmed by the Bragg
resonance condition, where the depth of a rejection band is
mainly defined by the reflection efficiency of waves from
an array of reflectors. In the considered case, this efficiency
depends on the difference between dielectric permittivity of
the periodically poled regions that becomes more pronounced
with increasing electric field.

V. CONCLUSION

In summary, we have developed, numerically simulated,
and experimentally demonstrated a dynamic electromagnonic
crystal operating with low control voltage. It was shown that
the proposed device differs conceptually from earlier inves-
tigated periodic structures because it lacks abrupt borders
between periodic disturbances. To estimate the contribution
of this effect to band-gap formation, we modified the transfer-
matrix method. During the modeling, we found out that a
gradual change of the dielectric permittivity provides an in-
crease of the rejection efficiency due to an increase of wave
reflections from induced disturbances. This results in more
accurate predictions of the band structure of electromagnonic
crystals containing ferroelectric layers. Namely, the appli-
cation of the bias voltage of 120 V to the grid electrodes
deposited on a 25 um thick ferroelectric film produces a pro-
nounced rejection band with a depth of almost 10 dB, which is
comparable to current-controlled dynamic magnonic crystals
[18]. Moreover, the formation of voltage-controlled rejection
bands in the transmission characteristics of artificial crystal
only requires an electric field of 4.8 V/um. In contrast, electric
field control of perpendicular magnetic anisotropy in recon-
figurable magnonic crystals [23] and in logic devices [25]
requires more than 100 V/um. Thus the proposed structure has
a good potential for applications as a complementary part to
the traditional approach for general computing and microwave
signal processing.
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APPENDIX A: SIMULATION OF A DIELECTRIC
PERMITTIVITY DISTRIBUTION
ACROSS FERROELECTRICS

The spatial distribution of the electric field in the longitu-
dinal section of the ferroelectric layer was calculated by using
the finite element method in the original scripted environment
FLEXPDE. It was assumed that the distribution of charges
and fields inside the ferroelectric obey the two-dimensional

Poisson equation V - E = —V2 ¢ = p/[gg (U)], where E is
an electric field, ¢ is an electric potential, p is a total vol-
ume charge density, and gy = 8.85 x 10~'> F/m is vacuum
permittivity. As seen, the Poisson equation additionally takes
into account the dependence of the dielectric constant &(U)
of the ferroelectric layer on the control voltage. To obtain
this dependence, the impedance of the capacitor based on the
experimental Bag 551y 5TiO3 (BST) sample was measured. To
this end, we used an automated digital bridge with the am-
plitude of the probing signal of 1 V and variable bias voltage
U = 0—400 V. The capacitance-voltage characteristics were
taken at a frequency of 1 MHz. The relative permittivity &
was calculated from the capacitance of the sample measured
at the room temperature. The obtained data can be precisely
fitted by the following expression:

vy = FO - 8(4002)
1+ (U/Uy)

where ¢(0) and ¢(400) are the ferroelectric permittiv-
ity for U =0 V and U =400 V, respectively; Uy =
%SeffEn(%):i/z. Here E, =30 V/um and &y = 300 are
the phenomenological parameters that are peculiar to
Bay 5S10.5TiO3 in a paraelectric state at room temperature; Seg
is an effective length of the electric field strength line. For
the considered case of a sandwich capacitor, this parameter is
approximately equal to the ferroelectric thickness (Sefr =~ §).
As a result, the distribution of dielectric permittivity shown
in Fig. 3(a) was calculated with the use of the electric field
distribution calculated from the Poisson equation taking into
account Eq. (A1).

+ £(400), (AD)

APPENDIX B: DISTRIBUTION OF THE DIELECTRIC
PERMITTIVITY ACROSS FERROELECTRICS WITHIN
ONE PERIOD OF THE DEMC

In Fig. 3(b), we show the spatial distribution of the dielec-
tric permittivity after application of electrical voltage to the
grid electrode within one period of the DEMC. According to
the main text, each period was divided into 48 regions with
length [; consisting of two ferrite films and a ferroelectric
layer with dielectric permittivity ¢;. Table I gives the values of
l; and ¢;.

APPENDIX C: MODIFIED TRANSFER-MATRIX METHOD

The transmission characteristics of the periodic structure
were calculated according to the transfer-matrix method.
This method allows one to calculate the transmission
characteristics of a finite-length waveguide with rectangular
cross sections of the periodic disturbances. Due to a gradually
varied dielectric permittivity across the ferroelectric layer
in the investigated structure [see Fig. 3(a)], the standard
transfer-matrix method was modified to describe the
propagation and reflections of waves in the DEMC. To
this end, we divided each period of the DEMC into 48
regions with length /; consisting of two ferrite films and a
ferroelectric layer with dielectric permittivity &;, where i is
any integer from 1 to P = 48 [see Fig. 3(b) and Appendix B].
According to the proposed method, matrices T@ " were
used to describe the wave propagation in the i region. These
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TABLE I. Values of dielectric permittivity &; of the ferroelectric
layer and its length /; within one period of the DEMC region.

i [; (um) € i [; (um) €

1 6.608 1490 25 10.62 755
2 6.646 1473 26 9.969 759
3 23.15 1410 27 6.646 765
4 6.646 1354 28 9.969 768
5 9.9697 1267 29 6.646 780
6 6.647 1216 30 9.969 789
7 9.9697 1148 31 6.646 804
8 6.6465 1106 32 9.969 819
9 9.9697 1052 33 6.646 843
10 6.6465 1019 34 9.969 858
11 9.9697 974 35 6.646 888
12 6.6465 947 36 9.969 909
13 9.9697 909 37 6.6465 947
14 6.6465 888 38 9.9697 974
15 9.9697 858 39 6.6465 1019
16 6.6465 843 40 9.9697 1052
17 9.9697 819 41 6.6465 1106
18 6.6465 804 42 9.9697 1148
19 9.9697 789 43 6.647 1216
20 6.6465 780 44 9.9697 1267
21 9.9697 768 45 6.6465 1354
22 6.6465 765 46 9.9697 1410
23 9.9697 759 47 6.6465 1473
24 10.621 755 48 6.608 1490
matrices had diagonal components only: T(lzll_ D —

1/ T;zz’;l) = exp[(—jka; + k3,)l»;]. Here, k; and kI are
real and imaginary parts of a complex wave number of the
SEWs propagating in the i region. Matrices T'*” described
reflections of the waves from the edges of neighborhood
regions. Considering that the reflection coefficient is
I' = |(kpi—1 — kpi)/(kpi—1 + k2;)|, and the transmission
through the g_unction is 1 =T, these matrices are given
byT' " =TS =1/(1 =) and T =13 =1/(1 - ).
The final transfer-matrix for the multilayered structure
formed by N = 10 periods was obtained by multiplication

of all T matrices: Ty = (]_[1.251 T(i))N. The complex transfer
function corresponds to 1/T'x;;, and the power transmission
characteristic of the considered structure is given by
So1 = 20log,(o(1/|T x11]). As a result, this approach allows
one to calculate the transmission characteristics of the
proposed DMC.

APPENDIX D: PRINCIPLE OF THE HYBRID WAVE
FORMATION IN FERRITE-FERROELECTRIC
THIN FILM MULTILAYERS

In Fig. 4(a), we show the dispersion characteristic of spin-
electromagnetic waves in the studied ferrite-ferroelectric thin
film multilayers. The presented wave spectrum is determined
by two distinct mechanisms of wave interactions. The first one
is hybridization of the surface spin-wave mode in a ferrite film
with the transverse electric (TE;) mode of the electromag-
netic spectrum in a ferroelectric layer. This process leads to

formation of the coupled excitations known as hybrid spin-
electromagnetic waves (SEWSs). The wave hybridization was
experimentally observed in artificial multiferroic heterostruc-
tures composed of ferrite film and a ferroelectric ceramic
slab (see, for example, [52]). The general dipole-exchange
theory of SEW spectra in these structures was developed by
Demidov et al. [28]. The theory predicts that only relatively
thick ferroelectric layers (on the order of hundreds of microm-
eters) provide an effective hybridization of surface spin-wave
and TE; modes in the GHz frequency range. Such thickness
limitation is caused by demands to drop the phase velocity
of electromagnetic waves and ensure the intersection of elec-
tromagnetic and spin waves at wave numbers k > 50rad/cm,
where SEWs can be effectively excited in practice. To over-
come the ferroelectric thickness limitation, we propose to use
the magnetodipole interaction between spin waves in coupled
ferrite films. This is the second mechanism of wave interac-
tions studied in our work.

Let us describe both mechanisms of wave interactions in
ferrite-ferroelectric thin film multilayers by using numerical
calculations. To this end, we used the theory developed by
Nikitin er al. [32], which was also applied for theoretical
modeling of the thin film electromagnonic crystal. During
the modeling, we used the same set of parameters as in the
main text. Namely, the ferroelectric layer had a thickness of
8 = 25um and zero voltage permittivity of £(0) = 1490, the
top ferrite film had a thickness of #; = 13.6 um and satura-
tion magnetization of M; = 143.24 kA/m, and the bottom
ferrite layers had a thickness of £, = 5.5 wm and saturation
magnetization of M, = 153.58 kA/m. The results of the mod-
eling are shown in Fig. 7 demonstrating the features of the
hybrid wave formation in the ferrite-ferroelectric thin film
multilayers.

The dispersion characteristics presented in Fig. 7 can be
described as follows. If the distance between the ferrite and
ferroelectric films is much greater than operating wavelengths
A [see Fig. 7(a)], then the electromagnetic and spin waves do
not interact with each other. In the ferrite-ferroelectric bilayer,
these waves are hybridized as shown in Fig. 7(b). The physical
reason behind this behavior is caused by the first mechanism
of the wave interaction. In contrast to thick ferroelectric slabs,
the electromagnetic wave in thin film structures demonstrates
a fast-growing phase velocity with frequency. It means that
electromagnetic and spin waves have similar phase velocities
at low wave numbers k only. As follows from the inset of
Fig. 7(b), this area of effective coupling between modes is
realized for k£ < 10 rad/cm. For higher k, the SEW dispersion
curve tends to the pure spin-wave branch that is shown in
Fig. 7(b). Therefore, an electric tuning by varying the fer-
roelectric layer permittivity will be inefficient in the region
where the SEW can be effectively excited in practice.

The second mechanism of the wave interaction is examined
in Figs. 7(c) and 7(d). Figure 7(c) shows the calculated dis-
persion characteristics of uncoupled spin waves propagating
in two nonidentical ferrite films. As follows from Sec. II,
the thickness and saturation magnetization of these layers
were chosen to provide an intersection of the dispersion
characteristics. According to coupled mode theory [53], the
strength of an interaction between modes depends on a phase
mismatch. The considered set of parameters yields a wide
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FIG. 7. Dispersion characteristics of (a) the TE; mode (solid red line) in the ferroelectric film and surface spin wave (solid green line) in
the ferrite film; (b) the spin-electromagnetic wave (solid blue lines) propagating in the ferrite-ferroelectric bilayer; (c) the surface spin waves
in the uncoupled ferrite films; (d) the spin-electromagnetic wave (solid black lines) propagating in the ferrite-ferroelectric multilayer. In this
figure, the insets demonstrate a schematic view of the studied structures. In insets (a,c), ¢ is a thickness of the nonmagnetic spacer layer, which
is much greater than operating wavelengths A. Additional insets show fragments of the dispersion characteristics, where the intersection of
the dispersion characteristics is realized in the expanded scale. For the sake of comparison, (b,d) also present dispersion curves of TE; mode
(dashed red line), surface spin waves in thick (dashed green line), and thin (dashed magenta line) ferrite films.

range of wave numbers from 360 to 580 rad/cm where the
phase velocities of the waves in uncoupled ferrite films are
close [see inset of Fig. 7(c)]. As the distance between the
ferrite films ¢ is decreased, the spin waves start to inter-
act which manifests itself in a repulsion of their dispersion
characteristics. As seen in Fig. 7(d), the small distance be-
tween the ferrites (equal to ferroelectric thickness ¢ = § =
25 um) leads to a strong repulsion of the SEW dispersion
branches in a wide range of wave numbers from 100 to 900
rad/cm. This effect paves the way to effective electric field
control of wave dynamics in ferrite-ferroelectric thin film
multilayers.

To estimate a range of electric field tuning, we performed
additional numerical calculations presented in Fig. 8. As is
well known, the application of an electric field to a ferro-
electric layer decreases its relative dielectric permittivity &
resulting in an increase of phase velocity of electromagnetic
waves. This means that a decrease in ¢ shifts the regions of
wave hybridization towards the ordinate axis and decreases
the wave numbers of the SEW for fixed frequencies. This

behavior is clearly visible in Fig. 8(a), where dispersion char-
acteristics in the ferrite-ferroelectric bilayer were calculated
for two values of the dielectric permittivity £(0V) = 1490
and £(120 V) = 755. However, the region of effective electric
tuning of the SEW dispersion characteristics is located at low
wave numbers k only because of the thin ferroelectric layer
thickness. As a result, this region is out of wave numbers,
where rejection bands can be formed for electromagnonic
crystals based on a thin ferroelectric layer. To demonstrate
this, we added vertical dash-dotted lines corresponding to
Bragg wave vector kg = nm /A, where n is a band-gap num-
ber, and A is 400 um. As seen from Fig. 8(a), a frequency
shift A f of the dispersion characteristic is equal to 3 MHz at
a fixed wave number of a first rejection band. This value is not
enough to see a pronounced rejection band in the experiment.

Consider now the influence of the same variation of ¢
on dispersion characteristics of SEWs in two ferrite films
separated by a thin ferroelectric layer as shown in Fig. 8(b).
As in the previous case, an effective electric tuning of the
SEW dispersion characteristic is realized near the region of

024440-9



ALEKSEI A. NIKITIN et al.

PHYSICAL REVIEW B 109, 024440 (2024)

(0 V) = 1490 — —¢(120V) =755
(a) (b)
: © Af,=0.1 MHz: : :
| Aty =1 MHz | ! | |
6.7 | | L 6.7
/I\T ] ] I
z | |
S 6.6 | | - 6.6+
1 A
% I I Dielectric substrate
o '
(T ' .
6.5 I B Forroelectric film (0),5 ] Ferroelectric film £(0),3
p : ielectric substrate
I I 1 I Dielectric substrate
6.4 | /A |2/A |3n/A 6.4 /A |2m/A |3n/A
. T T T T T - T L 1 1 = 1 ' 1
50 100 150 200 250 50 100 150 200 250

Wave number (rad/cm)

Wave number (rad/cm)

FIG. 8. (a) Dispersion characteristics of the SEWs in the ferrite-ferroelectric bilayer calculated for dielectric permittivity (0 V) = 1490
(black solid line) and (120 V) = 755. (b) Dispersion characteristics of the SEWs in the ferrite-ferroelectric-ferrite thin film structure calculated
for dielectric permittivity (0 V) = 1490 (black solid line) and £(120 V) = 755. Dash-dotted vertical lines show the frequencies that correspond
to the wave numbers satisfying the Bragg reflection for the design shown in Fig. 1 of the main text.

strong coupling between TE, and spin-wave modes. However,
a detailed study also shows changes in the spectrum far from
this region. Namely, for k > 50rad/cm, a variation of ¢ leads
to a shift of the dispersion branches because of a change in
the coupling strength between spin-wave modes. As a result,

the frequency shift A f of 14 MHz is achieved for the studied
multilayers at a fixed wave number of a first rejection band.
This feature allows one to observe a pronounced rejection
band in the wave spectrum of the electromagnonic crystal as
shown in Fig. 4 of the main text.
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