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Electrical Tuning of Dispersion Characteristics of
Surface Electromagnetic-Spin Waves Propagating
In Ferrite—Ferroelectric Layered Structures

Vladislav E. Demidov, Boris A. Kainikos, Sergey F. Karmanenko, Alexandr A. Semenov, and Peter Edenhofer

Abstract—Electrical tuning of dispersion characteristics has
been studied experimentally for hybrid surface electromag-
netic-spin waves propagating perpendicularly to the direction
of the static magnetization in tangentially magnetized layered
structures containing ferrite and ferroelectric layers. The tuning
is realized through the variation of the dielectric constant of
the ferroelectric layer by changing the applied eectric field. A
comparison between experimentally measured and theoretically
calculated dispersion characteristicsis presented. It is shown that
a good agreement exists between experimental and theoretical
results.

Index Terms—Electromagnetic coupling, ferrite films,
ferroelectric materials, magnetostatic waves, planar waveguides.

I. INTRODUCTION

ECENT theoretical investigations on hybrid el ectromag-

netic-spin waves (HESWSs) propagating in layered wave-
guide structures containing ferrite and ferroelectric layers have
shown that these waves can successfully be used to fabricate
electrically tunable microwave phase shifters [1]. The use of
these waves for technical applications is based upon coupling
effects between spin waves and delayed el ectromagnetic waves
that propagate in ferrite—ferroelectric layered structures. This
wave coupling causes a hybridization of dispersion curves
corresponding to spin and electromagnetic waves [2]. As a
conseguence, the dispersion characteristics of spin waves turn
out to be dependent on the value of the dielectric constant of
the ferroelectric layer. This alows a tuning of the dispersion
characteristics of spin waves through the variation of the di-
electric constant of the ferroelectric layer. This can be realized
by changing an applied electric field.
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The advantages of tunable microwave devices based on fer-
riteferroelectric layered structures in comparison with tradi-
tional purely ferrite or purely ferroelectric devices are obvious.
In contrast to the usual ferrite devices, ferrite—ferroelectric de-
vices do not demand electromagnets in order to tune operating
characteristics. Instead of varying the bias magnetic field, the
tunability is achieved through varying the constant electric field
applied to the ferroelectric layer. The use of this novel tuning
mechanism providesincreased tuning speed, decreased control-
ling power, and significant reduction of sizein comparison with
usual magnetostatic-spin-wave devices. Another important fea-
ture of HESWs is the possibility to accumulate a significant
phase shift along a relatively short (several millimeters) prop-
agation distance. That is due to very small phase and group
velocities of spin waves propagating in ferrite layers [3]. This
feature of the HESW makes ferrite—ferroelectric phase shifters
much more compact than previously developed phase shifters
based on transmission-line sections using a purely ferroelectric
substrate [4]-{6]. As shown in [1], a differential phase shift of
more than 27 rad can be obtained at a propagation distance as
short as 5 mm using ferriteferroelectric layered waveguiding
structures.

Today, investigations on wave processes in layered fer-
riteferroelectric  structures become especialy important
because of recently reported successful experimentsin growing
high-quality ferroelectric films on ferrite samples[7], [8].

Despite alarge amount of theoretical work aimed at HESWs
(see relevant literature in [9]), experimental investigations of
HESWswererare. The papers[10]-{12] report on experimental
studies of hybridization effects between magnetostatic spin
waves and delayed electromagnetic waves propagating in a
layered structurethat consists of aferritefilm and aferroelectric
waveguide separated by an air gap. In [10]-{12], wave coupling
effects were observed as a narrow notch in the amplitude versus
frequency characteristic. It was shown that the frequency
associated with this notch corresponds to an intersection point
between each of the dispersion characteristics of magnetostatic
spin waves and electromagnetic waves of the ferroelectric
waveguide modes.

The purpose of this experimental study is to investigate dis-
persion characteristics of hybrid surface electromagnetic-spin
waves propagating in ferriteferroelectric layered structures.
Moreover, the electrical tunability is investigated when an
electric field is applied to the ferroelectric layer. In addition,
the obtained experimental results are compared with the
predictions of the theory.
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Fig. 1. Schematic of ferriteferroelectric layered structure measurement
system.

Il. EXPERIMENT

For our experiments, we used the measurement device shown
in Fig. 1. It consisted of standard microstrip transmission lines.
Each of these lines had two sections. A standard 50-{2 section
and a narrow 50-pm wide and 3-mm-long transducer section.
These transducers were short circuited and separated by a
distance of 7 mm. The microstrip circuits were manufactured by
photolithography onaluminasubstrates. A spin-wavewaveguide
of width 29 mm, length 20 mm, and thickness 16.5 um
was placed on top of the transducers. The waveguide was
manufactured from an yttrium—iron—garnet (Y1G) film grown
by liquid-phase epitaxy on agadolinium—gallium—garnet (GGG)
substrate with a thickness of 500 ;m. A ferroelectric slab of
width 3 mm and length 4.5 mm was pressed from below to
the surface of the Y1G film by means of a special element (not
shown in this figure for clarity). This slab was produced from
Bay Srg.4TiOs ceramics and was covered from the bottom
side by a 3-um-thick copper film. The upper surface of the
ferroelectric slab, which was in contact with the ferrite film,
was covered by a very thin (100 nm) layer of chromium. The
thickness of the chromium layer was chosen to be much smaller
than the skin depth in order to alow the penetration of the
electromagnetic fields of spin waves into the ferroelectric slab.
The experimental investigations show that such a thin layer
neither influences the dispersion characteristics, nor increases
the propagation losses. A dc voltage in the range of 0-800 V
was applied to the system of electrodes, which consisted of the
copper and chromium layers, in order to create the controlling
electric field inside the ferroelectric layer. The measurement
device, as described above, was placed into a constant magnetic
bias field of intensity Hy-oriented parallel to the microstrip
transducers.

In this measurement setup, the magnetostatic surface spin
wave (M SSW) excitations obey the Damon—Eshbach dispersion
law near the input transducer [13]. During propagation, these
excitations enter the region where the YIG film is in contact
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with the ferroelectric layer. Here it transforms to a hybrid sur-
face electromagnetic-spin wave, which obeys another disper-
sion law. In the region near the output transducer, the excitation
transforms back to MSSW excitations, which obey the Damon—
Eschbach dispersion law.

In order to obtain detailed information about the dispersion
characteristics of HESWSs propagating in layered ferrite—ferro-
electric structures, the measurements were carried out in two
stages. In the first stage, phase versus frequency characteristics
of MSSWs were measured when the ferroelectric slab was re-
moved. From the slope of these characteristics, the frequency
dependence of the group velocity of MSSWswas obtained. Ab-
solute values of wavenumbers were determined assuming the
starting frequency of the passband in the amplitude versus fre-
guency characteristics corresponded to zero wavenumber. In ad-
dition, the wavenumbers were used as adjustable parametersin
fitting the experimentally determined dispersion curve by the
Damon-Eshbach dispersion law.

In the second stage, the phase versus frequency charac-
teristics were measured for the ferroelectric slab gradually
approaching the surface of the ferrite film toward full contact.
During these measurements, the change of the phase charac-
teristics was tracked in order to measure the absolute value of
the phase shift caused by the approach of the ferroelecric lab
for every frequency point. This alowed us to determine the
corresponding shift in the wavenumber caused by the presence
of the ferroelectric dlab relative to the previously measured
dispersion characteristics for pure MSSW excitations. As a
result, we obtained two dispersion characteristics. One of them
corresponded to pure MSSWs propagating in the ferrite film.
The other one was the resulting dispersion characteristic for the
waves propagating partially in the ferrite film and partialy in
the layered ferrite—ferroelectric structure. Finally, using these
two experimentally determined dependencies and taking into
account the propagation distances in the ferrite film and the
layered ferriteferroelectric structure, we obtained the disper-
sion characteristics for HESWs.

Thus, we measured the dispersion characteristics of hybrid
waves for intensities of the bias magnetic field in the range of
Hy = 500 — 1500 Oe and voltages applied to the ferroelectric
layer in therange of Uy = 0 — 800 V.

I1l. RESULTS AND DISCUSSION

Fig. 2(a)—(c) presentsthe results of measurements performed
for a ferroelectric slab with a thickness of 300 m. The three
parts of this figure correspond to an intensity of the bias mag-
neticfield H, of 1361, 1047, and 739 Oe, respectively. Thesolid
points show the dispersion characteristics of pure M SSWs mea
sured in the first stage of each experiment. The circlesand dia-
monds show the dispersion characteristics of HESWs obtained
alUy =0V and Uy = 800 V, respectively. In addition to the
experimental results, Fig. 2(a)—(c) aso demonstrates the theo-
retically calculated dispersion characteristics. The dashed lines
show thetheoretical dispersion curvesfor M SSWscal culated by
using the Damon—Eshbach dispersion law. The solid lines show
thetheoretical dispersion curvesfor HESWs cal culated by using
the theory devel oped by Demidov et al. [9]. Calculationsfor hy-
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Fig. 2. Experimenta and theoretica dispersion characteristics for the
ferrite—ferroelectric layered structure containing a 300-um-thick ferroelectric
dlab. The frequency interval of spin waves is situated: (a) above, (b) close, and
(c) below the cutoff frequency of the electromagnetic mode TE;. For cases
(a) and (b), a parasitic interference appears in the frequency interval AF due
to a two-mode propagation.

brid waves were performed assuming theinitial (Up = 0V) rel-
ative dielectric constant of the ferroelectric dab err, to be equal
to 2600. This value was determined from low-frequency mea-
surements of the capacity of the plane capacitor constituted by
the ferroelectric slab and the two metallic electrodes deposited
on both surfaces. As far as it was shown in many papers (see,
e.g., [14]) that the change in the dielectric constant of the bulk
ferroelectric materials does not exceed afew percent in the fre-
guency range of 0—10 GHz, we can usethisvaluefor description
of our microwave frequency case without any restrictions. The
dielectric constant corresponding to the case of U, = 800 V
was determined as aresult of fitting the experimental dispersion
curve with the theoretical dispersion curve using the dielectric
constant as an adjustable parameter. For the case under consid-
eration, this value was found to be equal to 1700. The values
of the dielectric constant are indicated in the figure close to the
corresponding theoretical dispersion curves.
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It iswell known from previous investigations (see, e.g., [13],
[15], and [16]), that MSSWs exist in a closed frequency in-
terval limited by two frequencies. These frequencies are de-
fined by the value of saturation magnetization of theferrite film
and by the intensity of the bias magnetic field. In the case of
no metallic screens, the MSSW dispersion curve starts from
zero wavenumber at a frequency corresponding to the lower
frequency limit. With an increase of wavenumber, the disper-
sion curve monotonically approaches the upper frequency limit.
With anincrease of biasmagnetic field, the frequency interval of
M SSWs shiftsto higher frequencies and becomes narrower. For
the YIG film utilized in our experiments, the starting frequency
of MSSWsisequal to4 GHz at Hy = 739 Oe [see Fig. 2(c)].
Under these conditions, the width of the frequency interval of
M SSWs reaches approximately 600 MHz when measured in the
range of wavenumbers of 0-300 cm~*. With an increase of H
up to 1361 Oe [see Fig. 2(a)], the starting frequency shifts to
6 GHz and the frequency interval decreases to 400 MHz. It is
evident from experimental dispersion curvesfor MSSWs shown
inFig. 2(a)—(c) that anearly perfect fitting can be obtained from
the Damon—Eshbach dispersion law.

In case of a ferroelectric slab placed in full contact with
the YIG film, waves propagating in such a composite layered
structure cannot be described using the magnetostatic approx-
imation where the velocity of electromagnetic waves is taken
to be infinite. Due to typically high dielectric constants of
ferroelectric materials, electromagnetic waves propagating in
layered ferrite—ferroelectric structures turn out to be strongly
delayed and, consequently, strongly influence the dispersion
characteristics of spin waves. Therefore, it becomes necessary
to consider the full spectrum of HESWs constituted by hy-
bridized fast electromagnetic and slow spin waves.

Depending on the relative position between the frequency
interval of spin waves and the cutoff frequency of the lowest
mode of electromagnetic waves, three typical cases of hy-
bridization between spin and electromagnetic waves can be
distinguished. The first corresponds to the situation when the
frequency interval of spin waves is situated below the cutoff
frequency of electromagnetic waves. The second corresponds
to the case when the cutoff frequency is close to this interval.
The third corresponds to the case when the frequency interval
of spin waves is situated above the cutoff frequency of elec-
tromagnetic waves. As shown in [9], surface spin waves can
be coupled only with TE electromagnetic waves, thus, the
lowest mode of transverse electric el ectromagnetic waves TE;
is the most important for our case. Using [9, eg. (3)], we can
calculate the cutoff frequency of the TE; mode for the case
of the layered structure, as described above, containing the
300-um-thick ferroelectric slab. For the two values of relative
dielectric constants 2600 and 1700, the cutoff frequencies turn
out to be equal to 4.7 and 5.8 GHz, respectively. This means
that the three parts constituting Fig. 2(a)—(c), corresponding
to the frequency intervals of spin waves 4.0-4.6 GHz [see
Fig. 2(c)], 5.0-5.5 GHz [see Fig. 2(b)], and 6.0-6.4 GHz [see
Fig. 2(a)] demonstrate the three above-mentioned typical cases
of hybridization.

First consider the dispersion characteristicsshownin Fig. 2(c)
for Hy = 739 Oe. In this casg, the influence of the ferro-
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electric slab on the dispersion characteristics of spin wavesis
rather weak because the cutoff frequency of the TE; electro-
magnetic mode is larger than the frequencies of spin waves.
As a result, the dispersion curve of hybrid waves (circles) is
dlightly shifted from the dispersion curve of magnetostatic spin
waves measured for the case when the ferroelectric dab is re-
moved (solid points). The strongest shift is observed in a re-
gion corresponding to small wavenumbers. With an increase of
wavenumber, the difference between the dispersion characteris-
tics of magnetostatic and hybrid waves steadily decreases. Such
abehavior is explained by a decreasing penetration of the elec-
tromagnetic fields of spin waves into the ferroelectric layer as
associated with adecrease of their wavelength. Asseen from the
figure, the application of an electricfield totheferroelectric slab
causes the dispersion curve of hybrid waves to shift to the dis-
persion curve of purely magnetostatic spin waves. Thisisdueto
a further weakening of hybridization between spin and electro-
magnetic waves owing to adisplacement of the cutoff frequency
of the TE; electromagnetic mode to larger frequencies.

A comparison of the measured and calculated dispersion
characteristics of hybrid waves shows a fairly good agreement
between them. Significant deviations of the theoretical disper-
sion curves from the experimental curves occur only for small
wavenumbers. As can be seen from Fig. 2(c), in this region of
small wavenumbers, the dispersion characteristics of hybrid
waves exhibit a “plateau,” where the group velocity of spin
waves abruptly decreases. The existence of this “plateau” is
a result of the influence of the copper film deposited at the
bottom surface of the ferroelectric dab. This phenomenon
was studied for the case of MSSWs [15], [16]. O’ Keeffe and
Patterson [16] have shown that the formation of this “plateau”
is strongly influenced by the width of the ferrite film. At the
same time, our theoretical model assumes that the layered
structure is unbounded in the plane. Thisis one reason why the
experimental dispersion characteristics demonstrate smoother
changes of the group velocity along the “plateau” region than
predicted by our theory.

With an increase in the bias magnetic fieldto Hy = 1047 Oe,
the frequency interval of spin waves shifts to the frequency
range of 5.0-5.5 GHz [see Fig. 2(b)]. In this case, the cutoff
frequency of the TE; mode, corresponding to theinitial dielec-
tric constant 2600 of the ferroelectric slab, is situated dightly
below the starting frequency of spin waves. In such a case, hy-
bridization between spin and electromagnetic waves leads to
an “exchange” of the cutoff frequencies. This means that the
dispersion curve of the spin waves starts from the frequency
corresponding to the cutoff frequency of the TE; electromag-
netic mode (=4.7 GHz) and the dispersion curve of the elec-
tromagnetic waves starts from the frequency corresponding to
the lower frequency limit of spin waves (=5 GHz). As are-
sult, the dispersion curves of spin waves and the TE; elec-
tromagnetic mode coexist inside the whole frequency interval
shown in Fig. 2(b). In practice, thisleads to a two-mode propa-
gation regime and, as a consequence, to a parasitic interference
between both types of waves. However, in the measurement
device used in our experiments, the initially existing MSSW
coming to the ferrite—ferroelectric layered structure mainly ex-
cites the waves corresponding to the dispersion branch of slow
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spin waves and does not practically excite the fast electromag-
netic waves. Significant interference was observed only in the
region of small wavenumbers where the dispersion curve of
the initial MSSW approaches the dispersion curve of the TE4
mode. Thisinterference did not allow us to measure the disper-
sion characteristics of HESWsinside the frequency interval AF
indicated in Fig. 2.

In the case when the electric field was applied to the ferro-
electric dab, the dielectric constant of the ferroelectric layer
decreases to 1700 and the cutoff frequency of the TE; electro-
magnetic mode shifts to 5.8 GHz. As a result, the dispersion
branch of the TE; mode leaves the frequency interval shown
in Fig. 2(b) and the dispersion curve of spin waves shifts to
the dispersion curve of the MSSW. Comparing Fig. 2(b) and
(0), itis clear that, with an increase in the bias magnetic field,
the tunability of the dispersion characteristics of spin waves
becomes stronger for the given variation in dielectric constant
(2600-1700).

Fig. 2(a) demonstrates the third typical case of hybridization
between surface spin wavesand the TE; electromagnetic mode.
This corresponds to the situation when the frequency interval of
spin waves (6.0-6.4 GHz) is situated above the cutoff frequency
of the TE; electromagnetic wave, even if an electric field is
applied to the ferroelectric slab. As seen from this figure, the
two-mode propagation exists in the whole range of variation of
the dielectric constant. As a result, the frequency range AL,
where the parasitic interference does not allow measurements
of dispersion characteristics, is rather wide and does not change
practically with the application of an electric field.

Summarizing the discussion of results in Fig. 2, it can be
concluded that shifting the frequency interval of spin waves
to higher frequencies alows for a stronger tunability of the
dispersion curvesthrough the variation of the diel ectric constant
of theferroelectric layer. At the sametime, in the case when the
frequencies of spin waves exceed the cutoff frequency of the
TE; electromagnetic wave, a two-mode propagation arises
leading to parasitic interference. This means that the most
appropriate configuration of the layered ferriteferroelectric
structure for technical applications is that which provides the
highest cutoff frequency of the TE; electromagnetic waves.
It is evident that the simplest way to increase this frequency,
without degrading the tunability of the dielectric constant, is
to decrease the thickness of the ferroelectric layer.

Like Fig. 2, Fig. 3(a)—(c) now shows the experimental and
theoretical dispersion characteristicsfor theferrite—ferroelectric
layered structure containing a 200-u:m-thick ferroelectric dlab.
The three parts of this figure correspond to the intensity of the
bias magnetic field equal to 1360 Oe [see Fig. 3(a)], 1045 Oe
[see Fig. 3(b)], and 743 Oe [see Fig. 3(c)].

It is clear that, in this layered structure geometry, the same
value of the voltage applied to the ferroelectric slab leads to a
stronger change in the dielectric constant in comparison with
the previoudly discussed case. As shown in Fig. 3, applying
Uy = 0 — 800 V, the dielectric constant of the ferroelectric
dlab epg changes in the range of 2600-1300. Under these con-
ditions, the cutoff frequency of the TE; electromagnetic mode
isequal to 7.3 and 10.2 GHz for the values of voltage equal to
0 and 800 V, respectively. That means that the cutoff frequency
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parasitic interference.

is situated above the frequencies of spin waves for al three in-
tensities of the bias magnetic field considered. Asaresult, there
is no parasitic interference between waves corresponding to the
dispersion branches of spin and el ectromagnetic waves.

As seen from Fig. 3, in the case of the ferroelectric slab with
a thickness of 200 ;m, the dispersion characteristics of spin
waves experience a very strong influence from the copper film.
Thisresultsin the “plateau” occupying a significant part of the
dispersion curves and, consequently, in strong deviations be-
tween experimental and theoretical dispersion curvesinthelong
wavel ength region. With an increase in the bias magnetic field,
the group velocity of spinwaves becomes smaller and even neg-
ative in the “plateau” region. This phenomenon introduces dif-
ficulties for measurements of dispersion characteristics at small
wavenumbers. As a result, the experimental dispersion curves
shown in Fig. 3(b) and (c) were measured starting from nonzero
wavenumbers.
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Fig. 4. Experimental dependencies of the differential phase shift of the wave
transmitted through the measurement device on the voltage applied to the
ferroelectric slab for the case of the thickness of ferroelectric layer equal to
200 pm and intensity of the bias magnetic field equal to 1360 Oe.

Decreasing the thickness of the ferroelectric slab from 300
to 200 m led to an increase in the voltage tunability of the
spin-wave dispersion characteristics. A comparison between
Figs. 3 and 2 shows that the same change of the voltage
allows for a much stronger variation of dispersion curves for
the thickness of the ferroelectric slab equal to 200 ;m than
for that equal to 300 ;:m. In addition, the “useful part” of the
dispersion characteristics becomes larger due to absence of the
parasitic interference between spin and el ectromagnetic waves.
These features of the ferriteferroelectric layered structure
containing a 200-um-thick ferroelectric layer are useful for
creating electrically tunable microwave phase shifters.

Fig. 4 demonstrates dependencies of the differential phase
shift of the wave transmitted through the measurement device
onthevoltageapplied to theferroel ectric slab. Dependenciesare
presented for the case providing maximum tunability of disper-
sion characteristics, i.e., for Hy = 1360 Oe [the corresponding
dispersion diagram is given by Fig. 3(a)]. The points show the
results of measurements of the differential phase shift. The solid
linesare sigmoid curves approximating the experimental points.
Characteristics are shown for the three values of frequency 6.15,
6.25, and 6.35 GHz.

As seen from the figure, varying the voltage between
0 and 800 V alowed for a differential phase shift of more
than 360°, which was observed over a frequency range of
more than 200 MHz. The strongest variation of the phase shift
corresponds to the frequencies near zero wavenumber. With
an increase of frequency, the slope of the dependence of the
differential phase shift on the voltage decreases. That is due to
a decrease of hybridization between spin and electromagnetic
waves with an increase of the wavenumber. All three curvesfor
differential phase shift exhibit saturation at voltages exceeding
600 V. This corresponds to the intensity of the electric field
inside the ferroelectric slab equal to 3000 kV/m. This saturation
is caused by the saturation of the dependence of the dielectric
constant of ferroelectric materialsin high electric fields.

Asisclear from Fig. 4, theinvestigated phenomenon could be
successfully used for the creation of a novel class of tunable
microwave phase shifters that are characterized by a large
differential phase shift and small dimensions. At the same
time, we have to point out that the results of this study are not
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enough to evaluate the possible performances of such devices
because the measurement device used in our experiments was
not optimized from the point-of-view of technical applications.
Asaresult, itsinsertion losses caused mainly by the microwave
circuit mismatch wererather high and reached —20 dB. Absence
of matching components alowed us to study the tuning of
dispersion characteristics in the large frequency range from 2
to 8 GHz without any changes in the measurement setup. In
this connection, it is clear that further investigations are needed
in order to achieve commercialy competitive performances of
ferriteferroelectric phase shifters.

IV. CONCLUSION

Results of this study show that the previously developed
theory for HESWs describes their dispersion characteristics
with good accuracy. Significant deviations between exper-
imental and theoretical results were observed only in the
long-wavelength region where the influence of the copper
film situated at the bottom surface of the ferroelectric dlab
on the dispersion characteristics leads to the appearance of a
“plateau.” These deviations could be due to the finite width
of the ferriteferroelectric structure used in experimental
investigations. Investigations of the tunability of the dispersion
characteristics of hybrid waves through the variation of the
applied electric field demonstrate that ferrite—ferroelectric lay-
ered structures could be used for the elaboration of microwave
tunable phase shifters. It is shown that the most appropriate
layered structure geometry for these purposes provides a
maximum cutoff frequency of the TE; electromagnetic mode.
In this study, such conditions were achieved with a layered
structure, which consisted of a 16.5-;m-thick ferrite film and
200-m-thick ferroelectric slab metalized from the bottom.
With such a layered structure, differential phase shifts greater
than 360° were obtained for a propagation distance of 4.5 mm.
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