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Abstract An electrically tunable microwave resonator based on bilayers with single crystal Zn2Y-type hexaferrite and
piezoelectrics of Lead Zirconate Titanate or Lead Magnesium Niobate - Lead Titanate is investigated. The resonator was
positioned in a microstripline antenna structure based on alumina substrate. Resonance profiles were obtained for electric
field E=0-12 kV/cm; bias magnetic fields H was parallel to the basal plane of hexaferrite. The magnetic and electric tunings
of the resonator has been measured. Experimental and theoretical data of research are presented in the frequency range 5-25

GHz.
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1. Introduction

In recent years, a demand for signal processing devices in
radar detection, communication, and instrumentation started
to increase. Wider use of microwave devices in consumer,
automotive and industrial radar systems will drive the
production quantity up and cost down. With increasing
developments in the radioelectronics industry, components
have been required to have s maller sizes, higher performance,
and multifunctional capability. Microwave technology is
moving up to higher frequencies and higher bandwidths, into
the mm wave range, up to 100 GHz.

Ferrite devices have played a key role in most microwave
systems and will continue to do so as they provide unique
nonreciprocal and frequency-selective properties. Ferrites
are used in tunable microwave and millimeter-wave devices
and the tunability is traditionally realized through the
variation of a bias magnetic field. This magnetic tuning
could be achieved over a very wide frequency range, but is
relatively slow, noisy, and requires high power for operation.
Similar devices but with some unique advantages could be
realized by replacing the ferrite with a ferrite-ferroelectric
composite. Such heterostructures are magnetoelectric (ME)
due to their response to elastic and electromagnetic force
fields.

Therefore, composites, especially ferrite-piezoelectric
composites, have been attracting more and more attention[1].
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When ferrite and piezoelectric phases coexist in one material,
novel properties, such as ME properties, are expected due to
the interaction between magnetization and electric
polarization. Extensive research has been conducted on the
ME effect in single phase and composite materials[2, 3].The
composites are of interest for the enhancement of ME
effects[4, 5].

Recently, a great deal of attention has beed devoted to
hexagonal ferrites, as microwave materials for the
1+100 GHz band. To achieve ferromagnetic resonance
conditions with spinels or garnets in the mm wave range,
there has to be the external bias fields in excess of 20 kG.

The idea is to apply permanent magnet materials, which
do not require external bias fields in RF operation, because
of their very high intrinsic anisotropy they are “self-biased”.
The ferrimagnetic oxides, having a crystal structure similar
to the mineral magnetoplumbite, are called hexaferrites.

Hexaferrites are usually hard magnetic materials, they
have high coercivity, and they are used as permanent
magnets. Hexaferrites can have an internal anisotropy field
up to 35kG, magnetization up to 5kG, and high Neel
temperature of around 500°C. Their operating range situated
around the remanence of the rectangular hysteresis loop. Due
to the sole Fe3" state hexaferrites are good insulators, which
have very low dielectric losses. The temperature dependence
of the magnetization is rather weak, that guarantees good
stability.

Ferrites with hexagonal crystal structure have a great
applied interest for microwave applications. It is a fact, that
these materials show a very high uniaxial magnetic
anisotropy[6, 7].

In electronic equip ment for microwaves, single crystaland
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polycrystalline samples of hexagonal ferrites are
successfully used, either because of their exceptionally high
internal magnetic fields, or because of the non-linear effects
which appear at the relatively low amplitude of the high
frequency fields[8, 9].

Improvements in the ME response of the composite
materials are possible by the use of ferrite materials with
narrow ferromagnetic resonance (FMR) linewidth, as well as
piezoelectric materials which demonstrate large piezoelectric
coefficient and small dielectric loss.

The FMR line of single-crystal Zn,Y hexaferrite can
achieve about 8+13 Oe[10, 11].

Ferrite-piezoelectric heterostructures are ideal for studies
on wide-band magnetoelectric interactions between the
magnetic and electric subsystems that are mediated by
mechanical forces. Such structures show a variety of
magnetoelectric phenomena including microwave ME
effects. The phenomenon can be used for creation of
electrical tuning microwave ME resonators and devices on
their basis. The specific focus of the ME effects is when
electromagnetic modes that are close to FMR become
excited in the ferrite. In the presence of an electric field, the
piezoelectric deformation in the bilayer structures will
manifest as an internal magnetic field in the ferrite.
Tunability of the ME devices’ characteristics in the chosen
working range can be executed by application of an electric
field. This electric tuning is relatively fast and is not
power-consuming.

The experimental and theoretical studies of ME resonators
based on hexaferrite—piezoelectric layered structure in the
frequency range 5+25 GHz are reported in this paper.

2. The Resonator Design and
Measurement Procedure

As the industry turns to monolithic integrated/hybrid
nonreciprocal microwave devices, planar geometries have
to be used. This requires the development of planar
elements, compatib le with strip line and microstrip systems.
As high-frequency systems are manufactured using
Monolithic Microwave Integrated Circuit (MMIC) designs,
the size of the ME resonator must be compatible with the
MMIC chip technology. In MMIC technology rectangular
slabs are used for filters or phase shifters; circular or
hexagonal/triangular disks for circulators. The size of a
typical ME resonator for the 12+40 GHz band is about
2.5+4 mm. These components, depending on the frequency,
are films that can be as thick as 0.01+0.2 mm.

The samples under investigation are single crystal
Ba,Zn,Fep0,, (Zn,Y-type hexaferrite) and polycrystalline
Lead Zirconate Titanate (PZT) with chemical structural
formula Pb[ZrTi;,]Os (0<x<1) or single crystal Lead
Magnesium Niobate - Lead Titanate (PMN-PT) with
chemical structural formula (1-x)[Pb(Mgl/3Nb2/3)03]-x[P
bTiO3] (0<x<1). Samples of Zn,Y were prepared by floating
zone method. PMN-PT has been formulated to exhibit high

piezoe lectric coefficients, large electric-mechanical coupling
coefficients, and low dielectric losses in comparison with
PZT. Commercial PZT850 and PMN-PT32 with <001>
orientation were used as piezoelectric phase. The bilayer
resonator was formed by Zn,Y hexaferrite thin plate which
was 180 pmthick with in-plane dimensions of 3x2 mm’ and
PZT disk which was 200 um thick with diameter of 4 mm or
PMN-PT disk which was 500 um thick with diameter of 5
mm that were bonded by cyanoacrylate superglue. The
measurements were carried out for bias magnetic fields H
along the basal plane in the range of 100+4500 Oe. The FMR
frequencies were in the range of 5+25 GHz for these
magnetic fields.

Resonator positioned over the microstrip antenna with
width 0.5 mm, short circuited, and along the long side of the
antenna. Layer of Mylar was placed between antenna and
resonator (Figure 1).
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Figure 1. Schematic diagram of the experimental structure

The experimental investigation of the ME microwave
properties of the bilayer structures were based on the
measurements of the resonators frequency responses for
different values of external dc voltage and bias magnetic
fields. Namely, reflection spectra Sy (f)=10log|P,e()/Pin(H],
where Pjn(f) is an incident power, P(f) is a reflected power,
and f is the excitation frequency, were measured. The
frequency responses were carried out with Agilent EG361A
Network Analy zer.

FMR is a powerful tool for studies of microwave ME
interaction in ferrite-piezoelectric structures. An efficiency
of the magnetoelectric interaction in the ferrite-piezoelectric
bilayers is characterized by coefficient of magnetoelectric
interaction A=0HIOE, where oH is variation of the internal
magnetic field in the ferrite and JF is variation of the electric
field applied to the piezoelectric. Magnitude of A depends
mainly on magnetostriction constant of the ferrite and
piezoelectric coefficient of the piezoelectric. An electric
field E applied to the composite produces a mechanical
deformation in piezoelectric that in turn is coupled to the
ferrite, resulting is shift 5f in the resonance field. Information
on the nature of high frequency ME coupling was therefore
obtained from data[12] on shift &f vs E. The shift is
proportional to linear ME coupling coefficient. Here we
present results of microwave ME interaction measurements
in hexaferrite-piezoelectric bilayer composites.
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3. Theoretical and Experimental Results

One class of modern planar microwave magnetoelectric
devices include circulators, isolators, phase shifters, patch
antennas, where the full set of Maxwell's equations should
be taken into account to describe the behavior of the system,
because the electromagnetic field changes considerably
over the size of the ferrite. In another class of devices based
on the magnetostatic wave, the wavelength is comparable to
the device size, and propagation effects, ie. the
displacement current term in Maxwell's equations, can be
neglected. The third class of devices is based on nonlinear
effects, when the small signal approximation for
magnetization motion is no more applicable.

The FMR frequency depends on an internal magnetic field
of the ferrite sample. In general case this field consists from
the external magnetic field Hey, demagnetizing field Hgem,
and the magnetocrystalline anisotropy field H[11]. In order
to increase operating frequencies of the microwave devices
the ferrite materials with the increased anisotropy field are
necessary. The use of such materials might reduce the weight
and the size of the devices. The magneto-crystalline
anisotropy field H* is defined as the effective field that
causes the same stiffness for rotation of the magnetization
over a small angle out of its preferential direction as the
magneto-crystalline anisotropy does. In the case of a rotation
with constant angle ¢ we get:

Héq = (1/MS)(62 wK/a 02)¢=constant (1)

So that for 8;=0":
H} = H* = 2K,/ M )
When a magnetic field H is oriented parallel to the
y-direction in the preferential plane, which will also be the

xy-plane, of the orthogonal system the resonance frequency
is:

NI-

znfres = V[H - (Ny - Nx)M]
A +np+ @, - Ny &)

Here y is the gyromagnetic ratio; N; is the demagnetization
factor in the direction of the ¢ axis and Ny and N, are the
demagnetization factors in the other two directions of the
orthogonal coordinate system. M is saturation magnetization
of the ferrite[8].

Room temperature values for the magneto-crystalline
anisotropy of ferrites ZnY: saturation magnetization
M@2000Gs[8], H, =9000 Oe[11]; Ny=0.23; Nx=0.77.
Dielectric constant: ¢’=16+18; the magnetostriction in the
basal plane is 1=1.5-10°.

Representative data on frequency response of the ferrite
resonator for in-plane bias magnetic field H=400 Oe
(parallel to microstrip) are shown in Figure 2. For
comparison, we also showed in Figure 2 similar
characteristics of ferrite-metal resonators.

Fromthe frequency response of the ferrite-metal resonator
in Figure 2, it is clear that the FMR line was shifted toward
the higher frequency in comparison with ferrite-only
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resonator. The influence of piezoelectric with metal
electrodes on spectrumof FMR is qualitatively similar to the
influence of metal[13].
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Figure 2. FMR frequency as a function of magnetic field for free sanding
Zn,Y sample (black dot isexperiment, black line istheory) and Zn,Y-metal
structure (red dot is experiment)

Magnetic tuning of the ferrite-piezoelectric resonator was
realized through variation of the bias magnetic field H.
Figure 3 shows experimental dependences of the resonance
frequency f as a function of H for normal magnetization
directions with respect to the resonator plane.
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Figure 3. Frequency response of the ferrite (solid curve) and ferrite-metal
(dash curve) resonators for H=400 Oe

The resonance linewidth measured at half power
absorption level is of ~60+70 MHz and it is almost constant
in the whole frequency range of measurements above
saturation. Maximum coupling of the ferrite-piezoelectric
structure with microstrip transducer was observed in whole
frequency range 5+25 GHz. In this range, the peak
absorption is 12+40dB.

The electric tuning of the ferrite-piezoelectric resonator
was realized through application of the dc voltage V to
electrodes in the range of 0+225 V for PZT and 0+600 V for
PMN-PT (see Figure 1). An electric field 0+12 kV/cm was
produced in piezoelectric samples for these values of V.
Figure 4 shows the dependence of the frequency shift 6f vs.
applied electric field E on resonance frequency for tangential
orientation of the bias magnetic field H.
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Figure 4. Dependence of the frequency shift 5fvs. appliedelectric field E.
Magnetic field H is 400 Oe for bilayer ZnYPZT and 670 Oe for
Zn, Y/PMN-PT resonator

Figure 5 shows the dependence of the phase shift 3 Fvs.
applied electric field E on resonance frequency for tangential
orientation of the bias magnetic field H.
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Figure 5. Dependence of the phase shift 54 vs. applied electric field E.
Magnetic field H is 400 Oe for bilayer Zn,Y/PZT and 670 Oe for
ZnYIPMN-PT resonator

In this case of magnetization of resonator with dc
magnetic field H=400 Oe, the maximum frequency shift of
22 MHz and phase shift of 9° was observed for structure
Zn,Y/IPZT. For Zn,Y/PMN-PT resonator the maximum
frequency shift of 109 MHz and phase shift of 50° were
observed at magnetic field H=670 Oe. For this bilayer
structures the frequency shift 5f is a linear function of the
applied electric field E. At the same time hexaferrite Zn,Y
have relatively small ~magnetostriction constant[12]
A=1.5"10°, therefore the Zn,Y/piezoelectric structure
demonstrated the microwave magnetoelectric coefficients
A=6f/[E which is 1.76 Oe-cmVkV for Zn,Y/PZT and 8.7
Oe-cnVkV for Zn, Y/PMN-PT. Also, the value of frequency
shift is in good coincides with piezoelectric constant
d3~250 pC/N for PZT and d3;~1250 pC/N for PMN-PT.

The electric field tuning does not change the shape and
there is a small reduction in the peak absorption with
increasing E. Approximately the same values of the
frequency shift vs. electric field was observed in the whole
frequency range of measurements.

4. Conclusions

We investigated the performance characteristics of ME
resonator based on hexaferrite-piezoelectric layered
structures for microwave applications. The magnetic and
electric tunings of the resonator has been measured. The
ferromagnetic resonance at frequency range of 5+25 GHz
has been utilized to obtain information on magnetoelectric
coupling in bilayers of Zn2Y/PZT or Zn2Y/PMN-PT.

The maximum frequency shift of 22 MHz and 109 MHz
under the influence of applied electric field has been
observed for structures Zn2Y/PZT and Zn2Y/PMN-PT
respectively. Also the phase shift of 9° and 50° has been
observed at the same structures.

The obtained results open up possibility for a new class of
magnetoelectric signal processing devices. The unique and
novelfeature in such devices is the tunability under influence
of magnetic and electric field. Miniaturization and weight
reduction in microwave devices requires small and thin
film-type resonators. A prospective use of microwave ME
resonators is in  mobile communication devices;
magnetically steerable, small-size patch antenna arrays;
electrically controlled nonreciprocal devices (variable phase
shifters, latching circulators) are operating along the
hysteresis loop, controlling the permeability p directly by
applied current (voltage).
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