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ABSTRACT

An investigation of the composite “a-Al, 03 dielectric resonator-thick ferrite film” heterostructures mag-
netic field tunable microwave properties has been conducted. Thick high-density high-quality NiFe;04
spinel and M-type hexaferrite BaFe1,019 films were deposited on the surface of the dielectric by tape-
casting technique. Specific organic suspensions for ferrite films synthesis were developed; optimal
conditions for pre-heat treatment and annealing have been defined. It was found, that magnetic field
has a profound impact on microwave transmission characteristic of composite resonator, including peak
absorption level and unloaded Q-factor. Both effects were attributed to increase of the magnetic part of
the composite resonator internal losses at frequencies close to ferromagnetic resonance. Since qualita-
tively similar results were obtained for both cm-wave (with nickel ferrite) and mm-wave (with barium
hexaferrite) resonators, the proposed method of electronic control over dielectric resonator proper-
ties can be successfully utilized in a very broad frequency range, basically, from few GHz to more than

100 GHz.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Current trends in mobile communications, wireless technolo-
gies, satellite television and radiolocation require improvement
of the existing UHF components and advancement into new fre-
quency bands [1-3]. Stripline and dielectric resonator based UHF
filters are the key elements of the modern transceiver equip-
ment [4-8]. Besides indisputable advantages of such devices (like
high quality factor and temperature stability), the lack of dynam-
ical tuning of their characteristics (such as operating frequency,
Q-factor, insertion losses, etc.) is their crucial drawback, since uti-
lization of electronically tunable components can greatly increase
the functionality of microwave devices. Thus, development of tun-
able devices on the basis of high-Q dielectric resonators (DR) is an
important and urgent task.

In general, electronic control could be realized if device includes
ferroelectric [9], semiconductor [10] or ferrite [11] constituent.
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This is, in essence, the practical realization of the composite
materials concept. In such structures tuning is fulfilled due to the
either electric field dependence of added component dielectric
constant, conductance and/or capacitance or, as in the last case,
due to its high frequency magnetic permeability adjustment with
magnetic field. Other tuning techniques, with the assistance of
electromechanical actuators, MEMS [10,12] or DR temperature
change [13] are also known.

In the first two of abovementioned cases, an undesirable degra-
dation of resonator quality factor and thermostability usually take
place, therefore incorporation of ferrite component with tunable
permeability seems more advantageous since it allows for purely
electronic control over composite resonator electrodynamics char-
acteristics without noticeable deterioration of the Q-factor.

In the present paper, we considered the electronic control of
RF properties of composite heterostructure, comprising of poly-
crystalline a-Al; O3 bulk DR with a layer of ferrimagnetic material.
While tuning mechanism is similar with that, utilized in [11], we
exploited thick-film tape-casting ferrite component instead of a
bulk ferrite, which, as expected, should decrease mass and dimen-
sions of composite structure, and also make it compatible with
planar technology. Large area of contact between ferrite and dielec-
tric in such heterostructure favors substantial penetration of DR
main mode high-frequency electromagnetic field into magnetic
film, resulting in noticeable impact of ferrite permeability on the
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DR resonance mode even for marginal relative volume of the ferrite
component. At the same time, small ferrite volume could not lead
to substantial degradation of DR eigen-oscillations Q-factor, pro-
viding that the bias magnetic field is far from resonant value. Such
resonators with electronically controlled electrodynamic charac-
teristics can find application in reconfigurable matched filters [14]
with dynamic modification of the filter pulse response characteris-
tic in accordance to the spectrum of incoming signal [15]. Besides,
as it was demonstrated earlier, two-layered ferrite-dielectric struc-
tures can operate as a magnetic field tunable mm-wave band
isolator [16].

For the ferrite constituent of composite resonator we selected
such traditional microwave ferrites as NiFe,04 with spinel struc-
ture and M-type barium hexaferrite (BaFe{,019). The former is
widely used in lower part of microwave frequencies, whereas the
latter one (due to the large magnetocrystalline uniaxial anisotropy
field) is utilized in millimeter wavelengths, at frequencies above
50 GHz. Hence, this choice of materials allowed us to investigate the
suggested composite resonator design in a very broad frequency
range.

It is known [17], that in order to get a desired parameters of
ferrite microwave devices, a relatively thick film (from few tenths
to few hundreds microns) must be utilized. One of the promising
techniques for thick crystalline films deposition is a tape-casting
[18,19]. It allows to obtain a high-density film and provides capa-
bility for film thickness variation during the deposition.

For the manufacturing of a two-layer “a-Al,03 dielectric
resonator-ferrite film” structures the film should have high density
and homogeneity [20]. The suspension for the thick films deposi-
tion by tape-casting method consists of two main components: an
inorganic powder precursor and an organic component. Therefore,
the production of thick high-density films by tape-casting method
is primarily dependent on both the microstructure of the pow-
der precursor (particle size and agglomeration) and the nature of
organic components. Also, an important key point during the syn-
thesis of uniform thick films is its annealing conditions (prebaking
and final annealing temperatures). Therefore, the development of
the main suspension components (powder precursor and organic
component) and determination of annealing conditions are impor-
tant.

The aim of this work is to develop the high-density high-
quality nickel ferrite spinel NiFe, 04 and M-type barium hexaferrite
BaFe;;019 thick films on the surface of the «-Al, 03 bulk dielectric
resonator and to produce electronically tunable microwave reso-
nance components for cm- to mm-wave frequency bands on the
basis of these two-layer composite structures.

2. Experimental part
2.1. Synthesis of powder precursors

The starting powder precursors for the synthesis of spinel
NiFe, 04 thick films were obtained by the precipitation from non-
aqueous solutions according to the method described in [21].
Fe(NOs3)3-6H,0, Ni(NO3);-9H,0 (analytical grade), NaOH (purity
97%), diethylene glycol (DEG, purity 99%) and oleic acid (pure
OLA) were used as initial reagents. Nanoparticles of NiFe,04 were
obtained by the heat treatment of prepared solution in the temper-
ature range 200-220°C (60 h).

The starting powder precursors for the synthesis of M-type
barium hexaferrite (BHF) thick films were obtained by the sequen-
tial precipitation of barium carbonate on pre-precipitated iron (III)
hydroxide from aqueous solutions of their salts in the stochiomet-
ric ratio corresponding to the formula BaFe15,019. A1 M solutions of
an analytically pure Fe(NOs )3 and BaCl, were used. Iron hydroxide

was precipitated from an aqueous ammonia solution (pH 4.3) and
barium carbonate with an ammonia-carbonate (pH 9) precipitant.
Nanoparticles of BHF were obtained by the heat treatment of pre-
cipitates at T=1000°C. This method of M-type BHF nanoparticles
synthesis was described in details in [22].

Samples were investigated by X-ray phase analysis (XPA) and
full-profile X-ray phase analysis on a DRON-4 diffractometer (Cu
Ka radiation). The size of powder particles was estimated from the
broadening of the XRD peaks. Assuming the Gaussian shape of the
diffraction peak, the linear line broadening  was calculated from

the formula: 8 = v/ B2 — b2, where Bis the total linear broadening of
the line and b is the instrumental broadening. The particles size was
calculated from the Scherrer formula: D=0.91/(Bxx1c0SOk1)- The
size and morphology of powder particles have been determined
using a SELMI transmission electron microscope (TEM)—125K at
100KV of accelerating voltage. Size distribution was obtained from
the analysis of TEM images with the use of image tool 3 and Orig-
inpro 8.5 Sr1 software packages. When calculating particles size
distribution, tem images were analyzed according to the procedure
described by Peddis et al. [23].

2.2. Synthesis of spinel NiFe,04 and M-type BaFe;,019
nanocrystalline thick films

The suspension for film deposition consists of the powder pre-
cursor and the organic component. The organic component was
a mixture of plasticizer (dibutyl phthalate), dispersant, binder
(polymethyl methacrylate, PMMA) and solvents (isopropanol and
acetylacetone). Dibutyl phosphate and a mixture of dibutyl phos-
phate and tannin were used as dispersants. The suspension consists
of the precursor powder, isopropanol, dibutyl phosphate, acety-
lacetone, PMMA and dibutyl phthalate in the ratio of 30%, 22%,
4%, 30%, 9% and 5% of the total weight of suspension component,
respectively. The prepared suspension was stirred in a planetary
mill (mixing speed 300 rpm, 4 cycles for 30 min).

Thermogravimetric and differential thermal analysis (TGA/DTA)
of the obtained suspensions were carried out. The experi-
ments were conducted in dynamic air or oxygen atmospheres,
100 mL/min, in the T=20-1000°C temperature range, using a SDT
Q600 V8.1 Build 99 equipment.

Then, the obtained suspensions were deposited by the type-
casting method (DEPOSITION RATE WAS 0.1 MM/S) on a-Al,03
dielectric resonators.

The prebaking of the thick films was carried out at slow heat-
ing and thermal shock conditions at 500°C, using a heating rate
of 30°C/min. The films underwent final annealing in a conven-
tional furnace at a heating rate of 60°C/h. Temperature ranges
were T=800-1100°Cand T=1000-1300 °C for NiFe, 04 and M-type
BaFe,01g thick films, respectively.

Synthesized films were characterized by X-ray diffraction anal-
ysis (XRD) on X'pert powder PAN Analytical diffractometer with Cu
Ka radiation and Bragg-Brentano geometry. For the phase charac-
terization, the JCPDS database was used.

The micrographs of the films were obtained using field emission
gun scanning electron microscope (JSM 6510LV, Jeol, Japan).

2.3. Transmission characteristics of the composite “a-Al,03-thick
ferrite film” resonators

2.3.1. Composite resonator “o-Al;03-nickel ferrite”

Investigation of the composite dielectric-ferrite resonator prop-
erties in centimeter wave band were conducted using custom made
measuring cell. The cell was comprised from a microstrip trans-
mission line section, placed inside a shielding metallic case. The
microstrip transmission line was manufactured from a 0.01-in.
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Fig. 1. Cross-section of the shielded microstrip transmission line with heterostruc-
ture under study.

thick RT Duroid 5880 substrate (&, =2.2). The conductor strip width
was 0.75 mm and the impedance of the transmission line was equal
to 50 2. SMA-type connectors were used on both sides of the mea-
suring cell. An empty waveguide section was tested in advance and
insertion losses were found to be 0.75-1 dbin 10-11 GHz frequency
range, whereas standing wave ratio (SWR) was less than 2.

During the measurements, composite resonator was put atop
of the microstrip, such that ferrite film was in direct contact with
metal stripe. External bias magnetic field was created by perma-
nent magnet and pointed perpendicularly to the sample surface
(see Fig. 1). Measurements were done using Agilent N5230A vec-
tor network analyzer. Before the measurements a two-port TRM
(thru, reflect, match) calibration was performed. Since a complete
shielding of measuring cell was provided, resonator radiation losses
were excluded and a narrow resonance linewidth was obtained
with loaded Q-factor determined only by material tg § and coupling
losses.

Measurements were done in a traveling wave mode, since in
such way an effective excitation of both dielectric resonance in
alumina DR and ferromagnetic resonance (FMR) in ferrite were
assured. As soon as RF magnetic field in the film region has an
almost linear polarization in the direction perpendicular to both
waveguide axis [8] and magnetic field, an optimal conditions for
FMR excitation were provided. Absorption spectra of composite
structure were recorder at few fixed values of magnetic field, with
frequency scanned from 1 to 20 GHz.

Lateral dimensions of the rectangular a-Al, 03 resonator were 8
and 12 mm and thickness was 3 mm. Our calculations for the given
DR dimensions, assuming &£ =9.8 and taking into account top and
bottom metal surfaces lead to the lowest mode frequency equal
to Fy,,, = 11.06 GHz, that is rather close to the experimentally
observed value. Nickel ferrite film thickness was estimated to be
30 wm.

From the measured transmission characteristic an unloaded
Q-factor value was extracted, using a well-known technique
[4], considering resonator as a local inhomogeneity in a termi-
nated transmission line. Thus, we calculated Qg=940+40 for
heterostructure without magnetic field, dropping to minimum
Qo =526 + 13 when FMR frequency coincides with Fy ;.

2.3.2. Composite resonator “a-Al203-barium hexaferrite”

Since FMR frequency in M-type hexaferrites belongs to mm-
wave band [24], interaction between ferromagnetic and dielectric
resonances under perpendicular bias is possible only at frequencies,
exceeding the natural domain resonance frequency (approximately
47 GHz for pure barium hexaferrite). Hence, in this case the com-
posite resonator was placed inside a metal rectangular V-band
waveguide (with 1.8 mm x 3.6 mm cross-section). An appropri-
ately smaller alumina resonator (length 3.4 mm, width 2.0 mm,
thickness 1 mm) was fabricated, to ensure that lower order dielec-
tric modes frequencies would fit into abovementioned frequency
band. Thickness of the tape-casting deposited barium hexafer-
rite film was 50 pm. Sample was positioned at the middle of the
waveguide wide wall. Magnetic field was created by electromag-
net and directed along the normal to the sample surface (Fig. 2).

Fig. 2. Cross-section of the V-band rectangular waveguide with composite res-
onator inside.

Transmission characteristics of heterostructure were observed
with scalar network analyzer P2-69 and then recorded into PC using
custom-made ADC circuitry. Before the measurements an empty
waveguide calibration was used, and thus waveguide insertion
losses were effectively cancelled out.

3. Results and discussion
3.1. Nickel ferrite spinel NiFe,04

The single-phase nanoparticles which are characterized by
nanosize weakly-agglomerated particles (Day, =5nm) and a nar-
row size distribution with 95% of the particles having the size of
3-6 nm were used as powder precursor for the synthesis of NiFe;04
thick films (Fig. 3). Particles sizes obtained from results of SEM are
consistent with the particles sizes, calculated from the broadening
of X-ray reflections.

The organic component of the suspension for the films synthesis
was a mixture of plasticizer, dispersant, binder and solvents. The
dispersant is one of the most important ingredients. It prevents
particles adhesion in the solution, increases the suspension stabil-
ity [25,26] and contributes to obtaining high density thick films
[25,27]. According to the literature, dibutyl phosphate is the most
widely used dispersant for the synthesis of thick films by tape-
casting method. However, films obtained in such way are often
characterized by a porous structure [25]. Also, there are reports
[28] that tannin can enhance the suspension stability and, corre-
spondingly, the thick film density. Therefore in this study, dibutyl
phosphate and a mixture of dibutyl phosphate and tannin were
used as dispersants.

Thermal decomposition process of the film-form solution was
studied for defining the temperature range of the organic compo-
nent elimination from the suspension and, therefore, the prebaking
temperatures of the films (Fig. 4). As follows from Fig. 4, the DTA

Fig. 3. The microstructure of NiFe,04 nanoparticles, obtained at T=220°C. Insets:
size distribution diagram for NiFe,O4 nanoparticles.
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Fig. 4. TG-DTA of NiFe,04 suspension.

curve is characterized by an exothermic process with a maximum
at T=350°C. The mass loss of the sample at low temperatures
(T=25-200°C) is primarily due to removal of adsorbed (H,O
molecules) water and organic solvents with a low boiling point
(<200°C) such as isopropanol and acetylacetone. The mass loss of
the sample in the T=300-450°C temperature range corresponds to
a decomposition of the residual organic components.

Based on these results, the temperature range for the pre-heat
treatment of the ferrite films was established at T=450-500°C.

Fig. 5 shows the microstructure of the NiFe,04 film surface at
T=1000°C obtained using dibutyl phosphate (Fig. 5a) and a mixture
of dibutyl phosphate and tannin (Fig. 5b) as dispersants. As follows
from Fig. 5b, the film is characterized by more dense surface. This
confirms that tannin increases the thick film density.

According to [29], the annealing of the thick films at thermal
shock conditions reduces microcracks and pores in the film. Fig. 5¢
shows the micrograph of the NiFe, 04 film obtained using a mixture
of dibutyl phosphate and tannin as dispersant. The prebaking of
thick films was carried out at thermal shock conditions at 500°C.
As follows from Fig. 5c¢, this film is characterized by high dense
surface without microcracks and pores. In this regard, the further
prebaking of ferrite spinel NiFe,04 and M-type BaFe 5,019 thick
films was carried out at these conditions.

Fig. 6 shows the diffraction patterns of the NiFe,04 films
obtained in the T=800-1100°C temperature range. All samples
are single-phase NiFe,;04. The films obtained at T=800-1100°C are
characterized by higher adhesion to the substrate. The investigation
of the thick films microstructure shows that it is characterized by
thickness of ~30 pm (Fig. 7a) and plate-like grains (Day = 1.5 pm)
(Fig. 7b).

3.2. M-type barium ferrite BaFe;5019

The monodisperse weakly-agglomerated nanoparticles with an
average diameter Day =60 nm were used for the synthesis of the M-
type BaFe ;019 thick films (Fig. 8). Average particles sizes obtained

Fig. 6. X-ray diffractions of NiFe, 04 thick films, obtained at different temperatures:
1,800°C; 2,900°C; 3,1000°C; 4, 1100°C.

from results of tem are consistent with the particles sizes, calcu-
lated from the broadening of X-ray reflections (Day. =60 nm).

Fig. 9 shows the diffraction patterns of M-type BaFe1,01g9 films
obtained in the T=1000-1300°C temperature range. As follows
from Fig. 9, the films obtained in the T=1000-1200 °C temperature
range are single-phase. With increasing annealing temperature of
the films to 1300°C we observed the presence of only a-Fe,;03
phase on the diffraction pattern. This can be explained by the
mutual diffusion of substrate and film components, as indicated
by the results of EDX-analysis (Fig. 10). As follows from Fig. 10, the
film is characterized by non-uniform elemental composition. The
upper surface layer of the film is characterized by the presence of
iron, oxygen and a small percentage (2.28%) of aluminium which
diffuses into the film. Closer to the film-substrate boundary concen-
tration of iron decreases (from 70% to 13.41%) and its small portion
diffuses into the substrate. At the same time, the increasing of the
film annealing temperature to 1300 °C contributes to a segregation
of barium on the film-substrate interface. The presence of the a-
Fe, 03 phase between substrate and barium hexaferrite film could
have a negative effect on composite structure microwave proper-
ties, owing to subsidiary wideband magnetic losses; thus, only film
with minimum iron-oxide content was taken for RF measurements.

The BaFe;,049 films obtained at T=1200°C are characterized
by the higher adhesion to the substrate. The investigation of the
BaFe;,019 thick films microstructure shows that it has a ~50 pm
thickness (Fig. 11a) and plate-like grains (Day =800 nm) (Fig. 11b).

3.3. Investigation of the high-frequency properties of
heterostructures with spinel NiFe;04 and M-type BaFe;,019-thick
films

Transmission characteristics of alumina-nickel ferrite res-
onator, excited on the main quasi-Hgy;5 mode are shown in Fig. 12.

Fig. 5. The microstructure of the surface of the NiFe,O4 film at T= 1000 °C (SEM) using dibutyl phosphate (a) and a mixture of dibutyl phosphate and tannin (b) as dispersants.

(a and b) Slow heating rate; (c) thermal-shock conditions.
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Fig. 7. The microstructure of the cross-section (a) and surface (b) of the NiFe,04 film at T=1100°C (SEM).

Fig. 8. The microstructure of M-type BaFe;;0;9 nanoparticles, obtained at
T=1000°C.

When magnetic field was applied, peak absorption level monotoni-
cally decreased (starting form approx. 1 kOe), reached minimum at
some specific value of Hy (compare solid and dash-dotted curves
in Fig. 12), and then increased, approaching in large fields its ini-
tial value. The magnitude of the absorption level change was found
to be 4 dB. Simultaneously, an insignificant variation of resonance
frequency (less than 10 MHz) was observed.

Transmission characteristics of «a-Al,O3-barium hexaferrite
composite resonator, excited on one of the higher order dielectric
modes (we identified it as E,3;) for different magnitudes of bias
magnetic field are shown in Fig. 13. All of the observed dielectric

Fig. 9. X-ray diffractions of M-type BaFe;,019 thick films, obtained at different
temperatures: 1, 1000°C; 2, 1100°C; 3, 1200°C; 4, 1300°C.

modes reacted on applied magnetic field in various degrees (the
drop of Sy1 at high-frequency side of Fig. 13 is just caused by one
of those dielectric modes, with weaker absorption and marginal
reaction on magnetic field), and here we present only the most
prominent result. In general, regardless of the drastically differ-
ent operating frequency, the observed picture is similar to that in
the nickel ferrite case. Maximum change of the peak absorption
level amounted to 6 dB, whereas resonance frequency shift did not
exceed 30 MHz. However, in this case, absorption level decreasing
began from much larger value of bias field, namely Hy ~ 7000 Oe.
Such difference between NiFe,04 and BaFe 5019 is codetermined
by the two following reasons: (1) saturation magnetization of

Fig. 10. Distribution of iron and barium ions on the BaFe;,019 film surface after heat treatment at T=1300°C (EDX).



LV. Zavislyak et al. / Materials Science and Engineering B 197 (2015) 36-42 41

Fig. 11. The microstructure of the cross-section (a) and surface (b) of the BaFe;,019 film at T=1200°C (SEM).

barium hexaferrite is higher and, hence, field required for sample
saturation is also higher; (2) frequency interval between natural
domain resonance frequency and corresponding dielectric mode is
drastically different (=10 GHz for the nickel ferrite and ~24 GHz for
the barium hexaferrite).

Because of the limited magnitude of magnetic field, created
by electromagnet, we could not track the restoration of zero-field
absorption level at large Hy, however the tendency was exactly the
same as for the nickel ferrite.

Electrodynamic properties of ferrite layer are determined by
the high-frequency magnetic permeability tensor. Its transversal
diagonal components for the case of ferro-dielectric with magnetic
losses have the form [30]:

w? — (a)[-[ + IAH/Z)(C{)H + IAH/Z + wM)

1
w? — (wy +iAH/2)? M

MZM/—ilJLHZ

where wy = yH;, oy = y4nM, H; the internal magnetic field, includ-
ing external bias field Hy, dipole-dipole demagnetizing field
and anisotropy field (cubic for nickel ferrite and uniaxial for
barium hexaferrite), 47M the saturation magnetization, y =
y =27 x 2.8 x 106 0e s~! the gyromagnetic ratio and AH is the FMR
linewidth.

0
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Fig. 12. Modification of the nickel ferrite-dielectric resonator transmission charac-
teristic with applied external magnetic field.

Fig. 13. Transmission characteristics of barium hexaferrite-dielectric resonator at
different values of bias magnetic field.

Typical example of 1’ and ©” near-FMR frequency dependence
for the case of nickel ferrite is shown in Fig. 14.

Taking into account, thatin heterostructure under consideration
the volume of ferrite film is much smaller than that of dielectric,
we can apply the results of perturbation theory, assuming that
dielectric resonator of volume Vitselfis an unperturbed system and
deposited ferrite layer with AV« Vis a perturbation [31]. We imply
that ferrite does not disturb the spatial distribution of the elec-
tromagnetic field of DR specific mode. Then, neglecting gyrotropic
properties of ferrite, we can approximately calculate the change in
DR mode eigenfrequency due to addition of the ferrite [31]:

o
Fr

Here, we included only contribution from magnetic permeabil-
ity, since frequency shift due to difference in dielectric constants
does not depend on magnetic field. Using (1) and (2), we can
evaluate the effect of magnetic field on resonator frequency.
Thus, assuming AH=1000 Oe (such large value of FMR linewidth
can be explained by poor morphology of the film and random
orientation of the crystallites with respect to the bias field)
from (1) we get (1')nax ~ 3 and using AV/V=0.001, we obtain
AF;~ 11 MHz, that is of one order of magnitude with experimental
values.

The frequency shift is proportional to the product of relative
change of real part of magnetic permeability and ferrite film frac-
tional volume, which is rather small value, therefore resulting AF;
is negligible. However, this is not the case for Q-factor. Indeed,
we have A(1/Qg)(Ho)~ w”(Ho)(AV[V) [31]. If one re-writes this
expression as AQg/Qo(Hp)~ — Qou”"(Hg)(AV/V), it becomes clear,
that Q-factor fractional change is, in essence, Qg times enhanced in
comparison with fractional change of resonant frequency, see (2).
Thus, even small quantity in right-hand side of the above equa-
tion, being Qg times magnified, can lead to drastic changes in
unloaded Q-factor, and, consequently, composite resonator trans-
mission characteristic. In principle, perturbation theory allows to
estimate the change in the unloaded quality factor. However our

(Ho) ~ 2 (1/(Ho) - 14 @)

10 12 14

2 4 6 8
F(GHz)

Fig.14. p/(F)and w”(F) at frequencies near FMR for nickel ferrite, calculated assum-
ing 4rM =3500G, H; =3000 Oe, AH =500 Oe.
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calculation revealed more than 50% discrepancy with experiment.
This means, that for Q-factor evaluation one need to use full expres-
sions from perturbation theory, without resorting to simplifying
approximations. However, this requires knowledge of actual elec-
tromagnetic field distribution inside composite resonator, which is
unavailable.

The existing models of electrodynamic resonator in transmis-
sion line allow us to explain the evolution of resonance absorption
line shape both qualitatively and quantitatively. According to [4],
linear transmission at resonance frequency is given by T=1/(1 +K),
where coupling coefficient K depends on the specific type of
transmission line, shape and size of the resonator, its dielectric
constant, resonance wavelength and is proportional to the res-
onator unloaded Q-factor. In turn, in the case of a composite
resonator unloaded Q-factor is inversely proportional to the total
losses in bulk dielectric and in ferrite film. Hence, at FMR resonance
field, when " reaches maximum, we have increase of losses and
decrease of Qg. Consequently, coefficient K also decreases, leading
to overall reduction of transmission losses at composite resonator
resonance frequency.

From the data, presented in Fig. 12, we calculated, that
K(Hp =0)/K(Hp =2900) is equal to 1.72 4 0.04, while unloaded Q-
factors ratio is Qg(Ho=0)/Qo(Hp=2900)=1.79+0.12. Therefore
model prediction, that K« Qg [4] indeed holds true. This proves
that change in composite resonator transmission characteristic is
explained by the degradation of heterostructure unloaded Q-factor
due to increased losses in magnetic component at frequencies near
FMR.

4. Conclusions

Requisite organic suspensions for thick high-density high-
quality NiFe; 04 spinel and M-type barium hexaferrite (BaFe1,019)
films synthesis were developed. Using these suspensions, a 30 pum
NiFe;04 and 50 wm BaFe;,019 films were deposited on the surface
of an a-Al, O3 dielectric resonator by tape-casting. It was found, that
microstructure of nickel ferrite and barium hexaferrite was char-
acterized with lamellar grains with average diameter Day, = 1.5 pm
and 300 nm, respectively. The temperature range for the pre-heat
treatment of the films and its annealing conditions have been
defined (T=450-500 °C, thermal-shock conditions).

A research on possibility of the electronic control of composite
“a-Al;03 dielectric resonator-thick ferrite film” structures high-
frequency properties has been conducted. Resonance absorption
characteristics of such heterostructure with and without applied
bias magnetic field were recorded and analyzed. It was found,
that magnetic field induces negligible shift of resonance frequency
while drastically alter unloaded Q-factor and transmission char-
acteristic of composite resonator. Specifically, change of peak
absorption value amounted from 4 to 6 dB.

Worth to note, that qualitatively similar results were obtained
for both cm-wave (in this case ferrite component was nickel ferrite)
and mm-wave resonators (made using barium hexaferrite film),
hence suggested here technique for electronic control over dielec-
tric resonator properties can be successfully utilized in a very broad
frequency range, spanning from 1 to 100 GHz, just by selecting the
proper ferrite constituent.

It was shown, that changes in heterostructures transmission
properties were completely conditioned by increase of magnetic
part of the composite resonator internal losses. Estimation of the
frequency shift, using perturbation theory, have shown a satis-
factory agreement with experiment, which was not the case for
the Q-factor, implying that full (and not approximate) expressions

should be used during calculations of heterostructure relaxation
characteristics.

From our experimental investigations and theoretical estima-
tions, we infer that in order to increase the observed effect (in
terms of both frequency shift and Q-factor tuning) we need to fur-
ther improve thick film deposition technique, with the aim to get
as small ferrite FMR linewidth as possible. As far as a ferrite film
thickness of 100-200 pm is required in order to get low microwave
magnetic losses [17], our next task would be to deposit and inves-
tigate such thicker films.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.mseb.
2015.03.008.
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