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Abstract

Composites based on barium titanate and nickel zinc ferrite doped with cooper and samarium were prepared
by a mixing method. The formation of barium titanate tetragonal crystal structure and nickel zinc ferrite cubic
spinel structure was identified. Polygonal grains were formed in all three types of ceramics. Due to the very
high conductivity of ferrite phase in the materials the ferroelectric hysteresis loops were roundish and not
typical for classical ferroelectric material. The break down field was found to be similar for all compositions.
Leakage current measurements have shown the existence of different types of conductivity mechanisms in each
material. The impedance analysis suggested a bit stronger impact of grain boundaries on total conductivity of
the composites and the mechanism of polaronic conduction of two types. The magnetization of the composites
is lower than for the pure ferrite phase and corresponds to the weight fraction of the ferrite phase. The soft
magnetic nature of these composites might be very useful for development of multifunctional devices which
will be able to switch the magnetization with small external magnetic field. Humidity sensing properties of the

prepared ceramics were also investigated.
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I. Introduction

During the last couple of decades there is a grow-
ing interest in multiferroic materials (MF). Multifer-
roic materials are new class of materials that exhibit
magnetoelectric effect as a combined effect of electri-
cal and magnetic properties. They can be single phase,
when one phase possesses both electrical and mag-
netic properties as well as ME effect, and multiphase
(composite) which is consisted of phases with ferro-
electric/ferroelastic properties and phases with ferro-
magnetism. Coupling of these properties in the com-
posite material can induce magnetoelectric effect in
the material which is “product proper” and exists only
in MF composites when phases are homogeneously
mixed together [1]. Singe phase multiferroics studied
till now (BiFeO,, BiMnO,, YMnO, etc.) have shown
weak magnetoelectric coupling and this problem could
be solved by the preparation of composite MFs in which
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stronger coupling between electric and magnetic field
via strain was noticed. Intensive research in this field has
proven that it is not such a simple job, since individual
properties of each phase are being diluted in the com-
posites. Dielectric permittivity of the MFs is much lower
in comparison with the pure dielectric phase and mag-
netic properties are proportional to the magnetic phase
content in the MFs [2-6].

Lot of different compositions are being studied and
developed during the years. As a good ferroelectric
compounds, barium titanate based materials are usu-
ally used, as well as PZT and PMN as a materials with
high piezoelectric coefficient. Ferromagnetic materials,
such as different types of ferrites, NiFe,O,, CoFe,0,,
NiZnFe,O, etc. with high magnetostrictive coeflicients
were commonly used as a magnetic phase in the com-
posite. Basically, it is necessary to have a mechanical
coupling between the magnetostrictive phase and piezo-
electric phase in the composites [7,8]. Also, it is very
important to combine these properties by the optimiza-
tion of processing parameters and adjusting the molar
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ratio between the phases in order to distinguish the high-
est ME output of the composite material. The nickel
ferrite combines wide range of useful magnetic proper-
ties with relatively low electrical conductivity and high
value of magnetization. In order to improve electrical
and magnetic properties of this material, Jahn-Teller
ions such as zinc, manganese or copper were commonly
used as dopants. Doping with these ions, which have
very high mechanical coupling, can enable higher mag-
netostriction and lower conductivity [9,10]. Nickel zinc
copper ferrite was found to be very interesting soft mag-
netic material with spinel structure due to its low cost,
high resistivity and low eddy current losses. It is con-
ventionally used to improve densification as well as
electromagnetic properties [11-13]. Literature data have
shown that the addition of Cu in the nickel zinc fer-
rite causes also structural phase transition accompanied
by changes in crystal symmetry (from cubic to tetrago-
nal) [11,12]. Some earlier reports showed that the bulk
density, electrical resistivity and initial permeability in-
creased considerably with the copper concentration up
to 20 at.%. Saturation magnetization and Curie temper-
ature decreased with Cu addition [14]. Such a change of
the nickel zinc ferrite doped with Cu makes this mate-
rial suitable for use in high frequency applications and
as data storage devices [12,14]. On the other hand, some
studies showed that inclusion of samarium in nickel zinc
ferrite inhibits grain growth and increases the density of
the ceramics [15]. Usakova et al. [16] noticed that ad-
dition of Sm in the Cu-Zn-ferrite causes decrease of co-
ercivity and by a careful addition of Sm, the magnetic
properties of this material can be tailored.

Spinel-type materials are often used as a very promis-
ing resistive type humidity sensing materials due to its
high resistivity and chemical stability. The electrical re-
sistance decreases when material is placed in the humid
atmosphere. Main sensing mechanism is based on the
Grouthuus chain reaction [17]. At the same time, barium
titanate was also proven to be very good material for hu-
midity sensing [18,19]. Generally, when relative humid-
ity (RH) is low, water molecules chemisorb on the grain
surfaces due to the formation of chemical bond between
active metal oxide surface and oxygen of the first water
layer. This bond is not affected by the further change in
humidity. Further layers of water molecules are physi-
cally adsorbed and they can dissociate under the high
electric field effect. The charge transport occurs when
the hydroxyl groups as a surface charge carriers release
a proton to a neighbouring water molecule, which upon
receiving it releases another proton and so on [20-22].

Based on previous arguments, in this study, compos-
ites containing spinel nickel-zinc ferrite doped with cop-
per and samarium and ferroelectric barium titanate were
prepared by mixing method. Modification of electrical
and magnetic properties of composites in comparison
with pure constituent phases was noticed and investi-
gated in detail. Humidity sensitivity and stability of ob-
tained materials were also analysed.
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II. Experimental procedure

Pure barium titanate (BT) and nickel-zinc ferrite
doped with Cu and Sm (NZCSF) nanopowders were
prepared by the auto-combustion method. Detailed ex-
perimental procedures for both types of materials can
be found elsewhere [3,7]. Different mass ratios of
the obtained powders (i.e. BT:NZCSF of 70:30, 80:20
and 90:10, corresponding to BT-NZCSF/70-30 BT-
NZCSF/80-20 and BT-NZCSF/90-10 samples, respec-
tively) were mixed and homogenized in ball mill with
isopropyl alcohol as a mixing medium. After drying, the
composite nanopowders were uniaxially pressed into
disks of 10 mm in diameter with pressure of 196 MPa.
The sintering was performed in air at 1080 °C for 4 h
with a heating rate of 5 °C/ min.

X-ray diffraction measurements were carried out in
order to determine formed crystal structure (Rigaku
MiniFlex 600 instrument). Scanning electron mi-
croscopy (Tescan VEGA TS 5130MM) was used to
analyse the microstructure of the obtained ceramics.
The average grain size was determined from SEM mi-
crographs using linear intercept technique. The density
of the composite ceramics was calculated geometrically.
The samples for the electrical measurements were pre-
pared by polishing and applying gold electrodes on both
sides of the samples. Ferroelectric and leakage current
measurements were carried out in the electric field range
of 1-38kV/cm on a Precision Multiferroic Test Sys-
tem with High Voltage Interface (Radiant Technologies,
Inc.). Impedance measurements of the ceramics were
carried out in the temperature range 150-300 °C, with a
step of 25 °C and in the frequency range 42 Hz—1 MHz
using a HIOKI 3532-50 LCR HiTester. Collected data
were analysed using the commercial software package
ZView. Magnetic measurements of the composite mate-
rials were carried out using a superconducting quantum
interferrometric magnetometer SQUID (Quantum De-
sign).

Humidity sensitivity was analysed in a climate cham-
ber JEIO TECH TH-KE-025, where the relative humid-
ity (RH) was changed from 30-90%. Sensitivity was
investigated by two point resistivity measurements due
to the high resistivity of ceramic samples and DC re-
sistivity was measured at 30 °C using a megaohmmeter
MAZ2073 (Iskra, Kranj).

IT1. Results and discussion

3.1. Structural analysis

The XRD results of the composite BT-NZCSF/70-
30, BT-NZCSF/80-20 and BT-NZCSF/90-10 ceramics
sintered at 1080 °C for 4 h are presented in Fig. 1. The
formation of barium titanate tetragonal crystal structure
and nickel zinc ferrite cubic spinel structure was identi-
fied by the appearance of characteristic diffraction peaks
according to JCPDS file No. 05-0626 and JCPDS file
No. 10-0325, respectively. A low concentration of bar-
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Figure 1. XRD results of the sintered BT-NZCSF/70-30,
BT-NZCSF/80-20 and BT-NZCSF/90-10 ceramics
(¢ - BaTiO;; o - NiFe,O; * - BaCO;)

ium carbonate as a secondary phase can be noticed in
the ceramics with higher content of barium titanate.
The intensities of characteristic peaks change accord-
ing to the mass ratio between the phases. The split-
ting in the (002)/(200) doublet at 45° in the barium ti-
tanate phase proved the formation of the BT tetragonal

phase. In the composite ceramics with higher amount
of magnetic phase a distortion in the crystal lattice ob-
viously occurred and can be correlated with magneto-
electric coupling in the composite. On the other hand,
it is proven by previous research [7,18] that by slight
doping of barium titanate, lattice can be deformed and
tetragonal structure can change into the pseudo-cubic.
The possible explanation can be also interpreted by the
fact that doping with very low amount of Fe during the
sintering process (that cannot be noticed from the XRD)
can also affect change of BT crystal lattice and can lead
toward the pseudo-cubic type of crystal symmetry.
Scanning electron microscopy was used to analyse
the microstructure of the ceramic materials. The opti-
mization of the sintering process was performed in or-
der to avoid the formation of secondary phases in MFs,
caused by the interface reaction between two phases,
and the used sintering temperature was quite low for
this type of ceramics. Based on previous research on
pure phases, much higher sintering temperatures were
needed for getting high density single phase ceramics
(1300 °C for barium titanate and 1250 °C for nickel fer-
rite). The highest temperature at which no interface re-
action occurs was found to be 1080 °C. Therefore, lower
sintering temperature enabled the formation of quite
porous microstructure. Even the increase of sintering
time did not have significant influence on the densifi-

Figure 2. Microstructures of: a) BT-NZCSF/70-30, b) BT-NZCSF/80-20, ¢) BT-NZCSF/90-10 ceramics sintered at 1080 °C for
4h and d) pure NZCSF sintered at 1250 °C for 4h
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cation of the composite ceramics. Prolongation of sin-
tering time led to inhomogeneous grain growth and op-
timal sintering time was 4 h. Microstructures at frac-
ture surface of the composite ceramics are presented in
Fig. 2. The formation of polygonal grains can be no-
ticed in all investigated ceramics. The density of the ce-
ramics decreased with concentration of titanate phase,
as for the BT-NZCSF/70-30, BT-NZCSF/80-20 and BT-
NZCSF/90-10 they were around 89, 85 and 82% of
theoretical value, respectively. As it can be seen from
the Fig. 2d, the pure NZCSF ceramics, even sintered at
higher temperature (1250 °C), is highly porous (it has
density of only 70% of theoretical value). Thus, com-
patible packaging of ferrite grains with barium titanate
increased the overall density of the ceramic composites.

3.2. Ferroelectric and leakage current density mea-
surements
The P-E hysteresis loops were measured at room

temperature for all investigated compounds and pre-
sented in Fig. 3. Applied electric field was in the range
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Figure 3. The P-E hysteresis loops at room temperature for
all BT-NZCSF composites and pure BaTiO; as an inset
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of 1-38kV/cm, depending on the type of ceramics and
its breakdown field. It was evidenced that all three types
of compositions possessed similar electrical stability
since the break down field for the BT-NZCSF/70-30
and BT-NZCSF/80-20 composites was 35kV/cm and
for BT-NZCSF/90-10 was 38 kV/cm. For the compar-
ison, the loops measured at the same maximum elec-
tric field of 35 kV/cm were presented. Ferroelectric hys-
teresis loops were roundish and not typical for classi-
cal ferroelectric material (inset, pure BT) due to the
high conductivity of ferrite phase in the materials. It
was an evidence that in MFs, due to the existence of
non-ferroelectric ferrite phase, ferroelectric properties
are being deteriorated. The formation of non-saturated
curves makes it difficult to determine the P, and E,. val-
ues for the composite materials.

In order to confirm this assumption and to study the
conductivity mechanism in the material, the leakage-
current density (j) was measured as a function of static
electric-field (E). j-E characteristics are presented on
the semi-logarithmic and log-log plots in Fig. 4. As it
was expected, the lowest value for leakage current den-
sity was found in the composition with the highest con-
centration of BT.

On the other hand, the results obtained for other two
compositions did not follow the same trend. The con-
duction mechanism in the ceramics was analysed by
plotting log j versus log E (Fig. 4b), in which nearly
straight lines were noticed for the BT-NZCSF/90-10
and BT-NZCSF/70-30 composites and with two regions
of different slopes for the BT-NZCSF/80-20 sample.
The obtained curves were well fitted with power law:
j ~ E™ where m is the slope of the linear part of
the curve in the log-log plots which determines the na-
ture of conduction [23]. The values m # 1 represent
deviation from the Ohm’s low. For the BT-NZCSF/90-
10 and BT-NZCSF/70-30 composites the m is less than
1, suggesting the grain boundary limited conduction -
GBLC. In the polycrystalline dielectric material, the re-
sistivity of the grain boundaries may be much higher

1 10
log (E/kVem™)

Figure 4. Leakage measurements presented in the form of: a) logj-E and b) logj-log E plots
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than that of the grains. Thus, the conduction current
could be limited by the electrical properties of the grain
boundaries [24]. In the case of the BT-NZCSF/80-20,
the slop of the first region was lower than 1, indicat-
ing also GBLC mechanism and the second region with
m value a bit higher than 1 which indicated the coex-
istence of ohmic and space charge limited conduction
mechanism - SCLC. The electrical field required for the
transition from GBLC to SCLC regime was found to be
around 21.3eV/cm. It is important to point out the fact
that these samples are porous and the effective distance
between the electrodes can vary, which can complicate
the interpretation of the experimental data obtained by
both electrical and ferroelectric characterization.

3.3. Impedance analysis

The impedance spectroscopy (IS) analysis was per-
formed in the air in the temperature range of 150-300 °C
with a step of 25°C. The obtained IS results are pre-
sented in terms of impedance (Z) formalism. Variation
of the imaginary part of impedance (Z””) as a function
of the real part (Z") gives the complex impedance spec-
trum (Nyquist plots). The shapes of these plots are tem-
perature dependent and Nyquist plots for all ceramics
are presented in Fig. 5. Fitting of results was performed
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using software package ZView with equivalent circuits
consisted of two or three parallel R-CPE elements con-
nected in series. This program was used for the evalua-
tion of the grain (R,) and grain boundary (R,;) resistiv-
ity contributions for all composite ceramics.

Total resistivity of the BT-NZCSF/70-30 composite is
the lowest due to the highest concentration of conduc-
tive ferrite phase in the system. Even though it was not
expected, the extracted resistivity data have shown that
the BT-NZCSF/80-20 composite possessed the high-
est values in the whole temperature range. According
to SEM analysis and measured density, the compos-
ites with 80 and 90 wt.% of BT are quite similar but
there is obvious difference in the conductivity mecha-
nisms present in these ceramics. Grain and grain bound-
ary conductivities were calculated using the equations
0y = 1/R, and 04, = 1/R,,, where R, and Ry, are
resistivity data extracted from the impedance analysis.
Temperature dependence of the grain and grain bound-
ary conductivity followed the Arrhenius equation o= =
oo exp(—E,/k,T) and plots Ino vs. 1000/T were pre-
sented in Fig. 6. The values of the slops represent the
activation energies for the conduction processes through
the grains and grain boundaries.

The activation energy necessary for electron hopping
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Figure 5. Complex impedance spectra of ceramics in temperature range 150-300 °C
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Figure 6. The Arrhenius plots of a) o, and b) o,; and obtained activation energies for all investigated ceramics

conduction, found in the literature, is very low, ~0.2eV
[25-27]. Usually, it is less than 0.2 eV for n-type pola-
ronic conduction and above 0.2eV for polaronic con-
duction of the holes. Previous research has shown that
the activation energy value above the 0.7 eV may corre-
spond to the mobility of the defects in the crystal lattice
[27]. According to the obtained results, for all compos-
ite materials, the activation energies were approximately
from 0.2eV up to 0.6 eV which can suggest the mecha-
nism of polaronic conduction of both types. A bit higher
value of activation energy was found for grain bound-
aries, indicating a little stronger impact of grain bound-
aries on the total conductivity of the composites. The
explanation can be found also in the defect chemistry. In
the ferroelectrics, in ferrites and their composites, hop-
ping conduction is favoured in ionic lattices where the
same kind of cation is found in two different states [28].
In the barium titanate, hopping of 3d electrons from Ti**"
to Ti’* state is possible and in nickel ferrite among Fe*
to Fe**, promoting in that way the conduction of n-type
in the material. The increase in Ni** ions at the B site
leads to the replacement of Fe®* ions at B site, lead-
ing to a decrease of ferrous ions formed. The presence
of Ni**/Ni** ions and Cu®*/Cu*, which can give rise
to p-type carriers, contributes to the net polarization.
The Ni** jons limit the degree of Fe?*—Fe** transfer,
thereby obstructing electron hopping and resulting in an
increase in resistivity. Since samarium also replaces iron
in the lattice, it likewise hinders hopping of electrons.
According to the obtained results for the activation en-
ergies, the contribution of p-type hopping conduction is
obviously more dominant in the composites with more
ferrite phase. On the other hand, the lowest value of acti-
vation energy was found in the BT-NZCSF/90-10 com-
posite, indicating the dominant hopping of electrons be-
tween Ti’" & Ti*" and Fe** «-Fe’* as well.

AC conductivity (o4¢) is calculated using the rela-
tion, oac = & - &’ - w, where g is the permittivity of
the free space, the &” is the imaginary part of dielec-
tric permittivity and w is the angular frequency. Figure

14

7 represents logarithmic dependence of AC conductiv-
ity on angular frequency in the temperature range 20—
275 °C for all three composite materials. Characteristic
curves indicated the evident temperature dependence of
AC conductivity. The diagrams above 150 °C in the low-
frequency range have shown the tendency to form fre-
quency independent plateau, indicating the value of DC
conductivity which is attributed to the long range trans-
lational motion of the charge carriers [29]. On the other
hand, in the high frequency range a dispersion region
can be noticed and it can be explained by the hopping of
charged particles from one localized state to another. In
the high-frequency dispersion region the AC conductiv-
ity is found to obey a power low proposed by Jonscher
[30] which can be presented as: o (w) = o + A(T) - ",
where coeflicient A and exponent n are temperature and
materials intrinsic property dependent constants.

The value of exponent n can be determined from the
slope of the presented plots and its value is usually be-
tween 0 and 1. Deviations from the power low corre-
spond to n increasing with frequency and here, as in ma-
jority of disordered solids, n value in the high frequency
region is between 0.5 and 1.0. Literature data [31-33]
have shown that the conductivity mechanism in any ma-
terial could be understood from the temperature depen-
dent behaviour of n. To comprehend the electrical con-
duction mechanism in the materials, different models
have been proposed (regarding frequency and temper-
ature dependence of the exponent n). If the exponent n
depends on the frequency but it is temperature indepen-
dent, the quantum mechanical tunnelling (QMT) model
can be proposed where the conductivity is believed to
be due to the phonon-assisted tunnelling between defect
states. If the exponent n is both frequency and tempera-
ture dependent, then the overlapping large-polaron tun-
nelling (OLPT) model can be acceptable. In this model,
tunnelling of polarons is the dominant mechanism; the
large polaron wells at two sites overlap and reduce the
polaron-hopping energy. Finally, if the exponent n de-
creases with temperature, the correlated barrier hopping
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Figure 7. Variation of AC conductivity with angular frequency at temperatures between 20 and 275 °C

(CBH) model can be suggested, according to which the
charge transport occurs between localized states due to
the hopping over the potential barriers [32].

The behaviour of n obtained from this study dif-
fers for each composite material, indicating the influ-
ence of mass ratio between the phases in the compos-
ite. In the BT-NZCSF/70-30 composite, exponent n de-
creases with temperature and it is also frequency depen-
dent, proposing the CBH model of conduction in the
material. Otherwise, dispersions in the high frequency
region in the temperature range 150-200°C was ob-
served in the BT-NZCSF/80-20 composite. The value of
n (from 0.72 for lower temperatures to around 0.30 for
higher) signified the coexistence of two QMT and CBH
models. In the BT-NZCSF/90-10 composite the value n
just slightly changes with increase of temperature (from
0.38 down to 0.30), designating the conduction mech-
anism to be phonon-assisted tunnelling between defect
states (QMT).

3.4. Humidity sensitivity and stability

Since lot of types of ferrites as well as barium titanate
are known as a good humidity sensing materials, humid-
ity sensitivity was also analysed in this work. The hu-
midity sensitivity of all ceramic samples was measured
in the climate chamber where RH was changed from
30-90% at 30 °C. When material is placed in the hu-
mid atmosphere, the water molecules that are adsorbed

on the surface can release electrons to the conduction
band, resulting in the decrease of the electrical resistiv-
ity. Additionally, the presence of porosity and pore size
distribution are also among the determinative factors for
humidity sensors. The change of materials sensitivity
(in %) is given by the equation (Ry — Rrm))/Ro % 100,
where Ry is the resistivity at the starting point of mea-
surements (RH = 30%) and Rzp) is the resistivity at

each RH [34], and it is shown in Fig. 8.
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Figure 8. Sensitivity of composite materials vs. relative
humidity (RH)
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With increasing humidity the sensitivity of materi-
als increases, showing the response of the material to
the humid atmosphere. The fastest change was noticed
in the composite with the highest concentration of bar-
ium titanate even though this material was the most
dense one. When RH is low, water molecules chemisorb
on the grain surfaces due to the formation of chem-
ical bonds between the surface oxygen with the first
water layer. Further change in humidity does not af-
fect these bonds. Further layers of water molecules are
physically adsorbed and its dissociation under the high
electric field effect is possible, according to the reaction:
2H,0—H;0"+0OH". The charge transport occurs when
the hydroxyl groups as a surface charge carriers release
a proton to a neighbouring water molecule, which upon
receiving it releases another proton and so on [35,36].
Clearly, the concentration of the surface oxygen plays
important role in the humidity sensing. Higher concen-
tration of oxygen enables quicker response of the sensor
explaining the reason why the composites with higher
concentration of barium titanate developed mostly these
kinds of properties.

3.5. Magnetic properties

Magnetic hysteresis loops for pure magnetic phase
and all composites were presented in Fig. 9. Well satu-
rated and narrow hysteresis loops were formed for each
mixed system, evidencing the presence of ordered mag-
netic structure of soft ferrites.

This magnetic structure is derived from the unbal-
anced antiparallel spins between Fe** ions at tetrahedral
sites and Ni>* ions at octahedral sites [3]. As it was no-
ticed by other authors, the addition of Cu®" ions lead
to the decrease of saturation magnetization in compar-
ison with the pure NZF ceramics [7,25]. On the other
hand, Sm was added in order to obtain lower values of
H_, but it was not successful in the present case. Possi-
bly, much higher concentrations of Sm will give proper
magnetic properties modification in this type of ceram-
ics. The change in magnetic parameters in the compos-

—— NZCSF

—— BT-NZCSF (70-30)
—— BT-NZCSF (80-20)
—— BT-NZCSF (90-10)
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Figure 9. Magnetic hysteresis loops M(H) obtained for all
composites and pure NZCSF

-80 4

16

ites was expected due to the co-existence of ferroelec-
tric phase together with ferrite phase. When compared
with the pure ferrite phase, saturation magnetization de-
creases. Pure ferrite phase exhibits the highest satura-
tion of 62 emu/g and the rest of the samples demonstrate
much lower values. Higher H, values for the compos-
ites; between 63 and 84 Oe, suggested that the increase
of dissipation energy was triggered by non-magnetic BT
phase which could act as pores and to break the mag-
netic circuit [37]. Therefore, the magnetization of the
composites is lower than for the pure ferrite phase and
corresponds to the weight fraction of the ferrite as in-
dicated in the name of the samples. One exception is
the BT-NZCSF/90-10 composite in which the magneti-
zation should be approximately 6 emu/g, but it is signif-
icantly lower, i.e. only 2 emu/g. Perhaps the true weight
fraction is lower than the nominal composition suggests.
Remnant magnetization decreases with BT concentra-
tion but for the BT-NZCSF/70-30 ceramics it possesses
the same value as for the pure ferrite phase. Clearly, the
interface effects slightly affect magnetic interactions and
they are just proportional to the amount of ferrite phase
in the composite.

IV. Conclusions

Composites containing spinel nickel-zinc ferrite
doped with copper and samarium and ferroelectric bar-
ium titanate were prepared by mixing method. Sintering
conditions were selected from the detailed optimization
process and all ceramics were sintered at 1080 °C for
4 h. Roundish ferroelectric hysteresis loops have shown
deterioration of ferroelectric properties due to the ex-
istence of non-ferroelectric and very conductive ferrite
phase. Different kinds of conductivity mechanisms in
the composite materials were detected from the mea-
surement of the leakage-current density as a function
of static electric-field. For the composites with 10 and
30 wt.% of ferrite phase the grain boundary limited con-
duction - GBLC was suggested. In the case of the com-
posites with 20 wt.% of ferrite phase there were two re-
gions of interest, the first region indicated also GBLC
mechanism while the second region indicated the coex-
istence of ohmic and space charge limited conduction
mechanism - SCLC. The impedance analysis suggested
a bit stronger impact of grain boundaries on the total
conductivity of the composites and the mechanism of
polaronic conduction of two types. Detailed explana-
tions were given through the defect chemistry based on
hopping of 3d electrons in the system. The highest hu-
midity sensitivity was noticed in the composite with the
highest concentration of barium titanate suggesting the
main influence of ferroelectric phase on the humidity
sensing properties.

Magnetic measurements have shown that the inter-
face effects slightly affect magnetic interactions and
they are just proportional to the amount of ferrite phase
in the composite. The soft magnetic nature of these
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composites might be very useful for multifunctional de-
vices which can switch the magnetization with small ex-
ternal magnetic field.
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