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Abstract

Nickel zinc ferrite (NZF) and barium titanate (BT) were prepared by auto-combustion synthesis as an effective, simple and rapid method.
Multiferroic composites with the general formula yNi1�xZnxFe2O4� (1�y)BT (x¼0.3, 0.5, 0.7, y¼0.5) were prepared by mixing NZF and BT
powders in a liquid medium in the ball mill. The FEG micrographs indicated the primary particle size less than 100 nm for both, barium titanate
and nickel zinc ferrite phases. X-ray analysis and Raman spectroscopy indicated the formation of well crystallized structure of NZF and BT phase
in the composite powders and ceramics, with a small contribution of the secondary phase. The homogenous phase distribution in obtained
composites was also confirmed. Impedance spectroscopy measurements were carried out in order to investigate the electrical resistivity of
materials, showing that grain boundaries have greater impact on the total resistivity than grains. Saturation magnetization and remnant
magnetization continuously decrease with barium titanate phase increase.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Powders: chemical preparation; B. Composites; C. Impedance; D. BaTiO3 and titanates; D. Ferrites
1. Introduction

Miniaturization of the solid-state electronics is achieved by
downscaling and multifunctionality. Ferroics and multiferroics
are among the most attractive multifunctional materials [1].
These nanostructured materials stimulated a sharply increasing
interest to their significant technological promise in novel
devices due to fact that the combination of dissimilar materials
in ferroic-based oxide nanocomposites resulted in totally novel
functionality.

The term multiferroic (MF) was first used by Schmid in
1994. His definition referred to multiferroics as a single phase
materials which simultaneously possess two or more primary
10.1016/j.ceramint.2015.07.096
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ferroic (ferroelectric, ferromagnetic and ferroelastic) properties.
Today the term multiferroic has been expanded to include
materials which exhibit any type of long range magnetic
ordering, spontaneous electric polarization, and/or ferroelasti-
city. Working under this expanded definition the history of
magnetoelectric multiferroics can be traced back to the 1960s
[1–3]. In the most general sense the field of multiferroics was
born from studies of magnetoelectric systems [4–6]. After an
initial burst of interest, research remained static until early
2000. In 2003 the discovery of large ferroelectric polarization
in epitaxially grown thin films of BiFeO3 [7] and the discovery
of strong magnetic and electric coupling in orthorhombic
TbMnO3 and TbMn2O5 have stimulated activity in the field
of multiferroics. Besides scientific interest in their physical
properties, multiferroics are interesting due to their potential
applications as transducers, actuators, switches, magnetic field
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Fig. 1. Scheme of NZF, BT and composites preparation.

Fig. 2. The X-ray diffraction patterns of (a) NZF(30–70)�BT, (b) NZF(50–
50)�BT and (c) NZF(70–30)–BT powders.

Fig. 3. FT-IR spectra of (a) NF, (b) ZF, (c) BT and (d) NZF(70–30)�BT
powders.
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sensors, new types of electronic memory devices, capacitive/
inductive passive filters for telecommunications, etc. [8,9]. A
large number of publications have been dedicated to multi-
ferroics, dealing with theoretical, experimental, and application
aspects [2,10]. In spite of hundreds of publications focused to
single or composite multiferroic materials in the last years,
they remain highly controversial concerning their preparation
methods, phase stability, intrinsic polarization and switching,
ferroelectric, ferromagnetic and magnetoelectric properties,
etc. [10].

Multiferroic properties can appear in a large variety of
materials [11]. The ferroelectric–ferromagnetic composites, as
two-phase multiferroic materials, are desired not only for the
fundamental research of magneto-electric effect, but also for
the potential applications in many electronic devices [12]. The
most widely studied systems correspond to Co or Ni ferrites,
with PZT, PNT, BT or BST [13]. Among them, the Ni–Zn
ferrites/BaTiO3 systems need to be further investigated
because of high electrical resistivity, chemical stability and
excellent electromagnetic properties of the Ni–Zn ferrites, and
high permittivity, low dielectric loss and high tunability of
BaTiO3 [4–6]. Those composites have attracted considerable
attention as a new class of nanoferrites, expanding their use in
other areas, such as drug delivery, heterogeneous catalysis,
levitated railway system, magnetic-refrigeration, microwave
devices, antennas, etc. [14].
To obtain the multiferroics, several routes for conventional

material fabrication are being applied. Popular techniques
within the multiferroic community are: solid state synthesis,
hydrothermal synthesis, sol–gel processing, vacuum based
deposition or other wet chemical synthesis methods. However,
some types of multiferroics require specific processing condi-
tions within more appropriate techniques. Consequently, multi-
ferroic composites request methods for the synthesis both
components: ferroelectric and ferromagnetic.
Ferrites crystallize in three crystal type: spinel, garnet type

and magnetoplumbite type [15,16]. Meanwhile, the main
attention is stressed to spinel type of ferrites that can be
synthesized by a sol–gel method, conventional solid state
reaction, mechanical attrition, hydrothermal synthesis, self-
propagating combustion method, thermolysis, wet chemical
co-precipitation technique, self-propagating, microemulsion,



Fig. 4. SEM images of (a) NZF(70–30), (b) BT and (c) NZF(70–30)�BT powders.
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microwave synthesis, etc. [17,18]. Recently, auto-combustion
synthesis starts to be popular as rapid, cheap and rather simple
technique. Ferroelectric component in multiferroic composites,
such as barium titanate – BaTiO3 (BT) can be produced using
a huge number of various well-known methods. However, to
obtain barium titanate through an advanced synthesis method
like auto-combustion synthesis is under some difficulties due
to lack of the literature data for the preparation of the BT by
this method [5].

The aim of this study was to prepare multiferroic composites
(Ni–Zn) ferrite–barium titanate from nanopowders obtained by
an auto-combustion technique. It was shown that auto-
combustion synthesis is very convenient for obtaining the
ferrite powder as a pure phase with good properties. To obtain
barium titanate by this method is not so simple due to the
possible appearance of secondary phases which later may
complicate the process of obtaining satisfactory properties of
multifferoic composites. A number of different methods were
used to characterize obtained powders and ceramic composites
in order to fabricate functional multiferroic material with both,
ferroelectric and magnetic properties.
2. Material and methods

The multiferroic composite materials, consisting of Ni1�x

ZnxFe2O4 (x¼0.3, 0.5, 0.7, denoted as NZF(70–30), NZF(50–
50), NZF(30–70) and BaTiO3 (BT), were obtained using the
synthesis route shematically presented in Fig. 1.
The raw materials used for the synthesis of nickel zinc ferrite

were Fe(NO3)3 � 9H2O (Alfa Aesar, 98.0–101.0%), Ni
(NO3)2 � 6H2O (Alfa Aesar, 99.9985%), Zn(NO3)2 � 6H2O (Alfa
Aesar, 99%), C6H8O7 �H2O (Carlo Erba, 99.5–100.5%) and
NH4OH (Lach Ner, 25%). The molar ratio of Fe-ions, NiþZn-
ions, citric acid was 2:1:1. Metal nitrates and citric acid solution
were mixed by dissolving in a minimum amount of deionised
water. The pH value of the solution was adjusted to 7 using the
ammonia solution. After that the solution was heated and stirred at
the temperature of about 90 1C until it converted into a xerogel,
which was further heated in a heating calotte at 200 1C when self-
propagation reaction was achieved. The formed powder was
calcined at 1000 1C/1 h with heating rate 2 1C/min [19].
Starting reagents used for BT synthesis were Ti(OCH(CH3)2)4

(TTIP) (Alfa Aesar, 98.0–101.0%), HNO3, C6H8O7 �H2O (Carlo



Fig. 5. FEG micrographs of (a) BT, (b) NZF(70–30) and (c) NZF(70–30)–BT powders.
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Erba, 99.5–100.5%), Ba(NO3)2 and NH4OH (Lach Ner, 25%).
Firstly, ammonium hydroxide was added to TTIP solution, with
constant cooling. During this process, the yellow precipitate was
formed. It was washed with deionized water in a Buchner funnel
on a vacuum pump. The obtained residue was dissolved in diluted
HNO3. Solutions of TiO(NO3)2 and BaNO3 were mixed and citric
acid was added as a fuel. pH value of solution was adjusted to 6.6
using NH4OH. When solution was turned to xerogel, by heating at
90 1C, temperature was raised to 150 1C and self-ignition reaction
occurs. It is very fast and exothermic reaction, and gray ash
formed during combustion process represents the BT precursor
powder. This powder was calcined at 900 1C for 2 h, with a
heating rate of 5 1C/min (Electron-UK oven).

Multiferroic composites NZF–BT were prepared by mixing
chemically obtained powders of the NZF and BT in the
planetary ball mill for 24 h. The mass ratio of NZF and BT
was always 1:1 for all obtained samples. Wolfram carbide balls
and iso-propanol were used as a milling media. The compo-
sites powders were uniaxially pressed at 196 MPa into pellets
and sintered at 1200 1C for 2 h.

The phase and crystal structure analysis was carried out by
X-ray diffraction technique (Rotate anode Rigaku RINT2000,
Experimental conditions: 40 kV, 60 mA. Linear detector D/teX
Ultra – Rigaku, Divergence slit: 0, 25, Horizontal aperture slit:
5 mm). Micro-Raman spectra of the synthesized composites
were collected at room temperature in the backscattering
configuration using a JobinYvon T64000 spectrometer. The
514-nm laser line of a mixed Arþ /Krþ laser was used as an
excitation source with an incident laser power 60 mW in order
to minimize heating effects. The ceramic composite samples
were measured in the range 200–800 cm�1. The FT-IR spectra
were recorded with a Bruker Equinox-55 instrument. The
morphology of the powders and microstructure of ceramics
were examined using scanning electron microscope (SEM
Model TESCAN SM-300) and field emission microscope (FE-
SEM, JEOL, JSM-7500F). The grain size is determined using
ImageJ program. The impedance measurements were per-
formed using an LCR meter (model 9593-01, HIOKI HITES-
TER). Samples were prepared by coating their polished
surfaces with Ag paste to improve the electrical contact. The
real and imaginary parts of the complex impedance were
measured in the frequency range of 42 Hz to 1 MHz and
temperature range of 50–200 1C and referred as the Nyquist
plot. Collected data were analyzed using the commercial



Fig. 6. The XRD patterns of (a) NZF(30–70)–BT, (b) NZF(50–50)–BT and (c)
NZF(70–30)–BT ceramics.

Fig. 7. (a) Raman spectra of (a) BT, (b) NZF(30–70), (c) NZF(50–50), and (d)
NZF(70–30) and (b) Raman spectra of composites (a) NZF(30–70)–BT, (b)
NZF(50–50)–BT and (c) NZF(70–30) at room temperature.
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software package Z-view. Magnetic measurements of materials
were carried out using a superconducting quantum interfero-
metric magnetometer SQUID (Quantum Design).

3. Results and discussion

XRD patterns of NZF(70–30)–BT, NZF(50–50)–BT and
NZF(30–70)–BT powders, presented in Fig. 2, shows that
nickel zinc ferrite, according to JCPDS files no. 10-0325, and
barium titanate phases, according to JCPDS files no. 05-0626,
were obtained.

FT-IR spectra of calcined nickel ferrite (NF), zinc ferrite
(ZF), BT and NZF(70–30)–BT powders, recorded in the wave
number range of 400–4000 cm�1 at room temperatures, are
presented in Fig. 3. FT-IR spectra of NF and ZF display three
bands at 560, 1640 and 3400 cm�1. Strong peak at 560 cm�1

corresponds to metal ion-oxygen complexes in the tetrahedral
sites. Small peak at 1640 cm�1 was assign to the adsorbed
water or humidity. The peak at 3400 cm�1 corresponds to
stretching and banding vibration of O–H bonds [20].

Absorption band near 3500 cm�1 can be observed in FTIR
spectra of barium titanate. This peak was assigned to the
stretching mode of internal OH� ions [21]. The broad bands at
590–680 cm�1 correspond to stretching of Ti–O bond [22].

Fig. 4 shows SEM images of the pure NZF(70–30), BT and
composite NZF(70–30)–BT powders. It is possible to notice
that the powders indicated the strong agglomeration with small
primary particle size (o100 nm). Small particles produced by
chemical synthesis usually tend to form the agglomerates, as it
was observed in the investigated case. That problem will be
studied more carefully in the future period, having in mind the
importance of composite materials properties. The use of
attrition milling after calcination could be one of the possible
solutions for the agglomeration reduction [23].

The FE-SEM micrographs of the obtained powders (Fig. 5)
mostly indicated the rounded shapes of barium titanate particles
with primary particle size less than 50 nm. The shape of ferrite
particles is pyramidal like. In the composite ferroelectric–ferro-
magnetic powders obtained by homogenization of individual
ferroelectric and ferromagnetic phase, two separate constituents
could be clearly noticed, the one with rounded particles that
belongs to BT and the other one with pyramidal particle shape
that belongs to ferrite, demonstrating that multifferoic composites
were obtained with a good dispersion of the nickel–zinc ferrite
spinel phase in the BT ferroelectric matrix. The average particle
size in the multiferroic composite powders is below 100 nm for
BT and 150–300 nm for ferrites.

The XRD difractograms for sintered samples of obtained
composites are presented in Fig. 6. The formation of both
phases, NZF and BT was detected (JCPDS files no. 10-0325,
JCPDS files no. 05-0626). Series of small peaks at 2θ angles of
32.2, 34.1, 37.1, 40.2, 54.9 and 63.11, according to JCPDS
files no. 84-0757, indicated barium ferrite (BaFe12O19) as a
secondary phase present in the sintered composites.

The relative contribution of the secondary phase, around 8%,
was calculated from XRD patterns of ceramics composites,
according to the most intensive peak at the 321. Therefore, it is
evident that the amount of the secondary phase is the highest in
the case of NZF(70–30)–BT. The appearance of BaFe12O19 was
noticed in a few published articles, as well [24,25]. Therefore,
from the available literature data was concluded that the presence
of small amount of this secondary phase cannot significantly affect
the magnetic properties of obtained composites. However, for
further investigation, an effort will be done to obtain pure phase
composites, in order to provide clearer information about influence
of secondary phases on the properties of ferroelectric–ferromag-
netic composites.



Fig. 8. SEM images of (a) NZF(30–70)–BT, (b) NZF(50–50)–BT, and (c) NZF(70–30)–BT ceramics.
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The Raman spectra of BaTiO3 and Ni1�xZnFe2O4 ceramics
(x=0.3, 0.5 and 0.7) are given in Fig. 7a) for the comparison with
obtained composite materials. In the spectra of NZF(70–30)
ceramics the most intense Raman modes of nickel ferrite phase
are two F2g modes at 482 and 575 cm�1, one Eg mode at
335 cm�1 and one A1g mode at 702 cm�1 with a shoulder at
666 cm�1of Eg symmetry [26,27]. The most prominent modes of
the zinc ferrite phase are the F2g mode at 451 cm�1 and broad
A1g mode at around 647 cm�1 of low intensity [28,29]. With
increasing content of Zn in the Ni1�xZnxFe2O4 samples, the F2g
mode of zinc ferrite becomes more intense and the Eg mode of
nickel–ferrite at 660 cm�1 shifts to the lower frequency,
approaching the frequency of zinc–ferrite A1g mode. The other
F2g mode of nickel ferrite phase at 575 cm

�1 almost disappears in
the NZF(30–70) sample.
The Raman spectrum of the BaTiO3 tetragonal phase

presented the most prominent Raman modes are a broad band
at about 270 cm�1 [A1 (TO)], a sharp peak at �303 cm�1 [E
(TOþLO) mode], a mode at 516 cm�1[A1 (TO), E (TO)] and
a mode at around 720 cm�1 [E (LO), A1 (LO)] [30].



Fig. 9. FEG microstructure of NZF(70–30)–BT composite sintered at 1200 1C
for 2 h.

Fig. 10. Complex impedance spectra of all ceramics measured at 200 1C.

Table 1
Grain resistance, grain boundary resistance, total resistance and capacitance for
all samples.

Sample From Z″ to Z0 From Z″ to f

T
(1C)

Rg

(Ω m)
Rgb

(Ω m)
Rtotal

(Ωm)
Rgb

(Ω m)
Cgb (nF/
m)

NZF(30–70)–
BT

50 155 7113 7268 4326 72.17
100 117 1296 1413 822 74.45
150 76 390 466 268 74.13
200 22 74 96 52 72.12

NZF(50–50)–
BT

50 250 54,039 54,289 30,882 109.71
100 234 9231 9465 6844 135.27
150 208 6562 6770 5380 160
200 39 1929 1968 1504 146.24

NZF(70–30)–
BT

50 585 36,480 37,065 24,590 99.63
100 430 16,401 16,831 11,850 94.63
150 57 492 549 398 85.87
200 31 207 238 172 78.4
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The Raman spectra of the sintered composites are presented in
Fig. 7b). In the Raman spectra of NZF(70–30)–BT sample,
several Raman modes of nickel ferrite suffered changes in the
position, intensity and bandwidth. The Raman mode at 482 cm�1

is asymmetrically broadened towards higher frequencies, whereas
the intensity of 575 cm�1 mode decreases. The width of the A1g

mode at 702 cm�1 increases reflecting the presence of more than
two phases. In the fitting range from 600 to 800 cm�1 for NZF
(70–30)–BT ceramics, it could be seen that this mode is well fitted
with three phases, nickel ferrite, BT phase and a secondary phase,
BaFe12O19 [31,32]. This result is in agreement with previously
discussed XRD results.

The noticeable changes were seen in the Raman spectra of
the NZF(50–50)–BT and NZF(30–70)–BT samples. In the
NZF(50–50)–BT sample, the mode at 335 cm�1 of nickel
ferrite phase was substantially broadened, whereas the mode of
BT phase at around 265 cm�1 appeared. The deformation of
the nickel ferrite mode at 482 cm�1 and its shift to higher
frequencies, due to the presence of BT phase, is obvious. With
further reduction of nickel ferrite phase in the NZF(30–70)–BT
sample, the broad Raman mode at about 500 cm�1 is
composed of F2g and [A1 (TO), E (TO)] modes of nickel zinc
ferrite and BaTiO3.

SEM images of sintered ceramic samples on the free surface
are presented in Fig. 8. Insets of the images are displaying
backscattered micrographs, demonstrating the homogenous
phase distribution in obtained composites. Grains are nano-
sized with different shapes, polygonal grains typical for nickel
zinc ferrite, rounded grains characteristic for barium titanate
and plate like grains that most likely correspond to the barium
ferrite phase. All phases possess similar grain size, around
1 mm. The densities of composites were 5.09 g/cm3 for NZF
(70–30)–BT, 5.28 g/cm3 for NZF(50–50)–BT, 5.15 g/cm3 for
NZF(30–70)–BT which corresponds to 89.6%, 93.0% and
90.8% of theoretical densities, respectively, showing the
increasing trend with Zn content up to NZF(50–50)–BT and
then with further increase of Zn the density starts to decrease.
Theoretical values of density are 6.01 g/cm3, 5.35 g/cm3,
5.36 g/cm3 and 5.33 g/cm3 for the pure BT, NZF(70–30),
NZF(50–50) and NZF(30–70) phases, respectively. Achieved
ceramics densities are rather small due to high agglomeration
and this can evidently affect the electrical (dielectric, ferro-
electric) properties. This problem can be possibly solved by a
treatment in the attrition mill, which may enable the prepara-
tion of ceramic composites with improved properties. The FE-
SEM microstructure of composites is presented in Fig. 9. It is
possible to notice two different phases: ferrites (platelike or
pyramidal grains) and barium titanate with more rounded
grains. It is important to notice that no reaction between
parent components was observed.

The impedance spectroscopy (IS) is important method to study
the electrical properties of one material, because it gives the
information about resistive and reactive components in the
material. IS was used to evaluate the contributions of various
components such as grain and grain boundary to the overall
electrical properties of NZF–BT ceramics composites. Fig. 10
shows the impedance plots for NZF(70–30)–BT, NZF(50–50)–BT,
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NZF(30–70)–BT ceramics at 200 1C. The impedance spectra were
analyzed using commercially available Z-View software. For all
samples, a one depressed semicircular arcs is present, indicating the
possible overlapping of two arcs that correspond to grain and grain
boundary contributions. The Z view software and equivalent circuit
consisted of two parallel R-CPE elements connected in series,
which were used to evaluate the grain boundary resistivity at low
frequencies and grain contribution at high frequencies. The
existence of two different phases (ferroelectric and ferromagnetic)
in one composite material can make the interpretation of impe-
dance results of these materials rather complicated. The appearance
of two semicircular arcs could be also the indication of the
presence of two different crystallographic phases. When compared
to resistivity values of pure BT and NZF phases [19,33], quite a
difference in the resistivity magnitude can be observed. BT,
ferroelectric phase, is more resistive in comparison with NZF
phase, indicating its dominant effect in the total resistivity of the
composite materials. The values of the grain, grain boundary and
total electrical resistivity of obtained ceramic composites are
presented in Table 1.

With increasing temperature, the resistance of the grain and
the grain boundary decreases for all composites (Table 1), as it
was expected. Comparing the total resistance at the same
Fig. 11. Arrhenius plots of grain (σg) and grain boun
temperature, it can be noticed that NZF(50–50)–BT possesses
the highest values. With increase of Zn content up to 50% the
resistance increases, probably because zinc leads to better
structure ordering and results in the reduction of defects. Most
likely, oxide ion vacancies Vo�� were formed due to loss of
oxygen in the sintering process and present the main con-
ductive species in the obtained ceramics [19].
The temperature dependence of the resistance can be

presented by the equation [34]:

σ ¼ σ0exp � Ea

kbT

� �
ð1Þ

where Ea, σ0 and kb are the activation energy of the carriers for
conduction, the pre-exponential factor and the Boltzmann constant,
respectively. Arrhenius plots of the grain, σg, and grain boundary
conductivity, σgb, for NZF(30–70)–BT, NZF(50–50)–BT and NZF
(70–30)–BT ceramics are presented in Fig. 11. The activation
energy can be calculated from the slope of the given diagrams. The
values of the grain and grain boundary activation energies were:
Ea(g)¼0.15 eV, Ea(gb)¼0.39 eV for NZF(30–70)–BT, Ea(g)¼
0.17 eV, Ea(gb)¼0.27 eV for NZF(50–50)–BT and Ea(g)¼
0.28 eV, Ea(gb)¼0.49 eV for NZF(70–30)–BT. Generally, the
activation energies for electron hopping are lower than for hole
dary (σgb) conductivity for all ceramic samples.
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hopping. In the polaron conduction, the activation energy of holes
is usually used to be greater than 0.2 eV [35]. On this basis, the
calculated activation energies indicate that the conduction in
obtained materials is a consequence of polaron hopping. The
conduction in ferrites, ferroelectrics and its composites can be
explained by polaron hopping process among the localized sites.
Hopping conduction is favored in ionic lattices in which the same
kind of cation is found in two different states [36]. Thus, in the
obtained composite materials the hopping of 3d electrons among
Fe2þ and Fe3þ as well as between Ni2þ and Ni3þ in the ferrite
phase and also Ti4þ to Ti3þ in the ferroelectric phase, could play
an important role in the conduction processes. These values for Ea
are also in agreement with the results obtained for barium
strontium titanate–nickel zinc ferrite composites in the study of
other authors [25,37]. The activation energy for the conduction
process through the grain boundaries in all measured samples was
higher compared to the values of the activation energy for the
conduction process through the grains. Therefore, the grain
boundary effect can be ascribed as the dominant effect in total
conduction of ceramic composites.

Complex modulus plots (M″–M0) at the different tempera-
tures for NZF(30–70)–BT, NZF(50–50)–BT, NZF(70–30)–BT
Fig. 12. Modulus complex plots of (a) NZF(30–70)–BT, (b) NZF(5
are shown in Fig. 12. Values of M″ and M0 were calculated
from equations M″¼ωCoZ0 and M0 ¼ωCoZ″, respectively,
where Co is equal to εoA/h and angular frequency ω is equal
to 2πf. The complex electric modulus analysis can be used to
separate the electrode polarization effect from the grain
boundary conduction process and also to determine the
conductivity relaxation times [25]. In the presented diagrams
two semicircular arcs can be noticed in NZF(70–30)–BT, NZF
(50–50)–BT and NZF(30–70)–BT composites, even though,
they were not fully resolved in the complex impedance plots.
This is also the indication of the presence of different
relaxation processes, due to contribution of grain, grain
boundary and/or different crystallographic phases.
Complex impedance plots Z″–f for all ceramic composites

are presented in Fig. 13. With increasing temperature the
positions of peaks shift toward high frequency side, which
leads to the conclusion that the dielectric relaxation is
thermally activated process [38]. A relative lowering in the
magnitude of Z″ with a shift of the peaks towards the higher
frequency arises is possibly due to the presence of space
charge polarization or accumulation at the grain boundaries
[25]. Broadening of the peaks with rise in temperature can be
0–50)–BT, and (c) NZF(70–30)–BT at different temperatures.



Fig. 13. Frequency dependence of imaginary parts of the impedance spectra (Z″) of (a) NZF(30–70)–BT, (b) NZF(50–50)–BT, and (c) NZF(70–30)–BT at different
temperatures.

Fig. 14. Magnetic hysteresis loops at room temperature for all composites
ceramics.

Table 2
Saturation magnetization moment, saturation fields, residual magnetization and
coercive field for yNi1�xZnxFe2O4� (1�y)BT (x¼0.3, 0.5, 0.7, y¼0.5)
composite materials.

Sample Msat (emu/g) Hsat (kOe) Mr (emu/g) Hc (Oe)

NZF (70–30)–BT 23.64 2.55 4.31 19.8
NZF (50–50)–BT 22.23 2.05 2.89 25.4
NZF (30–70)–BT 10.42 1.95 0.17 17.6
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an indication of the presence of immobile species at low
temperature and defects at higher temperatures [39]. The
corresponding capacitances and resistivities were calculated
from the maximum value of the Z″ peak and associated fmax

value, using the relationships C¼1/2πfmaxR, where R is equal
to 2Z″max [40]. The obtained values for C and R are presented
in Table 1. Obtained resistivity data were used for the
calculation of activation energies of relaxation processes at
the grain boundary and they are in accordance with Ea

obtained from the complex impedance analysis.
Magnetization results are presented in Fig. 14 and Table 2.

In pure nickel zinc ferrite, with addition of Zn, magnetization
increases because the balance between Fe3þ ions in tetrahedral
and octahedral sites, which is conditioned by migration of the
Fe3þ ions inter this sites. This leads to the weakening of A–B
exchange interaction, causing the increase of magnetization.
The change of the magnetic properties with reducing amount
of magnetic phase was expected. In composites, a dilution
effect exists, which means that BT does cause intimate change
in the magnetic properties, leading to the reduction of the
magnetic moment [41]. The saturation magnetization and
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remnant magnetization have shown a decrease with increasing
Zn content, likely due to already mentioned dilution effect. Ms,
at first slightly decreases with increase of Zn content up to
0.5 mol% and then significantly decreases with further increase
of Zn. In comparison with pure NZF phases, Ms also decreases,
due to the presence of non-magnetic barium titanate phase
[19]. The fields at which saturation occurs were around 2 kOe
for NZF(30–70)–BT and NZF(50–50)–BT and slightly higher
for NZF(70–30)–BT. The coercive field, the field required to
overcome the defects in the material, was higher for compo-
sites in the comparison with pure NZF phases, which can be
explained by the fact that the composite possesses a higher
anisotropy field than the NZF at the same applied field [35].
The coercive field was the highest for NZF(50–50)–BT
ceramic composites.

4. Conclusion

A series of nickel zinc ferrite–barium titanate with general
formula yNi1�xZnxFe2O4� (1�y)BT (x¼0.3, 0.5, 0.7, y¼0.5)
were successfully prepared by mixing of previously prepared
powders of nickel zinc ferrite and barium titanate. The composites
materials formation was confirmed by XRD and Raman spectro-
scopy for powders and ceramics, with small amount of secondary
phase. SEM analysis indicated a high level of powder agglomera-
tion and ceramic composites with different shapes grains of around
1 μm. Impedance analysis has shown that for all obtained ceramic
samples grain boundary resistance has the highest contribution to
the total resistance. The resistance was found to decrease with the
increasing temperature for all measured samples, and it can be
noticed that NZF(50–50)–BT possesses the highest values of total
resistance. The calculated activation energy indicates that the
conduction in the composite materials is a consequence of polaron
hopping. Results of the magnetic measurements show that the
magnetization in the composites ceramics is reduced in comparison
with pure nickel zinc ferrite ceramics due to the presence of barium
titanate phase. The fields at which saturation occurs were almost
the same for all investigated compositions.
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