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Abstract

Multiferroic composites with general formula Ba(Tig 95Zr0.05)O3 — Nig.7Zng 3Fe;04, Ba(Tig 95719 05)03 — CoFe;04,
Ba(Tig.95Zr0,05)03 — Nig7Cug 01Smg 0sZng 29Fe; 9504, (BTZ1(95-5) — NZF, BTZr(95-5) — CF, BTZr(95-5) — NCuSmZF) were
prepared by mixing chemically obtained different types of ferrites and BTZ(95-5) powders in the planetary mill for 24 h. The
optimization of sintering process was performed and powders were pressed and sintered at 1300 °C for obtained composites samples.
From the X-ray analysis for single phase and composites ceramics the formation of crystallized structure of ferrites and barium
zirconium titanate can be noticed. SEM analyses indicated the formation of two types nanosized grains, polygonal ferromagnetic
and rounded ferroelectric grains. The electrical properties of these materials were investigated using impedance spectroscopy and
analysis of ferroelectric measurements. Impedance analysis of all investigated samples has shown different relaxation processes that
originated from the grain and grain boundary contributions. The results of polarization vs. electric field measurements have shown the
influence of magnetic phase type and its concentration on the ferroelectric properties of the composites. Due to high conductivity of
ferrite phases and presence of interfacial polarization, the shapes of these curves differed from the conventional ferroelectric materials.
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1 Introduction

During recent years studies of multiferroic materials and their
application, functionality became very widespread. These ma-
terials was found to be useful in information storage, in the
emerging field of spintronics, sensors, multistate memory de-
vices, electrically tunable microwave devices such as filters,
oscillators and phase shifters [1, 2]. For decades, researchers
have been looking for a adequate way to couple magnetic and
ferroelectric ordering in different materials. Recently, ad-
vances in materials fabrication made it possible to manufac-
ture these kinds of materials in structures with smaller dimen-
sions, such us thin films or complex composites including
flexible structures. This is also very important in order to
reduce the cost and improve the functionality of the system
[3]- The term multiferroic is used for materials which simul-
taneously possess two or more primary ferroic (ferroelectric,
ferromagnetic and ferroelastic) properties [4]. There are two
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types of multiferroics: single phase multiferroics (BiFeOs3,
BiMnOs) and composites in many different combination of fer-
roelectric and ferromagnetic phases ((NiZn)Fe,04-BaTiOs,
BaSrTiO3- Ni,ZnFe,;O4, Ni(Co, Mn)Fe,04-BaTiO3). The
ferroelectric-ferromagnetic composites, as two-phase
multiferroics, are greatly explored today and large number of
publications about multiferroics were published so far [5-7].
Main advantage of ferroelectric-ferromagnetic composites in
comparison with single phase multiferroics is much simpler syn-
thesis method, since single phase multiferroics are very difficult
to obtain under ambient conditions [8, 9]. However, it is also
challenge to prepare composites materials with equilibrium fer-
roelectric and magnetic structures preserving both properties
close to the room temperature. The influence of each phase in
the composite multiferroics on the properties like resistivity, di-
electric constant, ferroelectric, magnetic properties and others
may be attributed to different relaxation process that occur in
grains and grain boundaries of whole composite material but also
the existence of different crystallographic phases should be taken
into account in the same time.

In the previous studies, composites based on BaTiO; (bar-
ium titanate, BT), PbZr( 5,Tig 4303 (lead zirconium titanate,
PZT) (as ferroelectic phases) and NiZnFe,O, (nickel zinc fer-
rite, NZF), CoFe,O, (cobalt ferrite, CF) (as ferromagnetic
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phases) in different combination were investigated [6, 10-12].
BT posses high permittivity, low dielectric losses and high tun-
ability and was promoted as a material for the high speed and
nonvolatile memory devices [13, 14]. It is well known that di-
electric properties of barium titanate can be significantly modi-
fied by doping with La®*, Mn**, Zr’*, Hf**, Nb>*, where the
characteristic phase transition can be shifted to lower tempera-
tures and doping can lead to the appearance of semiconductivity
in the material [15, 16]. Ba(TiyZr,)Os (BTZr) is derived from
two perovskite lattices, barium titanate and barium zirconate.
Zirconium substitution into the titanium lattices leads to enhanc-
ing the dielectric and piezoelectric properties [17, 18].
Ba(Tig 9571 05)03 (BTZr(95-5)) has high dielectric constant,
high piezoelectric coefficient, high tunability and low dielectric
constant. BTZr ceramic, with the Zr content less than 10 mol%,
show classical ferroelectric behavior and all three dielectric
anomalies corresponding to cubic to tetragonal, tetragonal to
orthorhombic and orthorhombic to rhombohedral phase transi-
tions. These materials have proven to be very attractive and
promising for dynamic random access memories and tunable
microwave devices [19].

On the other side, NZF as a good soft magnetic and semi-hard
CF with good electrostrictive properties, high value of magneti-
zation and high chemical stability were investigated as a ferrite
phase in the composites [20, 21]. Many reports are available in
the literature for Cu-substituted NZF. M. Niyaifar et al. reported
that magnetization of Ni3Zng 7.xCu,Fe,O,4 increase with Cu
concentration up to x = 0.3 [22]. Other authors have shown that
Curie temperature increase for doped ferrites NiZn;_Fe,Oy4
with Cu in comparison with pure Ni,Zn; \Fe,04 (x=0.3-0.7),
which can be attributed to the change of Fe®* ions content on
tetrahedral and octahedral sites due to presence of Cu®* ions on
octahedral sites [23, 24]. Also, addition of Cu in NiCuZnFe,O,4
can be used to improve densification as well as electromagnetic
properties of the material [25]. The addition of samarium leads to
increase the lattice parameter and decreases the mean grain size
[26], permeability, magnetization and Curie temperature up to
0.02 at.% of Sm [27].

In the present paper, the preparation process and character-
ization of multiferroic composites based on ferroelectric phase
BTZr(95-5) and different ferromagnetic phases: NZF, CF,
NCuSmZF were presented. We were looking for a way to
further improve the properties of existing composites. The
structural, electric, ferroelectric properties of these composites
materials were reported and explained in detail.

2 Material and methods

The raw materials used for the synthesis of magnetic phases,
NZF, CF and NCuSmZF were Fe(NO3); - 9H,0
(AlfaAesar, 98.0-101.0%), Ni(NO3), - 6H20
(AlfaAesar, 99.9985%), Zn(NOs), - 6H,O (Alfa Aesar, 99%),
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Sm(NO3), - 6H,0 (Alfa Aesar, 99.9%), Cu(NOs), - 3H,0 (Alfa
Aesar, 99.9%), C¢HgO; - H,O (CarloErba, 99.5-100.5%) and
NH4OH (LachNer, 25%). Metal nitrates and citric acid solution
were mixed and after the process of self-propagation reaction
and thermal treatment at 1000 °C the pure ferrite phase was
obtained. Details of the auto-combustion method are reported
earlier and can be found elsewhere [11, 28].

Ba(Tig.95Z19.05)O3 was synthesized by a modified auto-
combustion synthesis. Starting reagents used for this synthesis
were Ti(OCH(CHs),)4 (TTIP) (AlfaAesar, 98.0-101.0%),
C¢H807-H20 (Carlo Erba, 99.5-100.5%), Ba(NO3),,
Zr(O(NO3),) - 6H,O (Alfa Aesar, 99.9%) and NH,OH
(Lach Ner, 25%). Obtained precursor powders were further
calcined at 900 °C for 2 h. These powders were sintered at
1200 °C for 4 h in order to have pure BTZr ceramics for the
comparison of its properties with multiferroics. The synthesis
routes are schematically presented in Fig. 1.

Multiferroic composites BTZr(95-5) — NZF, BTZr(95-5)
— CF, BTZr(95-5) — NCuSmZF were prepared by mixing
chemically obtained powders of ferromagnetic and ferroelec-
tric phases in a planetary ball mill for a 24 h in isopropyl
alcohol as a milling medium. The mass ratio of ferroelectric
and ferromagnetic phase was 80-20. The optimization of
sintering process was performed and the powders were
pressed at 195 MPa and sintered at 1300 °C for 4 h.

The phase and crystal structure of single phase materials as
well as composites were investigated by X-ray diffractometer
(Model Rigaku RINT 2000, CuK « radiation). Scanning electron
microscope (SEM) (Model TESCAN SM- 300) was used for the
microstructural characterization and the average grain size deter-
mination. The grain size was determined using an ImageJ pro-
gram. Impedance spectroscopy of the sintered pellets was per-
formed in the frequency range from 42 Hz to 1 MHz in the
temperature range from 150 °C to 600 °C using an LCR meter
(model 9593-01, HIOKI HITESTER). Collected data were an-
alyzed using the commercial software package Z-view.
Ferroelectric measurements were performed in the electrical field
range from 10 to 38 kV / cm on the Precision Multiferroic Test
System with High Voltage Interface (Radiant Technologies,
Inc.). To study leakage current behavior of the ceramics, current
density versus electric field was measured using the Precision
Multiferroic Test System with High Voltage Interface (Radiant
Technologies, Inc.).

3 Results and discussion

3.1 Structure and microstructure analysis

XRD patterns of sintered ferroelectric, ferromagnetic phase
and also composites ceramics were presented in Fig. 2. The

presence of the cubic spinel structure of NZF, NCuSmZF
according to JCPDS card no. 10-0325 and CF according to
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Fig. 1 Sheme of (a) barium
zirconium titanate and (b) ferrites
preparation
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JCPDS card no. 22-1086 was confirmed. The formation of
perovskite tetragonal phase of BTZr(95-5) (according to
JCPDS card no. 05-0626) was also observed. BaZrO; has a
cubic structure at all temperatures. Also, additional Zr as a
dopant in the BT structure led to formation of tetragonal struc-
ture of BTZr powder. X-ray measurements of obtained com-
posites confirmed the presence of NZF, CF, NCuSmZF and
BTZr(95-5) phases without the presence of any intermediate
phases or impurities. Structural analysis of composites also
showed the existence of the most prominent double peaks
(evident peaks splitting) of the tetragonal phase of BTZr(95—
5) at 32.5° and of the cubic ferrite phases that are located at
41.2° for NZF, 41.6° for CF and 42.2° for NCuSmZF. In order
to obtain composites with only two phases and best possible
densities the optimization of sintering process was performed.
The most suitable sintering temperature for these composite
materials was found to be 1300 °C (no secondary phases and
interface reactions). Sintering time was also varied in order to
obtain ceramics with optimal density. It was detected that
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sintering below 4 h was short for proper grain growth espe-
cially for ferroelectric phase and longer sintering time lead to
the interface reactions. Chosen sintering rate was 5 °C/min.
Diagrams for composites ceramic samples presented the exis-
tence of characteristic splitting of diffraction peaks indicating
strong tetragonality.

SEM images of obtained composites at the free surface are
given in Fig. 3. The grains are below 1 wm with two different
shapes: polygonal ferrite grains and more rounded grains of
barium zirconium titanate. The average grain size for each
composite was:

~0.71 um for the sample BTZr(95-5)-NZF
~ 0.65 um for the sample BTZr(95-5)-CF
~0.79 um for the sample BTZr(95-5)-NCuSmZF

In these composites there is a mismatch between smaller and

round barium zirconium titanate grains and bigger polygonal
ferrite grains. Having this in mind as well as the difficulties in
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Fig. 2 XRD difratograms of: (a)
BTZr(95-5), NCuSmZF, CF,
NZF, (b) BTZr(95-5)-CF,
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optimization of sintering process due to formation of second-
ary phases, relatively high composite density values have been
obtained. Based on previous research, temperatures higher
than 1350 °C can enable good density and reproducible elec-
trical properties of the ferroelectric material. However, when
ferroelectric material is bonded with magnetic phase in the
multiferroics, secondary phase was formed on the interfaces.
Therefore the most suitable sintering temperature for these
kind of composites was found to be 1300 °C.

The density values were found to be 88.2, 92.6, 91.2% of
the theoretical value for BTZr(95-5)-NZF, BTZr(95-5)-CF,
BTZr(95-5)-NCuSmZF, respectively. The highest density
values possesses BTZr(95-5)-CF which may be explained
by the smallest average grain size in comparison with another
two samples.
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3.2 Impedance analysis

Variation of the imaginary part of impedance as a function of
the real part of impedance gives the complex impedance
spectrum- Nyquist plots [29, 30]. Impedance measurements
were performed for all investigated ceramic composites in the
temperature range from 150 °C to 600 °C for BTZr(95-5),
from 150 °C to 250 °C for BTZr(95-5)-NZF, from 250 °C
to 350 °C for BTZr(95-5)-CF and from 500 °C to 600 °C for
BTZr(95-5)-NCuSmZF (Fig. 4.) and value of the grain, grain
boundary and total electrical resistivity are presented in the
Table 1. Due to high conductivity of the ferrite phase certain
composites at some temperatures did not show semicircles
that can be used in impedance analysis. Therefore, it was not
possible to display measurements in a uniform temperature



J Electroceram (2021) 46:57-71

61

Fig. 3 SEM images of: (a) BTZr(95-5)- NZF, (b) BTZr(95-5)- CF, (¢) BTZr(95-5)- NCuSmZF ceramics

range for all composites. In the case of all samples the pres-
ence of two semicircular arcs are evident. Since, in composites
materials the appearance of semicircular arcs can be attributed
to the influence of different relaxation process such us grain
and grain boundary or different crystallographic phases, it
makes impedance analysis quite difficult. This electrical be-
havior can be represented in terms of three parallel R-CPE
elements connected in series. Comparison of complex imped-
ance plots with fitted data was analyzed using commercially
available Z-view software. The best fit was achieved with
three semicircular arc, one due to the influence of the grain
boundary conduction at lower frequencies, the second due to
the influence of grain conduction at higher frequencies and the
third semicircular arc was observed corresponding to the in-
fluence of electrode. According to the different types of mag-
netic materials used for the MFs, temperature range of mea-
surements differs. Due to that, it was not possible to compare

directly the resistivity of each sample at the same temperature.
However, increasing of temperature led to grain and grain
boundary resistivities decrease, indicating the semi-
conducting nature i.e. negative temperature coefficient of re-
sistance. Impedance measurements for sample BTZr(95-5)
were carried out in the temperature range far above Curie
temperature, from 500 to 600 °C because of the very high
resistivity of the material in large temperature region(shown
at Fig. 4(a)). These curves show the phenomena of decentral-
ization where the center of semicircle is centered below the
real axis, making an angle with x-axis. The value of this angle
is found to increase with temperature increase. The change of
the total electrical resistivity with ferrite phase addition was
expected. BTZr(95-5) has significantly higher resistivity
compared to investigated composites due to the high conduc-
tivity of ferrites phase. Thus, in these composites the barium
zirconium titanate mainly has the influence on the total
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Fig. 4 Impedance measurements
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resistivity, since the mass ratio between ferroelectric and fer-
rite phase in all three composites is 80-20. In composites, the
highest resistivity was found for the BTZr(95-5)-CF (at the
250 °C) ceramics. In ferrites in the lower frequency region,
where the influence of grain boundary conduction is domi-
nant, hopping of the Fe** and Fe’* is ineffective. With fre-
quency increase, conductive grains become more active,
resulting in increase of hopping process between Fe** and
Fe** ions [31]. In both, composites and pure BTZr(95-5),
besides above mention hopping motion in ferrites, the hop-
ping of 3d electrons from Ti** to Ti** is also possible.
Samples BTZr(95-5), BTZr(95-5)-NZF and BTZr(95-5)-
NCuSmZF have R, value which was higher in comparison
with obtained value for Ry, which suggested the grain con-
tribution as a more influential effect in the total conduction of
ceramics. Only in the case of BTZr(95-5)-CF the grain
boundary effect can be ascribed as the dominant effect in total
conduction. This sample has smaller grains in comparison
with other investigated samples, which indicates the existence
of a large number of grain boundaries.

The temperature dependence of the conductivity was given
by equation:
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where oy, Ea, k;, represent preexponential factor, activation
energy and Boltzmann constant, respectively, represented
via Arrhenius plots (Fig. 5.). 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=1.79 eV, Ea,gb=0.50 eV for BTZr(95-5); Ea,g=
0.42 eV, Ea,gb=0.14 eV for BTZr(95-5)-NZF; Ea,g =
0.81 eV, Ea,gb=1.01 ¢V for BTZr(95-5)-CF and Ea,g=
0.54 eV, Ea, gb=0.39 eV for BTZr(95-5)-NCuSmZF. Only
for sample BTZr(95-5)-CF the activation energy for the con-
duction process through the grain boundaries has a higher
value in the comparison with the grain. This indicates higher
impact of grain boundaries on the total resistivity. Previous
research has shown that the activation energy value above the
0.7 eV may correspond to the mobility of the defects in the
crystal lattice of BT [32]. Explanation can be found also in
defect chemistry. In the case when the activation energy
reaches value of 1 eV, as reported in the literature, these values
are attributed to the oxygen vacancies motion [33, 34]. The
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Fig. 5 Arrhenius plots of grain and grain boundary conductivity for (a)

BTZr(95-5), (b) BTZr(95-5)-NZF, BTZr(95-5)-CF, BTZr(95-5)-
NCuSmZF

hopping of 3d electron among Fe** and Fe**, Ni** and Ni** in
ferittes as well as between Ti** and Ti** in barium zirconium
titanate could play an important role in the conduction process
as well. For other samples inverse trend was observed, where
activation energy for grain has a higher value in the compar-
ison with the grain boundary. It is probably due to smaller
grains of BTZr(95-5)-CF in the comparison with other sam-
ples, as explained earlier in the text. Usually, activation energy
for n-type polaronic conduction is less than 0.2 eV and above
0.2 eV for polaronic conduction of the holes. For pure
BTZr(95-5) and all investigated composites, according to ob-
tained values of Ea polaronic conduction of the holes can be
considered. Also, the conduction at higher temperatures is
suggested to be due to polaron hopping which is created pos-
sibly by the existence of the large effective mass and low
mobility of the current carriers. For this type of conduction
most important is the temperature dependent mobility of
carries, rather than the temperature dependent concentration
of carriers [35].

The variation of Z’ with frequency at different temperatures
for all ceramics is shown in Fig. 6. The value of Z’ is higher in
the low frequency range with a monotonous decrease with
frequencies increase. Finally, in the high frequency region
all the curves merge at 5 kHz for BTZr(95-5) and for all
composites above 300 kHz. Decrease of the value of Z* with
frequencies may be attributed to a slow dynamic relaxation
process in all investigated samples due to space charge. At the
higher frequencies merging all curves into single is connected
with release of space charge [35, 36]. These materials exhibit a
typical negative temperature coefficient of resistance
(NTCR)-type behavior in semiconductors —since increase of
the temperature led to a decrease of Z’ magnitude. This in-
crease in ac conduction can indicate the presence of defects
like oxygen vacancies in the samples and originates mainly
from the perovskite phase [37].

The variation of the imaginary part of impedance with fre-
quency at different temperatures is shown in Fig. 7. The typ-
ical variation implied that Z” achieved a maximum value at
the particular frequency, which is different for different tem-
peratures. The nature of variation of Z"” with frequency is
characterized by a) the appearance of peaks at different fre-
quency for BTZr (95-5) and investigated composites, b) a
decrease in the height of the peaks toward to higher frequency
side, c¢) the peaks were shifting towards higher frequencies
with the temperature. There is an evident difference in curves
shape for different ferromagnetic phase in the composites.
Broadening of the peaks indicated the presence of phase de-
pendent relaxation process in investigated composites. Also,
this phenomenon is present in all samples with change in
temperature, indicating the temperature dependent electrical
relaxation in material. Possible explanation is the presence
of immobile parts at the lower temperatures, and mobile de-
fects, electrons and oxygen vacancies at higher temperatures
[35, 38]. Heights of the peaks were found to decrease with the
increase in frequency and temperature which point to the pos-
sible presence of charge polarization at the grain boundaries.
For sample BTZr(95-5) they merge in the high frequency
domain which indicate disappearance of charge polarization.
Obviously, the same type of change occur also in the compos-
ites but at much higher frequencies. At higher temperatures,
impedance is becoming more or less frequency independent.
The addition of different ferrite phase affects the shapes of the
curves differently. A similar shapes of the curves was obtained
for BTZr(95-5) and BTZr(95-5)-CF and for BTZr(95-5)-
NZF and BTZr(95-5)-NCuSmZF. First two samples show
the lower frequency peaks correspond to the relaxation mech-
anism associated with grain boundaries and the other peaks
are attributed to the grain contributions. Sample BTZr(95-5)-
NCuSmZF also shows one less pronounced peak at lower
frequencies. From this diagram grain boundary resistance
and grain boundary capacitance can be calculated using the
relationships C= [ / 2nf,,..R, where R= 27", (Table 1.). Z
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Fig. 6 Variation of Z’ with frequency at different temperatures for: (a) BTZr(95-5), (b) BTZr(95-5)-NZF, (¢) BTZr(95-5)-CF and BTZr(95-5)-

NCuSmZF ceramics

" nax 18 corresponding to maximum value of the Z" peak and
fiax 18 the associated frequency. Calculated values of capaci-
tance for all investigated samples show that with the increase
of temperature the value of capacitance decrease.

In order to confirmed the temperature dependence of di-
electric relaxation normalized parameters Z”/Z,,,.x as a func-
tion of f/f,,x were analyzed for all investigated samples at
different temperatures (Fig. 8.). In the BTZr(95-5) and
BTZr(95-5)-NZF all data coincide into a single master curve
at different temperatures. This can indicate that the contribu-
tion of relaxation time is temperature independent and all dy-
namical processes possess the same thermal energy under
complex impedance formalism. Ceramics BTZr(95-5)-CF,
curves overlap nicely in the lower frequency region, but at
higher frequencies a second broad peak appears which point
to temperature dependent relaxation time. Also, the appear-
ance of these peaks is an indication of the transition from the
long-range to a short range mobility [39]. On the other hand,
samples that contain NCuSmZF, the temperature dependence
was observed in whole frequency region. Two separate anom-
alies can be noticed and in comparison with CF, first anomaly
appeared at much lower frequency.

Complex modulus plots, M"-M’, at the different tempera-
tures for BTZr(95-5) and composites are given in Fig. 9.
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The complex electric modulus formalism can be used for
separation of the electrode polarization effect from the
grain boundary conduction process, to provide informa-
tion about homogeneity of polycrystalline samples, to
detect bulk properties such us conductivity relaxation
times etc. [40, 41]. Values of M” and M’ were calculated
from following equations: M" = wC,Z, and M’ = wCoZ",
respectively, where C, is equal to ¢,A/h and angular fre-
quency w is equal to 27tf. BTZr(95-5) showed two semi-
circular arcs, which indicated the presence of two relaxa-
tion processes in this sample due to contribution of grain
and grain boundary. For investigated composites,
BTZr(95-5)-NZF, BTZr(95-5)-CF and BTZr(95-5)-
NCuSmZF, one arc was observed indicating that the sin-
gle relaxation process remained.

The frequencies dependence of variation of normalized pa-
rameters Z"/Z.« and M"/M,,,.x for BTZr(95-5) at different
temperatures are shown in Fig. 10 in order to determine if the
conduction is localized or non-localized. In the case where Z”
and M" peaks are separated in material exist localized relaxa-
tion otherwise when the peaks in these two curves are over-
lapping in material exist non-localized or a long range relax-
ations [42]. The mismatch between the peak frequency of the
normalized M"” and Z"” which indicated the short-range
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conduction of localized charge carriers in material. This ap-  conduction of multiple carriers which is in the accordance
pearance indicated that polarization process is due to localized =~ with results obtained from M"-f dependence.

Table 1 Grain resistance, grain

boundary resistance, total Sample T(°C) from Z2"-Z' from Z2"-f
resistance and capacitance for
investigated samples Ry(@m)  Rgp(@m)  Rew(2m)  Rgb(€2m) Cgb(nF/m)
BTZr(95-5) 500 99,950 3070 103,020 72,870 17.62
525 44,600 2020 46,620 32,472 17.61
550 20,150 1550 21,700 14,838 16.26
575 9550 1380 10,930 7428 15.16
600 4550 1250 5800 5544 14.0
BTZr(95-5)-NZF 150 9210 260 9470 5986 2.34
175 4880 230 5110 3142 1.73
200 2700 210 2910 1754 1.26
225 1550 120 1670 1036 1.00
250 990 110 1100 620 0.71
BTZr(95-5)-CF 250 6630 19,850 26,480 15,312 1374
275 3110 7960 11,070 6496 119.6
300 1330 2900 4230 2394 88.0
325 710 1200 1910 1036 67.6
350 380 550 930 866 54.9
BTZr(95-5)-NCuSmZF 225 1930 370 2300 1286 0.83
250 990 210 1200 656 0.59
275 710 180 890 456 0.54
300 360 90 450 284 0.52
325 190 52 250 160 0.49
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3.3 AC and DC conductivity

AC conductivity, oac, can be calculated from impedance
measurements following the equation:

oac(w) = goe "w

where ¢ is the permittivity of the free space, the ¢ is imag-
inary part of dielectric permittivity and w is angular frequen-
cy. Figure 11. shows the logarithmic angular frequency de-
pendence of AC conductivity at different temperatures. Two
characteristic regions can be found, frequency independent
region at the low frequencies which can be explained by the
jump relaxation model and a dispersion region in the high
frequency region. It can be suggested that, at low frequencies
the conduction is probably trough the hopping of charged
particles from one localized state to another resulting in the
long-range translation motion of charge carriers [43]. At high
frequencies, AC conductivity has been found to obey a
Jonscher power low which is expressed through the depen-
dence:

o(w) = a(0) + A(T)w"
where o(w) is total conductivity, o(0) is DC conductivity

while A(T) and n are temperature and materials intrinsic
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property dependent constant. The value of exponent n can
be calculated from the slope of the presented plots and this
value was used to explain conduction mechanism in the sam-
ple. Generally, value of n lies between 0 and 1 and here in the
lower frequency region value of n is below 0.5 and can be
attributed to the ionic hopping in the grains; in the high fre-
quency region this value is between 0.5 and 1 and it can be
attributed to the ionic hopping in the grain and grain boundary
regions [10, 43].

3.4 Ferroelectric properties

The results of polarization vs. electric field measurements
have shown the influence of magnetic phases type and con-
centration on the ferroelectric properties of the composites
(Fig. 12. and Table 2.). These ferroelectric loops were obtain-
ed by applying the electrical field in the range of 10-38 kV/cm
depending on different breakdown field for investigated ce-
ramic samples. Due to high conductivity of ferrite phases and
presence of interfacial polarization, the shapes of these curves
differed from the conventional ferroelectric materials [2].
Because of presence of non-saturated ferroelectric loops it is
not possible to talk about remnant or saturation polarization
and coercive field. The following are comparison for these
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values for different samples at certain field strength. The
values of remnant polarization at the 20 kV/cm were: 0.50,
2.55, 0.31, 2.94 uC/cm2 for the composites BTZr(95-5),
BTZr(95-5)-NZF, BTZr(95-5)-CF, BTZr(95-5)-NCuSmZF,
respectively and for the saturation polarization were 1.29,
2.89, 0.48 and 3.89 uC/cm?. Some of the samples also handle
higher field strength. However, due to the existence of non-
saturated ferroelectric loops, the comparison of P, and P was

BTZr(95-5)
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Fig. 10 Z"/Z.x and M"/M,,,.« as a function of frequency for: BTZr(95—
5) at different temperatures

done at the appropriate field strength. Compared with the lit-
erature data, the value of P, and E, for BTZr(95-5) is lower in
comparison with BTZr(95-5) obtained with solid state reac-
tion method [18]. The reason for this is in the fact that
BTZr(95-5) obtained with solid state reaction has better den-
sity (5800 g/cm® recalculated 95.8% of theoretical) in com-
parison with BTZr(95-5) obtained with auto-combustion re-
action (86.0% of theoretical value). At 20 kV BTZr(95-5) has
higher values of P, and P in comparison with BTZr(95-5)-CF
but lower value of P, and P, in comparison with BTZr(95-5)-
NZF and BTZr(95-5)-NCuZF. BTZr(95-5) was sintered at
1200 °C which is lower temperature in comparison with
sintering temperature for composites (1300 °C). Sample with
higher temperature of sintering usually possesses better den-
sity and better electrical properties. The experience from pre-
vious studies on similar compositions, BTZr(95-5) would
have been better electrical properties at 1300 °C, but this sam-
ple could not be sintered at higher temperature due to second-
ary phase formation [44, 45]. Also, smaller grains of investi-
gated sample affect the poor ferroelectric properties. There are
many data in literature for the influence of density and the
grain size on ferroelectric properties of the ceramics. Y. Tan
et al. claimed that increase in grain size led to decrease in E,
[46]. This is one of the reasons why BTZr(95-5) — NZF have
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Fig. 11 Angular frequency dependence ac conductivity of: (a) BTZr(95-5), (b) BTZr(95-5)-NZF, (¢) BTZr(95-5)-CF, (d) BTZr(95-5)-NCuSmZF at

different temperatures

higher value of E. in comparison with BTZr(95-5)-CF and
BTZr(95-5)-NCuSmZF. Another reason for the highest value
of coercive field for BTZr(95-5)-NZF can be probably the
presence of large number of oxygen vacancies which inhibits
the movement of domains causing domain wall pinning [47,
48]. These oxygen vacancies may originate from sintering in
air where the oxygen loss during the sintering can produce
oxygen vacancies as well as free electrons. Also, Ti** is chem-
ically less stable and it easily change to Ti**, thusthe formation
of oxygen vacancies occur in these kind of materials.
Expectedly, composites possess higher value of Ec in com-
parison with BTZr(95-5) because the composites are more
difficult to be polarized due to ferrite phase which can act as
a obstacle for the movement of the domains. On the other
hand, the increase of the grain size of investigated composites
can lead to the increase of value of P, and P,. The increase of
grain size can enhance the domain switching ability and en-
able the improvement of the ferroelectric properties, P, and Pg.
Also, high number of grain boundaries in the ceramics with
small grains can result with decrease of P, and Py, since the
grain boundaries posses low permittivity and poor ferroelec-
tricity and can affect greatly the reduction of polarization [15,
49]. It is difficult to say which ferrite phase has the greatest
impact on ferroelectric properties because none of the material
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did not reach the saturation. The highest value of P, and P
possesses BTZr(95-5)-NCuSmZF which recommend this
material as potentially more applicable for ferroelctric
application.

3.5 Leakage current density

In order to study conductivity mechanism of the BTZr(95-5)
and BTZr(95-5)-NZF, BTZr(95-5)-CF, BTZr(95-5)-
NCuSmZF, the leakage current density (j) was measured at
room temperature as a function of static electric field (E).
These dependences are presented on the semi-log and log-
log plots (Fig. 13.) and the slope of the curve in logarithmic
plot determine the nature of conduction. For all samples, two
regions of different slopes were observed. In that way, mech-
anism of the conduction present in these materials was pre-
dicted as follows: grain boundary limited conduction (GBLC),
ohmic conduction mechanism, space charge limited conduc-
tion (SCLC) or trap-controlled SCLC mechanism [50, 51].
For the BTZr(95-5) sample, at the high field region, the value
of n larger than 2 suggest the presence of trap controlled
SCLC conduction mechanism. In low field region, slope
was found to be less than 1 which suggested the existence of
grain boundary limited conduction.



J Electroceram (2021) 46:57-71

69

a) 84 b) — 1
— ~ 4 -
g 5 ]
2 l
= o
T 1 T 1
-40 30 40 -20
E (kV/cm) E (kV/cm)
T -1
E BTZr(95-5)1 Ochm_1 | ——BTzr(95-5)-NzF5kvem™
BTZr(95-5)20kVcm / BTZr(95-5)-NZF10kVem”
—— BTZr(95-5)30kvVem’ | ——BTZr(95-5)-NZF15kvem™
BTZr(95-5)38kvVem’ 4 — BTZr(95-5)-NZF20kVem'
-8 d
D)

P (uC/em’)

T
20
E (kV/cm)

—— BTZr(95-5)-CF 5kVem”
BTZr(95-5)-CF 10kVem'™

—— BTZr(95-5)-CF 15kVem”’

——— BTZr(95-5)-CF 20kVem’”

d)

P (uC/em’)

3
E (kV/cm)
1T — BTZr(95-5)-NCuSmzZF 10kVem'™

BTZr(95-5)-NCuSmZF 20kVem'
—— BTZr(95-5)-NCuSmzF 30kVem'

Fig. 12 Hysteresis P-E loops for (a) BTZr(95-5), (b) BTZr(95-5)-NZF, (¢) BTZr(95-5)-CF, (d) BTZr(95-5)-NCuSmZ

For investigated composites samples it was observed that the
highest value of leakage current density possessed BTZr(95-5)-
NCuSmZF and the lowest for BTZr(95-5)-CF in the whole
electric field region. Indeed, the BTZr(95—5)-CF showed higher
resistivity than BTZr(95-5)-NZF and BTZr(95-5)-NCuSmZF.
This also can indicate also the presence of free charge carriers
(oxygen vacancies in this case) in BTZr(95-5)-CF, formed due
to Fe®* reduction to Fe?*, which is possibly not so dominant in
two other samples [52]. Samples BTZr(95-5)-CF and BTZr (95—
5)-NZF in low field region the value of n is between 1 and 1.5
which suggested the existence of ohmic conduction mechanism
and in high field region this value is between 1.5 and 2 which
pointed on the existence of space charge limited conduction. In
the region with ohmic conduction mechanism the thermally gen-
erated free carriers density is higher than the density of injected
charge carriers while in the region with space charge limited
conduction the injected charge carriers dominate the conduction.
BTZr(95-5)-NCuSmZF showed the same behavior in low field
region, but in the higher field region the value of # is higher than
2 which is characteristic of trap controlled SCLC mechanism.

4 Conclusions

The multiferroic composites of barium zirconium titanate-
ferrites (NZF, CF, NCuSmZF) were obtained by mixing of

previously prepared powders by auto-combustion synthesis.
XRD confirmed the presence of pure phase of barium zirco-
nium titanate and ferrites phases. From SEM analysis can be
noticed that the average grain sizes are under 0.8 nm for

Table2 Saturation polarization, remnant polarization and coercive field
for measured samples
Sample kV/ Py(uC/ P(uC/ E (kV/
cm sz) sz) cm)
BTZr(95-5) 10 0.7208 0.2958 1.076
20 1.288 0.5049 1.614
30 1.774 0.6454 1.973
38 2225 0.7574 2.188
BTZr(95-5)-NZF 5 0.2035 0.1398 0.6609
10 1.232 1.080 4362
15 2.046 1.781 6.958
20 2.889 2.552 9.939
BTZr(95-5)-CF 5 0.0949 0.0534 0.902
10 0.2416 0.1567 1.210
15 0.4464 0.2616 2.681
20 0.4832 03134 3.549
BTZr(95-5)-NCuSmZF 10 1.651 1.308 2.652
20 3.888 2.937 5.981
30 5.879 4.597 9.398
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Based on presented research of composites it can be point-
ed that BZrT(95-5)-CF showed better electrical properties,
microstructure homogeneity and density compared to other
investigated composites. Also, this sample possesses the low-
est leakage current and the highest resistivity among the in-
vestigated composites. Future research will be focused on the
investigation of the magnetic properties as well as the appli-
cation of this material based on its piezoelectric and magne-
toelectric characteristics.
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