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Abstract:  In the present work, pure BaTiOs, pure Nig.Zng.4Fe2O4 and (1-x)BaTiOs-
xNig.6Zng.4Fe204 (where x = 0.15, 0.25 & 0.35) multiferroic composites were synthesized
through solid-state sintering scheme. Structural, microstructural, ferroelectric, and ferromag-
netic analysis was performed. Both tetragonal perovskite phase (for BaTiOzferroelectric phase)
and cubic spinel ferrite phase (for Nig.6Zno.4Fe204 ferromagnetic phase) were simultaneously
presented within each composite. The ferrite phase exhibited a smaller crystallite size compared
to the ferroelectric phase. All of the composites demonstrated homogenous irregular-shaped
grains. The measured average grain size for 0.85BaTiO3-0.15Nigp.¢Zng.4Fe204, 0.75BaTiO3-
0.25Nip.6Zng.4Fe204, 0.65BaTiO3-0.35Nig.6Zng 4FeaO4were 364.14 nm, 378.46 nm and
351.62nm, whereas the density values were 3.04g/cm®, 3.20g/cm® and 3.13 g/cm? for x =
0.35, 0.25, 0.15 respectively. However, the heterogenous microstructure was observed for
all of the compositions. The composites exhibited an oval-shaped lossy capacitor hystere-
sis loop. However, 0.75BaTiO3-0.25Nig.¢Zng.4Fe2Oscomposite showed the highest remnant
polarization (11.613 pC/cm?) and coercive field value (1.526 kV/cm), ensuring its usability
for switching applications. In addition, 0.75BaTiO3-0.25Nig.6Zng.4Fe204also exhibited the
maximum saturation (Ms= 1.732 emu/g) and remnant magnetization (M,= 0.025 emu/g) among
the composites. Nevertheless, all of the composites derived *wasp-waisted’ hysteresis loops due
to the presence of either superparamagnetic (SPM) particles or a mixer of a single domain (SD)
and superparamagnetic particles.

Keywords: multiferroic, ferroelectric, magnetic, SPM component

1 Introduction

Multiferroic materials have attracted huge interest among researchers in the last decades due
to their huge prospective appliances in multifunctional devices [1]. Ferroelectric materials have
wide prospective applications in the electronic sector in manufacturing actuators, non-volatile
memories, sensors, capacitors, transducers, data storage, capacitive/inductive passive filters
for telecommunications as a range of other applications [2—4]. According to the literature, it
was H. Schmid who first used the phrase 'Multiferroic’ in 1994. Modern definitions denote
materials that demonstrate at least two ferroic characteristics (ferroelectricity, ferromagnetism,
and ferroelasticity) at the same time. Consequently, they exhibit spontaneous polarization in
the presence of an applied magnetic field and exhibit spontaneous magnetization in an external
electric field [5]. There have two types of multiferroic materials: single-phase and composites
consisting of two or more phases [5,6]. In single-phase materials, there have many problems like
inherent weak coupling between the order’s parameters at and above room temperature, lower
magnetization intensity, lack of scope of tuning magnetoelectric response, weak magnetoelectric
coupling coefficient as well as large leakage current density. Moreover, they can be expensive
and burdened with the degradation with repeated usage, resulting in their usage impractical in
device applications [6—8]. Due to these unavoidable adversative aspects, multiphase or ceramic
material has become the current focus of attention in the scientific community as it has the poten-
tial to resolve these limitations [7]. Ce-Wen Nan et al. [6] showed that multiphase multiferroic’s
magnetoelectric effect isa hundred times larger than those found in single-phase multiferroic
one. The effective magnetoelectric effects in composites, including magnetostriction as well as
piezoelectric co-efficient of the ferroelectric phase as well as ferrite phase along with poling
strength, high dielectric permeability as well as a molar percentage; furthermore, the chemical
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reaction shouldn’t take place between the comprised phrases, and both phases should have
high resistivity to avert the leakage of accumulated charge [9]. However, multiphase materials
have the following advantages: Improved piezoelectric properties, high dielectric permittivity;
they are relatively cheaper, easier to fabricate, possess superior magnetoelectric coupling re-
sponse at ambient temperature, and tailoring of properties of these composite are comparatively
easy [8, 10]. As the multiferroics demonstrate improved characteristics and exhibit a higher
magnetoelectric effect than single phases composites, they are gaining huge popularity [4].
A wide variety of magnetoelectric bulk materials have been fabricated and studied in the
modern literature including BaSrTiO3-NiZnFe2O4, BaTiO3-(Ni-Zn)Fe2O4, CoFe204-BaTiOs,
Bao;(;Sr0;4Ti03—Ni0AgZHQAQFeQO4, Ni(CO,MH)F6204—BaTi03, NiZnFeQO4—PZT, N NiF6204—
BaTiOs, BaTiO3—CoFe30y4, Ni(Cu,Zn)Fe204-BaTiOs, xNiFe2O4—(1-x) BaTiOsetc [1,2,5].
Recently, various magnetoelectric bulk composites have been produced and investigated, such
as xNiFe2O4—(1-x) BaTiOg3, etc. [1,2,5]. Among the multiferroic composite system, BaTiO3-
(Ni-Zn)Fe2 04 composite has attracted more attention because of its environmental friendliness
and the coexistence of the novel magnetoelectric coupling effect, high electrical resistivity, high
permittivity, chemical stability as well as excellent electromagnetic properties, low dielectric
loss, etc. [11, 12]. The composite of BaTiO3-(Ni:Zn)Fe2O4 possesses superior properties due to
the coexistence of BaTiOsand NiZn ferrite phases. It is known that BaTiOs has a tetragonal
perovskite structure which represents the ferroelectric materials and has high dielectric constant,
high permittivity, low dielectric loss, low leakage current density, and high tunability [5, 10].
Ni-Zn ferrite is spinel ferrite, represents the ferromagnetic materials with superior soft magnetic
materials, committed its high permeability, greater electrical resistivity, the high value of magne-
tization, and high chemical stability, high curie temperature [5,7,10,11]. Zhi Yu et al. suggested
that by incorporating these two composites into a composite, the composite could’ve exhibited
some exciting magnetic/electric properties [10]. Moreover, fine, homogeneous nanosized pow-
ders are necessary to develop desired properties and for practical applications of the multiferroics
composites [13, 14]. However, nanoparticles exhibit different properties due to various fabrica-
tion methods as well as sintering conditions. Hence, choosing the appropriate synthesis method
is very significant to attain the ferrite nanoparticles [14]. In recent times, numerous techniques
have been developed to fabricate the multiferroics successfully. Some of the most popular tech-
niques include solid-state sintering, sol-gel processing, co-precipitation, hydrothermal synthesis
or other wet chemical fabrication techniques [12, 14]. Among them, the hydrothermal method is
very flexible. But one of the main drawbacks of the hydrothermal method is the slow reaction
kinetics at any given temperature [15]. Despite having several advantages, the sol-gel process
also has several drawbacks, for instance, longer reaction time, aggregation & agglomeration,
and the complexities in adjusting the particle size [16]. Co-precipitation, another conventional
method also used to synthesis multiferroics. In this method, the controlling of the particle size
and size distribution is very difficult and also very often, fast (uncontrolled) precipitation takes
place during synthesis of multiferroics [17]. As compared to other synthesis method, we have
chosen solid state synthesis method to synthesis BaTiOs-(Ni:Zn)Fe2O4 nanoparticles. The
alleged solid—solid reaction is a mechanochemical method which transpires between powders
in the solid state. The reason of choosing this method is due to its versatile advantages like:
relatively simple and cost effective, reduced pollution, simplicity in process and handling,
uniform particle size distribution, controllable size and capable of large scale production of
nano-powders [18-20]. Generally it is needed higher annealing and sintering temperature to
synthesis the BaTiO3-(Ni:Zn)Fe>O4composite by solid state synthesis methods. To the best of
our knowledge most of the authors who synthesized BaTiO3-(Ni:Zn)Fe2O4composites, they
used around (1050-1200°C) temperature to calcine their sample and used around (1120-1325°C)
temperature to sinter their samples [1,5,10-12,21]. However, in our present work we have
taken an attempt to synthesis BaTiO3-Nig.Zno.4Fe2O4 (where BaTiO3& Nig.¢Zng.4Fe2O4
ratios are: 65:35, 75:25 & 85:15 mol% respectively) nanoparticles using lower calcination &
sintering temperature to investigate the structural, morphological, dielectric, ferroelectric as
well as magnetic properties of the composites.

2 Materials and methods

Pure BaTiO3 [BTO], pure Nio,eZHo,4F6204 [NZFO], (1—X)BﬁTiOg—XNio,GZn0,4FCQO4, (where
x = 0.15, 0.25 & 0.35) composites were prepared by solid-state synthesis route. To pre-
pare BaTiO3-Nig.¢Zng.4FeoOscomposites i.e. [0.85BaTiO3-0.15Nig.¢Zng.4Fe204 (0.85BTO-
0.15NZFO0), 0.75BaTi03-0.25Nig.6Zng.4Fe2 04 (0.75BTO-0.25NZFO), 0.65BaTiO3-0.35Ni¢.¢
Zng 4Fe204 (0.65BTO-0.35NZFO)], first BaTiO3 (BTO) and Nig.¢Zng.4Fe204 (NZFO) nano-
powders were synthesized individually and then were mixed in proper ratio. Barium carbonate
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[BaCOs, purity > 99%, Merck Specialties, India] and titanium dioxide [TiO2, purity > 99%,
Merck Specialties, India] powder was used as a source material of BaTiOs. Subsequently,
Nickel oxide [NiO, purity > 99%, Merck Specialties, India], zinc oxide [ZnO, purity > 99%,
Merck Specialties, India]&ferric oxide [FeoOs, purity > 99%, Merck Specialties, India] were
used as a source for nickel-zinc ferrite (Nig.¢Zno.4Fe204) nano-powder. For the preparation
of BaTiOs, Proper amounts of barium carbonate and titanium dioxide powders were weighed,
and the ball milled for 20 hours using an adequate amount of ethanol medium. The ball-milled
solution was then dried and crushed. The obtained powder was then calcined at 900°C for 3
hours. Similar steps were followed to prepare the nickel-zinc ferrite powder. Then, BaTiO3
and Nig.6Zng.4Fe204 (Three different batches where BaTiOs& Nig.¢Zng.4Fe2O4 ratios are as
follows: 65:35, 75:25 & 85:15 mol%, respectively) powders along with a sufficient amount of
ethanol were taken into ball mill to mix the powder properly. After ball milling, the powder
was finely crushed to get the homogeneous powder with the desired composition. Afterward,
the mixed powder was pressed into a pellet presser to make pellets. The average diameter and
thickness of all pellets were about 1.532 cm and 0.173 cm, respectively. Finally, all the pellets
were then sintered at 1050°C for 3 hours. The composites’ structural phasewas investigated
using theX-ray diffraction (XRD) technique using Bruker D8 advanced diffractometer (A =
1.5406 A). The surface morphology of the samples was revealed by EVO-18 research scanning
electron microscope (SEM). The ferroelectric properties were observed by a P-E loop tracer
multiferroic tester (model: P-PMF, Radiant Tech. Inc. USA). Finally, the magnetic properties
were analyzed using a vibrating sample magnetometer (model: (VSM, EV-9, MicroSense).

3 Result and Discussion

3.1 Structural analysis

The X-ray diffraction spectrograph of pure BaTiOs, Nig.¢Zng.4Fe2O4 and (1-x)BaTiOs-
xNig.6Zng.4Fe204 (where x = 0.15, 0.25 & 0.35) composites are displayed in Figure 1(a-e).
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Figure 1 X-ray diffraction spectrograph of (a) BTO, (b) NZFO, (c) 0.85BTO-0.15NZFO, (d)
0.75BTO-0.25NZFO, (e) 0.65BT0O-0.35NZFO.

Figure 1(a) & (b) observed that the BTO has a tetragonal perovskite structure while the NZFO
has a cubic spinel structure. The diffraction peaks of BTO have good agreement with JCPDS
cards no. 86-1570 and NZFO matches with JCPDS cards no 52-0277. Therefore, the nonexis-
tence of the secondary or impurity phase confirms the successful synthesis of BTO& NZFO. All
peaks correspond to BTO, and NZFO phases are identified from (1-x)BaTiO3-xNig.¢Zng.4Fe2O4
composite systems as shown in Figure 1(c-e) confirms the successful formation of bi-phasic
composite, i.e., the composites consist of BTO as ferroelectric and NZFO as a ferromagnetic
phase.
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The crystal size (D) of the composites has been measured by using Scherer’s equation [8]:

_0.9)
~ Bcosh

1

Where A is the wavelength of X-ray and iSs the full width at half maxima of the sharpest
peak. The calculated values are tabulated in Table 1. It is observed that the ferrite phase’s grain
size is smaller than that of the ferroelectric phase into the composites.

Table 1 Calculated lattice parameters and crystallite size of (1-x)BaTiO3-xNig.¢Zng.4Fe2O4
composites

Lattice parameters (A) Crystallite size, D (nm)
Composition Ferrite phase Ferroelectric phase Ferrite Ferroelectric
a a c c/a

BTO - 3.9993 4.0052 1.0015 73.76
NZFO 8.3930 - - - 62.72
0.85BTO-0.15NZFO 8.3901 4.0081 4.0086 1.0001 72.45 74.27
0.75BTO-0.25NZFO 8.399 4.0146 4.0113 0.9992 68.66 70.73
0.65BTO-0.35NZFO 8.3899 4.008 4.0087 1.0002 68.44 71.10

From Figure 1(a) & (b), it is noticeable that the (110) peak is dominant in BTO, and (311)
peak is dominant in NZFO ceramics. But in the composite system, the intensity of the (110)
peak is higher, i.e., the dominant peak (110), which corresponds to the BTO phase. Therefore,
it is also observed from the XRD spectrograph that the intensity of the peaks corresponds to
the ferroelectric phase is stronger than the ferrite phase, i.e.,the ferroelectric phase is dominant
into the (1-x)BaTiO3-xNig.¢Zng.4Fe2O4 composites. This tendency may be due to the higher
content of BTO in the composite.

Table 2 Calculated lattice parameters and crystallite size of (1-x)BaTiO3-xNig.¢Zng.4Fe2O4 composites

Composition

Space Unit cell Phase Reliability GoF Bragg R RF.
group volume (A3) fraction (%) factors (%) Factor Factors

0.85BTO-0.15NZFO 1.8

Rp=9.53
P4mm 64.56 96.74 Rwp =12.10 8.24 6.29
Rexp = 6.55

Rp =34.80
Fd3m 591.55 3.26 Rwp =27.30 33.20 28.30
Rexp = 14.73

0.75BTO-0.25NZFO

Rp =8.42
P4mm 64.77 88.76 Rwp = 11.50 9.30 6.17
Rexp =5.17 20

Rp = 39.90

Fd3m 593.23 11.24 Rwp =32.60 36.70 25.90
Rexp = 14.67

0.65BTO-0.35NZFO

Rp=7.48
P4mm 64.54 89.51 Rwp =9.65 6.59 4.00
Rexp =5.51 17

Rp = 26.90

Fd3m 591.26 10.49 Rwp =22.90 18.20 14.80
Rexp = 13.07

The lattice parameters of all samples have been calculated and are tabulated in Table 1. It
is found that the values of lattice parameters of ferroelectric and ferrite phases are almost the
same in pure and composite samples, which indicates that significant structural changes or any
chemical reactions did not take place in the composites system during sintering at 1050°C.

Rietveld refinement was performed to analyze the structural transformations within the
composite using the FullProf software. The refinement was carried out using P4mm and Fd3m
space groups for BTO and NZFO. The observed, calculated, and different x-ray diffraction
patterns are displayed in Figure 2. The refined parameters such as reliability factors [profile
residual (R)), weighed profile (R.p), and expected value (Rezp))], the goodness of fit (GoF =

:;’; ), Bragg R factor and RF factors are shown in Table 2. The unit cell volume for each phase

initially paincreased up to 0.75BTO-0.25NZFO composite [BTO6 ~ 4.77 A% and NZFO ~
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Figure 2 Rietveld refined XRD patterns of (a) 0.85BTO-0.15NZFO, (b) 0.75BTO-0.25NZFO,
(c) 0.65BTO-0.35NZFO composite.

593.23 A%] and then decreased for 0.65BTO-0.35NZFO composite [BTO6 ~ 64.54 A% and
NZFO ~ 591.26 A3]. Moreover, the phase fraction value for BTO and NZFO phase also follow
a similar trend.

3.2 Surface morphology (SEM)

The surface morphology of BTO, NZFO, and BTO-NZFO composites has been observed
by SEM analysis. Figure 3 shows the SEM image of BaTiO3 and Nig.¢Zng.4Fe204. The BTO
consists of irregularly shaped particles, whereas NZFO includes both rounds, irregular and
pyramidal-shaped particles. The average grain size has been measured by linear interception
method and was found 383.88 nm for BTO and 321.22 nm is for NZFO, respectively. However,
the grain size of the ferroelectric phase is larger than the ferrite phase.

NZFO

ENT 00V ke 11 4 2001 | i
WO 103 e - E00n |

Figure 3 SEM image of pure BTO and pure NZFO

Figure 4 shows the SEM micrograph of (1-x)BaTiO3-xNig.¢Zng.4Fe2O4 composites. It
is observed from Figure 3 that all the composites consist of fairly homogeneous irregular
shaped grains, i.e. coarse-grained particles. A. Jain et al [22] reports that coarse-grained
ceramics often exhibit better piezoelectric characteristics than fine-grained ceramics. However,
no agglomerations have been observed in the composites. It may be due to the lower sintering
temperature of the composites. Furthermore, no porosity or cracks have been observed on the
surface of the particles of the composites. However, the average grain size of the composites
has also been measured by linear interception method [23] and found approximately 364.14,
378.46, and 351.62 nm when the BTO doped with 15%, 25%,and 35% NZFO, respectively.
Thus, the SEM results have good agreement with the XRD. The grain size distributions have
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also been calculated by using Image J software and are shown in Figure 4. It is found that all
the composites consist of wide ranges of particles with different particle sizes. The presence of
a wide range of particles indicates the heterogeneous microstructure. However, all the particles
are in ranging from 200-600 nm.
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Figure 4 SEM images of (1-x) BaTiO3-xNig.¢Zng.4Fe204 composites with grain size distri-
bution

The density of the composites has been calculated by Archimedes principle. The values have
been found 3.04 g/em?®, 3.20 g/em?®, 3.13 g/em? for x = 0.35, 0.25, 0.15 respectively, i.e., with
the increase of NZFO content into the composites, the density increases, but after increasing
certain content of NZFO, the density decreases. It is found that 0.75BTO-0.25NZFO composites
show the highest density as well as the smallest average grain size. Due to the smaller particle
size, better diffusion occurs among the particles during sintering, and as a result, the density is
higher.

3.3 Ferroelectric property

The ferroelectricity of BTO-NZFO composites has been examined from the polarization-
electric field (P-E) loop. Figure 5 shows the P-E hysteresis loop of (1-x)BaTiO3-xNig.¢Zng.4Fe2O4
composites, where x = 0.15, 0.25 & 0.35. The P-E loops indicate that all samples have weak
ferroelectricity, and the obtained oval-shaped ferroelectric loop is called a lossy capacitor
hysteresis loop. The values of remnant polarization (Pr), coercivity (Ec) have been measured
from the loop, and the values are tabulated in Table 3. It is found that the 85% BaTiO3-15%
Nig.6Zno.4Fe204 composites have the lowest remnant polarization as well as lowest coercivity,
whereas 75% BaTiO3-25% Nig.¢Zno.4Fe204 composites have the highest remnant polarization
and Coercivity value. Chauhan R et al. [24] reported that a higher value of remnant polarization
of BTO/NZFO composites is useful for switching applications. However, with a further increase
of ferrite content into BTO, the composites’ Pr and Ec values decreased. The composites’ large
coercivity values may be due to the existence of the increased ferrite phase, which usually pins
the domain wall motion of the ferroelectric region [1,25].

The energy density of the BTO/NZFO composites has been calculated from the P-E loop. The
energy density (Eq) is the integral area of the P-E loop (charge: lower branch of P-E curve or
discharged curve: upper branch of P-E curve), and the y-axis is given by Eq = [EdP [26], here
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Figure 5 P-E hysteresis loops of (1-x)BaTiO3-xNig.¢Zng.4Fe204 composites

E is the applied electric field, and P is the polarization. The calculated charged and discharged
values are tabulated in Table 3. It is found that the charged density decreases from 1.1357 to
0.4023 J.cm ™2 when the NZFO content increases from 15% to 35% in the composites. Thus,
the charged density is comparatively lower than the discharged density. However, it is found that
the 0.75BTO-0.25NZFO has the highest overall density (charged + discharged density). It may
be due to the largest particle size of the said composite. Generally, high dielectric constant, high
breakdown strength, low loss, and pore-free dense microstructures are necessary for materials
that are to be utilized in high energy density capacitor applications [26].

Table 3 Calculated lattice parameters and crystallite size of (1-x)BaTiO3-xNig.¢Zng.4Fe2Ou4
composites

Sampl Pr Coercivity Ec Charge density Discharge density
ample /LC/CI’I]Q kV/ecm (J.cm™3) (J.cm™3)
0.85BTO-0.15NZFO 8.7319 1.4387 1.1357 7.1665
0.75BTO-0.25NZFO 11.6134 1.5262 0.6552 11.3146
0.65BTO-0.35NZFO 9.4206 1.5048 0.4023 5.3937

3.4 Magnetic properties

The ferromagnetic hysteresis curves (at room temperature) of 0.85BTO-0.15NZFO, 0.75BTO-
0.25NZFO and 0.65BTO-0.35NZFO composites are displayed in Figure 6. In contrast, the
inset of Figure 6 shows the magnified view of the loops, as mentioned earlier, exhibiting the
detailed coercive magnetization field required for the demagnetization of the experimental
specimens. The obtained magnetization vs magnetic field (M-H) loops resembled the soft
magnetic materials resulting from the existence of ordered magnetic structure of NZFO in
the hybrid spinel-perovskite system (BTO-NZFO) [1,5]. Generally, the ordered magnetic
structure is derived from the unbalanced antiparallel spins between the Ni?T ions belonging to
the octahedral sites and the Fe®* ions at tetrahedral sites [2].

The measured saturation magnetization (M,), remnant magnetization (M,.), and coercivity
(Hc) of composites are listed in Table 4. It is seen that with increasing the ferromagnetic
NZFO phase, all of the magnetic parameters such as M, M,., and Hcincrease up to 25% NZFO
content, but decrease for 35% NZFO compared to 25% NZFO containing composite. B K
Bammannavar et al. [3] mentioned the generation of anisotropy layer in the ferrite phase through
super exchange interaction of oxygen ions as the principal reason for this kind of magnetization
behaviour. According to the theory, the existence of impurity phases at the surface often
breaks the super exchange bonds among the magnetic cations. It causes significant surface
spin distortion resulting in reduced saturation and remnant magnetization (as observed in 65%
BTO:35% NZFO) [27].

However, 0.65BTO-0.35NZFO [M,= 1.438 emu/g, M= 0.090 emu/g, and H.= 0.160 kOe]
still exhibits higher magnetization characteristics compared to 0.85BTO-0.15NZFO [M,=0.910
emu/g, M= 0.011 emu/g, and H.= 0.155 kOe]. In the meantime, 0.75BTO-0.25NZFO de-
rives the maximum saturation [Ms= 1.732 emu/g] and remnant magnetization [M,= 0.025
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emu/g] among the synthesized composites. Generally, in the ferrite-ferroelectric system, the
ferrite grain is surrounded by ferroelectric grains, which form close contact. Again, the con-
tact increases with increasing ferrite phase, which increases the saturation magnetization and
remnant magnetization. But, the presence of more ferroelectric phase (BTO) acts as pores and
disrupts the formation of effective magnetic contact resulting in reduced saturation and remnant
magnetization as observed in 0.85BTO-0.15NZFO [28].

Magnetization (emu'g)

-10 -5 0 5 10
Magnetic field, H (kOe)

Figure 6 M-H hysteresis loop of (1-x)BaTiO3-xNig.¢Zng.4Fe204 composites measured at
room temperature

Table 4 Calculated lattice parameters and crystallite size of (1-x)BaTiO3-xNig.6Zng.4Fe2O4
composites

Compositions M; (emu/g) M, (emu/g) M, /Mg H. (kOe)
0.85BTO-0.15NZFO 0.910 0.011 0.012 0.155
0.75BTO-0.25NZFO 1.732 0.025 0.014 0.200
0.65BTO-0.35NZFO 1.438 0.090 0.063 0.160

Again, looking forward to Figure 6, it is observed that the obtained M-H hysteresis loops
are in constricted shape, for which these are nominated as *wasp-waisted.” Generally, materials
having grains with broad size distribution and variable coercivities exhibit such kind of hysteresis
loops. Besides, superparamagnetic (SPM) particles can contributeto generating such a type of
loop. Again, a system consisting of a mixture of a single domain (SD) and superparamagnetic
(SPM) particles can also generate this type of *wasp-waisted” loop if the system has a grain
size distribution spreading over a range from the lower to the higher of the threshold limit of
SD/SPM. Therefore, fitting M-H loops by following the Langevin function (as given below)
gives rise to the term SPM component [29].

H kT
M=y {coth (’I;LT) _ ,TH} @

Where 1 is magnetic moment per particle (i = MV, M; is the saturation magnetization
and V is the volume of the particle), k is the Boltzmann constant, T is the absolute temperature,
and H is the applied field, and n is the number of particles per unit mass.

Figure 7 exhibits the SPM components and the fitted parameters are enlisted in Table 5.
From Figure 7, it is observed that the SPM component of 0.75BTO-0.25NZFO rises much
higher compared to 0.85BTO-0.15NZFOand 0.65BTO-0.35NZFO. The steepness of the SPM
component is completely dependent on . However, the p values for 0.85BTO-0.15NZFO,
0.75BTO-0.25NZFO and 0.65BTO-0.35NZFO are 2.18e-16 emu, 2.38e-16 emu and 2.26e-16
emu, respectively. Hence, 0.75BTO-0.25NZFOexhibited the highest y value resulting from
either larger particle size or higher saturation magnetization.

Considering the particles as spherical shaped, the calculated diameters of the particles of
0.85BTO-0.15NZFO, 0.75BT0O-0.25NZFO and 0.65BTO-0.35NZFO composites are 40.88 nm,
41.08 nm and 40.48 nm, respectively. However, the size limit of the SPM particles can be
calculated according to the following equation [29]:

_25kT

\%
Ku

3

Materials Engineering Research © 2021 by SyncSci Publishing & All rights reserved 140 of 143


https://www.syncsci.com/journal/MER
https://www.syncsci.com
https://www.syncsci.com/copyright-and-oa-policy

Volume 3 Issue 1, July 26, 2021

Golam Mowla, Nabid Hossain, M. Humayan Kabir, et al.

154 | ——SPMI6H BTO-38% NZIO)

Magnetization, Micmwg)

T T
=l A 0 [
Magnetic Gehl, H{ke)

— NPT T2 ‘iflﬂ]l

Magnetization, Miemu'g)

o

(b)

Magnetization, Mi{cmu/g)

Maynetic fiekl, HikOs)

10| ——sM85% BTO-15% NZFO) |
0.5
0.6
ik
0.2
00
42

A4 4

Magnetization, Mcmw's)

Akl
ALK 3

-1.0

Magnetization, M{cmu/g)

T T T T
5 i 3

Magnetic field, ki)

n

Mugnelization, Vi{emuo/'g)

1.5+ ) Oberved
= Fitted

&
in
A,

=
A

(65%s BTO-35% NEFO)

T T T T T
Bl -5 1) 5 i

Magnetic field, HikO)

0 Obasrved
m— Fiiled

(75% BTO-25% NEFO) |

- 5 [ - 1L
Magnetic fietd, WikOe)

LE0 O Observed
05+ =—Filicd

06 -
04
LFE
LR
A2
=4~
0.5
EEE
-i.ad

(R5% BTO-15% NZFO)

Magnetic field, 1{kOe)

Figure 7 Fitted and SPM component of (a) 65% BTO-35% NZFO, (b) 75% BTO-25% NZFO,
() 85% BTO-15% NZFO composites.

Where K, is an effective anisotropy constant which can be estimated through the following

equation [30]:

2 Ky

H. =048

(C))

Ms

The measured critical volume is found to be 9.81e-16 cm?, 7.54e-16 cm?, 1.75e-15 cm>for

0.85BTO-0.15NZFO, 0.75BTO-0.25NZFO and 0.65BTO-0.35NZFO, respectively. However,
the calculated volumes (0.85BTO-0.15NZFO ~ 3.58e-17 cm?, 0.75BTO-0.25NZFO ~ 3.63e-
17 cm®, 0.65BTO-0.35NZFO ~ 3.58e-17 cm®.) of the particles that contribute to the SPM
component of the composites remain within the boundary limit which ensures the authenticity

of this research work.

Table 5 Fitted magnetic parameters of (1-x)BaTiO3-xNig.¢Zng.4Fe2O4 composites

Composition “w ng Calculated Volume  Diameter Kau Critical volume
P (emu) (emu/g) (cm?®) (nm) (cm?®) (cm?)
0.85BTO-0.15NZFO 2.18e-16 091 3.58e-17 40.88 1051.67 9.81e-16
0.75BTO-0.25NZFO 2.38e-16 1.75 3.63e-17 41.08 1366.67 7.54e-16
0.65BTO-0.35NZFO 2.26e-16 1.45 3.58e-17 40.48 1051.67 9.81e-16
141 of 143
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4 Conclusion

In this research, pure BTO, pure NZFO, and three multiferroic composites (i.e., 0.85BTO-
0.15NZFO, 0.75BTO-0.25NZFO, and 0.65BTO-0.35NZFO) were synthesized, and their struc-
tural, electrical and magnetic characterization was performed. Each composite exhibited a
bi-phasic nature consisting of ferroelectric BTO phase and ferromagnetic NZFO phase. No
chemical reaction was proved to be performed during the sintering mechanism. The com-
posites exhibited heterogeneous microstructure without any grain agglomeration. The large
coercivity value of the composites [0.85BTO-0.15NZFO ~ 0.155 kOe, 0.75BTO-0.15NZFO
~ 0.200 kOe and 0.65BTO-0.35NZFO ~ 0.160 kOe] was believed to be caused due to the
presence of the NZFO phase. However, 0.75BTO-0.15NZFO exhibited the highest overall
density (charged + discharged density) [~ 11.969 J.cm ™3] because of the larger grain size [~
378.46 nm]. The unbalanced antiparallel spins between the Ni%* ions (in octahedral sites) and
the Fe3" ions (in tetrahedral sites) in NZFO developed the ferromagnetic behavior within the
composite. The composite exhibited constricted-shaped M-H hysteresis loops because of the
existence of SPM and SD particles. The SPM component of 0.75BTO-0.25NZFO raised much
higher compared with 0.85BTO-0.15NZFO and 0.65BTO-0.35NZFO. The calculated volumes
of the SPM particles remained within the measured critical value, ensuring the originality of
this work.However, this research developed a path for utilizing this composite material for
ferroelectric and ferromagnetic characteristics.
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