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Abstract: Lead-free magnetoelectric composites (1 ̶ x)K0.5Na0.5NbO3–(x)BaFe12O19 (x = 30, 40, and 50 
wt%) are synthesized using solid state reaction method. X-ray diffraction (XRD) patterns confirm 
formation of diphase composites. Field emission scanning electron microscopy (FE-SEM) gives 
information about grain size, connectivity, and microstructure of constituent phases. Dielectric 
parameters of composite samples are studied as a function of temperature and the transition 
temperatures corresponding to both the constituent phases are observed in the composite samples. 
Dielectric constant has been found to decrease with addition of ferrite. Room temperature multiferroic 
behaviour has been confirmed using P–E and M–H hysteresis loops and magnetoelectric measurement. 
Polarization is found to decrease; however, magnetization increases with ferrite weight percentage. 
The highest αME of 4.08 mV/(cm⋅Oe) is obtained for x = 30 wt% composite and it is realized that 
ferrite content significantly affects magnetoelectric behaviour. 
Keywords: composite materials; X-ray diffraction (XRD); microstructure; dielectric; multiferroic 

 

1  Introduction 

In this contemporary era of device miniaturization and 
device multi-functionality, magnetoelectric (ME) com-
posites have enticed the science fraternity towards 
themselves owing to their large ME coupling with respect 
to their single phase counterparts. Presence of large 
ME effect in composite materials has compelled the 
researchers to exploit their use in diverse applications 
including: spintronic devices [1,2], high sensitivity 
magnetic field sensors [3], sensors and transducers [4,5], 
and electric field controlled ferromagnetic resonance 
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devices [6]. Large scale applications of ME composites 
given their higher ME coupling than that of single 
phase materials make them a beguiling research 
concern. ME coupling in the composites is basically a 
product property arising due to combination of 
magnetostrictive (magnetic/mechanical) phenomena in 
ferrite and piezoelectric (meachanical/electrical) 
phenomena of ferroelectric phases [7].  

Low value of ME coupling in single phase materials 
as compared to their ME composite counterparts, opens 
wider prospects for evolution of the latter. In late years, 
focus has been laid on synthesis and development of 
lead-free ME composites, due to environmental and 
health related concerns posed by lead-based ME 
composites. Distinct lead-free composites comprising 
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of BaFe12O19 as a constituent phase including 
0.9BaTiO3–0.1Ba(1–x)SrxFe12O19 [8], 0.5BaFe12O19– 
0.5Na0.5Bi0.5TiO3 [9], BaTiO3–BaFe12O19 [10], 
Na0.5Bi0.5TiO3–BaFe12O19 [11], (BaFe11.9Al0.1O19)1−x– 
(BaTiO3)x [12], etc. are studied in the previous years. 
Generally for fabrication of good ME composites, the 
piezoelectric and magnetostrictive coefficients of 
constituent ferroelectric and ferrite phases should be 
high respectively. Furthermore high resistivity is 
equally desirable for avoiding leakage of charges [13]. 

K0.5Na0.5NbO3 (KNN) has been considered as a 
bright prospect as a ferroelectric constituent for 
fabrication of lead-free ME composites. KNN exhibits 
reasonably well ferroelectric, piezoelectric, and dielectric 
characteristics. It exhibits high piezoelectric charge 
constant (d33 ≈ 80–416 pC/N) and a high planar coupling 
coefficient (kP ≈ 45%) [14–16]. It also exhibits large 
remnant polarization and coercive field (Pr = 21 μC/cm2, 
Ec = 7.2 kV/cm, Pr = 20 μC/cm2, and Ec = 8 kV/cm) 
[14,17]. The M-type hexaferrites are widely studied 
materials due to their unique physical properties. The 
hexagonal ferrites including BaFe12O19 (BHF) have 
magneto-plumbite structure. The crystal structure of 
BHF and diamagnetically doped BHF may be described 
by two space group viz. P63/mmc (No. 194) and P63mc 
(No. 186). The latter one is a non-centrosymmetric 
space group and is generally used to describe the 
crystal structure in order to explain the existence of 
non-zero spontaneous polarization [18,19]. These 
ferrites are usually termed as hard ferrites because of 
their high electrical resistivity, saturation magnetization, 
coercivity, and mechanical hardness [20]. At higher 
frequencies, hexaferrites have low-eddy current losses 
and high resistivity as compared to other magnetic 
materials [21]. Substitution of Fe with any diamagnetic 
cation like In+ in BHF can reduce the Curie temperature 
(Tc) and specific magnetization, thereby facilitating 
their use in various applications including multiple 
state memory elements, sensors, transducers, etc. [22,23]. 
Moreover, a large spontaneous polarization and enhanced 
multiferroic properties are recently observed in single 
phase BHF substituted by diamagnetic cations and the 
magnetoelectric characteristics of M-type hexaferrites 
synthesized by a modified ceramic technique are found 
to be more advanced than those obtained for well 
known room-temperature BiFeO3 orthoferrite multiferroic 
[24–27]. Also they are ferrimagnetic systems having 
larger magnetostrictive nature [28]. Also very few 
reports are available on the ME composites having 

BHF as ferrite phase and KNN as ferroelectric phase. 
Keeping the above facts in mind we were motivated to 
fabricate and study the different properties of (1 ̶  
x)K0.5Na0.5NbO3–(x)BaFe12O19 (x = 30, 40, and 50 wt%) 
ME composites having KNN and BHF as constituent 
ferroelectric and ferrite phase respectively. 

2  Experimental details 

Novel lead-free ME composites viz. (1 ̶  x)KNN–(x)BHF 
(x = 30, 40, and 50 wt%) have been synthesized using 
solid state reaction method. Initially the KNN phase 
has been synthesized using solid state reaction method. 
The detailed procedure of synthesis is reported elsewhere 
[29]. Ferrite phase (BHF) has been synthesized with 
sol-gel method, employing barium nitrate Ba(No3)2, 
ferric nitrate Fe(NO3)3⋅9H2O, citric acid, and ethylene 
glycol as starting materials. Initially barium nitrate and 
ferric nitrate are mixed in appropriate molar 
proportions in aqueous solution of citric acid prepared 
in distilled water. The mixture is continuously stirred at 
80 ℃ to get a homogeneous solution. Then ethylene 
glycol is added to the solution with a proportion of 
citric acid/ethylene glycol in the ratio of 70:30. This 
solution is then transformed into xerogel, which starts 
to swell, thereby producing a foamy precursor. The 
obtained xerogel is then dried in hot air oven at 120 ℃ 
for 12 h. The obtained powder from xerogel is then 
presintered at 900 ℃ for 3 h in air atmosphere to 
obtain the desired ferrite phase . The desired (1 ̶  
x)KNN–(x)BHF ME composites have been synthesized 
by mixing the obtained KNN and BHF powders in 
different weight percentage ratios: 70:30, 60:40, and 
50:50. The obtained composite powders have been 
shaped in the form of cylindrical pellets (of 10 mm 
diameter and thickness varying between 1 and 2 mm) 
using hydraulic press and then sintered in air 
atmosphere at optimized temperature of 1050 ℃ for 3 h. 

Phase formation and structural characterizations of 
the composites have been examined with XRD patterns 
obtained from Bruker D8 X-ray diffractometer with Cu 
Kα radiation (λ = 1.5432 Å). Field emission scanning 
electron microscope (FE-SEM), Carl Zeiss has been used 
to study the surface morphology and microstructures of 
the composites. The room temperature magnetic and 
polarization hysteresis of the composites has been 
studied with vibrating sample magnetometer (VSM) 
Quantum Design, PAR 15, and Marine India automatic 
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P–E loop tracer respectively. Dielectric and impedance 
analysis of the composites has been performed using 
HIOKI-3532-50 Hi tester LCR meter. Presence of ME 
coupling in the composite samples is examined by 
measuring ME voltage coefficient (αME) dynamically [30]. 

3  Results and discussion 

3. 1  Phase identification and microstructure 

Figure 1 exhibits the XRD patterns of the (1 ̶  x)KNN– 
(x)BHF (x = 30, 40, and 50 wt%) composite samples. 
XRD peak indexing for composite samples agrees with 
reported KNN [29] having perovskite orthorhombic 
structure with space group Amm2 and BHF (JCPDS 
card 84-0757) having hexagonal structure with space 
group P63/mmc. XRD patterns of the composite samples 
assert that all the peaks corresponding to both the 
constituent phases are present and absence of impurity 
traces, confirming that both the constituent phases 
have retained their identity in the composites, thereby 
confirming their efficacious synthesis. We have 
prepared K0.5Na0.5NbO3 and BaFe12O19 separately and 
then mixed the individual phases in required 
stoichiometry to synthesize the required composite 
system. So, there is no such oxygen excess or deficit in 
our samples. Oxygen vacancies are generally created 
when we substitute subvalent or supervalent cations. 
This process causes charge imbalance in the host 
lattice. This charge imbalance is then compensated by 
creation of oxygen vacancies. Since our synthesis does 
not involve any such substitution, we do not have 
oxygen vacancies in our system. The lattice parameters 
of the composite samples and their constituent phases 
are listed in Table 1. We do not observe any particular 
trend for the unit  cell  parameters with the 
concentration of individual phases as the composite 
systems were synthesized from the separately prepared 
individual phases mixed in the required stoichiometry. 
We have calculated the unit cell volume of the 
individual phases in the composites. At room 
temperature, the unit cell volume of the KNN phase in 
the prepared composites is found to be slightly less 
(0.28%–1.96%) than the unit cell volume of separate 
KNN phase with addition of BHF. The similar 
behaviour was also observed by Trukhanov et al. [31]. 
Surface morphology of the composite samples has 
been investigated using FE-SEM. Figure 2 displays 
FE-SEM micrographs of the composite samples along 

 
 

Fig. 1  XRD patterns of (1  ̶x)KNN–(x)BHF (x = 30, 40, 
and 50 wt%) composites along with pure KNN and BHF 
phases where # represents KNN and * represents the BHF 
phase. 

 
Table 1  Lattice parameters and average grain size of 
(1 ̶  x)KNN–(x)BHF (x = 30, 40, and 50 wt%) composites 

Compo- 
sition (x) 

Lattice parameter (Å) 
Average 

grain size 
(nm) 

BHF KNN 

a c a b c 

KNN — — 5.675 5.626 3.948 538.53 

0.30 5.086 23.328 5.656 5.599 3.963 345.53 

0.40 5.037 23.299 5.622 5.575 3.957 317.36 

0.50 5.105 23.434 5.781 5.712 3.981 301.89 

BHF 5.159 23.596 — — — 231.93 
 

with their constituent phases. All the composites 
exhibit homogeneous microstructure. These micrographs 
confirm the formation of desired composites comprising 
of both the grains of the constituent phases. It is 
evident from the micrographs that composites comprise 
of two distinct phases viz. small hexagonal shaped 
grains akin to BHF phase and large polygonal shaped 
grains akin to KNN phase. Average grain size of the 
composite samples has been computed with Image J 
software and fitted using log-normal distribution and 
tabulated in Table 1. Figure 3 exhibits plots of grain size 
distribution with insets showing the obtained grain sizes. 

3. 2  Dielectric and impedance studies 

The behaviour of dielectric constant (ε') of the (1 ̶ 
x)KNN–(x)BHF (x = 30, 40, and 50 wt%) composite 
samples is studied with temperature at three distinct 
frequencies (1, 5, and 10 kHz) in the temperature range of 
30–500 ℃. Figure 4 exhibits the temperature dependence 
of dielectric constant of the composite samples along 
with their constituent phases. The ferroelectric (KNN) 
phase exhibits two transition peaks with first peak 
appearing in temperature range of 170–200 ℃ akin to 
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Fig. 2  FE-SEM micrographs of (1 ̶  x)KNN–(x)BHF composites: (a) KNN, (b) x = 30 wt%, (c) x = 40 wt%, (d) x = 50 wt%, and 
(e) BHF. 

 

 
 

Fig. 3  Log normal distribution of grain size of (1 ̶  x)KNN–(x)BHF composites: (a) KNN, (b) x = 30 wt%, (c) x = 40 wt%,    
(d) x = 50 wt%, and (e) BHF. The insets represent the average grain sizes obtained. 
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orthorhombic–tetragonal phase transition (TO−T) and 
second peak in the high temperature range of 420–440 ℃ 
akin to tetragonal–cubic phase transition (TC) [29]. The 
temperature dependence of dielectric constant for 
ferrite (BHF) phase comprises of first transition peak 
in the range of 150–190 ℃ and the second transition 
peak which appears at ~455 ℃  corresponds to 
ferroelectric–paraelectric like phase transition. When 
electric field is applied to BHF, a huge number of 
dipoles are formed owing to inter ionic hopping via 
oxygen, giving it a ferroelectric character [32]. The 
plot of ε' vs. T of BHF has been divided into three 
regions as shown in Fig. 4(e). The compositional 
disorder in the crystal structure gives rise to formation 
of polar region [33], thereby affecting the dielectric 
behaviour. In region I the polar region remains frozen 
at lower temperatures and ε' increases with temperature. 
The increase in temperature initiates the conversion of 
big polar region to nano size polar regions in order to 
minimize the thermal energy. During this process, ε' 
starts to decrease as evident from region II of Fig. 4(e) 
giving rise to first peak (Tr). This in particular indicates 
the relaxor type characteristic of the sample and is not 
a phase transition. After this, ε' again increases with 
temperature owing to the existence of large number of 
nano polar regions. In the nano polar region, electric 
dipoles require lower energy to be polarized, thereby 
giving rise to high ε' between regions II and III. On 
increasing the temperature further, the ordered electric 
dipoles become disordered owing to surplus of thermal 
energy consequently causing a sudden decrease in ε' 
with temperature increases. This peak temperature 
corresponds to ferroelectric–paraelectric phase transition 
(Tm) [34]. The obtained results are nearly consistent 
with Ref. [35]. Both Tr and TC are found to increase 
slightly with frequency. It is interesting to note that 
BHF exhibits multiferroic character [36,37]. Therefore 
we can not neglect the magnetic phase transition 
(ferro–paramagnetic) of BHF, which occurs at ~445 ℃ 
and others appear at around 130 ℃. These transitions 
in BHF require further study by measuring temperature 
dependent magnetization. Figures 4(b)–4(d) show that the 
composite samples exhibit transition peaks corresponding 
to both the constituent phases which are marked by 
their corresponding symbol in the respective plots. It is 
evident from Fig. 4 that ε' decreases with addition of 
BHF weight percentage in the composites. This may be 
accounted for a decrease in grain size with addition of 
BHF in the composite samples. It is assumed that the 

ferroelectric phase has large number of ferroelectric 
domains separated from each other by domain walls. 
Number of domain walls and their mobility affect ε′ [38]. 
From the point of view of Okazaki and Nagata [39], 
the grain boundaries and domain walls comprise of space 
charge sites in a certain amount. These sites are resp-
onsible for producing electric field which significantly 
affects domain wall mobility. When the grain size 
decreases it leads to an increase in surface area of 
space charge layer, consequently enhancing the space 
charge field. As a result of this the domain wall motion 
becomes comparatively arduous and non uniform 
which is responsible for decrease in ε′. Figure 5 exhibits 
the variation of dielectric constant (ε′) with frequency 
for the composite samples at room temperature in the 
frequency range of 50 Hz–1 MHz. ε′ is found to 
decrease over whole frequency range having very 
subtle changes in the high frequency regime. This type 
of behaviour in composites may be attributed to 
Maxwell−Wagner interfacial polarization [40,41] 
which gives rise to uncompensated charges at the 
interface separating two constituent phases of the 
composites. Grains are less resistive as compared to 
grain boundaries, thereby favouring the gathering of 
electrons at grain boundaries on application of external 
AC field giving rise to space charge polarization. This 
accounts for higher values of ε′ at lower frequencies. 
With increase in frequency further the electrons are not 
able to align with the frequency of applied field, 
consequently decreasing the ε′ at higher frequencies. 
Magnitude of ε′ is found to decrease with increasing 
BHF content of x = 30–50 wt%. Similar behaviour of ε′ 
has been reported by Trukhanov et al. [42–44] for 
diamagnetic substitution in BHF. 

The temperature dependent complex impedance spectra, 
Z″ vs. Z′ known as Nyquist plot are shown in Figs. 6(a)– 
6(c) for the (1 ̶  x)KNN–(x)BHF composites. Two 
semicircular arcs are obtained at distinct temperatures 
(30, 50, and 100 ℃). The high and low frequency 
semicircular arcs signify the presence of bulk (grain) 
and grain boundary contributions respectively. Bulk 
contribution mainly arises by parallel integration of 
bulk resistance and capacitance (Rb and Cb), while grain 
boundary contribution comes into playing with parallel 
combination of grain boundary resistance and 
capacitance (Rgb and Cgb) respectively. Both Rb and Rgb 

can be directly obtained from the intercepts of the 
semicircular arcs on the abscissa axis of Nyquist plots. 
It is evident from Fig. 6 that both Rg and Rgb are found  
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Fig. 4  Temperature dependence of dielectric constant ( ε ′ ) for (1 ̶  x)KNN–(x)BHF composites: (a) KNN, (b) x = 30 wt%, (c) x 
= 40 wt%, (d) x = 50 wt%, and (e) BHF. 

 

 
 

Fig. 5  Frequency dependence of dielectric constant ( ε ′ ) for (1 ̶  x)KNN–(x)BHF composites: (a) x = 30 wt%, (b) x = 40 wt%, 
(c) x = 50 wt%, and (d) BHF. 

 

to decrease with increase in temperature confirming the 
negative temperature coefficient of resistance (NTCR) 
behaviour of the composites analogous to the 
semiconductors [45]. It is also observed that all the 
semicircles exhibit some degree of depression 
signalling that the centre of these semicircles lies below 

the abscissa axis, indicating presence of non-Debye 
type of relaxation phenomena in the composite 
samples. Figure 6(d) exhibits the Nyquist plots of (1 ̶  
x)KNN–(x)BHF (x = 30, 40, and 50 wt%) composites 
at room temperature signalling the decrease in impedance 
with addition of BHF weight percentage in the composites. 
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Fig. 6  Complex impedance spectra of (1 ̶  x)KNN–(x)BHF composites: (a) x = 30 wt%, (b) x = 40 wt %, (c) x = 50 wt%, and (d) 
complex impedance spectra of (1 ̶  x)KNN–(x)BHF (x = 30, 40, and 50 wt%) composites at room temperature. 

 
Figures 7(a)–(c) show the variation of imaginary part 

of electric modulus with frequency for (1 ̶  x)KNN–(x) 
BHF (x = 30, 40, and 50 wt%) composites at different 
temperatures. From f vs. Mʹʹ plots, the variation of Mʹʹ 
as a function of frequency is characterized by: (a) 
appearance of peaks at a particular frequency at 
different temperatures and (b) peaks shift towards higher 
frequency side with increase in temperature. The lower 
frequency regime on left side of peak indicates the 
frequency range for which the charge carriers are 
capable of moving over a long distance, which means 
they can perform hopping from one site to neighbouring 
site easily [46]. The higher frequency regime on right 
side of peak denotes the frequency range for which the 
charge carriers remain spatially restricted to their 
potential wells and perform localized motion with in 
the well [47]. Appearance of peak in the modulus 

 

spectrum indicates the transition from long range to 
short range mobility with enhancement in frequency. 
Moreover, it also indicates the conductivity relaxation 
in the composites. Shifting of peaks towards higher 
frequency regime with increase in temperature 
indicates a thermally activated relaxation process in 
which charge carrier hopping with small polarons is 
dominated intrinsically for all compounds [48]. 

3. 3  Ferroelectric studies 

The ferroelectric ordering in the composite samples 
has been established from P–E hysteresis loops. 
Figures 8(a)–8(e) exhibit the P–E hysteresis loops of 
pure KNN and BHF phases along with that of (1– 
x)KNN–(x)BHF (x = 30, 40, and 50 wt%) composites 
obtained at 50 Hz frequency and at room temperature.  

 
 

Fig. 7  Variation of imaginary part (Mʹʹ) of modulus with frequency for (1 ̶  x)KNN–(x) BHF composites: (a) x = 30 wt%, (b) x = 
40 wt%, and (c) x = 50 wt%. 



340  J Adv Ceram 2019, 8(3): 333–344 

www.springer.com/journal/40145 

 
 
 

Fig. 8  P–E hysteresis loops for (1 ̶  x)KNN–(x)BHF composites obtained at room temperature: (a) KNN, (b) x = 30 wt%, (c) x 
= 40 wt%, and (d) x = 50 wt%. 
 

The polarization in BHF may be attributed to the 
change in the central position of Fe in the FeO6 
octahedron of the subunit cell of BHF. Generally Fe is 
found at the centre of octahedron. When an external 
field is applied, it gives rise to off center shift for Fe, 
thereby inducing electric polarization [49]. Remnant 
polarization (Pr) of the composites is found to decrease 
with BHF weight percentage. This may be attributed to 
enhancement in conductivity, consequently increasing 
the leakage current. This behaviour may also be 
correlated with the Nyquist plots obtained for the 
composites (Fig. 6(d)) which can provide information 
about resistance by calculating the intercept made by 
semicircular arcs on the abscissa axis of Nyquist plots. 
The resistance is found to decrease with increase in 
BHF weight percentage, thereby reducing the electro-
mechanical coupling which consequently lowers Pr [50].  

3. 4  Magnetic studies 

The magnetic characteristics of the (1 ̶  x)KNN–(x)BHF 
(x = 30, 40, and 50 wt%) composites are studied using 
M–H hysteresis loops at room temperature at an 
applied magnetic field of −10 kOe ≤ H ≤ 10 kOe. 
Figures 9(a) and 9(b) exhibit the M–H hysteresis loops 
of the composites along with pure BHF phase. As 
evident from Fig. 9 that composite samples and 
pristine BHF exhibit rapid increase in magnetization at 
lower fields which further slows down at higher fields 
and they either do not show saturation in magnetization 

in the applied field range. The saturation magnetization 
(Ms) of the composites is approximated using law of 
saturation [51–53] employing following relation 
between magnetization (M) and magnetic field (H) 
given by Eq. (1): 

 s 2( ) 1 P
A BM H M H
H H

χ = + + + 
 

  (1) 

where Ms is the saturation magnetization, χP is the high 
field susceptibility, A/H is related with inhomogeneities 
and usually neglected at higher magnetic field, and 
B/H2 is related to magnetocrystalline anisotropy [53]. 
The saturation magnetization is computed using Eq. (1) 
(Table 2) and found to increase with addition of BHF 
in the composite samples. The coercive field (Hc) of 
the composite samples is also estimated from the M–H 
hysteresis loops (Table 2) and found to decrease with 
increase in BHF weight percentage. The variation of 
Ms and Hc with BHF content is shown in Fig. 9(c). 
Individual grains of ferrite in the composite samples 
act as magnetization centres. The net magnetization 
arises from sum of these individual contributions. The 
ferrite addition in the composites strongly enhances the 
magnetic contacts, consequently increasing the net 
magnetization [54]. The decreasing trend of Hc may be 
attributed to the change of easy axis of magnetization 
from c-axis to basal plane which may lower the 
anisotropic field (Ha) [11,55]. For hexagonal ferrites, 
the aniosotropic parameter is given using Eq. (2) [56]: 
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a

1
15

B H= − ×  (2) 

where Ha is the anisotropy field, expressed using Eq. (3) 
[57]: 

 1
a

s

2KH
M

=  (3) 

where K1 is the first order anisotropy constant and Ms 
is the saturation magnetization. 

Combining Eqs. (1) and (3), we get the following 
equation 

 
2

1
s 2 2

s

4( ) 1
15

P
KM H M H

M H
χ 

= − +  
 

  (4) 

The anisotropy field Ha is estimated using Eqs. (3) 
and (4) and tabulated in Table 1. Since Ha is 
proportional to Hc, so analogous to Hc, Ha also follows 
the same trend as expected and is found to reduce with 
addition of BHF (Fig. 9(d)). This may be attributed to 
growth of interface magnetization at KNN–BHF 
interfaces which act as reverse pinning effect [58]. 

 
Table 2  Magnetic parameters of (1 ̶  x)KNN–(x)BHF (x = 
30, 40, and 50 wt%) composites 

Composition (x) Hc (kOe) Ha (kOe) Ms (emu/g) 

BHF 5.30 31.55 71.52 

0.30 2.96 28.84 49.54 

0.40 2.28 26.75 55.87 

0.50 1.63 25.49 60.87 

In order to understand more about magnetic ordering, 
the temperature dependent magnetization of BHF 
phase was obtained at a magnetic field of 1 kOe in the 
temperature range of 5–300 K as shown in Fig. 9(e). 
The measurements are taken in zero field cooled (ZFC) 
and field cooled (FC) modes. In ZFC mode, we cooled 
the samples in absence of magnetic field up to 5 K and 
then a magnetic field of 1 kOe was applied. Then we 
measured the magnetization while heating the samples 
from 5 to 300 K. In FC mode, we cooled the sample in 
the presence of magnetic field of 1 kOe up to 5 K and 
then measured the magnetization while heating the 
sample from 5 to 300 K in the presence of magnetic 
field. The main features of M–T curve of BHF as 
evident from Fig. 9(e) are: (i) large irreversibility 
among ZFC and FC magnetizations and (ii) presence 
of wide maxima (cusp) in ZFC magnetization. The 
irreversibility between ZFC and FC magnetizations 
indicates the absence of long range ferromagnetic 
ordering. The ZFC curve exhibits a broad maxima 
around 50 K, whereas FC exhibits almost temperature 
independent behaviour below this temperature. The 
cusp like or broad maxima behaviour of the 
composites indicates the presence of spin glass 
behaviour as reported earlier [59]. This is generally 
attributed to randomness of neighbouring coupling or 
magnetic moments and mixed interactions which 
results in frustration. The similar behaviour is also 
observed for (1–x)KNN–(x)BHF (x = 30, 40, and 50 
wt%) composites. 

 
 

Fig. 9  M–H hysteresis loops for (a) BHF, (b) (1 ̶  x)KNN–(x)BHF (x = 30, 40, and 50 wt%) composites, (c) variation of saturation 
magnetization (Ms) and coercive field (Hc), (d) anisotropy field (Ha) of composites with BHF weight percentage, and (e) 
magnetization vs. temperature plot for pure BHF. 
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Fig. 10  Variation of αME with DC magnetic field for (1 ̶  x)KNN–(x)BHF composites at room temperature: (a) x = 30 wt%, (b) x 
= 40 wt%, and (c) x = 50 wt%. 

 
3. 5  Magnetoelectric studies 

ME voltage coefficient (αME) has been determined using 
dynamic method [30] for establishing the ME coupling 
in the (1 ̶  x)KNN–(x)BHF (x = 30, 40, and 50 wt%) 
composites. Before measuring αME, the composite  
samples are electrically poled with ~1 kV·mm−1 of 
applied electric field for 1 h at 100 ℃. αME is then 
computed using Eq. (5) by applying a 5 Oe AC 
magnetic field having a frequency of 999 Hz while 
varying the DC magnetic field from 0 to 8000 Oe. 

 out
ME

ac

V
t H

α =
×

   (5) 

where Vout is the output voltage induced in the sample, 
t is the thickness of composite sample, and Hac is the 
AC magnetic field used. 

Figure 10 exhibits the behaviour of αME with DC 
magnetic field for the composites. The highest value of 
αME = 4.08 mV/(cm·Oe) is achieved for composite 
having x = 30 wt% of BHF. αME is found to increase 
with application of DC magnetic field and highest 
value is obtained at 8 kOe. Identical behaviour of αME 
is also reported earlier [60,61]. It is also evident from 
Fig. 10 that αME is found to decrease with addition of 
BHF. This is generally due to low resistivity of ferrite 
(BHF) phase as compared to ferroelectric (KNN) phase. 
Also with increase in BHF weight percentage, the 
effective poling of the composite samples becomes 
tedious due to leakage of charges through low resistive 
ferrite grains leading to enhancement in conduction at 
the BHF–KNN interfaces, thereby hampering the 
polarization consequently decreasing αME with addition 
of BHF [62]. Therefore, (1−x)KNN– (x)BHF (x = 30, 
40, and 50 wt%) composites exhibit ME coupling with 
maximum αME = 4.08 mV/(cm·Oe) achieved for 
composite having x = 30 wt% of BHF. 

4  Conclusions 

Novel lead-free ME composites (1 ̶  x)KNN–(x)BHF (x = 
30, 40, and 50 wt%) have been successfully synthesized 
using solid state reaction method. FE-SEM micrographs 
asserted the existence of both the individual phases and 
the average grain size varies between 232 and 540 nm. 
Dielectric properties of the composites were studied as 
a function of temperature and the dielectric constant of 
the composites was found to decrease with BHF 
weight percentage. Pr of the composites was found to 
reduce with BHF weight percentage. Magnetization of 
the composites was found to enhance with addition of 
BHF unlike coercive and anisotropy field which 
decrease with BHF weight percentage. The highest 
value of αME = 4.08 mV/(cm·Oe) was achieved for 
composite having x = 30 wt% of BHF. The substantial 
ME response of the composites may be exploited for 
potential applications in multifunctional devices. 
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