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ABSTRACT

(100-x) Nao.5Bi0.5TiO3 (NBT)-(x) NiFe204 (NFO)(x = 0, 20, 40, 60, 80 and 100) composites are synthesized
using conventional solid state reaction method. Crystal structure studies are performed by using X-ray Diffraction
technique (XRD) and the Rietveld analysis of XRD patterns confirms the co-existence of cubic (NFO) and rhombohedral
(NBT) symmetry with Fd- 3m and R3c space groups, respectively. Micro-structural study reveals the formation of
combination of composite phases and its inter-coupling grains. The average grain sizes and area percentage of each
phase for the composites are calculated using Image J software. The Magnetisation versus Magnetic field (M-H)
hysteresis loops show soft magnetic behavior of composites with variation in Saturation magnetization (Ms) and
Coercivity (HC). A maximum Mg (34 emu/g) and low Hc (15 Oe) is obtained for (80) NFO - (20) NBT composite.
ThePolarization — Electric field (P-E) analysis shows that the maximum saturation polarization (PS)is obtained for
(60)NBT-(40)NFO sample and is attributed to the leakage current generated by conductive NFO phase. The coupling
between the ferrite and ferroelectric phase is studied based on the magnetoelectric voltage coefficient(aME). The
maximum (aME) of 1.82 mV/em-Oe is obtained for (80)NBT -(20)NFO sample and this is almost 80% higher than
the previously published literature on NBT-NFO composites. This can be attributed to the uniform distribution of

grains with each ferroelectric phase surrounded by ferrite phase as shown in the morphological study.
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1. INTRODUCTION

Multiferroics are the novel multifunctional materials
which exhibits two or more ferroic order parameters consisting
of combinations such as Ferroelectric (FE), Ferromagnetic
(FM) and ferroelastic!>. Magnetoelectric (ME) materials are
the materials in which the coexistence of Ferroelectric (FE)
and Ferromagnetic (FM) ordering occurs’. The advantage
of this coexistence offers the best features in memory device
applications, transducers, sensors, phase shifters, memory
devices, resonators and tunable filters*>.

In the naval applications, lots of sensors were used for
degaussing as well as sensing the magnetic signatures. These
lead-free magnetoelectric composites have potential to use in
the magnetic field sensor applications. The ME phenomenon
can be classified intoboth single phase and composite materials
based on the number of phases. The ME coefficient (¢ME) in
single phase materials such as BiFeO3 (aME = 7 mV/cm.Oe)*
Cr203 (oME = 0.74 mV/cm.Oe)’, exhibit intrinsic ME effect
and it is due to the sub-lattice interactions in the single phase.

The limitation of single phase ME materials in practical
applications is due to its low ME coupling which is occurring
below the room temperature. Alternatively, in composite
materials, the higher ME response is obtained when compared
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with single phase materials*!° due to the mechanical interaction
between ferroelectric and ferromagnetic phases. The ME effect
can be realized in two methods: (i) the electric polarization can
be measured with varying magnetic field (direct ME) and (ii)
the magnetization can be measured with varying electric field
which is a converse ME effect.

The basic requirements for high ME output includes: no
chemicalreaction between the two ferroic orders, the resistivity
of both the phases should be higher to avoid the leakage path
of the charges and the magnitude of magnetostriction and
piezoelectric coefficients should be high enough for efficient
strain transfer!!. There are various reports based on lead based
ME composites which exhibit higher ME output with excellent
piezoelectric and electromechanical properties close to the
Morphotropic Phase Boundary (MPB) composition. Such
lead-based ME composites were discussed in many review
articles''*. In order to overcome the toxicity of lead to human
beings, lead-free ME materials are developed whose properties
are similar to that of lead based compounds®.

The lead free NBBT (Na, Bi, /TiO,—BaTiO,) with epoxy'®,
BCZT (Ba0.85Ca0.15)(Zr0.1Ti0.9)03"" and Na(.5Bi0.5TiO3
(NBT)" exhibits excellent piezoelectric and ferroelectric
properties near room temperature. NBT is one among the
lead- free piezoelectric material with Ti** at B-site and Na®,
Bi* ions at A-site which exhibits high remnant polarization,



SRINIVAS, et al.: DEVELOPMENT OF LEAD FREE MAGNETOELECTRIC MATERIALS FOR MAGNETIC FIELD SENSOR APPLICATIONS

= = o &~  NFO
=N o~ —_
S pl N =) S T e §
. — | 0__-:=r__ . ¢ o -
1 * | A | l
1 > 1 L 1
20NBT-80NFO
*
i 13 e S e ]
1 ’ L L 1
4AONBT-60NFO
L 2
. g *
L l | S A= l
v 60NBT-40NFO
* * M
LA 7= « = |
1 r 9 L 1
n SONBT-20NFO
*>
* * = * 1
= l.’ s L .
1 — L 1L 1
= = = NBT -
= - = =3 = ~
= = = &7 = <
N A = ) e

Figure 1. XRD patterns of (100-x) Na Bi TiO, -(x) NiFe O,
(x=0,20, 40, 60, 80 and 100) composite.

(Pr ~ 38 pC/ecm?), coercive field (EC ~ 73 kV/cm) and Curie
temperature (TC = 320 °C). NBT exhibits rhombohedral (R3c)
symmetry at room temperature. On the other hand, the high
ME response also depends on the magnetostrictive phase with
high permeability () and strain sensitivity (dA/dH). NiFe204
(NFO) is a soft-magnetic material with inverse spinel AB204
structure of Ni ions occupying A-site (tetrahedral) and Fe-
ions occupy both A and B (octahedral)sites. It exhibits low
coercivity (HC~100 Oe), large magnetostrictive coefficient
(M) of -35ppm!® and high electrical resistivity (p) of the order
of 3500 kQ-m?*.

In our previous study, the magnetic and electrical
properties of BCZT-NFO were studied and obtained high aME
of 13.3 mV/em.Oe?!. As per the literature reports, the aME of
0.22 mV/ecm.Oe? for (0.10)NiFe204-(0.90)Na(.5Bi0.5TiO3
composite and 0.14 % for (67) NiFe204—(33) Na(.5Bi(0.5TiO3
composite? has been observed. One can expect large ME effect
in the NBT-NFO system, if there is a uniform distribution of
both the piezo and ferromagnetic phases. To achieve this, proper
precautions are considered during the sample preparation and
are explained in this manuscript. In the present investigation,

Figure 2: BSE images of (a) NBT (b) SONBT-20NFO (c) 60NBT-40NFO, (d) 40NBT-60NFO, (¢) 20NBT-80NFO (f) NFO samples.
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composites of (100-x)Na(.5Bi0.5TiO3 (NBT)-(x)NiFe204
(NFO) have been prepared and systematic study of magnetic,
ferroelectric and magneto electric effect has been carried out
and the results are presented here.

2. EXPERIMENTAL WORK

Magnetoelectric  (100-x)Na(.5Bi0.5TiO3-(x) NiFe204
(x=0,20, 40, 60, 80 and 100) composites were synthesised using
the solid state double reaction method. Stoichiometric amounts
of Na2CO03, Bi203 and TiO2 (Sigma Aldrich, purity>99%)
were weighed for synthesizing Na(.5Bi0.5TiO3 (NBT). The
powders were ball milled for 5h with low rpm and calcined
at 800 °C for 3 h in an air atmosphere. For the oxide based
ceramic materials, solid state double sintering method will be
adopted and it is well known sintering methodology. Usually,
the calcination will be done around 800-900 °C for all the oxide
based ceramic materials. The calcination temperature will be
decided based on the final sintering temperature. Usually, the
calcination will be done about 200 to 250 “C temperature lower
than final sintering temperature. NBT final sintering temperature
is in the range of 1000-1100°C. Hence, the calcination is carried
out at 800 °C. Similarly, NiFe204 (NFO) was synthesized by
using NiO and Fe203 (Sigma Aldrich Grade, urity>99 %) as
raw materials. These materials were ground well and milled
for 5 h with low rpm and the powders are calcined at 1000°C
for 5 h. The obtained calcined powders of NBT and NFO were
mixed, ground and ball milled again for 2 h with low rpm in
required proportions for the composites i.e., SONBT-20NFO,
60NBT-40NFO, 40NBT- 60NFO and 20NBT-80NFO. Finally,
the composite powders were sieved to attain uniform grain
size. To attain efficient compaction, PVA binder (1 wt%) was
added to the mixed powders of each composite and ground for
1 h until it gets dry. The obtained powders are again sieved
for achieving uniform distribution of powder particles before
compaction. Circular pellets with 10mm diameter and ~ 1-1.5
mm thickness were prepared by applying a pressure of 150 MP
and finally the composites were sintered at 1050 °C for 2 h in
air atmosphere.

The structural studies of NBT-NFO composites at
room temperature are measured using X-Ray Diffractometer
(PHILIPS 3121) with a diffraction angle 26 ranging from 20° to
90° at a scanning rate of 2/min by using Cu-Ko (A= 1.5405 SA)
radiation. The obtained XRD data is further analysed using
Fullprof Rietveld Refinement program. Backscattered
electron (BSE) imageswere recorded with a Scanning Electron
Microscope (SEM) of LEO 440 for micro-structural studies.
The average grain sizes of each composite and its distribution
is calculated using Image J software. The room temperature
magnetic properties are studied by using Vibrating Sample
Magnetometer (VSM, EV9 ADE Model, USA). The standard
FE loop tester (aixACCT TF Analyser 2000) was used to
measure P-E hysteresis loops at 1 Hz. The electrical poling
around 30 min is applied to the composites in the electric
field range of 2-5 kV/mm with varying the composition. The
ME measurement of the poled composites are performed in
longitudinally magnetized and transversely polarized (L-T)
mode which correspond to af,3] by placing the samples in
between the poles of DC magnets. The induced voltage across
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Figure 3. M-H graph of (100-x) Na(.5Bi(.5TiO3 -(x) NiFe204
(x = 20, 40, 60, 80 and 100) composites.

32

30 (a}
28
26 _
24 _

L R

. I \i/}

147

H (Oe)

354

30. (b)

25
20 /
15

10

M (emu/g)
s
[}

51w

—— 77777 T

10 20 30 40 50 60 70 80 90 100 110
NFO content wt%

Figure 4. Comparison of coercivity and magnetic saturation with

NFO wt% for (100-x)N20.5Bi0.5TiO3 -(x) NiFe204
(x = 0, 20, 40, 60, 80 and 100).
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the composites is measured using a lock-in amplifier (SR
830) with respect to Hdc in presence of Hge = 1 Oe at 1 kHz
representing off-resonance ME measurements.

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction Analysis

The XRD patterns of (100-x) Na(.5Bi0.5TiO3 - (x)
NiFe204 (x=0, 20, 40, 60, 80 and 100) are shown in
Fig. 1. The XRD peaks of all the samples are indexed with
their corresponding Miller indices. Two sets of well-defined
peaks are observed in the composite samples.No extra

phases are observed, which suggests that there could be
no chemical interaction at the NBT-NFO interface during
sintering. NFO shows single phase cubic crystal structure with
a space group of Fd-3m and NBT exhibit rhombohedral crystal
structure with a space group of R3c. The observed XRD pattern
shows that the peak intensity increases with increase in NFO
content for NFO phase, whereas it decreases for NBT phase.
For x=40, 60and 80 samples, the peak intensity of NBT phase
at 23.1° and 68.3° is very less. The maximum intensity peak
for NFO and NBT is observed at 35.7° and 32.6° respectively,
for the composites (100-x) Na(.5Bi0.5TiO3 -(x) NiFe204 (x=
20, 40, 60 and 80).
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Figure 5. P-E loops of (100-x) Na(.5Bi(.5TiO3 -(x) NiFe204 (x=20, 40, 60 and 80) composites.
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3.2 SEM Analysis

The surface morphological studies of the composites
(100-x) Na0.5Bi0.5TiO3 - (x) NiFe204 (x=0,20, 40, 60,
80 and 100) are shown in Fig. 2. All the composites show
homogeneous and highly dense microstructure. From the
Archimedes principle, all the composite samples showed abulk
density of 5.4 g/cc for NFO and 5.96 g/cc for NBT, which is
85-90% of the theoretical density. It can be observed from the
microstructure, that there is a uniform distribution of both the
phases where each ferroelectric phase (NBT) is surrounded by
ferrite phase (NFO) indicatinga strong inter-coupling between
the two phases. The grain to grain contact ensures effective
transfer of strain from ferrite to the ferroelectric phase. As
shown in Fig. 2, the brighter phase (white) represents NBT
with larger grain size and NFO (black) as the dark phase with
smaller grain size. The average grain size values forx =0 (NBT)
and 100 (NFO) samples were found to be 3.8 and 2.2 pm,
respectively. The average grain size and the area of the NFO
phase is increasing with the increase in the NFO wt%, whereas
for NBT phase the average grain size and area decreases. The
area percentage obtained for each phase matches well with that
of initially considered compositions for the composites. The
NFO phase in all the composites is highlighted with red color
and is shown in the inset of Fig. 2.

3.3 Magnetization Studies

Magnetisation (M) - Magnetic field (H) hysteresis plots for
the composites (100-x) Na0.5Bi0.5TiO3 -(x) NiFe204 (x=20,
40, 60, 80 and 100) are shown in Fig. 3. The loops confirm the
ferrimagnetic nature of the samples. The variation of Coercivity
(Hc) and Saturation Magnetisation (Ms) as a function of the
NFO content are plotted in Fig. 4 (a) and (b). The co- existence
of non-magnetic NBT phase is likely to influence the magnetic
properties of the composites. It can be seen from the Fig. 4(b),
that the value of Ms is found to increase with an increase in
the NFO content and magnetization has attained saturation at
an applied magnetic field of ~ 1000 Oe for all the composites.
The reason for increase in Ms can be attributed to increase
in magnetic dipole moment (uB) with NFO concentration.
Similarly, HC values decreases with the increase in the NFO
content up to x=80 wt % composite and slight increase in HC is
observed for pure NFO. This is due to the domain wall pinning
caused by non-magnetic NBT (perovskite phase) on magnetic
moments of NFO at magnetic or ferroelectric phase interfaces.
As a result, magnetic dipoles of NFO phases are constrained
by the ferroelectric phaseand are unable to switch freely in the
composites. The structural defects and the domain boundaries
may also contribute to the pinning.

3.4 Ferroelectric (P-E) Analysis

The polarization-electric field (P-E) and current-electric
field (I-E) loops of the composites (100-x) Na(.5Bi0.5TiO3-
(x) NiFe204 (x= 0, 20, 40, 60 and 80) are shown in Fig. 5,
indicating the typical ferroelectric nature of the samples. The
observed loops in Fig. 5 for all the composites represent the
lossy behavior. The previous literature studies on (0.5BZT-

256

0.5BCT)—(100-x) NiFe204?, (Na(.5Bi0.5)TiO3-BaTiO3—
CoFe204*  and  (100-x)Na(.5Bi0.5TiO3-(x)CoFe204%
composites had shown the lossy behavior and attributed to
the leakage arising from NiFe204phase. In the present study,
the similar loops are observed and this behavior can also be
attributed to the leakage current arising from NFO (ferrite)
phase.

It can be seen from Fig. 6, that the Pr and Ps values are
found to increase with an increase in NFO content till x= 60
wt% and with further increase in NFO content, Ps and Pr values
are found to decrease. This can be due to i) the pinning effect
caused in the NBT phase by the NFO phase and ii) leakage
current generated by the conductive NFO phase. The EC values
are found to increase till x= 60 wt% and it decreases for x=80
wt%. This can be attributed to the hindrance caused to the
spontaneous polarization reversal of ferroelectric domains due
to the pinning effect caused by the oxygen vacancies which are
formed during sintering?. The depolarizing field created due to
the spontaneous polarization in NBT can be compensated with
the charges at the interface or surface. The threshold electric
field of + EF and - EF represents two current peaks in I-E loops.
The domain switching behavior in NBT ceramics is indicated
by the loading and unloading cyclic electric fields, representing
the intrinsic ferroelectric nature of the composites. At this stage
it is pertinent to discuss the reason for pinning effect caused
in the NBT phase by the NFO phase influences Ps and Pr
values. The values of Remnant polarization (Pr) and Saturation
polarization (PS) increased with increase in NFO content due
to the pinning of the NBT domain wall by the conductive NFO
phase. The mechanism driving the ferroelectric ordering in
NBT and magnetic ordering in NFO is quite different. Long-
range dipolar interactions are mainly responsible for exhibiting
the ferroelectric nature. In the NBT-NFO composites, with
increase in NFO concentration, the long-range ferroelectric
ordering gets disturbed which is clearly evident from the BSE
images (Fig. 2). Hence the NBT domain wall gets pinned and
cannot move with further increase in electric field.
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Figure 6. Comparison of saturation polarization, remnant
polarization with NFO wt% for(100-x) Na(.5Bi0.5TiO3
-(x) NiFe204 (x = 0, 20, 40, 60, 80 and 100).

3.5 Magnetoelectric (M-E) Analysis
The most essential property of multiferroic materials is
to measure the cross coupling effect (Magnetoelectric effect).
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Figure 7. M-E curves of (100-x) Na _Bi  TiO, -(x) NiFe,0, (x=20, 40, 60, 80) composites at different sensitivities.

The ME voltage coefficient, aME used for determining the
coupling between the electric and magnetic dipole interactions

SE
was given by the relation, a,, = 5z =, Where ‘E’ is an electric

field, ‘H’ is the magnetic field and ‘t’ is the thickness of the
sample. The induced voltage is measured in the poled direction

for all the composites. In the present study, @31 for the
composites (100-x) Na  Bi  TiO, - (x) NiFe O, (x = 20, 40,
60, 80) at 1 kHz frequency as a function of d.c magnetic field
(Hdc) at a fixed Hac of 10e has been measured and the results
are shown in Fig. 7. The deformation in the ferroelectric phase
is due to the magnetostrictive nature of magnetic material
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Figure 8. Pictorial representation of NFO and NBT domain. Domains in yellow color represents NBT and brown color represents

NFO.

Table I. Parameters from Image J of (100-x) Na  _Bi . TiO, -(x) NiFe, O, (x=20, 40, 60 and 80)composites

80 NBT-20 NFO 60 NBT-40 NFO 40 NBT-60 NFO 20 NBT-80 NFO

NBT NFO NBT NFO NBT NFO NBT NFO
Area (um?) 44331 116.78 331.57 223.15 214.05 331.85 105.980 376.043
Average Size (um) 3.9 0.92 3.34 1.73 2.52 2.35 0.288 3.5
Area (% ) 79.15 20.85 59.498 40.043 39.211 60.789 22.25 77.533
Total area (pm?) 560.1 554.72 545.9 482.023

Table 2. Comparison of ME coefficient with literature for NBT-NFO composite system

Composition

Magnetoelectric coefficient

References

(0.10)NiFe,0,-(0.90)Na, Bi, . TiO,
(67) NiFe,0,~(33) Na, Bi, , TiO,
(80) Na, ,Bi, .TiO, (20) NiFe,0,

0.22 mV/cm. Oe
0.14 mV/cm. Oe
1.82 mV/cm. Oe

Tanvi Bhasin??, et al.
Narendra babu?, et al.

Present study

under the influence of external magnetic field, causing a
change in electric polarization when mechanically coupled
with piezoelectric phase representing magnetoelectric effect,
oME. The ME coefficient depends upon the composition,
mechanical coupling and mole fraction of two phases. There
is no much variation in the induced ME coefficient obtained
at different sensitivities in all the samples as seen from the
Fig. 7. In all the composites, the ME coefficient increases with
an increase in the magnetic field, since the magnetostrictive
strain rates increased with increasing field. Beyond a certain
field, the magnetostriction gets saturated producing a constant
electric field. With further increase in the field, it results in
the ME coefficient to decrease continuously?. It can also be
attributed to theleakage path arising at NBT phase due to the
low resistivity of the NFO phase?'. A maximum ME voltage
coefficient of 1.82 mV/cm.Oe is obtained for SONBT-20NFO

258

composite which is attributed to the uniform distribution of
NFO and NBT phases shown in Fig. 4 and facilitated effective
strain transfer leading to a high ME response. The ME
coefficient observed by Tanvi Bhasin e al.** for the composite
(0.90)Na  Bi TiO_-(0.10)NiFe O ,was 0.22mV/cm-Oe. The
other report on (33)Na  Bi TiO - (67)NiFe2O423 had shown
the ME output of 0.14%. Therefore, ME coefficient obtained in
the present study is higher than the previously reported values
on NBT-NFO composites. The comparison of ME coefficient
values for NBT-NFO composite system with previously
published literature is shown in Table 1.

In order to understand the origin of ME behavior in
these composites, a schematic representation has been made
for (80) NBT-(20) NFO sample and is shown in Fig. 8. The
schematicrepresentation is considered by assuming NBT and
NFO shape as spherical. In Fig. 8, NBT domain is represented
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with yellow color and NFO with brown color. At H= 0 Oe
(shown in Fig. 8(a)), the NFO magnetic domains are aligned
in random direction. It is well known that Nickel ferrite
exhibits negative magnetostriction of -32 ppm! in which the
dimensions of a body contract with the application of magnetic
field. In (80) NBT- (20) NFO sample, with the application
of magnetic field of 25 Oe, the NFO domains try to align to
reduce its dimensions?’. During this process, the NBT domains
which are in between the NFO domains gets effected by the
magneto-elastic stresses as shown in Fig. 8(b). This stresses
will produce a net charge in the NBT indicating the elasto-
electric interactions in the composites. In Fig. 8(b), the NBT
domains suffered by magneto-elastic stresses and produces
elasto-electric fields resulting in coupling (or magnetoelectric
coupling). On further application of field of 50 Oe i.e., at
Hmax, NFO exhibits maximum magnetostriction where all
the NFO domains aligned and NBT domains affected to its
maximum to produce maximum charge or voltage as shown
in Fig. 8(c). With further application of field to 125 Oe (shown
in Fig. 8(d)), the NFO and NBTdomains return to random state
and become free from magneto-elastic stresses as discussed in
our previous study?. Therefore, the maximum ME coefficient
for NBT-NFO system isobtained at higher concentrations of
NBT i.e., for (80)NBT-(20)NFO sample. The observed ME
output in the present study for the composite system NBT-NFO
could be an effective magneto- electric composite used in low
magnetic field sensor applications.

4. CONCLUSIONS

For any ME device applications, the piezoelectric and
ferrimagnetic material properties are equally important.
Particularly, in case of ME composites, effective strain transfer
is the crucial factor to attain higher ME response. In this present
study, a systematic variation of Na(.5Bi0.5TiO3-NiFe204
composites were synthesized using the solid state reaction
method. Sintered composites at 1020 °C for 2 h resulted in a
sintered density of ~85-90 % of the theoretical density. XRD
studies revealed the co-existence of two phases without any
traces of impurities. BSE studies show the uniform distribution
and good connectivity between the NBT and NFO phases. The
high ME coefficient (aME) of 1.82 mV/cm-Oe was obtained
for x=80 wt% composite, which is almost 80% higher than the
previously reported values on NBT-NFO based composites.
Hence, this investigation delivers a paradigm for synthesizing
high performance NBT-NFO composites and could be an
efficient lead-free ME composites for magnetic field sensor
applications.
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