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Abstract

The Sm and Nb doped BaTiO;-Li, sFe, sO, composite ceramics having chemical formulae (90)BaTi(;_,,)Nb,Sm, 05+ (10)
Li, sFe, ;0,4 (x=0, 0.05 and 0.1) were synthesized using conventional solid state technique. The structural, morphological,
magnetic, dielectric, ferroelectric and magneto-electric properties of composites have been studied. The XRD measurement
reveals the absence of peaks pertaining to impurities and strongly confirms the high crystalline nature of all the composites.
From FESEM images, the average grain size of composites increases with increase in the concentration of Nb and Sm. The
VSM studies confirm the soft magnetic nature of all the composites. The dielectric measurements confirm the increase in
the transition temperature (T,) of the BTL composite with an increase in the concentration of Nb and Sm. The P-E studies
confirm that the ferroelectric nature of the BTL composite softens after doping Nb and Sm in it. The ME voltage coefficient
value confirms the uniform growth of grains in all the composites and reveals a strong interaction between ferroelectric and

magnetic orders.

1 Introduction

The research on the multiferroic materials have increased
enormously because of the coupling between electric
phase and magnetic phase. The multiferroic materials have
received more attraction in the field of research on account
of their advanced fundamental nature and technological
importance. Multiferroic material combines any two or more
of the ferroic order such as ferroelectric, ferromagnetic, fer-
roelastic, ferrotoroidic, ferroelasticity, ferroelectricity, anti-
ferromagnetism and ferrimagnetism. The multiferroic mate-
rials exhibit ferroelectric nature and ferromagnetic nature
simultaneously and have a wide range of potential appli-
cations in the fields like magnetoelectric sensors, magneto
capacitive devices, information storage, electrically driven
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magnetic data storage, spintronics, electro-optic devices and
recording [1-3]. Magnetoelectric (ME) effect is an induced
dielectric polarization by an external magnetic field or an
induced magnetization by an external electric field [4]. This
ME effect occurs in the multiferroic composites and it is
absent in an individual constituent phases [5, 6]. It is highly
desirable to combine ferroelectric and ferromagnetic order
within one material.

The BaTiO; (BT) is one among the good ferroelectric
material possessing perovskite structure ABOj;. It is an often
used material possessing dielectric nature, piezoelectric
nature and ferroelectric nature. The applications of BT mate-
rial include its use in capacitors, thermistors, electro-optic
devices and in the electronics industry. The Li, sFe, sO, (LF)
is a spinel-type soft ferrite which possesses high saturation
magnetization, high Curie temperature and square-loop
properties. Rare-earth oxides are known to be useful dopants
for ceramic dielectrics due to their functions of stabilizing
the temperature dependence of dielectric constant and low-
ering the dissipation factor. Extensive works on rare-earth
ion doped in the BT-based dielectrics have been carried
out, such as crystal defect chemistry of rare earth cations
in BT [7]. Substitution of lanthanides in barium titanate is
of great significance in the modern electronic industry. So,
rare earth metals like samarium (in varying concentrations)
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have been doped in barium titanate material [8—10]. The
microstructure, dielectric and ferroelectric properties of BT
can be modified by a wide variety of substitutions possi-
ble at Ba>* on A sites or Ti*" on B sites independently or
simultaneously in perovskite structure. These substitutions
can be isovalent or heterovalent. The effects of isovalent
substitutions such as Pb?*, Ca®*, Sr** for Ba%* on A sites
and Zr*+, Hf*, Mn** for Ti** on B sites on microstructure,
dielectric properties of BT ceramics have been investigated
[11-16]. The heterovalent substitutions such as Mg>*, Dy**,
Tb*, Eu**, Nd**, Gd**, Yb**, Sm**, E*, Ho**, Sb™*, Sc3*,
La**, Nb>*, Bi** and so forth for Ba?* or Ti** cause charge
imbalance and creation of vacancies on A sites or B sites or
generation of holes to maintain electrical charge neutrality
[17-25]. The rare earth dopants are one of the most impor-
tant substitutions. BaTiO; doped with lanthanides have been
explained to exhibit electron paramagnetic resonance [26].

Addition of samarium can restrain the grain growth of
barium titanate ceramics and lead to the fall of the Curie
temperature. There is diffuse phase transition in Nb and Sm
doped barium titanate ceramics. Sm>* ions can decrease the
dielectric loss of barium titanate ceramics on the basis of the
Ti-vacancy defect compensation model. The remnant polari-
zation and the coercive field of Nb and Sm-doped barium
titanate ceramics either decrease or increase based on the
difference of ionic radius of elements. As temperature rises,
the remnant polarization and the coercive electric field of
Sm-doped barium titanate ceramics decrease simultaneously
[11]. The dielectric properties of BaTiO; can be modified by
the addition of the dopants such as La**, Mn**, Nb°*, and
Zr** to occupy Ba>* on A sites or Ti** on B sites to form the
solid solution [17, 27, 28].

Based on the above discussion, we present here the
structural, electric and magnetic properties of Sm and Nb
doped BaTiO;-Li, sFe, 0, composite ceramics in this
paper. The composites having chemical formulae (90)BaT
i(1_9yNb,Sm 05+ (10) Lij sFe, sO, (x=0, 0.05 and 0.1) are
represented as (90)BaTiO; + (10) Li, sFe, sO, (BTL), (90)
BaTi, oNb, o5Smy (sO5 + (10) Li, sFe, sO, (BTNS1) and (90)
BaTi, gNb, ;Sm, ;05 +(10) Li, sFe, O, (BTNS2).

2 Experimental method

The (90)BaTi(;_,,,Nb,Sm,05 + (10)Lij sFe, 504 (x=0, 0.05
and 0.1) composites ceramics were synthesized using con-
ventional solid state technique. The analytical purity of com-
pounds were BaCO; (98%) (Merck), TiO, (99.5%), Li,CO;
(99%), Fe,05 (98%) (Loba Chemie), Nb,O5 (99.9%) (Titan
biotech Ltd.), Sm,05 (99.9%) (Loba Chemie). All the mate-
rials were weighed accurately in the required stoichiometric
ratio and mixed together in an agate motor. The grinding
process is carried out for 10 h to obtain a homogeneous

mixing and distribution of the ingredients. These samples
were calcinated at 900 °C temperature for 3 h. The calci-
nation process involves heating, as a result of which the
homogeneous mixer of starting materials decomposes. The
calcinated powder is grinded for 3 h to achieve a fine powder
so as to reduce the particle size and promote fine mixing of
any residual unreacted oxide.

A saturated solution of PVA called a binder is mixed
with the calcinated powder and grinded in order to obtain
homogeneous material. The powder is then shaped into pel-
lets by using hydraulic press. In order to prepare pellets,
a die set is used. The powder is placed in the die set and
pressed by applying pressure using hydraulic press. All the
samples of pellets are sintered at temperature 1150 °C for
3 h. Sintering involves large scale diffusion, resulting in the
formation of the final product which can analysed for its
structural, magnetic, dielectric and ferroelectric properties
using different techniques. The structural and morphological
studies were carried out using Bruker D8 Advance X-ray
diffractometer and Carlzeiss ultra-55 FESEM/EDAX. The
magnetic, dielectric and ferroelectric measurements were
carried out using vibrating sample magnetometer (Quantum
Design PPMS, Model 6000), broadband dielectric spectrom-
eter (Wayne Kerr Electronics Pvt. Ltd., Model: 1J43100)
and P-E loop tracer (TF analyzer 2000) respectively. The
magneto-electric voltage coefficient ();;) was measured
with respect to the DC magnetic field (H,,) by superimpos-
ing 1 Oe AC magnetic field generated by Helmholtz coils at
a frequency of 1 kHz using SR 830 DSP lock-in amplifier.

3 Results and discussions
3.1 X-ray diffraction

The X-ray diffraction patterns of sintered ceramics BT, BTL,
BTNS1and BTNS2 recorded at room temperature are shown
in Fig. 1. The diffraction peaks of pure BT and all com-
posites are well indexed using JCPDS cards no 79-2263.
The X-ray diffraction pattern of BT reveals the formation
of single phase tetragonal pervoskite structure. The XRD
peaks at 20 values 30.56°, 34.34°, 40.34° and 63.29° indexed
as (220), (310), (400) and (440) respectively represents the
presence of LF (indicated as * in Fig. 1) in the grown com-
posites. The diffraction peaks of all the composites reveal
the formation of the tetragonal pervoskite structure with
small ferrite phase. We have indexed the diffraction peaks
of LF in composites BTL, BTNS1 and BTNS2 using JCPDS
no. 89-7832 & 88-06711. The absence of extra peaks per-
taining to impurities strongly confirms the high crystalline
nature of all the composites. The composites show both the
ferroelectric phase and low ferrite without any structural
change in its constituent phases [29]. The diffraction peaks
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Fig. 1 X-ray diffraction pat-
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of BTNS1 and BTNS2 have shifted towards higher diffrac-
tion angle and this strongly confirms the incorporation of
Nb and Sm in BTL.

The lattice parameters of ferroelectric phase have been
calculated from the relation

1

R4k | P
22 o2
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The lattice parameters of ferrite phase have been calcu-
lated from the relation

a
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The values of lattice parameters for ferroelectric and fer-
rite phase of all the samples are tabulated in Table 1. We
see from Table 1, the lattice parameters for the two phases
in composites are almost equal to its constituent phases.
This representing that no structural changes have occurred

with varying Nb and Sm elements in place of Ti [30]. These
results can be explained by the substitution model, where
Li'* ions substitute for Ba** at A-site and Fe>* ions substi-
tute for Ti**, co-doping of Nb and Sm at B-site [31].

The amount of constituent phases approximately present
in BT, BTL, BTNS1 and BTNS2 ceramics after sintering
is calculated using the corresponding intensity peaks [32]
which is presented in Table 1. The percentage of phases is
calculated by the relation

Iferroeleclric /ferrite

% of phases = x 100

(©)

ferroelectric + Iferrite + Iunknown

The average crystallite size of composite materials is cal-
culated using Debye Scherrer’s relation

_ kA
Y

“

where k is the shape factor=0.94, f, is the full width at half
maximum (FWHM) in radians, A is the wavelength of the

Table 1 Lattice parameters, Composition (x)

Lattice parameters of phase (A)

Phase percentage Average crystallite size

constituent phases and average

crystallite size of the BT, BTL, Ferrite  Ferroelectric (nm)

BTNS1 and BTNS2 composite ) ; - -

ceramics a a c cla Ferrite  Ferroelectric ~ Ferrite  Ferroelectric
BT - 4.010 4.012 1.005 - 100 - 15.97
BTL 8.504 4.002 4.007 1.001 0.343 99.65 14 15.94
BTNS1 8.231 3.980 3.963 0995 2.568 97.43 75.94 61.98
BTNS2 8.217 3.986 3.975 0997 1.068 98.61 78.56 45.21
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X ray source of radiation whose value is 1.5406 Aand0is
the Bragg’s diffraction angle. The average crystallite size
of the grown composites is shown in Table 1. The average
crystallite size of the ferrite increases with substitution of Nb
and Sm in BTL and slightly increases with an increase Nb
and Sm in BTNS1. We see from Table 1 that the crystallite
size of BTL composite increases as Nb and Sm are doped
in the BTL which clearly indicates the enhancement in the
crystalline nature of the composite. This is also evident from
the XRD spectrum shown in Fig. 1.

3.2 Morphological studies

The FESEM micrographs of BT, BTL, BTNS1 and BTNS2
are shown in Fig. 2. We see from Fig. 2, particle distribu-
tion gives non homogenous morphology to micro sized
grains. We observe non homogenous grains of various sizes
in all the samples. The FESEM micrographs confirm the
coarseness in the samples with low porosity. All the samples
exhibit dense micro structure with clear grain boundaries.

Signal A=InLens ESBGrid= 0V
Mag= 5000KX ESBGridis= 0V

EHT = 5.00kV
WD = 7.9mm

Date :4 Nov 2015
Time :11:38:04

Date :10 Nov 2015
Time :9:34:27

SignalA=InLens ESBGrid= 0V
Mag= 3584 KX ESBGridis= 0V

WD = 3.9 mm

The dense microstructure gives the enhancement of elec-
trical properties of composites [31]. The larger grains are
formed due to an agglomeration or chemical reaction or inter
diffusion taking place between the two phases. The grain
morphology of the BTNS1 and BTNS2 is changed due to Nb
and Sm substituted in BTL. The shape of the grains of BT,
BTL seems to be spherical, BTNS1 seems to be cylindrical
and BTNS2 seems to be surface of the custard apple. The
average grain sizes of all the samples are calculated using
image] software shown in Table 2. We see from Table 2, the

Table 2 The average grain

. Sample Average
size of BT, BTtL, BTNS1 and grain size
BTNS2 ceramics (um)
BT 1.363
BTL 1.163
BTNSI1 1.164
BTNS2 1.774

Signal A=InLens ESBGrd= 0V Date :4 Nov 2015

200 nm EHT = 5.00 kv
(! Mag= 5000KX ESBGridis= 0V  Time:11:54:04

WD = 57 mm

Signal A=InLens ESBGrid= 0V
Mag= 18.05KX ESBGridis= 0V

EHT = 5.00 kV
WD = 3.7 mm

Date :10 Nov 2015
Time :10:18:23

Fig.2 FESEM micrographs of the BT, BTL, BTNS1 and BTNS2 composite ceramics
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average grain size of composites increases with increase in
the concentration of Nb and Sm in BTL.

The energy dispersive X-ray spectra (EDAX) of all the
samples are shown in Fig. 3. We see from Fig. 3, all the
samples exhibits elements which are proportional to stoi-
chiometric ratio of powders used in synthesis of samples.
From Fig. 3, we also see that no other elements other than
Ba, Ti, O, Fe, Nb and Sm are observed in all composites of
spectra. Hence impurities are not present in the composites
which strongly confirm the high crystalline nature of all the
samples and this is also evident from the XRD spectrum
shown in Fig. 1. But Li element is not recorded in all com-
posites due to low atomic number.

3.3 Ferroelectric properties

The variation of the polarization with an electric field
(P—E loops) observed at room temperature for samples
BTL, BTNS1 and BTNS2 are shown in the Fig. 4. We
observe from Fig. 4, that all the composites have no proper
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saturation polarization which clearly indicates the exist-
ence of a leakage current [33]. The leakage current of
BTL composite is decreases upon doping it with Sm and
Nb. The saturation polarization, remnant polarisation and
coercive field of BTL, BTNS1 and BTNS?2 are depicted in
Table 3. The saturation polarisation and remnant polarisa-
tion of BTL are high in comparison with all the compos-
ites and both the saturation polarisation and the remnant
polarisation decrease with the substitution of Nb and Sm
in BTL. The coercive field of BTL composite is high in
comparison with all the composites. Upon doping Sm
and Nb in BTL, the coercive field decreases initially and
again increases when the concentration of Sm and Nb is
increased in BTL. This might be due to the effect of an
oxygen vacancy and the grain size [34]. Hence the addi-
tion of Nb and Sm in BTL softens BTL composite because
the saturation polarisation, remnant polarisation and the
coercive field of BTL composite decreases upon adding
Nb and Sm in BTL composite [35].
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Fig.3 EDAX spectrum of the BT, BTL, BTNS1 and BTNS2 composite ceramics
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Fig.4 Ferroelectric proper-
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Table 3 The values of saturation polarization, remnant polarization
and coercive field

Sample Saturation polariza- Remnant polariza-  Coercive
tion (P,) uC/cm? tion (P,) uC/cm? field (E,) kv/
cm
BTL 2.39 1.32 3.55
BTNSI1 0.69 0.108 1.485
BTNS2 0.31 0.058 2.29

3.4 Dielectric studies
3.4.1 Dielectric constant (&) varies with temperature

The variation of dielectric constant (¢') of BTL, BTNS1 and
BTNS2 composites with temperature at frequencies 1 kHz,
10 kHz, 100 kHz and 1 MHz are shown in Fig. 5. From
Fig. 5, we clearly see that the dielectric constant of BTL
decreases with increase in temperature upto a certain tem-
perature at all frequencies and beyond this certain tempera-
ture, the dielectric constant increases steeply and becomes
maximum at a temperature called transition temperature. At
transition temperature, a transformation from ferroelectric
to paraelectric takes place and this transition temperature is
also referred as Curie temperature. Beyond this temperature
the dielectric constant decreases with increase in tempera-
ture. The dielectric constant of BTL decreases initially with
increase in temperature upto 183 °C, 230 °C, 290 °C and
402 °C at frequencies 1 kHz, 10 kHz, 100 kHz and 1 MHz
respectively and beyond these temperatures, the dielectric

6 4 -2 0 2 4 6 8 10 12 14
Electric Field(KV/cm)

constant increases and reaches maximum at temperatures
383 °C, 452 °C, 523 °C and 588 °C for frequencies 1 kHz,
10 kHz, 100 kHz and 1 MHz respectively. The transition
temperatures of BTL at frequencies 1 kHz, 10 kHz, 100 kHz
and 1 MHz are 383 °C, 452 °C, 523 °C, and 588 °C respec-
tively. The peak at transition temperature is sharp for fre-
quency 1 kHz and this peak broadens out at frequencies
10 kHz and 100 kHz. A kink is observed at temperature
588 °C for frequency 1 MHz. The value of dielectric con-
stant of BTL is higher at 1 kHz which is 2145. The value
of dielectric constant of BTL decreases with increase fre-
quency and transition temperature of BTL increases with
increase in frequencies.

The nature of the dielectric constant of BTNS1 is same
as that of the BTL composite. The dielectric constant of
BTNSI1 decreases initially with increase in temperature up
to 147 °C, 200 °C, 257 °C and 333 °C at frequencies 1 kHz,
10 kHz, 100 kHz and 1 MHz respectively. Beyond those
temperatures, the dielectric constant increase with increases
in temperature and the dielectric constant becomes maxi-
mum at a temperature called transition temperature. The
transition temperatures of BTNS1 at frequencies 1 kHz,
10 kHz, 100 kHz and 1 MHz are 333 °C, 420 °C, 518 °C
and 596 °C respectively. At 1 MHz, the dielectric constant
of BTNS1 becomes more broadening. The transition tem-
perature of BTNS|1 is lower than the transition temperature
of BTL for frequencies 1 kHz, 10 kHz and 100 kHz and the
dielectric constant of BTNS1 is lower than BTL at frequen-
cies 1 kHz, 10 kHz, 100 kHz, 1 MHz due to substitution of
Nb, Sm in BTL.
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Fig.5 Variation of dielectric constant (¢') and dielectric loss (tan 8) of BTL, BTNS1 and BTNS2 composite ceramics with temperature at 1 kHz,
10 kHz, 100 kHz and 1 MHz
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The dielectric constant of BTNS2 is almost constant ini-
tially with increase in temperature upto 119 °C, 149 °C and
229 °C at frequencies 1 kHz, 10 kHz and 100 kHz respec-
tively. Beyond those temperatures, the dielectric constant
increases with increases in temperature and the dielec-
tric constant becomes maximum at a temperature called
transition temperature. At 1 MHz, the dielectric constant
of BTNS2 is almost constant at all the temperatures. The
transition temperatures of BTNS2 at frequencies 1 kHz,
10 kHz and 100 kHz are 346 °C, 364 °C and 372 °C respec-
tively. Beyond these temperatures, the dielectric constant of
BTNS?2 decreases steeply with increase in temperature. The
sharp transition peaks of BTNS2 are shifted towards higher
temperature with increase in frequencies. The dielectric con-
stant of BTNS2 is greater than BTNS1 and BTL. The transi-
tion temperature of BTNS2 at 1 kHz is greater than BTNS1
and is less than BTL. At frequencies 10 kHz and 100 kHz,
the transition temperature (T.) of BTNS2 is less than BTNS1
and BTL which may be due to grain size [36]. The transition
temperature (T,) decreases with increasing grain size which
is obtained in FESEM studies shown Table 2.

The maximum value of the dielectric constant at lower
frequencies is due to the space charge polarization effect
at the interface between BT and LF phases [37-39]. And
also due to electron hopping mechanism between Fe** and
Fe”" by applying external electric field then dipoles between
Fe?* <> Fe?* orient their axes parallel to the applied field
[40, 41]. The decreasing value of the dielectric constant of
all the samples with increase in the temperature is due to
random vibration motion of electrons [41, 42]. The value T,
is frequency dependent and increases with frequency as the
diffuse phase transition and frequency dispersion character-
istics suggest relaxor behaviour of the prepared solid solu-
tion of composites [43]. The phase transition peaks of the
composites become gradually broadened. This suggests that
the partial substitution of Nb>* and Sm** for Ti*" induces
a diffusive phase transition in the ceramics with high level
of Li'*, it may lead to the increment in the disorder degree
of B-site ions and the local compositional variations [44].

3.4.2 Dielectric loss (tan 8) varies with temperature

The variation of the dielectric loss (tan ) of BTL, BTNS1
and BTNS2 composites with temperature at frequencies
1 kHz, 10 kHz, 100 kHz and 1 MHz are shown in Fig. 5.
We see from Fig. 5, the dielectric loss of all composites
almost constant initially with increase in temperature upto
certain temperature. The dielectric loss of BTL follows
trends same as dielectric constant of BTL. At frequency
1 kHz, beyond the temperature 400 °C, the dielectric loss
of BTL increases steeply with increase in temperature upto
590 °C then decreases steeply with increase in tempera-
ture. The dielectric loss of BTL is decreases with increase

in high temperature region. The dielectric loss of BTNS1
is increases steeply with increase in temperature beyond
370 °C, 466 °C at frequency 1 kHz, 10 kHz respectively. The
dielectric loss BTNSI1 is almost constant at high frequencies.
The dielectric loss of BTNS2 exhibits small kink at 147 °C
at frequency 1 kHz, beyond the temperature 368 °C, the die-
lectric loss of BTNS2 increases steeply with increase in tem-
perature which shown in set of Fig. 5. At frequency 10 kHz,
beyond the temperature 110 °C, the dielectric loss of BTNS2
increases steeply with increase in temperature upto 210 °C
then dielectric loss of BTNS2 is decreases with increase in
temperature. At frequency 100 kHz, beyond the temperature
165 °C, the dielectric loss of BTNS2 increases steeply with
increase in temperature upto 326 °C then dielectric loss of
BTNS?2 is decreases with increase in temperature. At fre-
quency 100 MHz, the dielectric loss of BTNS2 increases
steeply with increase in temperature beyond 204 °C. The
dielectric loss of composites is decrease with increase in
concentration of Nb and Sm in BTL at all frequencies might
be due to substitution of Nb>* and Sm** for Ti** with LF.
As frequency increases, the dielectric loss decreases with
increasing temperature. Below the peak temperature, tan
0 increases due to the hopping rates of electrons between
Fe™3 <> Fe*? increases with increasing temperature. At the
peak value, the frequency of hopping is equal to the fre-
quency of AC field. The maximum dielectric loss can be
explained by Koop’s model, this peak obtained from grain
boundaries contains impurities [45].

3.5 Magnetic properties
3.5.1 M-H curve

The M-H loop of all the composites measured at room
temperature (300 K) is shown in Fig. 6. The inset shown
in Fig. 6 strongly confirms the presence of low ferromag-
netic ordering in the composites. The variation of satura-
tion magnetisation (M,), remnant magnetisation (M,) and
coercive field (H,) of BTL composite with the various
concentrations of Nb and Sm are shown in Fig. 7. The
values of saturation magnetization (M), remnant mag-
netization (M,) and coercive magnetic field (H,) for all
the composites are shown Table 4. We see from Table 4,
the saturation magnetization and remnant magnetization
of composites decreases with increase in the concentra-
tion of Nb and Sm in BTL (clearly shown in Fig. 7). The
decrease in the value of saturation magnetization (M)
is attributed to the formation of antiphase boundaries in
composites [46]. The reason for the decrease in the rem-
nant magnetization of BTL composite with increase in the
concentration of Nb and Sm might be due to the replace-
ment of few Ti ions with Nb and Sm ions, as a result of
which the magnetic interactions between the ferrite grains
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Fig. 6 Magnetization of the
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reduces. As the super exchange interaction is sensitive to
bond angles and bond distances, the spiral spin structure
might be destroyed completely by co-doping of Nb and Sm
in place of Ti** in BTL which leads to the release of latent
magnetization and the changes of remnant magnetization
in composites [47]. The coercive field (H,) of composites

@ Springer

Concentration of Nb and Sm

strongly depends on the grain size and morphology. The
coercive field of the BTL composites are decreases by a
small amount initially with the substitution of Nb and Sm
in BTL and later increases drastically with an increase in
the concentration of Nb and Sm, which might be due to the
change in the grain size of the composites. Any material
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Table4 The values of saturation magnetization (M), remnant mag-
netization (M,), coercive magnetic field (H,), squareness and mag-
netic moment (ug) of BTL, BTNS1 and BTNS2 composite ceramics

Sample Ferro magnetic parameters Square- Magnetic
ness moment
M, M, H, (kOe) (p)
(emu/g) (emu/g) B
BTL 4.30 1.62 0.65 0.3767 0.1775
BTNS1 4.24 1.48 0.62 0.3490 0.1800
BTNS2 221 0.73 0.884 0.3303 0.0964

which has low coercivity exhibit soft magnetic nature and
hence since all the composites have very low coercivity
value (shown in Table 4), we strongly confirm the soft
magnetic nature of all the composites.

The larger grain contains more domains with Bloch
walls which can move more easily under an applied
field than the reversal of magnetization required in singe
domain particles. Thus H, changes with a change in the
grain size [48] (shown in Table 2).

The magnetic moment of the composites in terms of
Bohr magnetron is calculated using the following relation
[49]

MM
HB = 555

&)

where pp is Bohr’s magnetron, M is saturation magnetiza-
tion, M is the molecular weight and 5585 is the magnetic
factor and shown in Table 4.

The magnetic moment of composites initially increases
by a small amount and later decreases with further increase

in the concentration of Nb and Sm. The change in values
of the magnetic moment (j13) may be a contribution of the
Nb and Sm grains which act as centers of magnetization
[50].

The squareness of the composites is calculated using the
ratio (M/M,) and shown in Table 4. The squareness value of
all the composites are low and almost remains constant with
an increase in concentration of Nb, Sm which also confirms
the soft magnetic nature of all the composites.

3.5.2 M-T curve

Figure 8 shows the variation of the magnetization of all the
composites with temperature. We see from Fig. 8, the mag-
netization of all the composites increase by a small value
with an increase in the temperature upto certain temperature
called transition temperature (T,). At the transition tempera-
ture, the composites change from ferromagnetic phase to
paramagnetic phase. Beyond the transition temperature, the
magnetization of all the composites decreases suddenly to
nearly zero value. The temperature at which the magnetiza-
tion becomes zero is called Neel temperature (Ty). The tran-
sition temperature and neel temperature of all the composites
are shown in Table 5.

We see from Table 5, the transition temperature (T,) of
all the composites increases with increase in the concen-
tration of Nb and Sm in BTL and the reason behind this
increase may be due to the substitution of Nb and Sm with
few Ti ions in BTL composites, as a result the exchange
interaction among magnetic Fe>* ions is responsible for the
presence of ferromagnetism and this exchange interaction is
established through the neighboring octahedrons. Each Fe**
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Fig. 8 Magnetization of the BTL, BTNS1 and BTNS2 composite ceramics varies with temperature
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Table5 The values of transition temperature (T,), Neel temperature
(Ty) of BTL, BTNS1 and BTNS2 composite ceramics

Sample Transition temperature (T,) °C Neel
temperature
(Ty °C
BTL 227 268
BTNS1 250 301
BTNS2 284 329
70F
! o= BTL
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Fig.9 ME voltage coefficient of the BTNS1 and BTNS2 composite
ceramics varies with the magnetic field

ion is located at the center of an octahedron. The exchange
interaction will be weakened as more Nb ™ and Sm** ions
are doped and occupy more octahedron sites [47, 51]. On
account of this weakened interaction, the ferromagnetic
nature of the BTL composite decreases which is also clearly
evident in Figs. 6 and 7. This decrease in the ferromagnetic
nature of the BTL composite after doping it with Nb and
Sm can be explained using Weiss Brillouin theory of fer-
romagnetism. According to the Weiss Brillouin theory of
ferromagnetism, when the magnetic spins experience the
thermal stirring at non-zero temperature, the internal spins
could get reversed leading to the reduction in the magnetisa-
tion of all the composites which is clearly seen in Fig. 8 [52].
The Neel temperature of composites increases with increase
in the concentration of Nb and Sm in the BTL composite.

3.6 Magneto-electric voltage coefficient

Figure 9 depicts the variation of the Magnetoelectric (ME)
voltage coefficient with magnetic field of BTL, BTNS2
composites. We see from Fig. 9 that the ME voltage coef-
ficient of composites decreases sharply with increase in the
magnetic field upto a certain magnetic field, then become

@ Springer

constant with increase in the magnetic field. The applied
magnetic field generates strain in ferromagnetic material
inducing stress in the ferroelectric material due to movement
of domain walls of both materials and hence a magneto-
electric voltage is generated [53]. The variation of ME is
similar to that obtained by other workers [54-56].

The ME voltage coefficient of the BTL composite
increases after doping Nb and Sm in it at all applied mag-
netic fields. The magnetoelectric effect is a result of piezo-
magnetic strain in the spinel phase, which creates a piezo-
electric charge in the ferroelectric phase and hence it would
depend upon the variation of piezomagnetic coefficient with
the intensity of the magnetic field [56]. In LF spinel ferro-
magnetic material, the magnetostrictive coefficient reaches
maximum associated with magnetization at a certain value
of the magnetic field. Since the strain produced in the ferrite
phase would produce a constant electric field in the piezo-
electric phase, thereby decreasing dE/dH with increase in H.
The ME coefficient value depends on interaction between
magnetic and ferroelectric domains, resistivity and also on
the molar fraction of magnetic and ferroelectric component.
The composites that have lower amount of magnetic compo-
nents create low strain as well as piezoelectricity [57]. The
highest value of ME coefficient may be assigned to its uni-
form grains and shape. These uniform grains induce strong
interaction between the ferroelectric and magnetic orders.

4 Conclusions

We have successively synthesized Sm and Nb doped BTL
composites using solid state technique. We have investigated
the structural, morphological, magnetic, dielectric and fer-
roelectric properties of all the composites. The structural
studies have confirmed the crystalline nature of the compos-
ites. The XRD studies confirmed the tetragonal perovskite
structure formation of all the ceramic composites. The XRD
peaks of BTNS1 and BTNS2 have shifted towards higher
diffraction angle and this strongly confirms the incorpora-
tion of Nb and Sm in the BTL composite. This effect is also
reflected in the changes in grain size of the BTL composite
after doping Nb and Sm in BTL. The grain morphology of
the BTNS1 and BTNS2 have changed due to the substitution
of Nb and Sm in BTL. The presence of Ba, Ti, O, Fe, Nb and
Sm in the prepared composites is confirmed from the EDAX
studies. The VSM studies confirmed the soft magnetic nature
of the composites. The saturation polarisation and remnant
polarisation of BTL are high in comparison with all the com-
posites and both the saturation polarisation and the remnant
polarisation decrease with the substitution of Nb and Sm in
BTL. The magnetic transition temperature (T.) of the BTL
composite has increased with increase in the concentration
of Nb and Sm. The dielectric studies have confirmed that
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both the dielectric constant and the dielectric loss of the
BTL composite have changed after doping Nb and Sm in
it. The electric transition temperature (T,) of BTNS2 is less
than BTNS1 and BTL which may be due to the grain size.
The ferroelectric studies have shown that the BTL composite
softens upon doping Nb and Sm in it. The ME voltage coef-
ficient of the BTL composite has increased with increase
in the concentration of Nb and Sm in BTL at all applied
magnetic fields. The undoped and doped BTL composites
possess both the ferroelectric and magnetic nature simul-
taneously and hence they are multiferroic materials which
may be used in magnetoelectric sensors, magneto capacitive
devices, information storage, electrically driven magnetic
data storage spintronics, electro-optic devices and recording.
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