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Abstract

The ternary bulk sample of (BipsTho1BagiFeooTio103)was prepared by using a solid state
reaction technique. In this paper the structural, electrical and magnetic properties of ceramics
have been investigated. The XRD patterns of the samples at room temperature showed perovs
kite phase with hexagonal structure at room temperature. Studies of dielectric properties of
the compounds with frequency at different temperatures (25-400°C), exhibits two dielectric
anomalies, one at 175°C and other around 320°C (ferroelectric—paraelectric type
transition).The Curie temperature shifted towards the lower temperature with the increase in
frequency. The low value of activation energy obtained for this ceramic samples could be
attributed to the influence of electronic contribution to the conductivity. By using VSM
technique, a significant change in the magnetic properties was observed for this ceramic. The
highest magnetization field were found attemperature 5K. The impedance analysis confirm
the non-Debye type behaviour of the compound.The relaxation frequency shifted to higher
side with increase in temperature.The Nyquist plot and conductivity studies showed the
NTCR character of samples.

Keywords: Ceramics; X-ray diffraction; Dielectric properties; Impedance spectroscopy;
Magnetic property.

Introduction

From a technological point of view, the mutual control of electric and magnetic
properties is an attractive possibility for recent research [1]. This offers potential applications
for new devices of magnetic storage as well as ferroelectric devices. The perovskite type

materials provide the vast spectrum of electrical properties covering ferroelectric-(anti-)
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ferroelectric, ferromagnetic-(anti-)ferromagnetic, metallic, and semiconductor. Hence the
combination of these perovs kite materials opens various routes for achieving the multi
ferroism properties in one phase material. Recently, several researcher reported on the
synthesis and characterization of multi ferroic perovskite systems such as anti ferromagnetic-
ferroelectric, weak  ferromagnetic/anti  ferromagnetic-ferroelectric  and  antiferro
magnetic/weak ferromagnetic-ferroelectric systems [2, 3]. As a typical ferro electromagnetic
material, BiFeO3(BFO) is the most useful for practical application point of view owning to
its high Curie (T¢ = 1103 K) and Neel (Ty = 643 K) transition temperatures, and therefore it
has attracted a great deal of research interest [4]. Because of the canting of the Fe sub lattice
moment, BiFeO3; shows a weak magnetic moment at room temperature [5]. The spontaneous
magnetic moment was absent in pure BiFeOz up to 8 kOe because of the completely
compensated anti ferromagnetic ordering[4]. Preparation of pure BiFeO3 in the bulk ceramic
form without traces of impurities has been a very difficult task. BiFeO3-ABOssolid solution
systems have attracted great attention as a means to increase structural stability and sinter
ability. Processing of BiFeO3; with other perovs Kite structured materials, such as BaTiOs,
would prevent the formation of secondary phases [6, 7] and have excellent ferroelectric
properties (Tc= 120°C).The overall magnetic behaviors of bulk ReFeO3 (Re-Rare Earth) are
described as the result of two contributing magnetic ‘sub lattices’: (i) an anti ferromagnetic
iron oxide lattice in which the spins are coupled via a Fe** - 0% -Fe**super exchange
mechanism; and (ii) a paramagnetic contribution from essentially non-coupled ions. Due to
spin-canting in the iron containing sub lattice, a small ferromagnetic moment is observed as a
result of the distorted perovs Kite structure in one particular crystallographic direction[8].
Terbium ions (Tb*") possessing large atomic weight, smaller size (Radius Th*" = 0.923 A°)
as compared to Bi** lons (Radius Bi** = 1.032 A°), comparable electroneg ativity with
respect to Bi** ions, make Th** ions the most suitable dopant[9-11]. Therefore, the large
structural distortions would be expected by their substitutions in BiFeOs. Moreover, Th*" ions
possess large magnetic moment; upon their doping, the spiral modulated spin structure of
BiFeOs could be partially destroyed and the spatial homogenization of spin arrangements
could be realized[12, 13]. This results in the enhancement of the multi ferroic properties of

the BiFeQOg3, which is the motivation for the present study.
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In this study, the crystal structure, dielectric and magnetic properties of the perovskite
system BiggTho1BaoiFeosTio103 have been carried out to examine the behavior of the
ceramic system. Th and Ba were used to substitute at the A site of BiFeOs, because their radii
are similar, and they stabilize the perovs kite phase that helps to decreased Bi volatilization
and the amount of oxygen vacancies. This system is a combination of three ternary perovs
kite (two Ferromagnetic + one Ferroelectric) systems. The origin of the weak ferromagnetism
has been discussed in terms of high temperature characteristics of this perovskite system.
Electrical properties have been carried out by using complex impedance and modulus
spectroscopy (CIS) technique[14], which is a very convenient tool to correlate the
structural/microstructural and electrical properties relationship in a polycrystalline ceramics.
Material and methods

Polycrystalline samples of (BiggTho1Bap1FeosTio103) were synthesized from high

purity oxides (Bi,O3 (99.9% pure M/S Aldrich chemicals USA), Fe,O3 (99.9% pure M/S
Aldrich chemicals, USA), Th4O7 (99.9% pure M/S Aldrich chemicals, USA), BaCOj3 (99.9%
pure M/S Aldrich chemicals, USA) and TiO,, (99.9% pure M/S Aldrich chemicals, USA),
using solid-state reaction technique. The constituent compounds in suitable stoichiometric
were thoroughly mixed in a ball milling unit for 42h. Then powder was dried at 125°C and
calcined at 900°C for 4 h in alumina crucibles. The calcined fine powder was cold pressed
into cylindrical pellets of 10 mm in diameter and 1-2 mm in thickness using a hydraulic
press with a pressure of 50MPa. These pellets were sintered at a temperature i.e. 1000°C for
3 h. The formation and quality of compounds were verified with X-ray diffraction (XRD)
technique. The XRD patterns of the compounds were recorded at room temperature using X-
ray powder diffract to meter (Rigaku Minifiex, Japan) with CuKa radiation (A = 1.5405 A)
in a wide range of Bragg angles 26 (20° <26 < 60°) at a scanning rate of 2° min*.Scanning
Electron Micrographs (SEM) of the fractured surface of the specimen were obtained with a
JEM-2000FX (JEOL Ltd.) scanning electron microscope operated at 25 kV.The flat polished
surfaces of the sintered samples were electrode with air drying silver paste. Dielectric and
impedance were determined by use of PSM1734 Impedance Analyzer at frequencies 1 kHz
to 1MHz; samples were heated from room temperature to 400°C.The magnetic data was

recorded with the help of vibrating sample magnetometer (VSM) (Cryogenic).
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Results and Discussion
Structural studies

Fig. 1 shows the XRD patterns of BiggTho1BagiFeooTio103 ceramics at room
temperature. All patterns match with JCPDS#712494 data and shows that the samples have
mixed phase with a hexagonalstructure at room temperature. All the reflection peaks were
indexed wusing observed inter-planar spacing d and lattice parameters of
BipsTho1Bagi1FeooTio103 with jcpds data base. The main peak of the samples are located at
approximately 26 = 31.84°, having hkl value <110>. Because of the kinetics of formation, the
other impurity phases are obtained during synthesis. In my samples, the impurity phase was
observed and it was shown as * in Fig. 1 and it may be attributed to BaFe,O4
(JCPDS#772337).
SEM images of sintered ceramic samples are shown in Fig. 2. It was observed that the grains
are homogeneously distributed over the entire surface of the samples with less porosity. The
grain sizes of the ceramic are in the range of 0.5-12um. On the other hand, from the sintered
ceramic surface (as-fired), homogeneous grains of various sizes can clearly be seen.
Dielectrics studies

Fig. 3shows the variation of ¢ and tand with temperature at frequencies 1 kHz-100
kHz for BipgTho1Bagi1FeooTip103 (BTBFT) were obtained on silver electrode samples in
plane capacitor configuration. The observed peaks in the dielectric constant can be correlated
to the two phase transitions from ferroelectric to ferroelectric and ferroelectric to parael ectric
at temperatures 175°C and 320°C respectively. These two peaks are due to two different
ferroelectric compounds present in the ceramic system i.e. BiFeO3 and BaTiO3, With increase
in temperature, the dielectric constant increases up to 170°C, and then decreases up to 235°C.
After 235°C dielectric constant increases again up to 320°C. This is due to the presence of
different types of polarizations (electronic, atomic, ionic, dipolar and space-charge) at low
frequencies and high temperatures. As in normal ferroelectrics, the dielectric constant of and
samples increases gradually with increasing temperature up to the transition temperature and
thereafter it decreases with increasing temperature. BTBFT sample shows the maximum
value of dielectric constant with transition temperatures for different frequencies (1 kHz- 100

kHz) are shown in Table 1.
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We observed that the real and imaginary part of dielectric constant decrease with the
increase in frequencyas shown in Fig. 4. The decrease in the dielectric constant (¢') can be
explained on the basis of decrease in polarization with frequency. At low frequencies, all the
polarizations respond easily to the time varying electric field but as the frequency of the
electric field increases different polarization contributions filters out, as a result, the net
polarization of the material decreases which leads to the decrease in the value of €'. Further,
the decrease of €"'with the increase in frequency can be explained by Debye formula [15]. At
lower frequencies tan o is inversely proportional to frequency which explains the decrease in
tand with frequency. BiggThoi1BagiFegeTio103 sample shows the maximum value of
dielectric constant for different frequencies as shown in Table 1.

Fig. 5shows the variation of log oac (S/m) vs 1/T (K'l) of BiggThg1Bag1FeoeTio 103
ceramics at 1kHz -100 kHz frequencies in the temperature range from 325°C to 345°C. The
ac electrical conductivity was calculated from the impedance data using the formula ¢ =
weeotand, where g, is the vacuum dielectric constant, o is the angular frequency and kg is the
Boltzmann constant. The value of activation energy was calculated in the paraelectric region
from the plot of In(c4c) vs 1/T using the conductivity relation 6 =c, eXp(-Ea/ksgT)[16]asshown
in Table 1.1t is observed that o, increase with increasing temperature which confirming the
NTCR behaviour. At high temperature, the donor cations have a major part to play in the
conduction process and activated with small energy which is called activation energy.The
activation energy for all composition at different frequency was found to be very low in the
paraelectric region. This may be due to ionic solids having a limited number of mobile ions
being trapped in relatively stable potential wells during their motion through the solid. Due to
a rise in temperature the donor cations are taking a major part in the conduction process. The
donors have created a level (i.e. band-donor level), which is much nearer to the conduction
band. Therefore, only a small amount of energy is required to activate the donors. In addition
to this, a slight change in stoichiometry in multi-metal complex oxides causes the creation of
large number of donors or acceptors, which creates donor or acceptors like states in the
vicinity of conduction or valance bands. These donors or acceptors may also be activated

with small energy[17].
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Electrical studies.

The electrical properties of BiggTho1Bagi1FeooTio 103 ceramics were investigated by
the help of complex impedance spectroscopy (CIS) technique. It is important to transform the
dielectric and electrical data in different formalism and analyze them to get true picture of the
material. The use of function Z* and Y* is particularly appropriate for the resistive and/or
conductive analysis where the long-range conduction dominates, whereas the ¢* and M*
functions are suitable when localized relaxation dominates. So the plotting of ac data in terms
of impedance, electric modulus, and dielectric permittivity simultaneously gives a complete
assignment of all the physical processes taking place in the material.

The variation of real part of impedance (Z') with frequency at various temperatures
(from 225 to 325 °C) for BipgTho1Bag1FeooTio 103 ceramics is shown in Fig. 6. The pattern
shows a sigmoid variation as a function of frequency in the low frequency region followed by
a saturation region in the high frequency region. This suggests the presence of mixed nature
of polarization behavior in the material, such as electronic, dipolar and orientation
polarization. A decreasing trend of Z' with rise in temperature suggests the presence of
negative temperature coefficient of resistance (NTCR) in the material in the low frequency
region but tends to merge in the high frequency region at almost all temperatures. A
possibility of increase in ac conduction (o,) in the sample was observed due to the decrease
in the magnitude of Z' with rise in temperature. This increase in ac conduction with
temperature may be due to the contribution of defects like oxygen vacancies. Generally, the
contribution due to oxygen vacancies is more prominent in perovs kite structures at higher
temperatures. These results indicate increase in ac conductivity with rise in temperature in the
high frequency region (possibly) due to the release of space charge and lowering in the
barrier properties of the material.

Fig. 7 presents the variation of imaginary part of impedance (Z") as a function of
frequency at different set of temperatures (from 225 to 325 °C) for BiggTho1Bag1FepoTio10s.
With the increase of frequency, imaginary part of impedance (Z") increases initially, attains a
peak (Z'"max) and then decreases with frequency at all measured temperatures. At higher
frequency side all the curves are merged which might be due to the reduction in space charge
polarization at higher frequency. The peak shifts towards higher frequency side with

increasing temperature showing that the resistance of the bulk material is decreasing. Also,
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the magnitude of Z'" decreases with increasing temperature. This would imply that dielectric
relaxation is temperature dependent, and there is apparently not a single relaxation time.

Fig. 8(a) shows the temperature-dependent spectra (Nyquist plot) of
BiogTho1Bag1FeogTip 103 materials. By impedance spectrum we got the semicircular arcs at
the set of higher temperatures. The nature of variation of the arcs with temperature and
frequency provides various clues of the materials. However, as the temperature increased the
slope decreased and found to curve towards the major (Z') axis forming clear semicircular
arcs. The radius of curvature was found to decrease with increasing temperature, which
indicates the increase in conductivity of the sample with temperature. Generally, existence of
a single semicircular arc represents only one contribution e.g. grain interior (bulk) property of
the material. However, in the present case, the spectrum comprises of suppressed
semicircular arcs indicating two different contributions from the grain interior (bulk) and
grain boundary. The observed semicircular arcs have their centers lying off the real (Z') axis
which is an indication of non-Debye type relaxation with a distribution of relaxation times
instead of a single relaxation process. In general, the relaxation time for grain boundary
region is much larger than that for the grains and, therefore, its response relaxes at lower
frequencies. Thus, the low frequency arc in the Nyquist plot corresponds to the grain
boundary effects and the smaller high frequency arc to the grain/bulk effect of the material. In
the other words the semicircular arc with the real axis (Z') gives us an estimate of the bulk
resistance (Ryp) of the material. It has been observed that the bulk resistance of the material
decreases with increase in temperature showing a typical semiconducting property, i.e.
negative temperature coefficient of resistance (NTCR) behavior.The fitting of Nyquist plot
for BipgTho1BagpiFepoTio103 ceramics shown in Fig. 8(b)and it observed that with the
increase in temperature the slope of the lines decrease and the lines bend towards real (Z')
axis and at higher temperatures (250°C, 275°C, 300°C and 325°C); a semicircle could be
traced, indicating the increase in conductivity of the sample. It can also be observed that the
peak maxima of the plots decrease and the frequency for the maximum shifts to higher values
with the increase in temperature. It can be noticed that the complex impedance plots are not
represented by full semicircle, rather the semicircular arc is depressed and the centre of the
arc lies below the real (Z') axis suggesting the relaxation to be of poly dispersive non-Debye

type in samples. This may be due to the presence of distributed elements in the material
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electrode system.[14, 18]. An equivalent circuit is being used to provide a complete picture of
the system and establish the structural property relationship of the materials. Comparison of
complex impedance plots (symbols) with fitted data (lines) using commercially available
software ZSimpwin Version. To model the non-Debye response, constant phase element
(CPE) is used in addition to resistors and capacitors. Here it has also been clearly observed
from the Nyquist plots that the influence of grain size on the inter grain resistivity increases
with decreasing grain size.

Fig.9 shows the variation of real part of electric modulus (M’) with frequency at
higher temperatures between 250°C-325°Cfor BiggTho1Bag1FeooTio10s ceramics. It is
characterized by a low value of M’ in the low frequency region followed by a continuous
dispersion with increase in frequency. It was found that M’ values saturated to a maximum
(M, - the asymptotic value of M’ at higher frequencies) in the high frequency region for all
temperatures. The asymmetric plot of M’ is because of the stretched exponential character of
relaxation time of the material. Monotonous dispersion on increasing frequency at lower
temperatures may be caused by short range mobility of charge carriers. Such results may
possibly be related to a lack of restoring force governing the mobility of the charge carriers
under the action of an induced electric field. The value of M’ decreases with rise in
temperature in the observed frequency range.

Fig. 10 shows the variation of imaginary part of electric modulus (M") with frequency
at higher temperatures for BiggTho1Bag1FeooTip.103 ceramics. By these graphs we found that
the position of the peak M"'ax Shifted to higher frequencies as the temperature was increased.
Physically, the peak in the imaginary part of the electric modulus defines the regions where
the carrier can move at long distances. At frequency above peak maximum, the carriers are
confined to potential wells, being mobile on short distances. The peaks are asymmetric and
broader than the ideal Debye curve. Also, a peak in the M” imaginary part indicates a
dielectric relaxation process in the solid, and the frequency to the maximum indicates the
mean relaxation time of this process. As can be seen, the imaginary part of the electric
modulus exhibits a very well defined peak. The frequency range where the peaks occur is
indicative of transition from long range to short range mobility[19, 20]. Two peaks in graph

confirms the co-existence of two systems.
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The complex electric modulus spectrum M’ versus M"” is shown in Fig. 11for all the
samples at different temperatures. Two arcs are clearly observed over the entire measured
frequency range in both the samples. In fact, the first arc is the contribution of grain
boundaries whereas the second arc is the contribution of grains. The patterns are
characterized by the presence of little asymmetric and depressed semicircular arcs whose
centre does not lie on M’ axis. The behavior of electric modulus spectrum is suggestive of the
temperature dependent hopping type of mechanism for electric conduction (charge transport)
in the system and non-Debye type dielectric relaxation. In a relaxation system, one can
determine the probable relaxation time (s) from the position of the loss peak in the Z" as well
as M" vs. log f plots according to the relation: t = 1/ =1/2zf(f is the relaxation frequency).
We found that the double semicircular arcs in the complex modulus plots with a small
semicircle at high frequency and a large semi-circular arc in the low frequency region at the
temperatures range(300°C - 375°C as shown in the Fig 11. The modulus spectrum shows a
marked change in the shape with rise in temperature suggesting a probable change in the
capacitance value as a function of temperature.

Fig. 12 shows the scaling behaviour of the sample was studied by plotting the
normalized plot of M"/M"nax and Z"/Z"max @S a function of the normalized frequency at
different temperatures for BipgTho1Bag1FeogTio103 ceramics. The normalized plot overlaps
on a single master curve at different temperatures. The modulus scaling behaviour gives an

insight into the dielectric processes occurring inside the material [21]. The value of FWHM

evaluated from the normalized spectrum is greater than Iog%, and this indicates about non-

Debye type behavior which is well supported by complex impedance plot. The peaks shifts
and broadening was observed at higher frequencies with increasing temperature. The
appearance of temperature dependent peaks (Z"max and M"max) at a characteristic frequency
(omax=2mfmax) indicates the presence of relaxation process, which is temperature dependent
[22]. These relaxation processes may be due to the presence of immobile species at low
temperature and defects which became mobile at high temperature.

The frequency spectra of the ac conductivity for the samples at different measuring
temperatures are shown in Fig. 13. The frequency dependent conductivity can be described

by the equation:
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Gac (0) = gt A®" oo (1)

Where n is the frequency exponent in the range of 0 <n < 1. A andn are thermally
activated quantities, hence electrical conduction is a thermally activated process. The
frequency at which change in slope takes place is known as hopping frequency. At higher
frequency, the hopping takes place by charge carriers through trap sites separated by energy
barriers of varied heights. The number of charge carriers which have high relaxation time due
to higher energy barriers and respond in low frequency region might be less in numbers and
so the conductivity is lower at low frequencies. While the more charge carriers are with low
barrier heights and these charge carriers easily respond with the frequency and at higher
frequency they showed higher conductivity. The thermal energy of the charge carriers was
increased at higher temperatures and so the potential height was also reduced. The
conductivity spectrum shows a low frequency dispersion region followed by a high frequency
plateau region. The low frequency region has been attributed to the ac-conductivity whereas
the frequency independent plateau region corresponds to the dc conductivity. The dispersion
behaviour may be due to presence of space charge while in the plateau region space charge
vanishes. It is reasonable since the space charge vanishes at higher frequency domain. At
lower temperatures c,c linearly varies with frequency and nonlinearity occurs in the high
frequency region. This behaviour suggests that the hopping mechanism might be playing an
important role in conduction process in the low temperature region.

Magnetic studies

Fig. 14 shows the magnetic hysteresis loops measured at 5K, 10K, 150K and 300 K.
The magnetization curves of the loop at low field are not collinear and this shows a weak
ferromagnetic nature of samples, which could be further confirmed by the nonzero remnant
magnetization and coercivity as shown in the partly enlarged curves in the inset of Fig. 14.
The highest magnetization, coercive field and M-H loop area were found for 5K. The
enhancement of magnetization in this sample is always ascribed to the size effects of the
suppression of helical order, i.e., incomplete rotation of the spins along the direction of the
wave vector, increasing in spin canting due to surface strain and oxygen defects [23, 24]. On
the other hand, oxygen defects could also enhance the magnetization by introducing Fe?* into
the ferromagnetic order across Fe**- 0% - Fe?* [23, 25].Furthermore, during the high

temperature annealing process, the canting angles in samples were further modulated by the
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interaction between the external magnetic field and the uncompensated spins in the canted
anti ferromagnetic order, which may be the major reason causing the net magnetization to
increase.

The magnetic moment as a function of temperature between 5 and 300 K under zero-
field cooled (ZFC) and field cooled (FC) conditions with an applied magnetic field of 0.1 T is
given inFig. 15. The magnetic moment (M) vs. temperature (T) curves of
BipsTho1Bag1FepoTio103 sample under the ZFC and FC conditions present a systematic
change. The high magnetization value at the lower temperature suggests the presence of
uncompensated anti ferromagnetic spins (Fe**)[26]. Initially magnetization decreases with an
increase in temperature, and then increases as shown in Fig. 15.As temperature goes down
further from 300 to 5 K, the magnetization increases rapidly, confirming that there is a
magnetic phase transition. The magnetic phase transition is suggested to be a transformation
of Fe sub lattice from anti- ferromagnetic to weak ferromagnetic at low temperature [27].The
variation of M—T curves with BipgTho 1Bag1Feo 9 Tio103 sample may be attributed to different
factors like (i) variation in the oxygen stoichiometric and doping at A and B sites, (ii)
reduction in particle size and (iii) change in the magnetic anisotropy[28].The saturation of
magnetization is not reached for all studied samples even with an applied magnetic field up to
10T.

Conclusions

BiogTho1Bag1FeogTip103 (BTBFT) solid solution ceramic was prepared using solid
state reaction method. BTBFT ceramics were investigated for its dielectric properties by
Impedance Spectroscopy (IS) in the temperature range of RT-500°C and in the frequency
range of 100 Hz -1 MHz. Studies of temperature dependent dielectric properties of sample
exhibits two dielectric anomalies one at 175°C and other around 320°C.Curie
temperatures320°C-310°C and exhibiting a hexagonal crystal system and T, decreased with
frequency. In case of magnetization, the coercive field was found to be decreased with
temperature 5K, 10K, 150K and 300K.A minor loop traced for all these samples indicates an
anti ferromagnetic nature with weak ferromagnetism. Real and imaginary parts of complex
impedance and modulus properties of the materials were investigated by using complex
impedance spectroscopy (CIS) technique. At a higher temperatures, the observed double

semicircles in electric modulus plots confirms about the formation of samples in single phase
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and indicates the presence of both bulk and grain boundary contributions. Impedance analysis
indicates the presence of mostly bulk (grain) resistive contributions in the materials at higher
temperatures whereas complex modulus plots shows the presence of grains as well as grain
boundary contributions in the materials. It is due to the fact that impedance plot highlights the
phenomenon with largest resistance whereas electric modulus plot highlights the
phenomenon with smallest capacitance. Due to the large difference between resistive values
of grains and grain boundaries, it is not possible to get two semicircles on the same
impedance plot. Both impedance and modulus analysis support the typical behavior of
negative temperature coefficient of resistance (NTCR) of the materials. They also confirm the
presence of non-Debye type of relaxation phenomenon in the materials.
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Figure captions:
Table 1: Details of the physical parameters of BiggTh o1 Bag1FegoeTig 103 ceramics.

Fig. 1. XRD patterns of the BiggTh g1Bag1FeqeTip10sceramics.

Fig. 2. SEM micrographs of surface of the BiygThg1Bag1FepeTip1Osceramics.

Fig. 3. \Variation of vreal part of permittivity (¢) as function of
BiggTho1Bag1FeosTip1Osceramicsat different frequencies (1kHz-100 kHz).

Fig. 4. Variation of real and imaginary part of (¢’ and &”) dielectric constant as a function of frequency of
BiggTho1Bag1FeosTip1Osceramics at different temperatures.

Fig. 5.Variation of ac conductivity (Inc,;) as a function of absolute temperature (1/T) forBiygTh ¢.Ba
01FeooTig103ceramics at different frequencies(1kHz-100kHz).

Fig. 6. Variation of real part of modulus (Z') with frequency at different temperatures of BiggTh
01Bag1Feg9Tig10O5ceramics.

Fig. 7. Variation of imaginary part of modulus (Z") with frequency at different temperatures of Bigg Th
01Bag1Feg 9 Tip105ceramics.

Fig. 8 (a)Vvariation of real and imaginary part (Z' and Z'") ofimpedance and (b) Fitted graph of real and
imaginary part ((Z' andZ"") of impedance with different temperatures of BiggThg1Bag 1FeqoTig1Osceramics.
Fig. 9. Variation of real part modulus (M’) with frequency at different temperatures of
BiolgTbo_lBaollFeolgTio_log,CGramiCS.

Fig. 10. Variation of imaginary part modulus (M) with frequency at different temperatures of Bigg Th
01Bag1FegeTig10sceramics.

Fig. 11. Variation of real (M) and imaginary part (M'’) of modulus with different temperatures of Bigg Th
01Bag1FegeTig1Osceramics.

Fig. 12. Scaling behavior of (Z""[Z".x) and (M"'IM""ax) VS. 10g (f/fnax) OF BiggThg1Bag1Feq o Tip10sceramics.
Fig. 13. Variation of Ine, (£2cm™) vs. frequency of BiggTho1Bag:FeqoTio 105 ceramics at different
temperatures.

Fig.14. M—H loops of Bigg Th1Bag1FegeTig10sceramics at (a) 5K, 10Kand(b) 150K, 300 K.

Fig.15. Variation of magnetic moment with temperature of BiggThg1Bag:1FepoTip1Ozceramics for FC and
ZFC.

temperature  of

Table 1: Details of the physical parameters of Bigg Tb o1 Bag1Feq9Tip 103 ceramics.
Sample Name Freq. Tre-re(°C) Emax Tre-re(°C) Emax =
(FE-FE) (FE-PE) | (eV)
1kHz 175 7298 315 2338 1.46
Bigg Tho1 Bag1FeggTip103 10kHz 170 2101 320 920 1.37
100kHz 170 722 310 384.5 1.06
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