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Abstract

Conventional solid state reaction technique was used to synthesize
Ca,_.Sr,(Fe,sTa,;)O, multiferroic ceramics (where x= 0.0, 0.1, 0.2, 0.3, 0.4 and
0.5). Powder of ingredients was mixed thoroughly in stoichiometric amount
and calcined at 1150°C for 5 h. Disk and toroid shaped samples prepared from
each composition were sintered at 1450°C for 5 h. The XRD analysis confirms
that all compositions are single phase cubic perovskite structure. The theoret-
ical and bulk density increases with increase of Sr content, which may be at-
tributed to the fact that the atomic weight and density of Sr are larger than
those of Ca. The average grain size increased with increasing Sr content up to
x= 0.2, and then decreased with further increase of Sr content. Frequency de-
pendent dielectric constant shows usual dielectric dispersion at lower fre-
quencies due to Maxwell-Wagner type interfacial polarization. The higher
values of real and imaginary part of impedance at lower frequencies are also
due to the fact that all kinds of polarization mechanism are present and in-
crease with Sr content indicating the enhancement property of the composi-
tion. The continuous dispersion on increasing frequency contributes to the
conduction phenomena. Two semicircles correspond to the grain boundary
and grain resistance separately. The complex modulus analysis reveals the po-
laron hopping and negligibly small contribution of electrode effect. The con-
tinuous dispersion on increasing frequency may be contributed to the con-
duction phenomena. The ac conductivity, o,, was derived from the dielectric
measurement and it increases with increase of frequency for all the composi-
tions and can also be explained on the basis of polaron hopping mechanism.
At higher frequencies conductive grains are more active, and thereby increas-
es of hopping of charge carrier contribute to rise in conductivity. The real part
of initial permeability increased with increasing Sr content up to x = 0.2, and
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then decreased further increasing the Sr content. Firstly, it increased due to
the higher values of grain size, and then decreased with the Sr content due to
the lowering the grain size. The saturation magnetization, A, increases for x
= 0.2 and then decreases with increasing Sr content due to the pore acted as a
pinning centre of electron spin; thereby Ms decreases also due to the grain size
which is well supported by the permeability results. The decrease of magne-
toelectric voltage coefficient a,,; with content may be attributed to the in-
creased porosity in the sample. The presence of the pores breaks the magnetic
contacts between the grains. The highest value of a,; is 42.22 mV-cm™'-Oe™’
for the composition x = 0.2 which is attributed to the enhanced mechanical
coupling. It was revealed that there is a dramatic influence of Sr with content
x = 0.2 and also has strong correlations on grain size as well as magnetic and
magnetoelectric properties.

Keywords

Perovskite, Impedance Spectroscopy, Initial Permeability, Saturation
Magnetization, Magnetoelectric Voltage Coefficient

1. Introduction

Ceramics having multiferroic properties are very appealing materials from a
functional point of view, because they can show a wide range of properties: fer-
roelectricity, ferromagnetism, ferroelasticity and can also be metals, insulators,
semiconductors, superconductors, etc. Furthermore, the coupling between some
of these properties can give rise to new applications [1]. Particular interest has
been aroused by the possibility of new magnetoelectric coupling mechanisms [2]
[3], which was introduced in 1926 by Debye. Later on, Dzyaloshinskii predicted
that this type of coupling, which was observed afterward by Astrov [4], had the
potential for exploitation in technological applications [5] [6] [7]. Although a
certain number of materials with ferroelectricity and ferromagnetism exist, the
coupling between those two properties is not always large enough [8]. Recently,
Xin Lv. et al have studied dielectric and magnetic properties of Sr(Fe,,Ta,,)O,
and the nonlinear magnetic behavior was observed at 10 and 50 K [9]. The tran-
sition temperature of SrFeO, and CaFeO, was also reported to vary with their
ionic radii by several authors [10] [11] [12]. This compound having general
formula ABO, shows the perovskite structure. It is well known that the dielectric
properties strongly depend on processing conditions during sample preparation
as well as on small amounts of doping. Concerning impurity effects, results re-
ported in literature lead to a systematic and significant decrease of the effective
dielectric constant [13] [14], which is accompanied by a concomitant strong
decrease in conductivity [15] [16]. Especially, samples doped with marginal
amounts of Sr with the nominal chemical composition revealed strong doping
effects, dielectric, both in the magnetic and magneto electric response. The de-

tected decrease of conductivity by several orders of magnitude directly influ-
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ences the Maxwell-Wagner like relaxation and shifts the relaxation responsible
for the lower frequencies. Structural, electric (dielectric constant and dielectric
loss) and magnetic (complex permeability and DC magnetization) properties of
Ca,_Sr,(FeysTa,5)O; are discussed in this manuscript. By these studies we spe-
cifically search for correlations between structural, magnetic, and dielectric

properties, including possible magnetoelectric effects.

2. Experimental
2.1. Sample Preparation

Multiferroic Ceramic oxides Ca,_,Sr (Fe,;Ta,;)O;, (where x= 0, 0.1, 0.2, 0.3, 0.4
and 0.5) were prepared by a solid-state reaction technique. High-purity (~99.9%)
ingredients: CaCQO,, SrCO,, Fe,0;, Ta,0; were used for the preparation of ce-
ramics. These chemicals were taken in stoichiometric ratio, and mixed for 24 h.
Then the mixed powders were calcined in air at 1050°C for 5 h with a heating
rate of 10°C/min and cooling rate of 5°C/min in a furnace to establish the course
of nucleation for the grain growth and to felicitate the decomposition of the
substituent oxides/carbonates. To obtain a homogeneous mixture, the calcined
powder of the above mentioned ceramics were regrind. The samples were sin-

tered at 1450°C for 5 h and then brought to room temperature

2.2. Characterization

The crystal structure of the prepared samples were studied using a X-ray dif-
fractometer (BRUKER D8 ADVANCE) with CuK, radiation (1 = 1.541 A) at
room temperature. The lattice parameters were calculated from the X-ray dif-
fraction (XRD) data. The microstructure of the sintered samples was examined
by a Field Emission Scanning Electron Microscopy (FESEM, model no. JEOL
JSM 7600 F). The theoretical density, p, of the samples was determined by the

formula,
nxM,
px - NAV

where, 7 is the number of atoms in a unit cell, A4, is the molar mass of the sam-
ple, N, is the Avogadro’s number and V'is the volume of the unit cell. The bulk
density, py of each sample was calculated using the relation:

D, = m
8 nr’t

where, m is the mass, r is the radius and ¢ is the thickness of the sample. The

porosity, P of the samples were calculated using the formula,
P(96)=[ (0, - £ )/, 100

The dielectric measurements were carried out at room temperature within the
frequency range of 100 Hz - 10 MHz by using Wane Kerr Impedance Analyzer
(series B 6500). To measure dielectric properties, the samples were painted on
both sides by conducting silver paste to ensure good electrical contacts. The di-

electric constant (&) was calculated from the capacitance using the formula:
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, Ct

E =——
&A

where, C'is the capacitance of the pellet, A is the cross-sectional area of the elec-
trode and & = 8.85 x 10" F/m is the permittivity in free space. The complex im-
pedance spectroscopy is a powerful tool to investigate the electrical properties of
the complex oxides. The main advantages of the technique are i) it involves rela-
tively simple electrical measurements that can readily be automated, ii) the re-
sults can be often correlated with composition, microstructure, defects, dielectric
properties etc. of the sample and iii) the resistance of the grain boundaries and
that of grains can be easily separated in most of the polycrystalline samples.
Complex impedance spectroscopy were measured using Wane Kerr Impedance
Analyzer (series B 6500) in which the resistance R and capacitance C of the sam-
ple are measured and balanced against variable resistors and capacitors. The
impedance |Z| and the phase difference (6) between the voltage and current are
measured as a function of frequency for the given sample and the technique is
called impedance spectroscopy. The complex modulus spectroscopy is a very
convenient tool to determine, analyze and interpret the electric transport prop-
erties in the materials having the smallest capacitance. The modulus spectra are
particularly useful for separating spectral components of the materials having
similar resistance but different capacitance. Dielectric relaxation and conduction
process also have been carried out in the complex modulus A/* formalism. The
real and imaginary parts of electric modulus were obtained from the impedance

data in accordance with the relation:
M':g’/(g’2 +&") (1)
and
M= e"/(s’z +&") 2)
The ac conductivity (o,.) was determined at room temperature in the fre-
quency range 100 Hz - 10 MHz to study the mechanism of conduction. For the
measurement of ac conductivity the samples were painted on either side with
silver paste to ensure good electric contacts. The ac conductivity of the sample
was calculated from the dielectric data using the relation
0, = wgE' tan o (3)
Permeability is one of the most important parameters in evaluating magnetic
properties. The real part () and imaginary part () of the complex initial
permeability (u;*) were measured as a function of frequency within the range of
100 kHz - 100 MHz using a Wayne Kerr Impedance Analyzer (series 6500B).
The values of 1 and 4 were calculated using the relations:

L " !
M =— and y'=y -tano
Ln

where, Lgis the self inductance of the sample core and Z, is the inductance of the
winding of the coil without the sample and tand is the magnetic loss. L, is de-

rived from the geometrical relations,
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3 1 N?S
nd

where, g, is the permeability in vacuum, Nis the number of turns of the coil, Sis

L

n

d, +d,

the cross-sectional area and d = is the mean diameter of the toroid-

shaped sample, where, d, and d, are the inner and outer diameter of the toroid-
shaped sample, respectively.

Magnetic hysteresis is a key factor determining the possible applications of
magnetic materials. M-H curves for materials were measured using Vibrating
Sample Magnetometer (VSM) (Model no.: Micro Sense EV 9), in which the
sample is placed inside a uniform magnetic field to be magnetized. By physically
vibrating the sample sinusoidally an induced voltage in the pickup coil is pro-
duced due to the magnetic moment which is proportional to the samples mag-
netization but does not depend on the strength of the applied magnetic field.
Therefore by detecting the induced voltage, the magnetic-field-dependent mag-
netization hysteresis curve of the materials is measured.

ME effect was obtained by applying an ac magnetic field superimposed on a
dc magnetic field on the sample, and then measuring the output signal with ap-
plied dc magnetic field. The sine output of the internal ac current fed to the
Helmholtz coils (HC-130 turns of AWG 26 copper wire) provided ac magnetic
fields of 8 Oe at a frequency of 50 Hz. An electromagnet was used to provide a
dc magnetic field of up to 0.77 T. A signal generator operating at a frequency of
50 Hz was used to drive the Helmholtz coil to generate an ac magnetic field. The
output voltage generated from the sample under investigation was measured us-

ing a Keithley multimeter (Model 2000) as a function of dc magnetic field. ME

voltage coefficient, a,,, was calculated sing relation, o, :(S_EJH“ ::1/_0'[’
0

where V is the ME voltage across the sample surface and 4, is the amplitude of
the ac magnetic field.

3. Result and Discussions
3.1. XRD Analysis

The XRD patterns of Ca,_Sr (Fe,;Ta,s)O; composition sintered at 1450°C are
shown in Figure 1. The XRD analysis confirms the Ca,_,Sr,(Fe,;Ta,;)O; samples
have the single phase simple cubic structure. The XRD peaks are well indexed to
the crystal plane. The diffraction peaks of samples move to the lower angle side
with the increase of Sr content. The systematic shift of the XRD peaks indicates
the solid solubility of Sr in Ca(Fe,;Ta,;)O; lattice and the increase in lattice pa-
rameter with the increasing of Sr content. It is also evident that the diffraction
peak for all the samples are shifted to the lower angles with the increase of Sr
content. This may be due to the replacement of smaller Ca®* (1.155 A) by the
larger Sr** (1.293 A) which causes the increase of interplaner spacing between
the lattices.
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3.2. Density of the Composition

Density and porosity play an important role in controlling the microstructure
and the physical properties of the Ca,_Sr (Fe,;Ta,;)O; ceramics. Figure 2 shows
the theoretical density, bulk density and porosity of Ca,_Sr,(Fe,;Ta,;)O; ceram-
ics sintered at 1450°C as a function of Sr content. The increase of density with
the increase of Sr content may be attributed to the fact that the atomic weight
and density of Sr content is larger than that of Ca. It also appears that the value
of p, for all the compositions is lower than that of the corresponding p,. This
may be due to the presence of pores in the bulk samples which may be formed
and developed during sintering leading to a variation in bonding among the
elements and making a change in interatomic distance which in turn increases
the density.

3.3. Surface Morphology

Figure 3 shows the FESEM images of various Ca,_Sr (Fe,;Ta,;)O; ceramics

sintered at 1450°C. It is observed from the micrographs that the ceramics

—
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Figure 1. XRD patterns of various Ca,_Sr (Fe,;Ta,:)O, sintered at 1450°C.
8 15.0
Ca_Sr (Fe  Ta )O,
TS:1450°C
STk
5 / _ 1145 ¢
E) Porosity 2
2 2
C— | —
% / 4114.0 =
A [ Theoretical density )
5k .
Bulk density
1 1 " 1 M 1 " 1 1 3 .5

00 01 02 03 04 05
Sr content, x

Figure 2. Variation of theoretical density, bulk density and porosity Sr
content of various Ca,_Sr,(Fe,Ta,;)O;sintered at 1450°C.
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Figure 3. Typical FESEM micrographs of the Ca,_Sr,(Fe,;Ta,;)O, x=0, x= 0.1, x= 0.2, x= 0.3, x = 0.4 and x = 0.5 sintered at
1450°C.
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possess fine crystalline structure. The inhomogeneity in the grain size is due to
the different growth rate of in the compositions. During the sintering process,
the thermal energy generates a force that drives the grain boundaries to grow
over pores, thereby decreasing the pore volume and increasing the density of the
material. It is known that the porosity of ceramics results from two sources, such
as intragranular porosity and intergranular porosity. Thus the total porosity
could be written as P = P, + P, The intergranular porosity mainly depends
on the grain size [17].

The substitution of Sr increase the average grain size (D) till x = 0.2 then de-
creases with further addition of Sr. The initial decrease in grain size may be due
to the interaction of large grains with the small grains which may create a varia-
tion in the diffusion process of grain growth mechanism and further decrease is
due to the stress exerted on each other. Maximum value of D is found to be
20.37 pm for x= 0.2. The average value of D is found to be in the range of 2.62 -
20.37 pm.

3.4. Dielectric Properties

Figure 4 shows the variation of dielectric constant (8/) with frequency and

sintering temperatures for various Ca,_Sr,(Fe,;Ta,;)O; ceramics. It is seen that
the value of &' decreases with the increase in frequency. Variation of &' with
frequency also can be explained on the basis of polarization mechanisms. Pola-
rization may be separated into three parts: dipolar, ionic and electronic. For the
case of multiferroic ceramic compounds, there is another type of polarization:
interfacial or space charge polarization that may originate in the materials under
investigation from the point defects during sintering. At low frequency, all the
types of polarization are in action but major contribution to &' comes from
space charge polarization. The space charges are able to follow the variation of
the applied electric field at low frequency but at high frequency they cannot

30000
Ca, Sr(Fe  Ta )O,
T=1450"C

20000 N

x=0.2
—d—x=0.3

x=0.4
—o—x=0.5

10000

100 100 100 100 10° 10
Frequency (Hz)

Figure 4. Variation of dielectric constant with log frequency of vari-
ous Ca,_Sr,(Fe,;Ta,;)O, sintered at 1450°C.
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follow the variation of field frequency. Thus contribution of space charges at
high frequency towards &’ decreases. Moreover, the dipolar and the ionic con-
tributions are also small at higher frequency due to the inertia of the molecules
and ions. The value of &' is also found decreasing with the increase in Sr con-
tent which might be due to the hopping mechanism of 3d electrons between Fe**
and Fe’* also reduction of oxygen vacancies. The variation of dielectric loss (tand)
with frequency of various Ca,_,Sr,(Fe,;Ta,;)O; ceramics is shown in Figure 5.
The dielectric loss arises mainly due to impurities and imperfections in the crys-
tal lattice. It is observed that the compositions exhibit a loss peak according to
Debye relaxation theory. The electric dipoles cannot follow the alternating field

instantaneously; some time is needed for the alignment of dipoles with the field.

3.5. Complex Impedance Analysis

Complex impedance spectroscopy is a powerful method to characterize many of
the electrical properties of multiferroic ceramics and their interfaces. It may be
used to explore the dynamics of mobile or bound charges in the bulk or interfa-
cial regions. The impedance behavior is described by the classical model known
as Debye model. It can also be used to do investigate the dynamics of bound or
mobile charge in the bulk or interfacial regions of any kind of solid or liquid
material: ionic, semiconducting, mixed electronic-ionic and even insulators (di-
electrics). Figure 6 and Figure 7 show the variation of Z' and Z" with fre-
quency at room temperature for all compositions and at room temperature of
various Ca,_,Sr (Fe,;Ta,s)O, ceramics. It is observed that the value of both Z’
and Z" gradually decreases with increasing frequency up to a certain limiting
frequency. The decrease in Z' and Z" indicate that the conduction is in-
creasing with frequency. The higher values of Z' and Z" atlower frequencies
means the polarization in the relaxors is larger because at lower frequency all kinds

of polarization is presented. It is also observed that these for all compositions

4

I Cal_XSrX(FeO'STaO'S)O3
T=1450°c ~ —*—x700
- —o—x=0.1
x=0.2
—v—x=0.3
x=0.4
—4—x=0.5

tan &

100 100 100 100 10° 10
Frequency (Hz)

Figure 5. Variation of tand with log frequency of various
Ca,_Sr,(Fe,;Ta,;)O, sintered at 1450°C.
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Figure 6. Variation of real part of impedance spectra Z' with log
frequency of various Ca,_Sr (Fe,;Ta,)O; sintered at 1450°C.
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Figure 7. Variation of imaginary part of impedance spectra Z" with
log frequency of various Ca,_Sr,(Fe,;Ta,;)O, sintered at 1450°C.

coincide at higher frequencies. The merger of Z' and Z" at higher frequen-
cies indicates possible release of space charge polarization [18] [19]. On the oth-
er hand, with increasing Sr concentration, the value of Z' and Z" increases
in the low frequency range and then they appear to merge in the high frequency
region. This indicates that the frequency at which the space charge becomes free

also depends upon the Sr concentration.

3.6. Complex Modulus Analysis

The complex modulus spectroscopy is a very convenient method to determine,
analyze and interpret the electric transport properties in the materials having the
smallest capacitance. The modulus spectra are particularly useful for separating
spectral components of the materials having similar resistance but different ca-
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pacitance. The variation of real part of modulus (M ’) with frequency at room

temperature is shown in Figure 8. The value of M’ is found to be very low at
low frequencies and it increases with the increase in frequency. This continuous
dispersion on increasing frequency may be contributed to the conduction phe-
nomena due to short range mobility of charge carriers. It is possibly related to
the lack of restoring force leading the mobility of the charge carriers under the
action of an induced electric field [20].

Figure 9 shows the variation of imaginary part of electric modulus (M")

with frequency at room temperature. It exhibits a peak at the frequency at higher
frequency. These peaks indicate the transition from long-range to short range
mobility of charge carriers with the increase in frequency. The frequency region
below the peak maximum determines the range in which charge carriers are
mobile over long distance whereas the region above peak maxima establishes the
charge carriers are confined to potential well. It is also observed that the peaks

0.020
Cal_xer(FeO. STaO. 5)O3

0.015 T=1450°C

= 0.010
0.005
0.000 2 - 3 4 5 6 7 8
10 10 10 10 10 10 10
Frequency (Hz)

Figure 8. Variation of real part of modulus spectra M' with log fre-
quency of various Ca,_.Sr,(Fe,;Ta,;)O, sintered at 1450°C.
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—v—x=0.3
x=0.4

0.015

S 0010

0.005

0.000 2 V 3 5 6 7
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Figure 9. Variation of imaginary part of modulus spectra M" with
log frequency of various Ca,_Sr,(Fe,;Ta,;)O, sintered at 1450°C.

74

K2
e
o2

0% Scientific Research Publishing



M. K. H. Bhuiyan et al.

are shifting towards lower frequency side with the increase in Sr content. This
behavior indicates that the dielectric relaxation is thermally activated in this
compound in which hopping mechanism of charge carriers dominate intrinsi-
cally like previous report [21]. The observed asymmetry in peak broadening in-
dicates the spread of relaxation with different time constant and hence the relax-
ation in the material is of non-Debye type.

Figure 10 shows the Nyquist plots (Z" vs. Z') over a wide range of fre-
quency (100 Hz - 10 MHz) of Ca,_Sr,(Fe,;Ta,;)O; composition at room tem-
perature to distinguish between the grain and grain boundary effects to the total
resistance. In practice experimental data are only rarely found to yield a full se-
micircle with its center on the real axis of the complex plane. The perturbations
which may still lead to at least part of a semicircular arc in the complex plane are
[22]:

(i) The arc does not pass through the origin either because there are other arcs
appearing at higher frequencies and/or because bulk resistance is greater than
zero, (ii) The center of an experimental arc is frequently displaced below the real
axis because of the presence of distributed elements in the material-electrode
system (iii) Arcs can be substantially distorted by other relaxations whose mean
time constants are within two orders of magnitude or less of that for the arc un-
der consideration. The semicircle in the high frequency side represents the bulk
resistance and that in the low frequency side represents the grain boundary re-
sistance. The third semicircle or a spike in the low frequency region is also ob-
served in some materials which is attributed to the effect of blocking electrodes
[23]. This behavior can be described by an equivalent circuit consisting of two
sub-circuits connected in series as shown in Figure 10.

The low and high frequency semicircular arcs correspond to the R,,C,, and
R,C, responses, respectively. Depressed semicircular arcs are observed for all the
samples both in the high and low frequency regions which indicate that non
Debye-type of relaxation exists in the present samples. In the high frequency side
only single asymmetric semicircular arc is observed for all the compositions due
to the overlapping of the individual semicircular arcs of the two phases. If the
difference of relaxation time constants is sufficiently large two semicircular arcs
would be observed in the high frequency region. The diameters of the high fre-
quency side semicircular arcs are very small than those of low frequency side
semicircular arcs indicating the dominant grain boundary contribution to the
total resistance. The R, initially increases slowly with the content and then it
rises sharply. The rise of R, may be attributed to the fact that the conductive
ferroelectric grains are separated by the less conductive grains thereby increasing
the total R, The sharp rise in R is attributed to the increased porosity of the
samples. The R, is extremely low as compared to the R, which indicates the
conducting nature of the grain. In the present investigation it is observed that
Nyquist plot for Ca,_,Sr,(Fe,sTa,5)O; in the low frequency region does not take
the shape of a semicircle rather represents a straight line with large slope. This
shows that R,, is out of measurement scale, which may be due to the high poros-

ity of the sample.
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Figure 10. (a) Electrical equivalent circuit of CIS. ((b)-(f)) Nyquist plots of various Ca,_Sr,(Fe,;Ta,;)O; composi-
tions sintered at 1450°C: (b) x= 0.0, (c) x=0.1, (d) x=0.2, (e) x= 0.3 (f) x= 0.4 and (g) x=0.5.
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3.7. ac Conductivity

Conductivity plays a crucial role in Ca,_Sr,(Fe,;Ta,;)O;. It is a vital issue in the
research of materials science. Electrical conductivity reveals the essential elec-
trical characteristics and hence clarification of its mechanism is of primary im-
portance. Figure 11 shows the variation of ac conductivity (o,) with frequency
of various Ca,_,Sr,(Fe,sTa,;)O; at room temperature. It is seen that the frequen-
cy dependence of g,. spectrum exhibit two different regions. At low frequency
region, which corresponds to dc conductivity (o,.), the conductivity is almost
independent of frequency. On the other hand, at high frequency region, which is
known as hopping region; o,. increases faster than that of g . At higher frequen-
cies the conductive grains become more active thereby increases hopping of
charge carriers and contribute to rise in conductivity.

The variation of o,. can be explained in terms of polaron hopping mechanism
[24] among the localized states. In the large polaron model, o,. decreases with
increase of frequency, while in small polaron hopping mechanism, the o, with
increase of frequency [24] [25]. Figure 11 also shows that o, increases with in-
creasing frequency. This confirms that the conduction phenomenon in this
composition is due to small polaron hopping. The variation of o, with frequency

can also be explained on the basis of Jonscher’s law [26]:
Oy (0) =0y + Ad" (4)

where o, is the total conductivity, g, is the frequency independent conductivity,
and the coefficient A and exponent n (0 < n < 1) are temperature and materials
intrinsic property dependent [27]. Thus the conduction process in the present
composition is mainly due to small polaron hopping. According to Jonscher’s
law the variation of log o, with log(w) should be linear. However, a slight devia-
tion from linearity is attributed to mixed polarons (small/large) conduction [28].
Hopping mechanism is favored in ionic lattices in which the same kind of ca-

taion is found in two different oxidatation states. Thus in the conduction

0
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Figure 11. Variation of log(oac) versus log(f) of various-
Ca,_Sr (Fe,.Ta,:)O, sintered at 1450°C.
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process, the hopping of 3d electrons between Fe** and Fe’* might play an impor-
tant role. The conductivity can also be explained on the basis of polaron hopping
mechanism. In large polaron model, o,. decreases with the increase of frequency
while in small polaron hopping mechanism, the o,. increases with the increase in
frequency. In present investigation, all compositions exhibit an increase in con-
ductivity with frequency which indicates that small polaron hopping is present

in the conduction mechanism of the studied compound.

3.8. Complex Initial Permeability
The complex initial permeability is given by

o= = )
4 describes the stored energy expressing the component of magnetic induc-
tion Bin phase with the alternating magnetic field H. 4" describes the dissipa-
tion of energy expressing the out of phase component of B.

Figure 12 shows the variation of real part initial permeability (z/) with fre-
quency for various Ca,_Sr,(Fe,;Ta,;)O; within the range of 100 kHz - 100 MHz
at room temperature. The value of real part of permeability (yi') for all the
compositions remains constant up to certain frequency and then decreases with
increasing frequency. It is also seen from the figure that the value of 4 is in-
creasing with Sr content and then gradually decreases. Permeability in magnetic
materials originates because of the spin rotation and domain wall motion which
is due to the fact that at higher frequencies, pinning points are found to be ori-
ginated at the surface of the samples from the impurities of grains and intragra-
nular pores. This phenomenon in turn obstructs the motion of spin and domain
walls and the contribution of their motion towards the increment of permeabili-
ty decreases [29]. On the other hand, it is difficult to explain compositional de-
pendence of g for the case of polycrystalline materials because 4/ is sensi-

tive to many factors. The value of £ depends on stoichiometry, composition,

30
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Figure 12. Variation of 4 as a function of frequency of
various Ca,_,Sr,(Fe,;Ta,s)O, sintered 1450°C.
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average grain size, impurity, coercivity, porosity etc. The g remains almost
constant over the whole frequency range. Figure 13 shows the variation of RQF
with frequency for various Ca,_Sr,(Fe,;Ta,;)O; within the range of 100 kHz -
100 MHz at room temperature as loss is decreasing with increasing frequency.
The loss is mainly due to mainly due to the phase lag of domain wall motion

with respect to the applied field.

3.9. Magnetic Hysteresis

Magnetic hysteresis is a key factor determining the possible applications of
magnetic materials. The magnetization as a function of applied magnetic field
for various Ca,_,Sr,(Fe,;Ta,;)O; composition sintered at 1450°C shown in Fig-

ure 14 The magnetization of all the samples increases sharply with increasing

1000
Ca,_Sr,(Fe( 5Ta, 5)O;
800} B .
TS—1450 C —— 00
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& 600} Dy
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Figure 13. Variation of RQF as a function of frequency of various
Ca,_,Sr,(Fe,:Ta,;)O, sintered at 1450°C.
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Figure 14. M-H hysteresis loops of various Ca,_Sr,(Fe,:Ta,;)O,
ceramics sintered at 1450°C measured at room temperature.
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applied field up to 0.5T (in p,H). Beyond this applied field, the magnetization
increases slowly and then saturation occurs. Therefore, it is clear that all the
samples are in ferromagnetic at room temperature. It is seen that the saturation
magnetization (M,) increases for x = 0.2 and then decreases with increasing Sr
content. These results are well supported by the permeability and as well as grain
size. M; is also influenced by extrinsic factors such as microstructure and the
density of the ceramics. Magnetization is known to increase with density. As the
grain size increases formation of domain walls become possible and magnetiza-
tion increases due to domain wall movement under the action of the magnetic
field. Thus overall value of the magnetization obtained is a result of the contri-
bution for all the factors depending upon the composition.

The remnant magnetization (A4,) is found to be 0.030 to 0.461 emu/g showing
an increment of M, up to x = 0.2 and then gradually decreases. The highest value
of M, is found to be 0.461 emu/g sintered for 1450°C for x = 0.2 content. The
values of M, are relatively very small as compared to other ferromagnetic com-
pounds. Unsaturated M-H behavior and small remnant magnetization is the in-
dication of weak ferromagnetism [30]. The Sr substitution may suppress and
could not destroy the spiral spin structure completely. Substitution of Ta’* in B-
site may affect statistical distribution of Fe’* in magnetic sub lattice in which lo-
cal ferromagnetic structure may form between Fe’* and Ta’* and lead to bulk
magnetization. The magnetization is found to reduce with further increase in Sr
concentration because of the paramagnetic behavior of Sr which indicate
amount of Sr concentration is important for the enhancement of magnetic

properties.

3.10. Magnetoelectric Properties

The electrical control of magnetization or magnetic control of electric polariza-
tion in the solid state is significant both fundamentally and practically. In the
present case, the ME effect results from the interaction between different order-
ings. The ME effect in multiferroic materials arises due to the interaction of the
magnetic and ferroelectric domains [30]. The ME coefficient (a,,;) has been de-
termined by dynamic method [31] with simultaneous application of ac as well as
dc magnetic field. The variation of a,, with applied dc magnetic field for all
compositions is shown in Figure 15. From the figure, it is observed that a,, de-
creases with increasing magnetic field. The magnetization has been observed for
Ca,_,Sr,(Fey;Ta,5)O; which may be attributed to a large ME coupling to be pre-
sent in the samples at room temperature. Sr added samples may have improved
ME coupling because of better piezoelectric properties of Ca,_Sr (Fe,sTa,;)O;.
This initial rise in a,, may be attributed to the enhancement in elastic interac-
tion. Applied magnetic field induces large strain in magnetic domains of the
samples. Due to the coupling of the magnetic and ferroelectric domains the
strain produces stress (strain mediated stress) in ferroelectric domains. The
stress causes an increase in polarization of the ferroelectric domains and at a

certain amount of Sr the electric polarization becomes easier due to better
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Figure 15. Variation of aME with magnetic field of various
Ca,_,Sr,(Fe,sTa,;)O, ceramics at sintered 1450°C.

piezoelectric properties as a result more bound charges to be appeared. These
charges will help to develop more voltage in the grain which in turn produces
strong ME coupling. The decrease in a,,; with the increase in magnetic field may
be due to the fact that the magnetization reaches its forced saturation and hence
the magnetization and associated strain produce a constant electric field in the
ferroelectric phase beyond the saturation limit. This leads to a decrease in a,,; at
higher magnetic fields. The decrease of a,,, may be attributed to the increased
porosity in the sample. The presence of the pores breaks the magnetic contacts
between the grains. Hence increase in porosity may reduce the net magnetiza-
tion in the bulk and affects on magnetoelectric interactions in the compositions.

The maximum a,,; is found to be 65.05 for the composition x= 0.2.

4. Conclusion

Various Ca,_Sr,(Fe,;Ta,;)O; ceramics were synthesized by the standard solid
state reaction method. The X-ray diffraction result indicates that all samples are
of single phase cubic perovskite structure. The theoretical density (p,) and the
bulk density (p,) increase with increasing Sr content. The values of p,, are found
to be higher than those of p, The value of average grain size was found to be
changed with the increase of Sr content. The value of dielectric constant (8')
for all the compositions was found to be high at lower frequencies, but it in-
creased with the increase in frequency. However, dielectric loss is found to have
higher values at lower and higher frequencies for all the compositions. The com-
plex impedance spectroscopy is used to distinguish between the grain and grain
boundary contribution to the total resistance. Asymmetric semicircular arcs ob-
served in the Cole-Cole plots indicate that non Debye-type of relaxation exists in
the present samples. The R, is extremely low as compared to R, which indicates
the conducting nature of the grain. Both the ac conductivity and modulus study

reveal hopping type of conduction in the present samples. The real part of initial
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permeability (1) increases with Sr content up to x = 0.2 and then decreases
with increasing Sr content. The maximum values of saturation and remnant
magnetization were found to be 1.431 emu/g and 0.461 emu/g. The highest value
of a,,;is found to be 58.93 mV/cm™ Oe™'. The ME results imply that the compo-
sition of Ca,_Sr,(Fe,sTa,;)O; may have potential applications as multiferroic
materials in the future and it may be helpful for better understanding the intrin-
sic ME coupling and searching high-performance multiferroic ceramics and can
potentially be used for fabrication of multifunctional devices such as ME trans-

ducers, actuators, sensors and heterogeneous read/write devices.
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