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ABSTRACT

Polycrystalline  xBagg5Sro0sTiO3-(1-x)BiFeq¢Smo103[XxBST-(1-x)BFSO] ceramics were synthesized. The
structural phase transitions were studied and it was found that structure of the compound transformed from
rhombohedral to cubic phase. The compound exhibited a dielectric anomaly in the vicinity of Néel temperature
of BiFeO3 except for x = 0.25. Enhanced dielectric properties were noticed and this might be attributed to the
reduction of oxygen vacancies. Studies of electrical conductivity over a wide temperature range showed that the
ceramics behaved like a semiconductor with the negative temperature coefficient of resistance. Contribution of
grains in conduction mechanism of the materials dominated and the grain resistance was found to be decreased
with the increase in temperature. A Non-Debye type relaxation was seen in the material. The impedance data were
re-plotted using the modulus formulae to avoid the ambiguity arising out of the presence of grain/grain boundary
effect. Activation energy was found to be 0.18 to 0.33 eV in modulus study which was very close to complex
impedance observation and it was implied that the charge carrier had the same energy barrier during the relaxation.

Keywords: Phase transition; Dielectric relaxation; Complex impedance; Activation energy.

1. INTRODUCTION

A great revolution in the field of science and technology has created due to the discovery of
multiferroic properties in single phase or in composite materials. It resulted in the development of a
wide range of new multifunctional compounds useful for commercial applications and research.
They have the use in transducer, sensors, optical fiber, random access memory, electrically
controlled microwave phase shifters etc. [1]. Materials based on bismuth ferrite BiFeO3; (BFO) and
the solid solution of BFO with other ferroelectric perovskites is dominating among the multiferroics.

Among multiferrioc materials BFO is only one candidate which exhibits multiferrioc properties at
and above room temperature [2]. It has an antiferromagnetic Néel temperature (Tn) at 370 °C and a
high ferroelectric Curie temperature (T¢) at 830 °C [3]. But the use of BFO is very limited because
of its some serious drawbacks such as large leakage current with applied electric field, poor dielectric
properties, weak magnetic behavior and poor phase stability [2, 4]. In order to improve the properties
solid solution of BFO with other ferroelectric materials is well established and many articles have
been published on the compositions of BFO-BaTiO3; (BFO-BT) [5], BFO-PbTiO; (BFO-PT) [6],
BFO-BiNaTiO; (BFO-BNT) [7] etc.
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The BFO-BT ceramics have perovskite ABOs structure (A = mono or divalent, B = tri-hexavalent
ions) in which A-site is occupied by Bi®* and /or Ba?* ions and the B-site is occupied by Fe** and/or
Ti*" ions. The impurity phases that are observed in BFO are found to be disappeared when BT is
mixed with BFO because of speed up the formation of kinetics. It exhibits improved magnetic as
well as electric properties and also it shows relaxor behavior [8-10]. Several studies have been
performed on the effect of substitution in A-site by alkaline earth metals, rare earth elements, alkali
etc. [11-15] and in B- site by transition metals [16, 17]. But substitution of A- site by alkaline earth
metals and B- site by rare earth element simultaneously is rare. Multiferroic properties of the solid
solution XBao,95SI'o,o5TiO3-(I—X)BiFeo,ngo,los [XBST-(I—X)BFGO] and XBao,gssI’o,05Ti03-(l—
X)BiFeo gDyo103 [XBST-(1-x)BFDO] have been revealed in our previous literatures [18, 19]. It has
shown that overall properties were improved due to the modification of BT-BFO solid solution by
Sr?* jons in Ba- site and Fe- site by the rare earth elements (Gd**, Dy3*). The rare earth element
Samarium (Sm®*) also satisfies the basic requirements for its substitutions to perovskite elements
such as stability of perovskite phase, suitable ionic radius (~0.96A), high Cuire-Weiss temperature
(696 °C) usually required for the ferroelectric memory devices etc. The detail study of structural and
electrical properties (dielectric phenomenon, conduction behavior, electrical relaxation process etc.)
of XBao.95Sro.05 T103-(1-x)BiFeg9Smo 103 [XBST-(1-x)BFSO] compositions have been reported
using complex impedance spectroscopy (CIS) technique in this paper. Electric conduction in
polycrystalline materials is involved from grains, grain boundaries and electrode-specimen interface
[20, 21]. CIS technique assists us to separate the contribution of grain, grain boundaries and
electrode in a convenient way. The effect of temperature and frequency in conduction mechanism
has also been illustrated in this article.

2. EXPERIMENTAL PROCEDURE
2.1. Sample preparation

XBa0.95Sr0.05 T103-(1-x)BiFep 9Smo.103 [XBST-(1-x)BFSO] (x = 0.00, 0.10, 0.20, 0.25, 030 and 0.35)
ceramics were prepared by the conventional solid state reaction technique. Raw materials of
BaC03(99.9%), SrC03(99.9%), Ti02(99.9%), Bi»03(99.9%), Fe203(99.9%) and Sm;03(99.95%)
were mixed according to the stoichiometric formula and ball-milled in distilled water for 24 h to
increase the degree of mixing. Mixture of the above-mentioned raw materials were calcined at 850
°C for 1 h. The calcined powders were ground thoroughly and to obtain homogeneous mixture the
powders were ball-milled again. Then 10% polyvinyl alcohol (PVA) was mixed as a binder for
granulation. Disk and toroid- shaped samples were made using these powders with a uniaxial press
at 145 MPa pressure. Finally, the green pellets were sintered at 900 °C (x = 0.00), 950 °C (x = 0.10,
0.20 and 0.25) and 1000 °C (x = 0.30 and 0.35) for 1 h respectively.

2.2. Characterization

The phase formation and crystal structure of the samples were characterized by using an X-ray
diffractometer (XRD) (Philips PANanalytical X’PERT-PRO) with a Cu anode (CuK, radiation
source with A = 1.541 A) at room temperature and 1° min™ scanning speed, by collecting the data in
a 20 range of 20 — 60 °. The value of lattice parameters was determined from the XRD data.

The various electrical parameters were carried out in the temperature range of 30 — 450 °C with the
frequency range of 1 kHz — 1 MHz by using a WAYNE KERR 6500B Impedance Analyzer. To
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measure electric properties the samples were painted by conducting silver paste on both sides to
ensure good electrical contacts. After electroding, the samples were dried at 150 °C to remove

/
moisture. The dielectric constant (¢ ) was calculated from the capacitance using the formula:
Cd
I _

& , Where, C is the capacitance of the pellet, A is the cross-sectional area of the electrode
and g9 (=8.85x10*? F/m) is the permittivity in free space. The AC conductivity (cac) was calculated
using the relation: 6= we&/sotand, where, o is the angular frequency and tan$ is the dielectric loss.

&

3. RESULTS AND DISCUSSION

3.1. Structural analysis
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Fig. 1. XRD pattern of (a) BFO, (b) various XBST-(1-x)BFSO ceramics and (c) enlarged view of (110) peak
for different compositions.
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Fig. 1(a) and (b) show the XRD patterns of BFO and various XBST-(1-x)BFSO (where, x = 0.00,
0.10, 0.20, 0.25, 0.30 and 0.35) ceramics respectively. Rhombohedrally distorted perovskite
structure of BFO is seen in XRD pattern with two impurity peaks indicated by * and A. The position
of all peaks of XRD patterns of various XBST-(1-x)BFSO ceramics have been fitted with the earlier
report of XBT-(1—x)BFO system [22]. Moreover, the impurity peaks observed in the XRD pattern
of BFO (Fig. 1(a)) are found to be disappeared for the case of XBST-(1-—x)BFSO ceramics which
indicate that BST helps to accelerate the phase formation kinetics of xBST-(1-x)BFSO ceramics. A
slight change in the position of XRD peaks is noticed with the addition of BST. The peaks shift
towards the lower angle side up to x=0.20 and after x=0.20 the peaks move towards the higher angle
side. The shifting of XRD peaks indicates a transformation of crystal structure with the addition of
BST in xBST-(1—x)BFSO solution. All peaks of the XRD pattern are indexed matching with the
previous records of perovskite systems [23, 24]. The results show that the crystal structure is close
to rhombohedrally distorted perovskite up to x = 0.20 and then it transforms to cubic structure for x
=0.25t0 0.35. Fig. 1(c) shows the enlarged view of the most intense peak (110) which also suggests
the transformation of crystal structure from rhombohedral to cubic. The results are consistent with
previously reported XBT-(1-x)BFO system [25, 26].

The value of lattice parameters (a and c) for rhombohedrally distorted perovskite structure are
determined using the formulae of hexagonal equivalent [23]. The values are found to be a=b =5.52
to 5.60 A and ¢ = 13.44 to 13.57 A. The lattice constant ‘a’ for cubic structure is varied from 3.94
to 3.92 A. Table 1 shows the value of lattice parameter for all compositions. The lattice parameters
‘a’ and ‘¢’ for rhombohedral structure increase with the addition of BST content which follows
Vegard’s law [27]. On the other hand, the lattice constant ‘a’ for cubic phase slightly decreases.

3.2. Tolerance factor

A distortion in perovskite structure is found to be occurred because of mismatch in ionic radius of
cations, which includes the tilting of oxygen octahedra. The distortion of the structure is determined
by the calculation of tolerance factor ‘t” given by Eq. (1),

R, +R,

\E(RB +R,) 1)
where, Ra, Rg and Ro are the ionic radii of A-site, B-site cations and oxygen, respectively which
was introduced by Goldschmidt [28] in 1926. For the case of xBag.g5Sro.05TiO3-(1—x)BiFep 9Smo.103
compound Eg. (1) can be written as :

(o (¥)0.95.R; 2. +(X)0.05.Rg 2. + (1-X)Rye- + Rz
V2[R0 +(@-X)0.9R z + (L~ X)0.LR o + R ] o
R, R.,, R.s R.. R_s R_, R, .
where, Ba” st TR Uit TR Tsm®™ and TO” are the ionic radii of Ba®*, Sr?*, Bid*,

Ti*, Fe®*, Sm® and O respectively. The calculated value of ‘t’ for xBST-(1-x)BFSO ceramics is
listed in Table 1. Fig. 2 shows the variation of ‘t” with BST content. The value of ‘t” increases (from
0.846 to 0.877) with the addition of BST content, which indicates that the perovskite structure of
XBST-(1-x)BFSO becomes more stable with increasing BST content. As the structure of BST is
more stable than BFSO hence the overall stability increases with the addition of BST.
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Fig. 2. Variation of ‘t’ with BST content of various xBST-(1-x)BFSO ceramics.
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Table 1: Crystal structure, lattice parameters (a and ¢), tolerance factor (‘t’) and frequency exponent

(°s”) for various xBST-(1-x)BFSO ceramics.

Compositions (X) Structure a(A) ¢ (A) ‘¢t ‘s’
0.00 Rhombohedral 5.562 13.44 0.846 0.48
0.10 Rhombohedral 5.56 13.48 0.855 0.61
0.20 Rhombohedral 5.60 13.57 0.864 0.69
0.25 Cubic 3.94 - 0.868 0.76
0.30 Cubic 3.93 - 0.872 0.72
0.35 Cubic 3.92 - 0.877 0.81

3.3. Dielectric properties

Temperature dependent dielectric properties of various xBST-(1-x)BFSO (x = 0.00, 0.10, 0.20,
0.25, 0.30 and 0.35) ceramics are shown in Fig. 3 which are measured at 1 kHz frequency. The value

/
of € for all compositions is seen high compared to BFSO (x = 0.00). Cubic-structured samples
(x>0.25) exhibit greater value than the rhombohedral-structured (x<0.20) ceramics. The enhanced
dielectric properties of the prepared samples are attained because of low oxygen vacancies when

BST is added in BFSO.
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Fig. 3. Temperature dependent (a) & and (b) tand of various xBST-(1-x)BFSO ceramics at 1 kHz.

As shown in Fig. 3(a), the value of &' is found increasing with the increase in temperature. A doping
compositional dependent distinct dielectric anomaly has also been observed within the range of
temperatures 200 - 300 °C for all samples (except for x = 0.25) nearly close to the vicinity of the
Néel temperature (Tn) of BFO (~270 °C). Such anomaly was predicted by the Landau—Devonshire
theory of phase transitions as a vanishing of magnetic order in the vicinity of Ty in BFO based
multiferroic materials [29]. Several authors also reported similar anomalies in the temperature
dependent dielectric measurement for undoped and rare earth doped BFO [30, 31]. The value of
transition temperature is noticed shifting to lower temperature side with the increase in BST
substitution. The shift in Ty can be correlated to the change in Fe—O—Fe bond angle due to the
structural modification by the substitution of larger atoms Ba and Sr in Bi-site and Sm and Ti in Fe-
site. Correlation of Ty and bond angle is given by the relation, Tn = JZS(S+1)cos0, where J is the
exchange constant, S is the spin of Fe®* , Z is the average linkages per Fe3* ions and 0 is the Fe—O—
Fe bond angle [32].

Fig. 3(b) presents the variation of @1 with temperature and it is seen that @19 remains almost
constant at lower temperature region but it increases sharply with the rise in temperature (in the
high-temperature region). Conduction of electric charges become accelerates at higher temperature

because of thermally activated process and hence oxygen vacancies increase as well as tano
increase [33]. Compositional dependent anomalies are also noticed in the dielectric loss tangent of
the samples and this may be attributed to the transient reaction between oxygen vacancies or due to
transition in electric ordering [33, 34].

3.4. Electrical conductivity

Fig. 4(a) shows the variation of oac With frequency of various xBST-(1-x)BFSO ceramics at room
temperature. It is seen that the frequency dependence of oac spectrum exhibit two different regions.
At low frequency region, this corresponds to ogc, the conductivity is almost independent of
frequency. On the other hand, at high frequency region, which is known as hopping region; cac
increases faster than that of cq4.. At higher frequencies the conductive grains become more active
thereby increases hopping of charge carriers and contribute to rise in conductivity. The frequency
dependence of oac 0f the XBST-(1—x) BFSO compound obey the Jonscher’s power law [35] as given
in Eq. (3):
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Fig. 4. (a) Variation of cac with frequency and (b) plots of log(cac) versus log(®) of various xBST-
(1-x)BFSO ceramics at room temperature.

O pc (@) = 0y + B’ (3)

where, oac(®) is the total electrical conductivity, oqc iS the frequency independent dc conductivity,
B is the temperature dependent pre-exponential factor and ‘s’ is the frequency exponent. The
variation of oac can also be explained by polaron hopping mechanism. In large polaron model, cac
decreases with the increase in frequency while in small polaron hopping mechanism, the cac
increases with the increase in frequency [36]. The enhancement of oac With frequency is noticed for
all compositions in Fig. 4(b) which implied that there is a small polaron hopping in the conduction
mechanism of the studied compound. From the slope of log(cac) vs log(w) curves the value of
frequency exponent ‘s’ is determined and it shows that the values are less than unity (0.48 < ‘s’ <
0.81). All the values of ‘s’ is presented in Table 1. It increases with the addition of BST in BFSO
which indicates that diffusion limited hopping is involved in the present system. So, the transport
mechanism would be explained by thermally activated hopping process between two sites which is
separated by an energy barrier. Previously published articles on Ba?* and Gd** doped BFO and Mn-
doped BT-BFO solid solution [37, 38] exhibited the similar results.

The temperature dependent oac spectrum of XxBST-(1-x)BFSO ceramics with x = 0.00 - 0.25 is
shown in Fig. 5. In low frequency region, the cac remains almost constant and oac increases sharply
in the high frequency region. The value of oac is found increasing with the increase in temperature
for all samples. On the other hand, the frequency independent cac region is becoming broad with
the rise in temperature. The polaron hopping electron between ions is mainly responsible for the
electrical conductivity mechanism. With increasing temperature, the electron hopping between the
ions becomes easier and hence the frequency independent cac region becomes broader with the
increase in temperature. As shown in Fig. 5, the value of 6ac increases with increasing temperature,
which indicates the normal behavior of semiconducting materials. At the high temperature region,
the ceramics absorbed a large amount of heat energy which induces the mobility of charge carriers
and this might be helped to increase cac sharply [39]. On the other hand, it is suggested that hopping
of electrons from the valance band to conduction band easily occurs at high temperature region
because of reduction of band gap between the valance band and conduction band which provides
high conductivity as compared to the low temperature region.
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Fig. 5. Variation of oac with frequency at different temperatures of various XBST-(1-x)BFSO ceramics:
(@) x=0.00, (b) x =0.10, (c) x =0.20 and (d) x = 0.25.
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Fig. 6. Variation of oqc With inverse of temperature of various xBST-(1-x)BFSO

Fig. 6 shows the variation of cqc With inverse of absolute temperature (10%T) of various xBST-(1—
x)BFSO ceramics with x = 0.00, 0.10, 0.20 and 0.25. The value of o4 is evaluated from the complex
impedance plots of the sample at various temperatures (200 - 300 °C). It is seen that the 4 increases
(i.e., bulk resistivity decreases) with the rise in temperature and hence, the material shows negative
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temperature coefficient of resistance (NTCR) behavior like a semiconductor [40]. The nature of
variation of o4c With temperature as shown in Fig. 6 is following the Arrhenius relation: cyc = GoeXp
(-Ea /KgT) where, oq is the pre-exponential factor, Kg is the Boltzmann constant and E, is the
activation energy.

3.5. Complex impedance

3.5.1. Complex impedance at room temperature
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Fig. 7. Complex impedance spectra of various XBST-(1-x)BFSO ceramics: (a) Z' vs

frequency plot, (b) Z" vs frequency plot and (c) Cole - Cole plot (Z' vs Z" plot).

According to the classical model known as Debye model [41], impedance behavior of a compound
is expressed by the equation:

') =2"-jz"
=[l/R+ jeC]™
=(R- jaR*C)/1+ (wCR)?

—[R/1+ (@CR)?] - j[R%@C I1+ (@CR)?] 4
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where, ' = RI[L+(CR)?] and 2" = R?aC I[1+ (eCR)?]

I " L . . .
Z istherealand Z" is the imaginary part of complex impedance Z*. Fig. 7(a) shows the variation

I i, . /
of Z° with frequency at room temperature for all compositions. It is observed that the value of £
gradually decreases with increasing frequency up to a certain limiting frequency (<10° Hz) and after

. / .
this frequency (=10° Hz) the variation of Z' shows frequency independent nature. At lower

frequency region Z° have higher values which implied that the polarization in the ceramics is
greater because all kinds of polarization can exist at lower frequencies. It is also noticed that the

value of 2" for all compositions merge at higher frequencies which might be attributed to release

of space charge at higher frequency [42, 43]. The variation of z" with frequency (Fig. 7(b))
displays the same nature and no peak is observed for all compositions within the range of frequency
of 20 Hz - 120 MHz.

The plot of z! VS z" (Cole-Cole plot) for different compositions of the studied compound at room
temperature is shown in Fig. 7(c). A single semicircular arc starting from the origin is noticed for
all compositions. No other semicircular arc is observed in the complex impedance plots which
suggest that a contribution of grains in conduction mechanism of the studied compound is
dominating. There is a change in the patterns of the semicircular arc with the variation of
composition is also noticed which indicates a change in conductivity in the prepared samples. The
diameter of the semicircular arc is becoming bigger with the increase in BST content. The value of

resistance for the grain (Ry) is determined from the intercepts on the real part of the z'. axisand it
shows that the value of Rq is increasing with the increase in BST content. The number of non-
conducting grain boundaries increase because of reducing grain size during the substitution of BST
in BFSO and thus the value of Ry is found to be enhanced with BST content.

3.5.2. Temperature dependent complex impedance

. . o I .
Fig. 8 illustrates the variation of Z" with frequency of various XBST-(1-x)BFSO (x = 0.00, 0.10,

0.20 and 0.25) ceramics at different temperatures (200 - 300 °C). It is seen that the value of z!
decreases with the rise in temperature in the low-frequency region and appears to merge in the high-

frequency region. At higher frequencies, the variation of z! is independent both on the frequency

. . / .
and temperature. On increasing temperature the value of £ decreases at low frequency region
which may be attributed to the reduction in barrier properties of the materials with the rise in
temperature and responsible for the enhancement of conductivity [44].
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(c) x=0.20 and (d) x = 0.25.

Fig. 9 shows the variation of A of various xBST-(1-x)BFSO compounds with frequency at
different temperatures and it is seen that all compositions exhibit a peak. These peaks shift towards
higher frequencies on increasing temperature in a broadening manner with the peak width. It
indicates a thermally activated dielectric relaxation process in the materials. But these peaks are
absent at room temperature (Fig. 7(b)) which may be due to the weak current dissipation in the
material or peaks may lie beyond the frequency of measurement. The broadening of the peaks with
the increase in temperature suggests the presence of temperature dependent dielectric relaxation in
the materials. The asymmetric broadening of peaks has also been observed for the materials which
suggest that non-Debye type relaxation process occurs in these materials. The dispersion curves
appear to merge and this behavior is seen only at higher frequencies because of elimination of space

. I _— . .
charges at this frequency. " is also found to depend on BST substitution to BFSO. An increasing
trend of the peak height is exhibited with the increase in BST content which implied that the charge
carriers face strong barrier to move within the grains.
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It is obvious that width of the peak is broadening with the change in temperature (Fig. 9) i.e. there
is a non-Debye type relaxation is existed in the prepared materials. The relaxation frequency (f;) is

) I . .
determined from the frequency versus £ curves (Fig. 9) and the values of f, for different
temperatures of various XBST-(1-x)BFSO ceramics are listed in Table 2. The dependence of f; on

temperature can be described by the Arrhenius relation: fr = foexp(-E,/ KBT), where, f, is the

pre-exponential factor, Kg is the Boltzmann constant, E, is the activation energy for the hopping
mechanism and T is the absolute temperature. The variation of f, with temperature is presented at
the inset of Figure 9. From the slope of f; vs temperature curves the values of E; are determined and
found to be 0.18~0.33 eV.

The complex impedance spectra ( z! S z" plot) of various XBST-(1-x)BFSO ceramics at different
temperatures (200 - 300 °C) is shown in Fig. 10. Single semicircular arcs have been observed for all
the compositions. The absence of second semicircle in the complex impedance plots suggests the
dominance of grain contributions in the conduction mechanism of xBST-(1-x)BFSO ceramics. The
semicircles are also found to be depressed with their center which confirms the existence of non-
Debye type relaxation in the compounds. It is also observed that the intercept point on the real axis
shifts toward the origin with the increase in temperature which indicates the reduction of resistive
property. The values of Rq are determined for different compositions and these are listed in Table 2.
It is noticed that the value of Ry for each of the xBST-(1-x)BFSOcompositions exhibit decreasing
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trend with the increase in temperature which supports the typical negative temperature coefficient
of resistance behavior of the materials usually shown by semiconductor.

Table 2: The values of grain resistance (Rq) and grain capacitance (Cg) of various xBST-(1-x)BFSO
ceramics at different temperatures.

xBST-(1-x)BFSO  Temp. (°C) Rqg(Q) Cq(F) f: (kHz)
0.00 200 4.321x10° 1.070x10%0 34.421
225 2.223x10° 1.110x10%0 64.464
250 1.267x10* 1.125x1070 111.621
275 8.791x10° 1.185x1070 152.753
300 6.394 x103 1.191x100 209.043
0.10 200 5.837x10* 4.449x100 5.668
225 2.319x10* 4.725x10710 14.526
250 8.758x10° 4.883x101° 37.230
275 4.007x103 5.268x10710 75.412
300 2.148x10° 5.247x10710 141.231
0.20 200 7.595x10* 7.124x101! 29.425
225 3.031x10* 6.965x107! 75.412
250 1.495x10* 6.443x101! 165.216
275 6.750x10° 6.517x101! 361.962
300 3.578x10° 6.564x101! 677.877
0.25 200 1.634x10° 1.161x1071° 8.38942
225 4.462x10* 1.311x1071° 27.2049
250 2.169x10* 1.332x1071° 55.1058
275 1.247x10* 1.337x10710 95.4168
300 7.376x10° 1.306x1071° 165.216

3.6. Complex modulus at different temperatures
The complex electric modulus is represented by the following expression:
M* (@) = j(@C,y)Z *
=M’ +jm’
:C()COZ// + jCOCOZ/ (5)

where, M’ =awC,2"

"_ /
and M" =aC,Z
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Fig. 10. Complex impedance spectra (Z/ vs Z", Cole-Cole plot) of various xBST-(1—
X)BFSO ceramics at different temperatures.

/. I, S o / .
M is the real and M " is the imaginary part of complex modulus. The variation of M " as a function
of frequency for xBST-(1-x)BFSO ceramics at different temperatures is shown in Fig. 11. At low

. / . . .
frequency region M have very small value (nearly zero). It shows increasing trend with the
increase in frequency up to a certain limiting frequency and then it again decreases. The variation

of M that shows in Fig. 11 may be attributed to short range mobility of charge carriers which
contribute to the conduction phenomenon. It perhaps makes a relationship with the lack of restoring
force leading the mobility of the charge carriers under the action of an induced electric field [45]. It

is also found that the dispersion region shifts towards higher frequency side. The merger of M
observed at lower frequencies suggests about the frequency invariant electrical properties (dc
conductivity) of the materials.

Fig. 12 shows the variation of M ! of various XxBST-(1-x)BFSO ceramics with frequency at different
temperatures (200 - 300 °C). It exhibits a peak for each of the composition at all temperatures and
the peaks are shifting towards higher frequency side with the increase in temperature. The peaks
indicate a transition from long range to short-range mobility with an increase in frequency. At low
frequency the ions are capable of moving a long distance (i.e. performing successful hopping from
one site to the neighboring site). At high frequency side of the peak, the ions are spatially confined
to their potential wells and can execute only localized motion within the well. A shifting of the peaks
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toward higher frequency side is noticed which indicates that the dielectric relaxation is a thermally
activated process in the materials as mentioned for the case of impedance analysis. Asymmetry in
peak broadening is also observed for the material which suggests that the relaxation is of non-Debye

. . . . . i
type. The relaxation frequency (fmax) for various compositions is determined from the M vs
frequency curves. The plot of fnax VS temperature curves is shown at the inset of Fig 12. The

temperature dependence of fmax curves follow the Arrhenius relation: fr = foexp(-E,/ KBT),

where the symbols have their using meanings. From the slope of fma Vs temperature curves, the
value of E; has been calculated and it is found to be 0.18 to 0.32 eV for various compositions. The
estimated values are found to be nearly close to the values of E, obtained from impedance spectra
which suggests that the mobility of charge carrier in the prepared samples is occurred due to the
same mechanism.
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Fig. 11. Variation of M/ with frequency of various XBST-(1-x)BFSO ceramics at different
temperatures: (a) x =0.00, (b) x =0.10, (c) x =0.20 and (d) x = 0.25.
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Fig. 12. Variation of M” with frequency of various XBST-(1-x)BFSO ceramics at
different temperatures: (a) x = 0.00, (b) x = 0.10, (¢) x =0.20 and (d) x = 0.25. [Inset
shows log (fmax) Vs 10%/T plot for various compositions]

Fig. 13 shows the complex modulus spectra (M /vs M ”) of various XBST-(1-x)BFSO ceramics
with x = 0.00 - 0.25 at different temperatures (200 - 300 °C). The impedance data are re-plotted in
the modulus formula because of removing the confusion arising out about the contribution of
grain/grain boundary effect in the conduction mechanism of the compound. There is a change in the
shape of modulus spectra with the rise in temperature is observed which indicate a probable variation
in the conductivity as a function of temperature. As shown of Fig. 13, all the curves also exhibit a
single semicircular arc like impedance spectra (Fig. 10) which support the information obtained
from the impedance plot about major contribution of grain in conduction mechanism of the studied
compound.
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Fig. 13. Variation of M” with M’ of various XBST-(1-x)BFSO ceramics at different
temperatures: (a) x =0.00, (b) x =0.10, (c) x =0.20 and (d) x = 0.25.

4. CONCLUSIONS

Various xBST-(1-X)BFSO ceramics were prepared by the conventional solid state reaction
technique. Crystal structure, tolerance factor, temperature dependent dielectric property, AC
conductivity and temperature dependent complex impedance measurement were carried out. The
compositions showed rhombohedral distorted perovskite structure for x = 0.00-0.20 and
transformed to cubic structure for x > 0.25. Structural stability was observed with the addition of
BST because of higher value of tolerance factor of BST than BFSO. The dielectric constant was
found to be enhanced with increasing BST content in BFSO due to the increased space charge
polarization at the grain boundaries and a dielectric anomaly close to Ty (= 273 °C) of BFO were
exhibited. The AC conductivity reduced with the increase in temperature. The values of frequency
exponent (‘s’) were found less than unity (0.48 <‘s’ < 0.81) and raised with the increase in BST.
Studies of complex impedance spectroscopy suggested that grains had the major contribution to the
conduction mechanism in this material. The value of grain resistance decreased with increasing
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temperature which implied that the ceramics had semiconducting behavior with negative
temperature coefficient of resistance (NTCR). The values of activation energies were found to be
0.18to 0.33 eV in complex impedance analysis and nearly equal values were noticed from complex
modulus analysis. The analysis of the electric modulus at different temperatures confirmed the major
contribution of grains in the compound. The results may be helpful for the applications of the studied
compound in high performance electrical devices.
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