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ABSTRACT

Polycrystalline xBaggsShosTiOs-( 1 X poBmyP£XBST-( 1 x ) BFSO] ceramics wer e synt hesi z
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 temperatu

of BiFeQ; 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 atevitgerature rangshowed that the
ceramics behaved like a semichuctor 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 NDebye type relaxation wagen 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 veryoctusepiex
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 greatrevolution 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 commergipliGations 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; D) and

the solid solution of BFO with other feelectric perovskitgis 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 temp€Fa)uae370 °C and a

high ferroelectric Curie temperaturecflat 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 behavaoid 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 BBATIO; (BFOi BT) [5], BFOI PbTiG; (BFGi PT) [6],

BFOI BiNaTiOs; (BFOi BNT) [7] etc.
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The BFOBT ceramics have perovskite ABGtructure (A = mono or divalent, B ={nexavalent

ions) in which Asite is occupied by Bi and /or B&* ions and the Bite is occupied by Eeand/or

Ti* ions. The impurity phas 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 behavi@0]8Several studies have dre
performed on the effect of substitution irsfte by alkaline earth metals, rare earth elements, alkali
etc. [1215] and in B site by transition metals [16, 17]. But substitution efsie by alkaline earth
metals and Bsite by rare earth element siltaneously is rare. Multiferroic properties of the solid
solution XB@_g5Sfo_o5Ti03-( 1 X )),gBdo,lese [XBST-( 1 X ) BFG O] o,gssﬁ,d’aTtos-( i1 Ba
X)BiFepsDyo10s[xBST-( 1 x) BFDO] have been revealed in our pre
shown thabverall properties were improved due to the modification ofB-D solid solution by

SP* ions in Ba site and Fesite by the rare earth elements $GdDy**). The rare earth element
Samarium (Srit) also satisfies the basic requirements for its substitatto perovskite elements

such as stability of perovskite phase, suitable ionic radius (~0.96A), high\@Weiss temperature

(696 °C) usually required for the ferroelectric memory devices etc. The detail study of structural and
electrical properties (diectric phenomenon, conduction behavior, electrical relaxation process etc.)
of XBa&ygsSh.osTiOs-( 1 X »eBniviPL[XBST-( 1 x) BF SO] compositions have
using complex impedance spectroscopy (CIS) technique in this paper. Electric conduction i
polycrystalline materials is involved from grains, grain boundaries and elecpedanen interface

[20, 21]. CIS technique assists us to separate the contribution of grain, grain boundaries and
electrode in a convenient way. The effect of temperatudef@quency in conduction mechanism

has also ben illustrated in this article.

2. EXPERIMENTAL PROCEDURE
2.1. Sample preparation

XBao.osSlosTiOz-( 1 X poBnviPHXBST-( 1 x) BF S O] (x = 0.00, O0.10, 0. 2(
ceramics wereprepared by the conventional solid state reaction technique. Raw materials of
BaC((99.9%), SrC@99.9%), TiQ(99.9%), BpO3(99.9%), FeOs(99.9%) and SaD3(99.95%)

were mixed according to the stoichiometric formula and-todled in distilled water for 24 to

increase the degree of mixing. Mixture of #tsovementionedraw materials were calcined at 850

°C for 1 h. The calcined powders were ground thoroughly and to obtain homogeneous mixture the

powders were balnilled again. Then 10% polyvinyl alcoh@VA) was mixed as a binder for

granulation. Disk and toroidhaped 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 100C {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 usirgyan X

di ffractometer (XRD) ( PARO)I witlp & Cu Rifodiea(Quitddiation ¢ a | X6 PER
sourcevi th & = 1.541 ;) at 'scanwinyspeed, hycellectngthedataiand 1A mi
a 2d r aine6d € The falue2oDlattice parametarasdetermined from the XRD data.

The various electrical parameters were carried out in the tempei@bgeof 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 eleditng, the samples were dried at 150 °C to remove

/
moisture. The dielectric constan€ () was calculated from the capacitance using the formula:
g = Cd

&A , where, C is the capacitance of the pellet, A isctiosssectional area of the electrode
an d(=885x10F / mo)o is the permittivity at)wastalcdaed space. Th
using t hg rdgtlaatli,onwvhelr e, ¥ isdttha&n@anigsltahe fdieglueant

3. RESULTS AND DISCUSSION

3.1. Structural analysis
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Fig. 1. XRD pattern of (a) BFO, (b) various xBET1 x) BFSO ceramics and (c) enl arge
for different compositions.
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Fig. 1(a) and (b) show the XRD patterns of BFO and various xB3T x) BFSO (wher e, X
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 peaksindicatby * and o@. The po
of all peaks of XRD patterns of variousxB$TL x ) BFSO ceramics have been fi
reportof xBF( 1 x) BFO system [ 22]. Mor eover, the impurit
of BFO (Fig. 1(a)) are found to be digpeared for the case of xB$TL x) BFSO cer ami cs wh
indicate that BST helps to accelerate the phase formation kinetics of xBSTx ) BF SO cer ami ¢ s .
slight change in the position of XRD peaks is noticed with the addition of BST. The peaks shift

towardsthe 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
BSTinxBSF( 1 x) BFSO soluti on. Al | indgxedariatshingpviiththeh e X RD pa
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

=0.2510 0.35. Fig. 1(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
previouslyreportedxBT 1 x) BFO system [ 25, 26].

S
1
)

The value of lattice paramege(@ andc) for rhrombohedrally 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 and ¢ = 13.44 to 13.57 j .dfranmh394 1|1 atti ce ¢
to 3.92 A. Table 1 shows the value of lattice parameter for all compositions. The lattice parameters
6ad and 6cd for rhombohedr al structure increase W

Vegarddbés | aw [27]. ®©ncomet abidpbasashghtip dbcreagedre | at t i ¢
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 tletwst is determined
by the calculation of tolerance factbt 6 gi ven by EQq. (1),

(= R*R
V2(Rs +Ry) 1)

where, R, Rs and R, are the ionic radii of Asite, Bsite cations and oxygen, respectiveliich
was introduced by Goldschmidt [28] in 19F&r the case of XBasSfosTiO3-( 1 X }.oBnib.1PL
compound Eg. (1) can be written as :

_ (¥0.95R, 2+ +(X)0.05.R 2+ +(1- X)R5e + Ry
V2[R +(1- N0IR 4 +(L- NO.LR o +Ro: ]

2)
R .. R.,. R 4o R_s R_s. . L. . .
where, Ba" sPt o UBi Ryis , Fe" s gng Ro are the ionic radii of B4, SP*, Bi*,

Ti4+,Fé+,Sm3+and’C3'r éspect ively. The ca¥f{dulxagtBFSOv aleuamofc sot

|l isted in Table 1. Fig. 2 shows the variation of 6
0.846 to 0.877) with the addition of BST content, which indicates that thegkite structure of
xBST-(1 x)BFSO becomes more stable with increasing |

more stable than BFSO hence the overall stability increases withdtiemadf BST.
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Tablel:Crystal structure, lattice parameters (a and c
(6sd6) for-(daxi)BFSOxB®8Tami cs.
Compositions (X) Structure a (A) c (A Ot o 6s 6
0.00 Rhombohedral 5.52 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 BT x ) BFSO (x = 0. 00, 0. 1
0.25, 0.30 and 0.35) ceramics are shown in Fig. 3 which are measured at 1 kHz frequency. The value

of e for all compositions is seen high comga to BFSO (x = 0.00). Cubgtructured samples

(x00.25) exhibit greatsstrr watl wree d h(@anOQ.h2e0 )r hcoenrbaonhiecds
dielectric properties of the prepared samples are attained because of low oxygen vacancies when

BST is added iBFSO.
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Figu3, Temper at ur eanddRtans ofdagious xB§FTal X) BFSO ceramics at 1 kHz.

As shown in Fig. 3(a), the value €f/ is found increasing with the increase in temperature. A doping
compositional dependent distinct dielectric anomaly has also been observed within the range of
temperatures 200300 °C for all samples (except for x = 0.25) nearly close to the vicinityeof th
Néel temperature @) of BFO 270 °C). Such anomaly was predicted by the LahDauonshire

theory of phase transitions as a vanishing of magnetic order in the vicinity iof BFO based
multiferroic materials [29].Several authors also reported simigaromalies 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 J can be coelated to the change in IF&i Fe bond angle due to the
structural modification by the substitution of larger atoms Ba and SrsitdBand Sm and Ti in Fe

site. Correlation of § and bond angle is given by the relatidgn= J Z S ( S, whej)ed & the
exchange constant, S is the spin ofF& is the average linkagespefFé ons andiOd i s the Fe
Fe bond angle [32].

Fig. 3(b) presents the variation BN with temperature and it is seen tHah? remains almost
constant at lower temperature region but it increases sharply with the rise in temperature (in the
high-temperature region). Conduction of electric cleargecome accelerates at higieenperature

because of thermally activated process hrdce oxygen vacancies increase as Weqii@g

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 vacdnoei¢s
transition in electric ordering [33, 34].

3.4. Electrical conductivity

Fig. 4(a) s howswithflemenoyafrvarious xB8Thl oX¥) BIFSO ceramics at
temperature. It i s s eenackpecram exhibietw differenyjragionsc y depend e
At |l ow frequency r egd the condactviyss atmost indegepdent ofs t o 0
frequency. On the other hand, at hi gh fcrequency r
increases f a&tAehighet fiegencies tiheaconductife giains become more active

thereby increases hopping of charge carriers and contribute to rise in conductivity. The frequency
dependemoftkexBSF( I x) BFSO compound obey the Jonscher
in Eq. (3):
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Sc(W) =5, +BW

3)
wherag,¥)l0 i s the t ot al gigthedrequendy mdependend dc domdudtivity, i t v, 0
B is the temperature dependent-pr&a ponent i al factor and 06s06 is the
v ar i atatcamalsmbe explained by polaron hopping mechanismdr ge pol acr on model ,
decreases with the increase in frequensey while i
increases with the increase aiwithfréqueacyis moticedyfor [ 36] . The

all compositions in Fig. 4(b) which irfipd that there is a small polaron hopping in the conduction

mechani sm of the studied admposund.g(ErHon utrtve ss it diee
frequency exponent 6s6 is determined and it shows
0.81) . Al the values of 6sdé6 is presented in Table
which indicates that diffusion limited hopping is involved in the present system. So, the transport

mechanism would be explained by thermally activated hogmiogess between two sites which is

separated by an energy barrier. Previously published articles’bargbGd* doped BFO and Mn

doped BFBFO solid solution [37, 38] exhibited the similar results.

The temper at aspectruneop>B8TH & n x P BeFaBiics with x = 0.00 0.25 is

shown in Fig. 5. | nacl ewa if m £ qalleme gcinareagpasbampéyn t hand O
in the high fr eqgueadisfpundimasingwith themerease inltempgeramire
for all sampl es. On t he otabmegion is benothing broadewithf r e que ncy

the rise in temperature. The polaron hopping electron between ions is mainly responsible for the
electrica conductivity mechanism. With increasing temperature, the electron hopping between the
ions becomes easier and heregorbedorhes bréadeewiththency i n
i ncrease in temper at ur e acindreases Wwithnareasirig temgetatgre, 5, t h
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 incredise 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.

dep
e v
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Fig. 5.Var i at hcawith freqtiency at different temperatures of various xST x) BFSO cer ami cs:
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0.01
E
3 1E-3;
m‘U
1E-4 . . . .
1.7 18 19 20 21
10T(K™

Fig.6. Var i awiih owerseof temperature of various xB$TL x ) BF

s h ows gtwithénversaaf absolute teramtuwef (18T) of various xBST( 1
X)BFSO ceramics with x = 0. @ifevaluatedfromthe@ampléxk and 0. 25

impedance plots of the sample at various temperatures®000 A C) . | t gqincseasese en t hat t
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temperature coefficient of resistance (NTCR) behavior like a semiconductor [40]. The nature of
var i atgdwithriempefaturg as shown in Fig. 6 is following the Arihens 1 esd=adgkp o n :

(-Ea /KeT )  w h g tiee, preeliponential factor, Kis the Boltzmann constant and & the
activaion 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 x) BFSO ¢ € wvsa
frequency plot, (b) Zvs frequency plot and (c) ColeCole plot (Zvs Z' plot).

According to the classical model known as Debye model [41], impedance behavior of a compound

is expressed by the equation:
zZw=2'-jz"
=[1/R+ jucC]?
= (R- juR*C)/1+(MCR)?

=[R/1+(MCR?]- j[R*uC/1+(WCR?] @

a
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where, Z' =R/L+@CR?] 12" = R*uC/[L+(CR)’]

I, I/ _ : . . -
Z'istherealand " is the imaginary part of complex impedance Z*. Fig. 7(a) shows the variation

I . . /
of Z' with frequency at room temperature for all compositions. It is obdehat the value of
gradually decreases with increasi ntHzfandafpuency up t

this fre E]I-tuz)ethecvyariati(JréoIZd shows frequency independent nature. At lower

frequency region’ 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 £' for all compositions merge at higher frequencies which might be attributed to release

of space charge at higher frequency [42, 43]. The variatioﬂ”ofwith frequency (Fig. 7(b))
displays the same nature and no peak is observed éamafiositions within the range of frequency
of 20 Hz- 120 MHz.

The plot on/ S z' (Cole-Cole plot) for different compositions of the studied compound at room
temperature is shown in Fig. 7(c). A single semicircatarstarting 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 chande 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

resistance for the grain {Rs determined from the intercepts on the real part ofztheaxis and it
shows that the value of4Rs increasing with the increase in BST content. The number of non
conducting grain boundaries incredsecause of reducing grain size during the substitution of BST
in BFSO and thus the value of R found to be enhanced with BST content.

3.5.2. Temperature dependent complex impedance

Fig. 8 illustrates the variation cﬁlwith frequency of variousxBST 1 x) BFSO (x = 0. 00,

0.20 and 0.25) ceramics at different temperatures {ZmD °C). It is seen that the value 51[
decreases with the rise in temperature in theftegquency region and appears to mergiénhigh

frequency region. At higher frequencies, the variatior?—é)fs independent both on the frequency

. . / .
and temperature. On increasing temperature the valué decreases at low frequency region
which may beattributed to the reduction in barrier properties of the materials with the rise in
temperature and responsible for the enhancement of conductiity [44
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Fig. 8. Variation of Z with frequency at different temperatures: (a) x = 0.00, (b) x = 0
(c)x=0.20 and (d) x = 0.25.

Fig. 9 shows the variation 017-” of various xBST( 1 x ) BdmBoOnds 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 activatedetectric 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 wit
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 neBebye type relaxation process occurghiase materials. The dispersion curves
appear to merge and this behavior is seen only at higher frequencies because of elimination of space

. ", - . .
charges at this frequency. is also found to depend on BST substitution to BESO. 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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Fig. 9. Variation of Z with frequency at different temperatures: (a) x = 0.00, (b) %19,
(c) x=10.20 and (d) x = 0.25. [Inset shows lag{fvs 10/T plot for various compositions]

It is obvious that width of the peak is broadening with the change in temperature (Fig. 9) i.e. there
is a noRDebye type relaxation is existed in the prepared materials. The relaxation fre(fjescy

) Il . .
determined from the frequency versés curves (Fig. 9) and the values Hffor different
temperatures of various xBST1 x) BFSO ceramics are |isbned in Tabl

temperature can be described by the Ar'nhuiemelation:fr = foexpf B, /KgT) , Wheref, is the

pre-exponential factor, Kis the Boltzmann constant, i the activation energy for the hopping
mechanism and T is the absolute temperature. The variatiorvith temperature is presented at
the irset of Figure 9. From the slope of'$ temperature curves the values gate determined and
found to be 0.18~0.33 eV.

The complex impedance spectl%l/(vs z" plot) of various xBST( 1 x ) &RAr8i€3 at different

temperatures (200300 °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 inet conduction mechanismof xB§T1 x ) BFSO cer ami cs.
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 offare determined for different compositions and these are listed in Table 2.

It is noticed that the value ofyRor each ofthe xB&( 1 x) BFSOcompositions exhi bi



