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ABSTRACT 

The Gd-modified BiFeO3-PbTiO3 composites i.e. 0.5BiGdxFe1-xO3-0.5PbTiO3 (BGxF1-x-PT) with x=0.00, 0.05, 0.10, 0.15, 0.20, 

were prepared by mixed oxide method at high temperature. The structural study reveals that the composites showed tetragonal 

crystal structure at room temperature and tetragonality (c/a ratio) of composites decrease with increase in Gd concentration. 

The average crystallite size of the composites was found to be in the range of 30-89 nm. Surface morphology of the composites 

was studied by scanning electron microscopy (SEM). The Goldschmidt tolerance factors of the composites were found to be in 

the range of 0.989-0.976. The nature of Nyquist plot confirmed the presence of both bulk and grain boundary effects, and non-

Debye type of relaxation process occur in the composites. The activation energy of the composites was found to be in the range 

0.13-1.38eV. The analyses of ac conductivity data obey the universal agreement with Jonscher‟s power law. Further, the 

explanation of conduction mechanism through correlated barrier hopping (CBH) model was discussed. Copyright © 2015 

VBRI Press. 
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Introduction  

In recent years, the development of multiferroic materials 

have been great interest for potential applications such as 

spintronics, electromagnetic interference filter, data storage 

media, multiple state memories transducers, actuators etc. 

This is due to the coexistence of both ferroelectric and 

ferromagnetic order in the same phase [1-3]. The BiFeO3 

(BFO) is one such multiferroic material which has 

ferroelectric phase at Curie temperature (TC~850 
o
C) and 

antiferromagnet phase at Neel temperature (TN~310 
o
C) [4, 

5]. However, its low remanent magnetization, low 

electrical resistivity, high dielectric loss and relatively high 

leakage current are the main limitations for possible device 

application. The existence of relatively high conductivity of 

BFO is believed to have due to the reduction from trivalent 

Fe
3+

 ions towards more divalent Fe
2+

 ions, which creates 

oxygen vacancies for charge compensation.  Hence, special 

attention has been laid on synthesis of BFO with some 

other perovskite such as PbTiO3, BaTiO3, SrTiO3 and 

Pb(Fe, Nb)O3, Pb(Ti,Zr)O3 etc, [6-10] in order to improve 

the multiferroic properties. The achievement of this above 

perovskite structure triggered the research interest on 

bismuth ferrite-lead titanate (1-x)BiFeO3-xPbTiO3 during 

early 1960s [11, 12], which ultimately realized a stable 

perovskite phase with low coercive field Ec [8]. The search 

finally yields the system (1-x) BiFeO3-xPbTiO3 with the 

desired structural stabilization and enhanced electrical 

properties due to the morphotropic phase boundary (MPB). 

The MPB of the system separates the tetragonal and 

rhombohedral phases at x=0.3 [12]. The existence of weak 

ferromagnetism in this system has also reported [12, 13]. 

Moreover, the substitution of rare earth (RE
3+

) ion on Bi-

site in BFO found to exhibit the improve multiferroics 

properties as well as ceases the oxygen ion vacancy, and 

evaporation of Bi2O3 [14-16]. It is also reported that most 

of the transition metal (TM) group element with aliovalent 

ions substituted on Fe-site of BFO yields the enhanced 

electrical resistivity and magnetic properties with reduction 

in the valence fluctuation in Fe [17]. The doping of TM 

group element at Fe-site shows a change in Fe-O-Fe super 

exchange interaction which affects the magnetic properties 

[18]. The improvement seen in the introduction of TM 

group element at Fe-site, we have tried to substitute the RE 

ion Gd
+3

 at Fe sites of the composite 0.5BiFeO3-0.5PbTiO3 

to expect the change in impedance properties as well as the 

electrical and magnetic properties through RE
3+

-Fe
3+

 

coupling.  

 

Experimental 

Gd doped solid solutions of BiFeO3-PbTiO3 (BFO-PT) 

(0.5BiGdxFe1-xO3-0.5PbTiO3) (BGF-PT) with x = 0.00, 

0.05, 0.10, 0.15, 0.20) were prepared by the mixed oxide 
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method. The high purity precursors: Bi2O3 and Gd2O3 

(99.99 %, M/s Spectrochem Pvt. Ltd., India), Fe2O3 (≥ 

99%, M/s Loba Chemicals, Pvt. Ltd., India), PbO (≥95%, 

M/s Spectrochem Pvt. Ltd., India) and TiO2 (≥ 99% Merck 

Specialties Pvt. Ltd., India) were carefully weighed in a 

suitable stoichiometric proportion. The materials were 

mixed thoroughly in air for 2 h and in methanol for another 

2 h. The mixed powders were calcined in a high purity 

alumina crucible at an optimized temperature of 800 
°
C for 

6 h in an air atmosphere. The formation of composites were 

studied by an X-ray diffraction technique at room 

temperature with a powder diffractometer (D8 Advanced, 

Bruker, Karlsruhe, Germany)  using CuKα radiation (λ = 

1.5405 Å) in a wide range of Bragg‟s angles 2θ (20
0
≤θ 

≤80
0
) with a scanning rate of 3

o
/min. Then the calcined 

powder was mixed with polyvinyl alcohol (PVA) to make 

the pellet. The PVA acts as a binder to reduce the 

brittleness of the pellet and burnt out during sintering. The 

cylindrical pellets were formed with dimension of 10 mm 

diameter and 1-2 mm of thickness at pressure of 3.5x10
6
 

N/m
2
 using a hydraulic press. These pellets were sintered at 

800 
o
C for 6 h in an air atmosphere. The sintered pellets 

were polished by fine emery paper to make both the 

surfaces flat and parallel. To study the electrical properties 

of the composites, both flat surfaces of the pellets were 

electroded with air-drying conducting silver paste. After 

electroding, the pellets were dried at 150 
o
C for 4 h to 

remove moisture, if any, and then cooled to room 

temperature before taking any electrical measurement. The 

surface morphology of the sintered pellet was studied at 

room temperature by a scanning electron microscopy 

(SEM) technique using a scanning electron microscope 

(JSM-6480, JEOL). The electrical parameters (impedance 

and capacitance) of the composites were measured using an 

LCR meter (HIOKI, Model-3532) in the frequency range 

of 10
2
-10

6
 Hz from 25 to 450 

o
C. 

 

Results and discussion 

Structural study  

Fig. 1(a-b) shows the room temperature XRD pattern of 

the system 0.5BGxF1-x-0.5PT with x = 0.00, 0.05, 0.10, 

0.15, 0.20. All of the diffraction peaks were indexed in 

different crystal system and unit cell configurations.  

 

 
 
Fig. 1 (a-b). XRD patterns of BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 0.10, 
0.15, 0.20). 

 

The tetragonal crystal system was confirmed on the 

basis of good agreement between observed (obs) and 

calculated (cal) inter planar spacing d (∑Δd= dobs- dcal = 

minimum). As shown in Fig 1 (a), the peak positions for 

undoped 0.5BF-0.5PT (x=0.00) sample was in good 

agreement with reported one [19-21]. The peaks of BiFeO3 

and PbTiO3 phase have been shown in the figure and the 

peak positions were well matched with JCPDS no 72-2112, 

74-1947. The extra peaks were observed at 2θ~28.15 and 

48.0 as shown in Fig 1(b) may be due to the doping of rare 

earth Gd and well matched with the individual Gd2O3 [22]. 

The lattice parameters of the selected systems were refined 

using the least-squares sub-routine of a standard computer 

program package “POWD” [23], and given in the Table 1.  

 
Table 1. Values of lattice parameter of BiGdXFe1-XO3-PbTiO3 (x=0.00, 
0.05, 0.10, 0.15, 0.20). 

 

 
 

It is observed that the c/a ratio decreases from 1.10 to 

1.01 with increase in Gd concentration similar to the results 

for La substituted on Bi site of (1-y)BF-yPT [24].  

 

 
 

Fig. 2. (a-e). SEM micrographs of BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 
0.10, 0.15, 0.20). 

 

This decreasing trend of c/a may suggest the tetragonal 

distortion in the composites. Further, the lattice constant „a‟ 

slowly increases with increase in Gd concentration. This 

may be due to the fact that the ionic radius of Gd
3+

 is larger 

than Fe
3+

 which induces more distortion on Fe site to 

accommodate larger ions. The crystallite size (P) of the 

composites were roughly estimated from the broadening of 

the XRD peaks (in a wide 2θ range) using the Scherrer‟s 

 

Parameters (A
0
) x=0.00 x=0.05 x=0.10 x=0.15 x=0.20 

a 3.8748 3.9141 3.9145 3.9212 3.9251 

c 4.2989 4.0157 4.0150 3.9925 3.9812 

c/a 1.1095 1.0260 1.0257 1.0182 1.0143 
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equation [25] , where the constant K 

= 0.89, λ = 1.5405 Å, and β1/2 is the peak width of the 

reflection at half intensity. The average value of P were 

found to be 54, 89, 30, 41 and 44 nm for x = 0.00, 0.05, 

0.10, 0.15 and 0.20 respectively. Fig 2 (a-e) shows the 

SEM micrograph of the sintered pellets of the studied 

composites for x=0.00, 0.05, 0.10, 0.15, 0.20. The grains 

are homogeneously distributed throughout the surface of 

the samples for x=0.00 and 0.20 with less voids and the 

corresponding grain size found to be in the range of 0.3-0.7 

μm. However, it is not possible to evaluate the average 

grain size for the concentration 0.05-0.15 as the grain looks 

hazy.  

The tolerance factor (t) concept for single perovskite 

(ABO3) system given by Goldschmidt [26] is also adopted 

to our studied composites with the doping of rare earth ions 

on Fe site as, 

 

 

 

where, , , , ,  and are the ionic radii of 

the respective ions. The proposed t values for ideal ABO3 

with undistorted structure is 1 whereas the value of t<1 or 

t>1 refers for distorted ABO3 structure with tilt or rotation 

of BO6 octahedron [27, 28]. Further, based on the extensive 

structural data, it has been shown that for t values lying 

between 0.985<t< 1.06 and 0.964<t<0.985   are expected to 

have untilted and antiphase tilt structure respectively. 

However, for t<0.964 are expected to show both in phase 

and anti-phase tilting [29, 30]. The tolerance factor for our 

studied perovskite composites are evaluated by considering 

Shannon ionic radii [31] and found to be 0.989, 0.986, 

0.983, 0.979, and 0.976 for x=0.00, 0.05, 0.10, 0.15, and 

0.20 respectively. The range of tolerance factor of the 

studied composites for different concentration of Gd may 

be considered to exist in both untilted and tilted perovskite 

structure. Further, the substitution of Gd ion with higher 

ionic radius (0.938 Å) in place of Fe with lower ionic 

radius (0.645 Å), we expect the consequence of stretching 

on Bi/Pb-O bond due to the compression of bond along 

Gd/Fe-O. 

 

Complex impedance study  

The complex impedance spectroscopy (CIS) [32] is a 

unique, powerful and well known tool to characterize the 

transport properties. Generally, the contribution of bulk, 

grain boundary and electrode effect in the materials can be 

evaluated by separating the real and imaginary components 

of the complex impedance parameters. This may be 

calculated from the basic formalism as:  

where  and  and complex 

electric modulus as: , ,

, where ω is the angular frequency (2πf), 

is the geometric capacitance, is the 

permittivity of the free space, S is the area and, d is the 

thickness of the sample. 

 

 
 
Fig. 3. (a-e). Nyquist plot of BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 0.10, 
0.15, 0.20). 

 

Fig. 3 (a-e) shows the Nyquist plot (Z' vs. Z") at 

different temperatures (225 – 400 °C) in the wide 

frequency range for all the composites with concentration 

x=0.00-0.20. A single semicircular arc is observed (for 

x=0.00 and 0.05) which confirms the presence of bulk 

effect only. But for x=0.10 and 0.15, a semicircular arc 

along with the tendency of second semicircular is observed. 

For x=0.20 (at 325-400 
0
C), there is a clear evidence of two 

semicircles, which indicates the presence of both grain and 

grain boundary effect in the composites. This nature of plot 

suggests that the electrical response contains at least two 

relaxation phenomenon for x=0.10-0.20 at different 

frequencies. The grain boundary effect is observed on 

increasing the Gd concentration. The Nyquist plots also 

show the depressed semicircles whose centre lies below the 

real axis and exhibit non-Debye type of relaxation 

phenomenon in the composites [33]. Further, it is observed 

that the bulk resistance decreases with increase in 

temperature as well as Gd concentration. This clearly 

shows the negative temperature coefficient of resistance 

(NTCR) behavior. Similar behavior has also been observed 

for other Gd doped double perovskite structure [34]. The 

impedance data for all the composites with composition 

x=0.00-0.20 was fitted with equivalent circuit and well 

matched with the model R1(C1(R2(Q(R3W))))(C2R4) (for 

  1 2 cos hklP K  

Bir Pbr Fer Gdr Tir 0r

 Z Z jZ   

cosZ Z   sinZ Z  

 M M jM    0M C Z 

0M C Z 

0
0

S
C

d


 0
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x=0.00) and R1(C1(R2(Q(R3(C2R4))))) (for x=0.05-0.20) at 

400 
o
C as shown in Fig. 1 (a-e) [ESI], where R, C, Q and 

W are resistance, capacitance, constant phase element and 

Warburg element respectively. The fitting parameters are 

summarized and shown in Table 1 [ESI] with χ
2
 value. 

Fig. 2 (a-e) [ESI] shows the variation of and  

with frequency at different temperatures for all the 

composites. It is clearly seen that the values of decreases 

with increase in temperature and confirms the NTCR 

behavior as observed in Fig. 3 (a-e).  

 

 
 

Fig. 4 (a-e). Variation of  and M with frequency at different 
temperature of BiGdXFe1- XO3-PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20). 
 

The value of  at each temperature and frequency 

decreases drastically with increase in Gd concentration up 

to 0.15. This may be due to the release of space charge at 

higher frequency side on successive increase of the 

concentration. The frequency response of at different 

temperature is characterized by very low value of in the 

low frequency region and an increase in the value of 

with the increase in frequency. This may be attributed to 

the conduction phenomena due to short range mobility of 

charge carriers. 

Fig. 4(a-e) shows the variation of  and  with 

frequency at different temperature for all the composites. 

The magnitude of  increases with increase in frequency 

and attains a maximum value at a particular frequency and 

then decreases. The merge of all  curves at higher 

frequencies indicated the absence of space charge 

polarization [35]. The magnitude of   with a shift in 

peak towards higher frequency side with rise in 

temperature confirms the presence of temperature 

dependent relaxation process in the material. On increasing 

the temperature, and peaks shift towards the 

higher frequency sides indicate the decrease in relaxation 

time. Since the peaks of and do not occur at the 

same frequency, the relaxation process is mainly due to the 

short range mobility of charge carriers [36]. The maximum 

relaxation frequency corresponding to  helps to 

evaluate the relaxation time ( ) using a relation

. The variation of with inverse of selected 

temperatures for the concentration x=0.05-0.20 shown in 

Fig. 3 [ESI]. The nature of the plot appears to follow the 

Arrhenius relation [37] , where the 

symbols have their usual meanings. The values of 

activation energy calculated from the slope of the curves 

for the concentration x=0.05-0.20 are shown in Table 3. 

Similarly, the relaxation time has been calculated using the 

above cited relation from the  peak. The variations of 

relaxation time with inverse of absolute temperature are 

shown in the Fig. 3 (inset) [ESI]. The value of activation 

energy evaluated (from modulus plot) using the Arrhenius 

relation mentioned earlier and are given in the Table 2.  

 
Table 2. Activation energy (Ea in eV) calculated from impedance, 

modulus and dc conductivity plots of BGxF1-x-PT (x=0.00, 0.05, 0.10, 
0.15, 0.20) compounds. 

 

 
 

The activation energy calculated from modulus and 

impedance plot are nearly same value. Further, it is 

observed that the peak decreases with increase of Gd 

concentration. This suggests that Gd content in BFO-PT 

affect the relaxation phenomena in the system. The 

occurrence of double peaks for concentration x=0.20 shows 

the grain boundary effect as confirmed from Nyquist plot. 

 

Ac conductivity study 

The ac electrical conductivity (ζac) has been calculated by 

using an empirical relation ζac=ωεrε0tanδ in order to 

incorporate the nature of the charge carrier and conduction 

mechanism in the composite. The notations used in this 

equation have their usual meaning. 

Fig. 5(a-e) shows the variation of ac conductivity (ζac) 

with frequency of the composites for all the concentration 

at different temperatures. The conductivity is found to 

increase with increase in both frequency as well as Gd 

concentrations. There is an appearance of plateau region in 

the low frequency side, and hence showing a change in 

slope at a particular frequency known as hopping 

frequency. The step like decrease of conductivity on 

lowering the frequency is observed (at higher temperature) 

for all concentration. This may be due to the transition 

from bulk to contact resistance [38].  
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Fig. 5. (a-e). Variation of ac conductivity with frequency of BiGdXFe1-

XO3-PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20) in the temperature range. 

 

This behavior of conductivity spectra follows the 

universal Jonscher‟s power law [39]: σ(ω) = σdc + Aω
n
 

where n is the exponent with 0<n < 1 and A is the 

temperature dependent pre-exponential factor defined as 

A=πN
2
e

2
/6kBT(2α) where e=electronic charge, 

T=temperature, α=polarizability of a pair of sites, 

N=number of sites per unit volume among which hopping 

take place. The value of fitted parameters A and n are 

calculated from the non-linear fit of the Jonscher‟s power 

law given in the Table 2 [ESI]. The black solid lines of the 

fig are the fitted line. 

The switch over from ζ0 to ζac region shows the onset 

of conductivity relaxation and translation from long range 

hopping to short range ion motion [40]. The value of 

frequency exponent n were obtained from the Jonscher 

power law are found to lie between 0.51 to 0.79 for 

x=0.00-0.15 and 0.23-0.69 for x=0.20 as shown in the Fig. 

4 [ESI]. It is observed that the value of n decreases with 

rise in temperature for all concentration except x=0.00. 

This behavior of decreasing trend of n with temperature 

suggests the conduction mechanism in the system and may 

be due to the correlated hopping of electrons over barrier. 

Hence, the transport mechanism in BGxF1-x-PT can be 

explained by the thermally activated hopping process 

between two sites separated by an energy barrier. The 

mechanism for carrier conduction in the sample through the 

barrier separating the localized sites may be explained by 

correlated barrier hopping (CBH) model [41]. The ac 

conductivity data have been used to evaluate the density of 

states at Fermi level N(Ef) using the relation; 

 

 

where, „e‟ is the electronic charge, f0 is the photon 

frequency and α is the localized wave function assuming, 

f0=10
13 

Hz, polarizability α=10
10

 m
-1

 at various operating 

frequencies and temperature. Fig. 6 shows the variation of 

N(Ef) with frequency at temperatures 350 °C for the 

samples. It is observed that the values of N(Ef) decreases 

with increase in the frequency and merge at higher 

frequency range.  

 

 
 

Fig. 6. Variation density of states with frequency as well as temperature 
(inset) of BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20) 

 

Fig. 6 (inset) shows the variation of N(Ef) with 

temperature at frequency 10 kHz for all the samples. It is 

seen that the N(Ef) increases with the increase in 

temperature as well as the concentration of Gd. At low 

frequencies, the electrical conduction in the system is being 

affected by both frequency as well as temperature, whereas 

at higher frequencies the charge carriers are localized and 

being affected by thermal excitations. There is an increase 

in the density of states with increase in concentration and 

the reasonably high values of N(Ef) which suggests the 

hopping between the pairs of sites dominates the 

mechanism of charge transport in the sample [42]. The 

minimum hopping length, Rmin was evaluated using the 

relation , where 

is the bonding energy. Fig. 5 [ESI] 

shows the variation of Rmin with frequency at temperature 

350 °C for all the samples. It is observed that the Rmin value 

increases with increase in frequency as well as Gd 

concentration and having tendency to saturate at high 

frequency region. A very low value (~10
-11

m) of Rmin at 

low frequency region suggest a lack of restoring force 

involving the mobility of charge carriers under the action 

of induced electric field. The Rmin is increasing sigmoidal 

nature with increase in frequency and approaching to a 

constant value, which suggests the conduction phenomena 

due to short range mobility of charge carrier. Fig. 5 (inset) 

[ESI] shows the variation of Rmin with temperature at 

frequency 10 kHz for all the samples. It is observed that 

Rmin decreases with increase in temperature. 
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Dc conductivity 

The dc electrical conductivity is evaluated from the 

impedance data using the relation, where d and S 

are thickness and area of sample respectively, Rb is the bulk 

resistance.  

 

 
 
Fig. 7. Variation of dc conductivity with inverse of temperature of 
BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20) 

 

Fig. 7 shows the variation of dc conductivity with 

inverse of temperature for all concentration (0.00-0.20). It 

is found that the dc conductivity increases with rise in 

temperature for all the samples. The nature of the plot 

found to obey the Arrhenius relation . 

The value of activation energy calculated from the slope of 

the plot for all samples given in the Table 3. 

 

Conclusion  

0.5BiGdxFe1-xO3-0.5PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 

0.20) composites were prepared by a mixed oxide method. 

X-ray analysis exhibits the tetragonal crystal structure of 

the composites at room temperature. The c/a ratio 

decreases from 1.10 to 1.01 with increase in Gd 

concentration. The values of tolerance factor values of the 

composite showed the untilted and tilted type perovskite 

structure. Impedance studies reveal the significant 

contribution of grain (bulk) and grain boundary effect. The 

bulk resistance of the material decreases with rise in 

temperature and exhibits NTCR behavior. The variation of 

ac and dc conductivity of the material as a function of 

temperature exhibits Arrhenius type of electrical 

conductivity. The ac conductivity is found to obey the 

universal power law and thermally activated conduction 

process. The activation energy lies in the range 0.13-

1.38eV. The correlated barrier hopping (CBH) model has 

been successfully used to incorporate the electrical 

conduction mechanism of the sample. The minimum length 

Rmin decreases with increase in temperature. 
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Supporting information 
 
Table 1. Fitting parameters corresponding to equivalent circuit at 400 oC 

of Fig 3 (a-e). 

 

 
 
Table 2. Fitting parameters A and n of the samples obtained from 
Jonscher’s power law at different temperature. 

 

 
 

 
 

Fig. 1 (a-e). Appropriate equivalent electrical circuit of BiGdXFe1-XO3- 

PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20) at 400 oC. 

 
 

Fig. 2 (a-e) Variation of Z  and M  with frequency at different 

temperature of BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20). 
 

 
 
Fig. 3. Variation of relaxation time calculated from impedance plot and 

from modulus plot (inset) with temperature of BiGdXFe1-XO3-PbTiO3 

(x=0.05, 0.10, 0.15, 0.20). 
 

 

 
Fig. 4. Variation of n with temperature of BiGdXFe1-XO3-PbTiO3 (x=0.00, 
0.05, 0.10, 0.15, 0.20). 
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Fig. 5 Variation of hopping length with frequency and temperature (figure 
inset) of BiGdXFe1-XO3-PbTiO3 (x=0.00, 0.05, 0.10, 0.15, 0.20). 
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