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Abstract Lead-free perovskite Ba(Sb1/2Nb1/2)O3 was

prepared by conventional ceramic fabrication technique at

1200 �C/5 h in air atmosphere. The crystal symmetry,

space group and unit cell dimensions were determined

from the experimental results using FullProf software

whereas crystallite size and lattice strain were estimated

from Williamson–Hall approach. XRD analysis of the

compound indicated the formation of a single-phase

monoclinic structure with the space group P2/m. EDAX

and SEM studies were carried out to evaluate the quality

and purity of the compound. Dielectric study revealed the

frequency-dependent dielectric anomaly. To find a corre-

lation between the response of the real system and ideal-

ized model circuit composed of discrete electrical

components, the model fittings were presented using the

impedance data. Complex impedance analyses suggested

the dielectric relaxation to be of non-Debye type. The

correlated barrier hopping model was employed to suc-

cessfully explain the mechanism of charge transport in

Ba(Sb1/2Nb1/2)O3. The ac conductivity data were used to

evaluate the density of states at Fermi level, minimum

hopping length and apparent activation energy of the

compound.

Introduction

Development of perovskite ABO3-type materials exhibit-

ing high dielectric constant are of considerable interest

nowadays as they play an important role in electronics/

microelectronics and have various technological applica-

tions. It has been observed that most of the high dielectric

constant materials contain lead which inevitably causes

environmental pollution due to the toxicity of lead oxide.

It is, therefore, necessary to search alternative lead-free

compounds for such applications, which should have either

comparable or superior dielectric properties. Also, it is

observed that modification at B-site plays an important role

in tailoring the properties of A(B0B00)O3 complex perovsk-

ites as the material’s properties depend mainly on the size

difference of pseudo-cation (B0B00)4? and on the difference

on their valance states. During the past few years, several

investigations have been carried to study the electrical

properties of Ba(Fe1/2Nb1/2)O3 [1–6], Ba(Al1/2Nb1/2)O3

[7, 8], Ba(Bi1/2Nb1/2)O3 [9, 10], Ba(In1/2Nb1/2)O3 [11],

Ba(Ni1/2Nb1/2)O3 [12], Sr(Fe1/2Nb1/2)O3 [3], Ba(Y1/2Nb1/2)

O3 [13], Ba(La1/2Nb1/2)O3 [14], Ba(Fe1/2Ta1/2)O3 [15], etc.

for their possible applications in electronic and/or micro-

electronic devices. They are mechanically tough and

show excellent dielectric properties. Besides, recent works

on the A-site-modified perovskite compounds such as

(Na1/2Bi1/2)TiO3 and (Na1/2Sb1/2)TiO3 also showed excel-

lent electrical properties [16, 17]. Therefore, it will be

interesting to see the effect of B-site modification on the

structural and electrical properties of one such ceramic

Ba(Sb1/2Nb1/2)O3.

An extensive literature survey suggested that no

attempt, to the authors’ knowledge, has so far been made

to study perovskite Ba(Sb1/2Nb1/2)O3. The material is

mechanically tough and lead-free. Accordingly, in this
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study, the structural, microstructural, dielectric, imped-

ance and ac electrical conductivity studies on Ba(Sb1/2

Nb1/2)O3 ceramic have been presented. Also, an attempt

has been made to explain the conduction mechanism in

Ba(Sb1/2Nb1/2)O3.

Experimental

Polycrystalline Ba(Sb1/2Nb1/2)O3 (abbreviated hereafter as

BSN) was prepared from AR grade chemicals (Merck,

99.99%): BaCO3, Sb2O3 and Nb2O5 using solid-state syn-

thesis according to the thermo-chemical reaction: BaCO3þ
1
4
Sb2O3 þ 1

4
Nb2O5 �!

D
Ba ðSb1=2Nb1=2ÞO3þ " CO2ðgÞ at

1200 �C for 5 h under a controlled heating and cooling

cycles. Circular disc-shaped pellets were made by applying

uniaxial pressure of about 650 MPa. The pellet was sub-

sequently sintered at 1250 �C under air atmosphere for 4 h.

The completion of reaction and the formation of desired

compound were checked by X-ray diffraction technique.

The weight of the compound (powder) was monitored

before and after sintering. The maximum difference was

about 1.93 mg for the total of 10 g of the powder. There-

fore, the composition of the sample was considered to be

the same as initial.

The XRD spectra were taken on sintered pellet of BSN

with an X-ray diffractometer (XPERT-PRO, Pan Analyt-

ical) at room temperature, using CuKa radiation (k =

1.5405 Å), between the Bragg angles 20� to 85� with a

scanning speed of 5.08� min-1. The XY (2h vs. intensity)

data obtained from this experiment were plotted with the

WinPLOTR program, and the angular positions of the

peaks were obtained with the same program [18]. The

dimensions of the unit cell, hkl values and space group of

BSN were obtained using the TREOR program in the

FullProf 2000 software package and then refinement was

carried out through the profile matching routine of Full-

Prof [19]. The Bragg peaks were modelled with pseudo-

Voigt function, and the background was estimated by linear

interpolation between selected background points. The

SEM and EDAX of the sintered BSN sample were taken on

the fractured surface using a computer-controlled scanning

electron microscope (SEM Hitachi S-3400 N, Japan). Real

and imaginary parts of the electrical impedance were

measured as functions of frequency (1 Hz–1 MHz) and

temperature (50–450 �C) using a computer-controlled

Solartron SI1260 impedance/gain-phase analyser in a

cooling mode on a symmetrical cell of type Ag|BSN|Ag,

where Ag is a conductive paint coated on either side

of the pellet. The temperature was varied at a rate of

1 �C/min.

Theoretical background

The real and imaginary parts of dielectric constant were

obtained from the impedance data in a conventional way

using the following relations [8]:

e0ðxÞ ¼ Z 00=xC0 Zj j2 ð1Þ

e00ðxÞ ¼ Z 0=xC0 Zj j2 ð2Þ

where Zj j ¼ ½ðZ 0Þ2 þ ðZ 00Þ2�1=2
and xð¼ 2pf Þ is the angular

frequency and f is the operating frequency. The ac

conductivity data were obtained using a relation r�ðxÞ ¼
r0ðxÞ þ ir00ðxÞ ¼ ixe0e�ðxÞ and the real and imaginary

part of r�ðxÞ were obtained as:

r0ðxÞ ¼ xe0e
00ðxÞ ð3Þ

r00ðxÞ ¼ xe0e
0ðxÞ ð4Þ

In the conductivity representation for electronic conduction, the

real part r0ðxÞ should be constant and imaginary part r00

increases linearly with frequency. The ac electrical conductivity

in most of the materials due to localized states is given by:

r0ðxÞ ¼ r0 þ Axs ð5Þ

where r0 is the frequency-independent (electronic or dc)

part of ac conductivity, s (0 B s B 1) is the index, x is

angular frequency of applied ac field and A [= pN2e2/

6kBT (2a)] is a constant, e is the electronic charge, T is the

temperature, a is the polarizability of a pair of sites and N is

the number of sites per unit volume amongst which hopping

takes place. Such variation is associated with displacement

of carriers which move within the sample by discrete hops of

length R between randomly distributed localized sites. The

term Axs can often be explained on the basis of two distinct

mechanisms for carrier conduction: (i) quantum mechanical

tunnelling through the barrier separating the localized sites

and (ii) correlated barrier hopping (CBH) over the same

barrier. In these models, the exponent s is found to have two

different trends of variation with temperature and frequency.

Further, if ac conductivity supports CBH [20],

r0 ¼ p
3

e2xkBT½NðEfÞ�2a�5½lnðf0=xÞ�4 ð6Þ

where N(Ef) is the density of states at Fermi level, f0 the

photon frequency and a is the localized wave function. The

exponent s and minimum hopping length, Rmin can be

expressed as [21, 22]:

s ¼ 1� ð6kBT=WmÞ ð7Þ

Rmin ¼ 2e2=pee0Wm ð8Þ

where Wm is the binding energy, which is defined as the

energy required to remove an electron completely from one

site to the another site.
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Results and discussion

Structural and microstructural studies

Rietveld refinements on the X-ray (XRD) data were done

on BSN, selecting the space group P2/m. Figure 1 depicts

the observed, calculated and difference XRD profiles for

BSN after the final cycle of refinement. It can be seen that

the profiles for observed and calculated one are perfectly

matching. The value of v2 comes out to be 8.835, which

may be considered to be very good for estimations. The

profile fitting procedure adopted was minimizing the v2

function [23]. The XRD analyses indicated that BSN has a

monoclinic unit cell. The crystal data and refinement fac-

tors of Ba(Sb1/2Nb1/2)O3 obtained from XRD data are

depicted in Table 1.

Figure 2 shows the SEM-micrograph and EDAX pattern

of fractured surface of sintered BSN. All the peaks in the

EDAX pattern have perfectly assigned to the elements

present in Ba(Sb1/2Nb1/2)O3. This clearly indicated the

purity of chemical composition of BSN. The well-orga-

nized grains of unequal sizes (*5–8 lm) appear to be

distributed throughout the sample in the SEM-micrograph.

Dielectric studies

The frequency dependence e0 and e00 at different tempera-

tures have been plotted in Fig. 3. It is observed that both e0

and e00 follow inverse dependence on frequency. Dispersion

with relatively high dielectric constant can be seen in the

e0 - f graph in the lower frequency region and the

dielectric constant drops at high frequencies. A relatively

high dielectric constant at low frequencies is a character-

istic of a dielectric material. This may be due to the space

charge contribution. At very low frequencies, dipoles fol-

low the field and we have e0 & es (value of dielectric

constant at quasi static fields). As the frequency increases

dipoles begin to lag behind the field and e0 slightly

decreases. When frequency reaches the characteristic fre-

quency, the dielectric constant drops (relaxation process)

and at very high frequencies, dipoles can no longer follow

the field and e0 & e?.

Figure 4 illustrates the temperature dependence of e0 and

e00 of BSN at different frequencies. It is found that both e0

and e00 first decrease and then start increasing with the rise

in temperature and ultimately find a maximum for all the

frequencies. Also, the peaks in e0 shift to higher tempera-

tures (from 431 �C at 1 Hz to 441 �C at 10 kHz) upon

increasing frequency. This indicates the relaxor-like

behaviour of BSN. The values of e0 and e00 at room tem-

perature are, respectively, found to be 37.5 and 48.8 at

1 kHz.

Impedance studies

Figure 5 shows the variation of Z 0 and Z 00 with frequency at

different temperatures. It is observed that the magnitude of

Z 0 decreases with the increase of frequency for all the

temperatures which indicates an increase in ac conductivity

with the rise in frequency. Further, at low frequencies the

Z 0 values flatten with rise in temperature. The values of Z 00

reach a maximum peak (Z 00max) which are slightly asym-

metric in nature. Also, the values of Z 00max first increase to

150 �C which shift towards lower frequency side after-

wards it decreases and shift towards higher frequency side

with increasing temperature. The asymmetric broadening

of peaks in Z 00 - f plots suggests that there is a spread of

relaxation times, thereby indicating the existence of a

temperature-dependent electrical relaxation in the material

[24].

Figure 6 shows the complex impedance spectrum at two

representative temperatures along with the fitted data.

Complex impedance plots do not always yield perfect or

depressed semicircular arcs, and often the arc is asymmetric

and cannot be well approximated by the combinations of

impedances and capacitances only. The appropriate equiv-

alent circuit at each temperature is illustrated in the insets of

Fig. 6. It can be seen that a constant phase element (CPE) is

connected throughout the temperature range of measure-

ment whilst a Warburg element (W) is connected at 200 �C.

The parameters of each fitting are shown in the respec-

tive circuit and were determined using a non-linear least-

square fitting algorithm [25]. The admittance of CPE and

Warburg admittance were estimated using the relations:

Y0 = Q(jx)n, and YWðxÞ ¼
ffiffiffiffi

x
p

=½Wð1� jÞ�, where Q is

constant pre-factor, n is exponent and j ¼
ffiffiffiffiffiffiffi

�1
p

is the

imaginary unit. The introduction of CPE in the equivalent

circuit may be due to the distribution of reaction rates and/

or surface roughness, and the Warburg element may be due

Fig. 1 Rietveld refined pattern of sintered Ba(Sb1/2Nb1/2)O3 in the

space group P2/m. Symbols represent the observed data points and the

solid lines their Rietveld fit
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to the semi-infinite linear diffusion, i.e. unrestricted diffu-

sion to a large planar electrode, which obeys second Fick’s

law. Also, all these curves do not coincide with origin (zero

value), and hence a series resistance has been introduced

that can be ascribed to the LCR circuit representation of the

sample [26]. The impedance data did not fit well with sin-

gle/double RC-combination, rather this fit excellently well

(v2 * 10-5) with R(C(R(Q(RW))))(CR)- and R(C(R(QR)))

(CR)-type of equivalent circuits at 200 and 400 �C,

respectively (insets of Fig. 6), indicating thereby that the

electrical responses are due to the grain and grain boundary

effects [24, 26]. Here, symbols R, C, Q and W represent

resistance, capacitance, constant-phase element and Warburg

element, respectively. Further, it is known that for Debye-

type relaxation, the centre of the semicircular plots should

be located on the Z 0-axis, whereas for a non-Debye type

relaxation these Argand plane plots are close to semicircular

Table 1 The crystal data and refinement factors of Ba(Sb1/2Nb1/2)O3 obtained from X-ray powder diffraction data

Parameters Results Description of parameters

Crystal system

Space group

a (Å)

b (Å)

c (Å)

a (�)

b (�)

c (�)

V (Å3)

Rp

Rwp

Rexp

RB

RF

v2

d

QD

S

Monoclinic

P2/m

7.8699

6.1865

5.9125

90.000

103.226

90.000

280.232

47.5

43.6

14.7

0.0235

0.0835

8.835

0.3595

1.9092

2.966

Rp (profile factor) = 100[R|yi - yic|/R|yi|], where yi is the

observed intensity and yic is the calculated intensity at the

ith step.

Rwp (weighted profile factor) = 100[Rxi|yi - yic|
2/Rxi(yi)

2]1/2,

where xi ¼ 1=r2
i and r2

i is variance of the observation.

Rexp (expected weighted profile factor) = 100[(n - p)/Rxi(yi)
2]1/2,

where n and p are the number of profile points and refined parameters, respectively.

RB (Bragg factor) = 100[R|Iobs - Icalc|/R|Iobs|],

where Iobs is the observed integrated intensity and

Icalc is the calculated integrated intensity.

RF (crystallographic RF factor) = 100[R|Fobs - Fcalc|/R|Fobs|],

where F is the structure factor, F = H(I/L), where L is Lorentz polarization factor.

v2 = Rxi(yi - yic)
2.

d (Durbin–Watson statistics) = R{[xi(yi - yic) - xi-1(yi-1 - yic-1)]2}/R[xi(yi - yic)]
2.

QD = expected d.

S (goodness of fit) = (Rwp/Rexp).

Fig. 2 EDAX spectrum and SEM micrograph of fractured surface

of Ba(Sb1/2Nb1/2)O3 ceramic
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arcs with end-points on the real axis and the centre lies

below this axis. The complex impedance in such a case can

be described as:

Z�ðxÞ ¼ Z 0 þ iZ 00 ¼ R=½1þ ðix=x0Þ1�a� ð9Þ

where a represents the magnitude of the departure of the

electrical response from an ideal condition, and this can be

determined from the location of the centre of the semicir-

cles. Also, it is known that when a approaches zero,

i.e. {(1 - a) ? 1}, Eq. 9 gives rise to classical Debye’s

formalism. It can be seen from the impedance plots that the

data are not represented by full semicircle rather they are

depressed one, i.e. centres of semicircles lie little below the

abscissa Z 0-axis. Here, a[ 0 and it increases with the rise

in temperature, suggesting the dielectric relaxation to be of

non-Debye type in BSN, similar to Ba(Fe1/2Nb1/2)O3 [6],

Ba(Al1/2Nb1/2)O3 [8] and Ba(Bi1/2Nb1/2)O3 [9]. This may

happen due to the presence of distributed elements in the

material–electrode system.

AC conductivity studies

Figure 7 shows the log–log plot of real and imaginary parts

of ac electrical conductivity (r0 and r00) versus frequency at

different temperatures. The plots of r0 show dispersion

throughout the chosen frequency range and with the

increment in temperature plots get flattened (plateau

value). The switchover from the frequency-independent to

the frequency-dependent regions shows the onset of the

conductivity relaxation, indicating the translation from

long-range hopping to the short-range ion motion. The

values of the index s were obtained from the slopes of the

r0 - f plots in the low frequency region. The inset of Fig. 7

shows the temperature dependence of s. It can be seen that

the value of s is always less than 1 and decreases with the

rise in temperature. Further, the value of s approaching to

zero at higher temperatures indicates that the dc conduc-

tivity dominates at higher temperatures in the low fre-

quency region following Eq. 5. The model based on

correlated hopping of electrons over barrier predicts a

decrease in the value of the index with the increase in

temperature and so this is consistent with the experimental

results. Therefore, the conduction in the system may be

considered to be due to the short-range translational-type

hopping of charge carriers. This indicates that the con-

duction process is a thermally activated process. The

imaginary part of the ac conductivity decreases with

decreasing frequency.

Hopping conduction mechanism is generally consistent

with the existence of a high density of states in the mate-

rials having band gap like that of semiconductor. Due to

localization of charge carriers, formation of polarons takes

place, and the hopping conduction may occur between the

nearest neighbouring sites. Figure 8 shows the variation of

ln r0 versus 103/T at different frequencies. The conductivity

plots clearly show the negative temperature coefficient of

resistance (NTCR) character of BSN. The apparent acti-

vation energy for conduction was obtained using the

Arrhenius relationship:
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r0 ¼ r0 expð�Ea=kBTÞ ð10Þ
A linear least square fitting of the conductivity data to

Eq. 10 gives the value of the apparent activation energy,

Ea. The values of Ea are estimated, respectively, to be 0.47,

0.46 and 0.37 eV at 1 Hz, 1 kHz and 1 MHz. The low

value of Ea may be due to the carrier transport through

hopping between localized states in a disordered manner

[27]. Inset of Fig. 8 shows the plot of scaled Z 00 versus

reduced frequency, f/fmax. It can be seen that the scaled data

points coalesced into a master curve. The value of full

width at half maximum (FWHM) is found to be [1.14

decades. These observations indicate that the distribution

function for relaxation times is nearly temperature-inde-

pendent with non-exponential conductivity relaxation,

which suggests the possibility of ion migration that takes

place via hopping accompanied by a consequential time-

dependent mobility of other charge carriers of the same

type in the vicinity.

The values of N(Ef) were estimated using Eq. 6 by

assuming f0 = 1013 Hz, a = 1010 m-1 at various operating

frequencies and temperatures. Figure 9 illustrates the fre-

quency dependence of N(Ef) at different temperatures.

It can be seen that the values of N(Ef) decrease with the

increase in the operating frequency and almost merge

above 100 kHz. Inset Fig. 9 shows the variation of N(Ef)

with temperature at different frequencies. It is seen that the

N(Ef) increases with the increase in temperature and finds a

peak for all the frequencies similar to dielectric measure-

ment. Therefore, at low frequencies the electrical conduc-

tion 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. The reasonably high values of N(Ef) suggest

that the hopping between the pairs of sites dominates the

mechanism of charge transport in BSN.
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The value of minimum hopping length, Rmin, was cal-

culated using Eq. 8. Figure 10 presents the variation of

Rmin with frequency at different temperatures. It is char-

acterized by very low value (*10-10 m) of Rmin in the

lower frequency region, a continuous dispersion with the

increase in frequency having a tendency to saturate at a

maximum asymptotic value in the higher frequency region.

Such observations may possibly be related to a lack of

restoring force governing the mobility of charge carriers

under the action of an induced electric field [8]. This

behaviour supports long-range mobility of charge carriers.

Further, a sigmoidal increase in the value of Rmin with the

frequency approaching ultimately to a saturation value may

be attributed to the conduction phenomenon due to short-

range mobility of charge carriers. Inset of Fig. 10 shows

the variation of Rmin with temperature at 1 kHz. It can be

seen that the values of Rmin decrease with temperature. The

value of Rmin at room temperature was found to be of the

order of 10-9 m. Also, Rmin was found to be*10-3 times

smaller in comparison to the grain size of BSN.

Conclusion

Polycrystalline Ba(Sb1/2Nb1/2)O3 prepared using a high-

temperature solid-state reaction technique was found to

have a perovskite-type monoclinic structure. Dielectric

study revealed the frequency-dependent dielectric anom-

aly. Impedance analyses indicated the presence of grain

and grain boundary effect in BSN. Sample showed

dielectric relaxation, which is found to be of non-Debye-

type and the relaxation frequency shifted to higher side

with the increase of temperature. The ac conductivity study

showed the NTCR character of BSN. The ac conductivity

is found to obey the universal power law, and the CBH

model is found to successfully explain the mechanism of

charge transport in BSN. Further, the frequency dependent

ac conductivity at different temperatures indicated that the

conduction process is thermally activated process. These

results are well supported by density of states at Fermi

level and scaled parameters data. The value of minimum

hopping length was found to be*10-3 times smaller in

comparison to the grain size of BSN.
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