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Abstract. Effect of doping in Na0.5 Bi0.5 TiO3 (NBT) with Ce3+ and Sm3+ at
the A-site on dielectric behaviour, impedance and conductivity is being reported.
Na0.5 Bi0.5−x Ax TiO3 samples (A being Ce and Sm) are studied with varying values of x. For Na0.5 Bi0.5−x Cex TiO3 samples x is 0.001, 0.005 and 0.007 and for
Na0.5 Bi0.5−x Smx TiO3 samples x is 0.05, 0.1 and 0.15. Dielectric constant and loss are
studied in the frequency range 10 kHz to 1 MHz and in the temperature range 30–650◦ C.
Impedance and electric modulus studies are undertaken. The relaxations observed in
the samples are non-Debye and activation energies for relaxation and conduction are
evaluated.
Keywords. Na0.5 Bi0.5 TiO3 ; lead-free ferroelectrics; dielectric dispersion; impedance;
relaxation times.
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1. Introduction
Sodium bismuth titanate (Na0.5 Bi0.5 TiO3 , abbreviated as NBT), is considered to
be one of the excellent candidates among lead-free piezoelectric materials. The
crystal structures, phase transitions and physical properties of NBT have been
widely investigated since its early discovery by Smolensky et al in 1960 [1]. For
instance, several of its crystal structures, including cubic, tetragonal and rhombohedral, have been studied by a number of researchers over different temperature
ranges [2,3]. It has large remanant polarization (Pr = 38 µC/cm2 ), high Curie
temperature (TC = 320◦ C), and shows diffuse phase transition (DPT). In addition
to the DPT near 320◦ C, two more phase transitions were reported at 230◦ C and
between 500–600◦ C. The peculiar phase transition behaviour of NBT has attracted
considerable attention and a number of papers have been published that examine the different dielectric anomalies and electrical state of each phase [4,5]. However, there are several different explanations for the peculiarities of phase transition
behaviour and electrical states observed in ferroelectric NBT. Phenomenology to
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explain the behaviour of NBT is still far from clear. The behaviour of the micropolar regions was investigated in order to provide a solution. Tu et al considered
NBT to be a relaxor ferroelectric and supported this assertion using the superparaelectric micropolar clusters [6]. They assumed that the local ordering played an
important role in the peculiar behaviour of NBT. Park and Hong have argued that
the changes in the dynamics and the size of polar regions are the reasons for the
peculiar results [7].
Suitable doping, which results in the formation of vacancies, is one of the best
ways to control polarization in a material. Rare earth doping is known to form a
random electric field resulting in relaxor behaviour in Pb(Zr,Ti)O3 [8–10]. In this
type of dopant-controlled phase transition, the relaxor ferroelectricity and electromechanical properties would be strongly correlated to the vacancies and their impact on polarization of the material. In the present work, the effect of doping
heterovalent ions, namely, Ce3+ and Sm3+ , at the A-site on the dielectric behaviour and also the phase transitions in NBT, have been studied. A critical analysis
of the results indicate a correlation between the phase transitions, the relaxor ferroelectricity and electromechanical properties, and the vacancies and their impact
on micropolar regions in NBT.
2. Experimental
Polycrystalline samples of Na0.5 Bi0.5−x Cex TiO3 (NBCT) with x = 0.001, 0.005,
0.007 (NBCT1, NBCT2, NBCT3 respectively) and Na0.5 Bi0.5−x Smx TiO3 (NBST)
with x = 0.05, 0.1 and 0.15 (NBST1, NBST2 and NBST3, respectively) were
prepared through a chemical route (Pechini method). The stoichiometric amounts
of Na2 CO3 and Ce2 O3 or Sm2 O3 were taken and converted to their respective
nitrates by adding nitric acid solution. Bi(NO3 )3 ·5H2 O was added along with
TiO2 to the above solution. The entire mixture was slowly heated on a hot plate
and citric acid was added. The pH was adjusted to 7 by adding dilute ammonium
hydroxide solution. Ethylene glycol was added and heated to 160–180◦ C to get the
gel. From the gel precursor was obtained after heating. This precursor was heated
at 800◦ C for 2 h. The resultant powder was crushed and pressed in the form of
pellets of 13 mm diameter using polyvinyl alcohol as the binder. The pellets were
finally sintered at 1150◦ C for 2 h. Phase confirmation was done through XRD
(Philips-PW3040/60 X’pert PRO). Silver paste was used as an electrode material
on large area faces for electrical measurements. Samples were electrically poled by
applying a constant 20 kV/cm DC field at 100◦ C and cooled to room temperature in
the presence of the field. Dielectric and impedance measurements were performed
using HP 4192A impedance analyzer.
3. Result and discussion
Figures 1a and 1b show the X-ray diffraction (XRD) patterns of NBCT and NBST
samples. The XRD is indexed on the basis of rhombohedral structure (JCPDS
File No. 36-340). The room temperature lattice parameters are calculated and
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Figure 1. (a) X-ray diffractogram of cerium-doped sodium bismuth titanate.
(b) X-ray diffractogram of samarium-doped sodium bismuth titanate.

tabulated in table 1. This table also gives the theoretical and experimental densities. With the increase of cerium concentration the lattice parameters show slight
increase. All the samples prepared have about 95% of theoretical density. It has
been observed that NBCT2 sample has slightly higher experimental density than
the other two ceramic samples. The NBCT samples have higher density when
compared to the pure NBT [11]. With the increase of samarium concentration
the lattice parameters show a tendency to decrease. All the samples prepared have
about 90% of X-ray (theoretical) density when compared with experimental density.
The lattice parameters were calculated and tabulated in
√ table 2.
In ideal perovskite ABO3 the A–O distance RAO = 2 times RBO distance. In
the present study, doping of√A-site with cerium and samarium alters RAO distance.
Tolerance factor t = RAO / 2RBO is unity for ideal structure.
Figure 2 shows the dielectric constant as a function of temperature at different frequencies of NBCT1 (figure 2a), NBCT2 (figure 2b) and NBCT3 (figure
2c) ceramic specimens. The anomalies at a temperature between about 350◦ C
and 370◦ C represent a transition of tetragonal ↔ cubic. This coincides with the
fact that the tetragonal phase is ferroelectric. An anomaly, observed around 220–
280◦ C (the shoulder in dielectric curves) is due to rhombohedral ↔ tetragonal phase
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Table 1. Pertinent data on NBCT samples (room temperature ∼27◦ C).
NBCT1
Lattice parameter

NBCT2

NBCT3

NBT∗

a = 3.860 (Å) a = 3.884 (Å) a = 3.900 (Å) a = 3.985 (Å)
α = 90.01 (◦ ) α = 89.95 (◦ ) α = 90.05 (◦ ) α = 90.24 (◦ )

Perovskite cell volume (Å)3

57.51

58.59

59.31

63.28

0.855

0.855

0.855

1.016

5.89

5.77

5.70

5.55

5.55

5.59

5.47

5.10

% Density

94

96

95

91

Room temperature dielectric
constant (at 10 kHz)

305

439

623

Room temperature loss
(at 10 kHz)

0.09

0.04

0.03

354

366

369

805

1808

1804

5.61 × 109
1.58
1.84

1.028 × 1010
1.83
1.69

1.22 × 109
1.96
1.89

Tolerance factor t
3

Density (theoretical) (g/cm )
3

Density (experimental) (g/cm )

Transition temperature (TC )
(◦ C) (at 10 kHz)
Dielectric constant
(at TC ) (10 kHz)
Room temperature resistivity
(Ω-cm)
Activation energy (τZ ) (eV)
Activation energy (τM ) (eV)
∗ After

ref. [11].

transition [2–5]. It was observed that the temperature corresponding to this anomaly increases with the increase of cerium content in the samples. Dielectric constant
values are frequency-dependent up to this anomaly and above this the dielectric
response is independent of frequency up to transition temperature (TC ). Above
450◦ C, dielectric constant values are dispersed with frequency for all samples. Room
temperature dielectric constant values increase with increasing doping content and
dielectric loss values (≈10−2 ) decrease. It is observed that TC increases with doping
concentration.
Dielectric loss values of NBCT samples (figures 2d–2f) are nearly constant upto
the temperature where the shoulder was observed in dielectric constant vs. temperature curves. There is a hump in the dielectric loss vs. temperature curves at lower
temperature. This is reflected in the dielectric constant plots as a shoulder nearly
50◦ C above the region where the hump is observed in dielectric loss vs. temperature plots. Above 300◦ C, dielectric loss values are constant upto around 450◦ C.
For temperatures above 450◦ C, the curves are frequency-dependent (i.e. dispersive
in nature) and this dependence increases with increase in temperature.
The transition temperature (TC ) of undoped NBT is reported to be 320◦ C. TC of
the present sample (NBCT) shifts to higher temperatures with increase in cerium
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Table 2. Pertinent data on NBCT samples (room temperature ∼27◦ C).
NBCT1

NBCT2

NBCT3

a = 3.882 (Å)
α = 89.89 (◦ )

a = 3.880 (Å)
α = 89.80 (◦ )

a = 3.860 (Å)
α = 90.01 (◦ )

58.50

58.41

57.51

1.015

1.013

1.011

5.92

5.85

5.86

Density (experimental) (g/cm )

5.30

5.34

5.41

% Density

89.5

91.2

92.3

Room temperature dielectric
constant (at 10 kHz)

492

406

393

0.038

0.011

0.014

295

305

308

568

346

334

1.25 × 109
1.32
1.33

4.50 × 109
1.43
1.47

6.58 × 109
1.67
1.72

Lattice parameter
Perovskite cell volume (Å)3
Tolerance factor t
3

Density (theoretical) (g/cm )
3

Room temperature loss
(at 10 kHz)
Transition temperature (TC )
(◦ C) (at 10 kHz)
Dielectric constant
(at TC ) (at 10 kHz)
Room temperature resistivity
(Ω-cm)
Activation energy (τZ ) (eV)
Activation energy (τM ) (eV)

doping. It is generally accepted that the decrease of TC implies the relief of structural distortion [12]. Because there exist strong hybridization between ‘Bi’ 6s and
‘O’ 2p orbits, Bi3+ ions with lone-pair 6s electrons tend to be covalently bonded
with O2− ions, which lead to a drastic distortion of the pseudo-perovskite blocks
[13,14]. On the contrary, when a rare-earth (lanthanides) ion without 6s electrons
occupies the A-site, the structural distortion is relieved, which may lead to the increase in TC . Although the special distribution of 4f electron orbit in lanthanide ions
is denser than that of 6s orbit in Bi3+ ion, the hybridization between 4f electrons
of Ce3+ and 2p electrons of O2− might occur to a certain extent.
The low temperature shoulder in permittivity in the temperature range 200–
300◦ C is attributed to an intermediate phase [15]. An opinion about this shoulder
is that the temperature region between the shoulder and TC is an anti-ferroelectric
phase [6,16]. A similar phenomenon was found in NBLT (lanthanum-doped NBT)
ceramic and the explanation was in terms of a macro–micro domain switching [17].
Sakata et al [15,18] observed a double hysteresis in NBT at high temperatures and
concluded that it was a result of the existence of an anti-ferroelectric phase during
the diffuse phase transition.
Figure 3 shows the dielectric constant (figures 3a–3c) and loss (figures 3d–3f)
as a function of temperature at different frequencies of NBST samples. We can
observe three peaks in the dielectric constant plots of NBST1 samples (figure 3a).
In contrast to other studies [19], we observe dielectric anomaly between 450◦ C
Pramana – J. Phys., Vol. 72, No. 6, June 2009
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Figure 2. Variation of dielectric constant (a,b,c) and loss (d,e,f) with temperature for NBCT1, NBCT2 and NBCT3 samples respectively.

and 550◦ C. The peak temperatures are 130, 306 and 474◦ C at 10 kHz frequency
for NBST1 sample. The peak temperatures are found to be frequency-dependent.
With the increase of frequency, dielectric constant values have decreased and this
decrease is more prominent for 474◦ C peak for NBST1. The dielectric loss also
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Figure 3. Variation of dielectric constant (a,b,c) and loss (d,e,f) with temperature for NBST1, NBST2 and NBST3 samples respectively.

followed similar behaviour as that of dielectric constant in general. However, at
low frequencies and for temperatures above 400◦ C, the dielectric loss was found
to increase with the increase of temperature. The low temperature dielectric loss
values are relatively small (∼10−2 ) and vary little with temperature. Increase of
samarium concentration has resulted in a decrease of dielectric constant and loss
values in general.
Pramana – J. Phys., Vol. 72, No. 6, June 2009
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Figure 4. Variation of M 00 and Z 00 with frequency at different temperatures
for (a) NBST1, (b) NBST2 and (c) NBST3 samples (closed symbols are for
M 00 ).

The peak at 130◦ C observed for NBST1 sample could not be recorded clearly
for NBST2 and NBST3 samples. However, the peak at 306◦ C of NBST1 sample is
found to be less pronounced in NBST2 and NBST3 samples and the peak at 474◦ C
has been observed at high temperatures, i.e. 546 and 501◦ C for NBST2 and NBST3
respectively. For NBST3 sample, for high frequency, there is a shoulder in the high
temperature region of the dielectric loss curves. Curie–Weiss law could not be fit
to the high temperature peak of the samples. However, these peaks follow modified
Curie–Weiss law of diffuse phase transition (DPT). Similar behaviour was reported
for pure NBT samples earlier [6].
Figures 4a–c show the variation of imaginary part of impedance (Z 00 ) and electric
modulus (M 00 ) between 525◦ C and 600◦ C as a function of frequency for NBST1,
NBST2 and NBST3 samples respectively. With the increase of frequency, Z 00 and
M 00 values initially increase then reach a maximum value. Further increase of frequency decreases this value and the M 00 values increase again. At higher frequency
side all curves merge. With increasing temperature the peak value shifts to higher
frequency side and the peak becomes broader. The peak frequency for M 00 curves
lie between 3 × 104 and 4 × 105 Hz. The M 00 and Z 00 peaks are not coincident
and there is no evidence of any additional peaks at higher frequency side in the Z 00
spectrum.
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Figure 5. (a) Variation of relaxation times for NBCT samples (open symbols
are for M 00 . (b) Variation of relaxation times for NBST samples (open symbols
are for M 00 .

Between 525◦ C and 600◦ C the peak width at half maxima of Z 00 and M 00 curves
is more than a decade indicating non-Debye relaxation behaviour [19]. Distribution
of relaxation may be present in the sample due to the existence of the multiple polar
phases in the sample. The peak frequency difference is found to decrease with the
increase of samarium concentration.
If a ceramic is well sintered, typically 95% of X-ray (theoretical) density, and
the bulk component is electrically homogeneous, then a single M 00 Debye peak
width at half maxima approaching the theoretical value of 1.14 decades on a log
frequency scale should be observed. It is worth noting that M 00 spectra should only
be employed to determine bulk dielectric characteristics if the response is Debyelike, i.e., the peak width at half maxima of M 00 is ≈1.14 decades on a log frequency
scale. When analysing samples that show non-Debye-like responses, i.e., presence
of significant M 00 peak broadening due to electrical inhomogeneities or the presence
of a grain boundary component, then electric modulus complex plane plots should
be employed. The peak width at half maxima of Z 00 vs. frequency plots of the
present system of samples varies from 1.2 to 1.5.
Figures 5a and 5b show the variation of relaxation time (τ ) as a function of
inverse of temperature (1000/T ). The relaxation times are of the order of 10−5 s at
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600◦ C. The activation energies are evaluated from these curves and given in tables
1 and 2. It is observed that incorporation of cerium or samarium in the place of
bismuth in sodium bismuth titanate increases the activation energy for relaxation.
In the present measurements, grain relaxation time (τg ) is evaluated from Cole–
Cole plots and when this resistance is plotted as a function of reciprocal temperature
the curves are straight lines. The experimental data are described by the expression
of Arrhenius type.
µ
¶
Ea
τg = τ0 exp
.
kT
The grain relaxation time decreases with increase of temperature. Also the grain
relaxation time (τg ) is changed with the dopant concentration. The activation
energy for grain relaxation is calculated to be about 1.9 eV for these samples.
The grain conductivity follows Arrhenius law, given by the following equation for
NBCT1, NBCT2 and NBCT3 ceramic samples respectively:
µ
¶
−1.56
σg = 3.07 exp
kT
µ
¶
−1.72
σg = 4.70 exp
kT
µ
¶
−1.61
σg = 3.94 exp
.
kT
It can be seen that the activation energy for grain conduction for NBCT2 sample
is maximum.
The relaxation times are obtained from both impedance and modulus data. The
calculated activation energy for relaxation lies between 1.3 eV and 1.6 eV for all
the samples. Increase in samarium content increases the activation energy for
relaxation.
Deviation of tolerance factor t from unity implies competition between A–O sublattice and B–O sub-lattice, which results in the distortion of perovskite structure.
Observation of t factor less than unity in cerium-doped samples indicates distortion
of the lattice resulting in an increase in the cell volume, decrease in density and
increase in dielectric constant.
In samarium-doped samples, the cell volume, density and dielectric constant
show small variation with doping concentration, and a tendency to decrease with
increase in samarium content. This variation in the properties of samarium-doped
samples may be attributed to the distortion of the lattice as a result of samarium
incorporation. The t factor in samarium-doped samples is observed to be >1 in
comparison with cerium-doped samples (where t > 1).
4. Conclusions
The Na0.5 Bi0.5−x Cex TiO3 samples showed interesting dielectric and impedance
characteristics. These properties are understood in terms of the formation of
micropolar regions. Dielectric properties of NBCT samples show diffused phase
1008
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transition. The grain conduction and relaxation of the present system of samples
is evaluated from Cole–Cole plots. NBCT2 samples showed more values of grain
conduction and grain relaxations. The present results indicate that there is an
anomaly in dielectric properties of samarium-doped NBT in the temperature range
450–550◦ C. This peak corresponds to a broad shoulder in dielectric loss curves of
NBST3 samples. The impedance data indicate that the relaxations in the samples
are due to the presence of polarizing species. The polarizing charges give nonDebye relaxations and contribute to grain boundary capacitance and conductance.
The increase of samarium content results in the disappearance of 130◦ C peak of
dielectric properties and brings out high temperature polarization peak clearly.
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