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Electrical and dielectric properties of Nd-doped SrBi2Ta2O9 ceramics
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Abstract

Combination of molten-salt and calcination techniques was used to synthesize Nd-doped SrBi2Ta2O9 (x = 0,
0.02, 0.05 and 0.1) ceramic powders. The prepared powders were uniaxially pressed and sintered at 1200 °C
for 6 h. The suggested approach allows obtaining pure products without secondary phases, while the Nd
content slightly affected the unit cell parameters. The diffusivity of the dielectric maximum increases and the
Curie temperature decreases with the increase of  Nd concentration.  The non-overlapping small  polaron
tunneling remained the predominant conduction process. Within the temperature range from 300 to 450 °C,
both the bulk grain and the grain boundary resistances were determined from the Nyquist plots. It was shown
that the grain boundary resistivity decreases with temperature owing to the charge carriers’ movement and
the grain boundary and grain resistivities decrease when Nd was introduced in the SrBi2Ta2O9 structure.
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I. Introduction

Aurivillius  compounds  can  be  categorized  into
one  of  four  different  types,  i.e.  bismuth  layered-
structured ferroelectrics  (BLSFs),  bismuth  metal
vanadium  oxide  (BIMEVOX),  halide  and  bismuth-
layered composites [1–3]. The Aurivillius-type layered
ferroelectrics  (BLSFs)  have  found  extensive  use  in
optical,  piezoelectric,  non-volatile  ferroelectric  and
transducer  applications  as  well  as  capacitors  and
transducers  [4].  Sillén-Aurivillius-type  oxyhalide
compounds  are  suitable  for  semiconductors  [1],
whereas the Aurivillius-type composites exhibit good
ferroelectric,  piezoelectric,  multiferroic  and
magnetoelectric  properties.  On  the  other  hand,  the
Aurivillius-type  conducting  oxides  (BIMEVOX)  are
components  for  oxide-ion electrolytes in  solid  oxide
fuel cells (SOFCs). 

SrBi2Ta2O9 belongs  to  the  Aurivillius  family  of
bismuth layer-structured ferroelectric materials, which
are the main candidate  materials  for  producing non-
volatile  memory  chips  [4–6].  Recently,  there  have
been tremendous numbers of studies that investigate 
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the photocatalytic CO2 reaction [21]. Frustrated Lewis
pairs  (FLP)  were  fabricated  on  SrBi2Ta2O9 for
photocatalytic  reduction  of  CO2.  FLP-fractionalized
oxygen vacancies in  SrBi2Ta2O9-hydroxyl compound
show  an  excellent  CO2 reduction  performance
compared  to  that  of  SrBi2Ta2O9.  Furthermore,  what
specifically characterizes the double-layer Aurivillius
phase is high Curie temperature, excellent polarization
fatigue-free behaviour, fast switching and low leakage
currents. However, these compounds suffer from low
polarization arising from a low dielectric constant and
high dielectric loss. Therefore, lead zirconate titanate
(PZT)  has  shown  better  piezoelectric  behaviour
compared to the Aurivillius-type layered ferroelectric
materials. Ferroelectric properties can be improved by
adjusting the partial substitution and optimal sintering
temperature. In this regard, isovalent dopants,  which
are  of  similar  valence  to  bismuth,  lower  the  Curie
point,  enhance  the  dielectric  constant  and  lower  the
dielectric loss. It is commonly discussed that for small
concentrations of neodymium in BLSF ceramics, the
remnant  polarization  (2Pr)  can  reach  the  maximum
value and the coercive field (Ec) may remain almost
unchanged.  Also,  when  Nd  doping  exceeds  certain
levels,  the  compounds  exhibit  relaxation  behaviour
[22,23].  The  cited  studies  may  have  already
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investigated the role of Nd in the SrBi2Ta2O9 structure,
while the role of this dopant on electrical properties
had not yet been investigated.

There are many publications related to SrBi2Ta2O9

materials,  but  the  synthesis  of  desirable  SrBi2Ta2O9

powders still  needs to be optimized. In addition, the
efficient  sintering  process  for  enhancing  dielectric
properties has been questionably tailored and desirable
enhanced spontaneous polarization may be difficult to
achieve. 

Based  on  our  previous  paper  [2],  the  presented
work consists of two parts. In the first, fabrication of
SrBi2-xNdxTa2O9 (x = 0, 0.02, 0.05, and 0.1) ceramic
compounds, as well as their structural characterization
were presented. The second part highlights dielectric
measurements combined with a theoretical approach.

II. Experimental

The molten salt method was used to synthesize the
SrBi2-xNdxTa2O9 (x = 0, 0.02, 0.05, and 0.1) samples.
In the first step, Bi2O3 (Rectapur 90%), Ta2O5, Nd2O3

(HiMedia  99.9%)  and  SrCO3 (Fluka  98%)  were
ground  in  stoichiometric  proportions.  Then,  these
precursors were stirred in a NaNO3-KNO3 mixture at
400 °C for 3 h. After that, the process of filtration was
carried out to separate an insoluble component from
the soluble NaNO3-KNO3 mixture using diluted acid
as  a  solvent.  The  obtained  powder  mixtures  were
milled manually and then calcined at 1000 °C for 8 h.
The  calcined  powders  were  uniaxially  pressed  into
pellets (under 2 t/m²) and then sintered at temperatures
of 1200 °C in air for 6 h. The ceramics were coated on
both  sides  with  silver  paste  to  enable  electrical  and
dielectric measurements.

Phase  composition  and  purity  of  the  prepared
material were determined by X-ray diffraction (Bruker
D8) with CuKα (λ = 1.5406 Å) radiation in the range
5° < 2θ < 70° at a scanning rate of 5°/min. Unit cell
and lattice parameters were computed using UnitCell
and  HighScore  Plus  programs.  The  Archimedes
technique and XRD data  were used  to  measure  and
calculate the experimental and theoretical densities.

The Agilent 4284A was used to test the dielectric
and electrical properties as a function of frequency and
temperature.

III. Results and discussion

3.1. Structural characterization

Figure 1 displays the XRD spectra of the sintered
samples.  The  SrBi2Ta2O9 (JSPDS  NO.  49-0609)
standard pattern fits all of the sample diffraction peaks,
indicating the effective synthesis of SrBi2-xNdxTa2O9 (x
=  0,  0.02,  0.05  and  0.1)  compounds  without  any
secondary phase. In addition, the diffraction intensities
do not show any preferred orientations.

Figure 2 illustrates changes in lattice parameters
as  a  function  of  Nd  content  in  the  SrBi2-xNdxTa2O9

compounds. Changes in the lattice parameters, a, b and
c, are associated with a shift in the XRD peaks caused
by Nd doping. The a, b and c values, together with the
unit  cell  volume,  decrease  when  the  amount  of  Nd
increases  in  SrBi2Ta2O9.  However,  these  lattice
parameters  and  amount  x do  not  exhibit  a  linearly
dependent relationship (Fig. 2). The changes in lattice
parameters  may  not  only  be  attributed  to  the
incorporation  of  Nd3+ (0.983  Å [7])  in  the  Bi3+ site
(1.03  Å  [7]),  but  also  can  be  attributed  to  the
measurement accuracy.

Figure 1. XRD spectra of SrBi2-xNdxTa2O9 (x = 0, 0.02, 0.05
and 0.1) compounds

Figure 2. Variation of lattice parameters (a, b and c) and
volume of the unit cell for SrBi2-xNdxTa2O9 (x = 0, 0.02, 0.05

and 0.1) compounds

In  spite  of  different  experimental  processes  for
pellet  preparation,  such  as  use  of  different  type  of
binder, uniaxial pressure and ball mill conditions, most
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of the experimental studies showed significant changes
in  density  because  of  sintering  temperature  [8,9].
Consequently, when pellets were sintered at 1200 °C,
their  densities  achieved the maximum value. On the
other  hand,  when  the  compounds  were  sintered  at
temperatures above 1200 °C,  decomposition  of  bulk
ceramics  occurred  and  SrTa2O6 phase  was  formed,

which could coexist with SrBi2Ta2O9 [10–13]. In this
sense,  this  work  evidences  that  1200 °C/6h  remains
the  optimal  condition,  allowing  not  only  to  get  a
relative  density  of  88–92  %TD  (percentage  of
theoretical  density),  but  also  to  avoid  the
decomposition process. Meanwhile the Nd content did
not bring significant change on densit.

Figure 3. Temperature and frequency dependence of dielectric constant (ε') and dielectric loss (tanδ, inset) of 
SrBi2-xNdxTa2O9 ceramics: a) x = 0, b) x =0.02, c) x =0.05 and d) x = 0.1 

Figure 4. Temperature dependence of dielectric constant (ε')
and dielectric loss (tanδ, inset) of SrBi2-xNdxTa2O9 (x = 0,

0.05 and 0.1) ceramics measured at 1 MHz

3.2. Dielectric properties
Frequency dependence of dielectric constant and

dielectric  loss  curves,  measured  as  a  function  of
temperature, are shown in Fig. 3. Overall, as one goes
to high temperature, it  can be seen that all  ε'-curves
exhibit  a  maximum  (εmax')  referring  to  the  Curie
temperature  and  transition  from  ferroelectric  to
paraelectric phase. The Curie temperature (TC) of the
dopant-free  SrBi2Ta2O9 sample  is  316  °C,  which  is
similar  as  in  the  literature  [2,14].  The  dielectric
constant  curve  for  the  pure  SrBi2Ta2O9 (Fig.  3)  is
similar to that published elsewhere [2]. However, the
only difference is  the maximal  dielectric  constant  at
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the Curie temperature, i.e. it is ~500 in this work and
~1600 in our previous paper [2]. This difference may
be attributed to the different sintering conditions, but
also due to the different ceramic pellet dimension.

Figure 5. Variation of electrical conductivity as a function of
frequency and temperature of SrBi2-xNdxTa2O9 ceramics:

a) x = 0, b) x =0.05 and c) x = 0.1 

Influence  of  Nd  concentration  on  the  dielectric
constant (ε') and dielectric loss (tanδ) can be clearly
seen in Fig. 4. From room temperature untill <200°C,
the  x = 0.1 sample has the highest dielectric constant

when  compared  to  other  samples.  However,  εmax' is
around  400,  330  and  244  for  the  SrBi2-xNdxTa2O9

ceramics having x = 0, 0.05 and 0.1, respectively. The
fact that the peaks (εmax') are independent of frequency
(Fig.  3)  confirms  that  the  samples  have  normal
ferroelectric behaviour. In addition, it is obvious that
an increase in Nd concentration leads to a decrease in
the Curie temperature (Fig. 3), which adheres to the
traditional  experiments  where  transition  temperature
tends  to  decrease  with  the  increase  of  rare  earth
content [15]. Thus, the TC shift to a lower temperature
may be advantageous for achieving a high dielectric
constant near room temperature.

Regarding  dielectric  loss  (tanδ),  it  is  almost  the
same for all samples at 1 MHz. When all polarization
processes are activated within materials, the dielectric
loss (tanδ) experiences a decrease, mainly below 200
°C.

The  modified  Curie-Weiss  law  can  be  used  to
calculate  the degree of  diffusion [14,16].  Thus,  it  is
clear  from Fig.  4 that  the diffusion of  the dielectric
maximum  increases  as  the  amount  of  neodymium
increases. 

3.3. Conductivity
The AC conductivity (σAC) curves of the prepared

samples, given in Fig. 5, are fitted by the Jonscher’s
universal power low:

(1)

(2)

where σDC,  f,  A and s are DC conductivity, frequency,
temperature-dependent  constant  and  an  exponent,
respectively. There are two distinct regions in Fig. 5.
The  first  part,  where  conductivity  is  frequency-
independent, is found at low frequencies. In the second
region,  which  could  be  fitted  by  hopping  between
charge carriers, the increase of conductivity is not only
frequency  dependent,  but  also  increases  with
temperature. According  to  Fig.  5,  the  temperature
dependence of the exponent s indicates that, primarily
for the doped samples, non-overlapping small polaron
tunnelling (NSPT) [17] is the predominant conduction
process in the specified temperature range.

The  Nyquist  plots  for  the  prepared  samples  at
different temperatures are illustrated in Fig. 6. Overall,
resistivities  of  grain  boundaries  and  grains  are
responsible for the large arc seen at low frequencies
and  the  small  arc  at  high  frequencies,  respectively.
Each arc is described by a parallel RQ circuit, where R
and Q represent the resistance and the constant phase
element,  respectively.  The  grain  boundary  resistivity
shows strong dependence on the temperature, whereas
the grain resistivity dependence on temperature is not
obvious. The  Nyquist  plots  bring  out  two  essential
points.  The  first,  the  grain  boundary  resistivity
decreases  with  temperature  owing  to  the  charge
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carriers’  movement.  The  second,  when  Nd  was
introduced  in  the  SrBi2Ta2O9 structure,  the  grain
boundary and grain resistivities decrease. In general,
increased Nd addition leads to increased conductivity
due to the higher concentration of carriers.

Electrical impedance (Z) and dielectric loss (tanδ)
versus  frequency  (log-log  scale)  at  selected
temperatures are given in Fig. 7. Overall, the electrical
impedance decreases with increasing temperature and
frequency that exhibited the capacitive characteristic.
However,  tanδ increases  with  temperature  while
decreases  with  frequency  arising  from  delay  of
polarization in the ceramics. As a result, the samples

witness  the  influence  of  the  intrinsic  dielectric
properties. At the low-frequency region, from 102 to
103 Hz, the charge carrier mobility is impeded not only
by  grain  boundaries,  but  also  by  the  existence  of
defects  and  oxygen  vacancies,  which  may  trap  this
motion. At a higher frequency (>103 Hz), the charge
carriers  do  not  require  more  energy  to  move  freely
through  the  grain  boundaries.  Meanwhile,  the
electrical  circuit,  used in  the  Nyquist  plots  (Fig.  6),
confirms that the sample has lower resistance at higher
temperatures. Thus, the higher the capacitance (C), the
lower the impedance (1/|Z| = 2f∙C).

Figure 6. The Nyquist plots for SrBi2-xNdxTa2O9 ceramics: a) x = 0, b) x =0.02, c) x =0.05 and d) x = 0.1

Figure 7. Normalized imaginary component of impedance against frequency for SrBi2-xNdxTa2O9 (x = 0, 0.05 and 0.1)
ceramics

Figure 8. Impedance against frequency and temperature for SrBi2-xNdxTa2O9 (x = 0 and 0.1) ceramics
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In Fig. 8, the normalized imaginary component of
impedance is plotted against frequency. The samples,
mainly  the  undoped sample,  exhibit  peaks  that  shift
towards  high  frequency.  The  relaxation  activation
energy  (Ea)  is  obtained  from  the  fit  of  Eq.  3  after
linearization:

(3)

where  f,  f0,  and  kB are  the  peak  frequency,  pre-
exponential  factor  and  the  Boltzmann  constant,
respectively. The undoped sample has the highest (Ea

= 2.4 eV), whereas the  SrBi1.9Nd0.1Ta2O9 sample has
the lowest relaxation activation energy (Ea = 1.8 eV).
As a result, the charge carriers find it more difficult to
pass through the grain boundary when the relaxation
activation energy is higher [10]. This activation energy
might be relatively high, suggesting the domination of
oxygen ion  vacancies  arising  from sintering  at  high
temperature.

Overall,  the  ceramic  samples  annealing  in  air
leads  to  the  formation  of  oxygen  vacancies,  which
remain the key factor in varying either dielectric loss
or electrical  conductivity.  At high temperatures,  300
°C–450  °C,  the  effects  of  Nd  on  the  electrical
properties  of  SrBi2Ta2O9 ceramics  could  not  be
accurately  determined  through  electrical  approaches.
There  are  tremendous  factors  that  alter  electrical
results.  The  coupling  of  point  defects  forms  an
electron-pinned  defect-dipoles  (EPDD)  effect  and
induces  strong  hopping  polarization.  In  addition,  an
internal barrier layer capacitance (IBLC) effect and a
surface barrier layer capacitor (SBLC) effect [18–20]
may outweigh the Nd effect. In this case, it might be
because  there  was  not  much  Nd  in  the  SrBi2Ta2O9

structure. The mechanisms mentioned above, EPDD,
IBLC and SBLC, hamper expression of the Nd effects
above the Curie temperature

IV. Conclusions

The molten salt  technique was used to  fabricate
SrBi2-xNdxTa2O9 (x = 0, 0.02, 0.05 and 0.1) ceramics.
The  compounds  were  highly  pure  when  they  were
calcined at 1000 °C and sintered at 1200 °C. It  was
observed that when the Nd content increased, the unit
cell  slightly  shrunk.  The  selected  optimal  sintering
conditions at 1200 °C for 6 h allowed fabrication of
the  Nd-doped  SrBi2Ta2O9 ceramics  with  relative
density of 88–92 %TD.

The  Curie  temperature  of  the  dopant-free
SrBi2Ta2O9 sample is 316 °C and it decreases with the
increase in Nd concentration. It is also obvious that the
diffusivity  of  the dielectric  maximum increases with
Nd  content.  Electrical  and  dielectric  measurements
(from 300 to 450 °C) revealed that the grain boundary
resistivity  decreases  with  temperature  owing  to  the

charge carriers’ movement by non-overlapping small
polaron tunnelling.
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