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Abstract The crystal structure and dielectric properties

as a function of temperature for Ba-based with Bi-layered

structure BaBi2Nb2O9 (BBN) ceramics were investigated.

The obtained results confirmed the relaxor ferroelectric

behavior of the studied ceramics, including a strong fre-

quency dispersion of the permittivity maximum and a

visible shift of its temperature with frequency. Analysis of

the real and imaginary part of permittivity allowed us to

determine the values of Burn’s temperature and of the

freezing temperature characterizing the relaxor ferroelec-

trics. The physical processes, responsible for the relaxor

behavior of the studied ceramics are discussed. The addi-

tional low frequency dielectric dispersion at high temper-

atures in the paraelectric phase range was also observed.

Correlation between this dispersion and the thermally

stimulated depolarization current was ascertained.

Introduction

Relaxor ferroelectrics (RF) are a very interesting group of

materials, which have been widely described over the last

20 years due to their specific properties. They have found

many applications, among others, in multilayer ceramic

capacitors, electro-optical devices, ultrasonic and medical

imaging devices [1, 2]. Unfortunately majority of them are

lead-oxide containing materials and therefore are toxic and

environmentally unfriendly. That is why in recent years

new free-lead relaxor ferroelectrics have been explored.

Among them Ba-based ferroelectrics with Bi-layered

structure—synthesized for the first time by Aurivillius

[3]—seems to be a very promising group of materials. The

chemical formula of these compounds is (Bi2O2)2+

(Ax–1BxO3x+1)2–, where x indicates the number of perov-

skite building blocks between two (Bi2O2)2+ layers and A

and B represent the different cations of low and high

valences [4]. The layered structure is characterized by a

high value of c-parameter in comparison with parameters a

and b of the orthorhombic cell and leads up to high

anisotropy of the crystallographic structure, which is

directly connected with the high anisotropy of electric

properties. The best known representative of this family

is SrBi2Ta2O9, (SBT), SrBi2Nb2O9, (SBN) and Ba1–x

SrxBi2Nb2O9, (BSBN). Recently, the interest in Bi-layered

perovskites has increased due to their excellent stability

against repetitive switching (fatigue endurance) [5], fast

switching speed and good piezoelectric properties [6].

Therefore, these materials are now intensively investigated

in view of their potential applications in electronics.

Particularly SBT is considered to be a promising material

for ferroelectric non-volatile semiconductor memory

(FeRAMs) and optoelectronic-integrated devices [5, 7].

Investigations of the other representative of the Auri-

villius family, BaBi2Nb2O9, (BBN), the compound, which

seems to be very interesting from the point of view of the

relaxor behavior, are presented in this paper. BBN, less

studied so far, is a relaxor material of a tetragonal structure

with a I4/mmm space group [8]. The aim of our paper is to

present experimental results of the dielectric properties of

BBN ceramics in comparison with lead containing relaxor

ferroelectrics such PLZT and PBZT, reported in our earlier

papers [9–11].
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Ceramics preparation

The BaBi2Nb2O9 ceramics were prepared using the con-

ventional mixed-oxide processing technique. Stoichiome-

tric amounts of BaCO3, Bi2O3, Nb2O5 reagents were

weighed and mixed. Thermal synthesis of the pressed

mixture was carried out at 950 �C for 2 h. Then the cru-

shed, milled and sieved materials were pressed again into

cylindrical pellets and sintered at 1100 �C for 6 h and then

cooled to room temperature for 12 h. The obtained

ceramics were semitransparent and of good mechanical

quality. The Archimedes displacement method with dis-

tilled water was employed to evaluate the sample density.

The bulk density of BBN ceramics was equal to

7.07 g/cm3. The obtained ceramic cylinders were cut into

0.6 mm layers, polished and coated with silver paste

electrodes without thermal treatment.

Results and discussion

The grain structure and distribution of all elements

throughout the grains was examined by scanning electron

microscope, (SEM), JSM-5410 with an energy dispersion

X-ray spectrometer (EDS). The grain size measurements

were performed on the fractured surface of ceramics. The

samples were broken at ambient atmosphere, then covered

with sputtered gold and placed in a vacuum (10–5 Torr)

chamber of the electron microscope. A typical scanning

electron image of the BBN ceramics is shown in Fig. 1.

The average grain size was ca. 2 lm. Energy dispersion

X-ray spectrometer was used to check the distribution of

individual elements within the grains. The microanalysis

was performed with ISIS-300 SEMQuant programme. The

EDS analysis indicated a fairly homogenous distribution of

all elements (Ba, Bi, Nb and O) throughout the grains.

The X-ray diffraction pattern (XRD) of BBN ceramics

obtained at room temperature is shown in Fig. 2. XRD

measurements were carried out on powdered samples using

a high resolution Siemens diffractometer (h–h) D 5000

with filtered Cu Ka radiation (40 kV, 30 mA). The powder

diffraction diagram was measured from 10 to 100� in 2h
with 0.02� steps and a 2 s counting time. The XRD profile

was analyzed by using a set of programs i.e. DHN Powder

Diffraction System ver.2.3. The location and intensity of 32

diffraction lines were identified in the range of the mea-

sured angle. The obtained results show a good agreement

with JCPDS standard number 12-0403 for BaBi2Nb2O9.

All line indexes connected with the Aurivillius structure

were assigned. The appearance of a single very weak line

for 2h = 25.58� not connected with the Aurivillius struc-

ture is in our opinion caused by the presence of a small

quantity of BaCO3 since this line corresponds the strongest

diffraction line of BaCO3 structure (JCPDS standard No.

11-0697). The ratio of the integral intensity of this line to

the integral intensity of all the lines of the diffraction

pattern allowed us to estimate the content of the BaCO3

phase at ca. 0.5%. The lattice parameters obtained from

X-ray pattern were a = b = 3.9406 ± 0.0006 Å, and

c = 25.6378 ±0.0059 Å. These results are in a good

agreement with the results reported in [12].

The dielectric measurements of real (e¢) and imaginary

(e†) parts of permittivity versus temperature were carried

Fig. 1 SEM images of the fractured surface (a) and the EDS analysis

(b) of BBN ceramics
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Fig. 2 XRD pattern of BBN ceramics
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out on heating by using impedance analyzer HP4192A. The

sample was deaged by thermal treatment at 723 K prior to

measurements to allow recombination and relaxation of

part of the frozen defects, formed during the sintering

process. The characteristics e¢(T) and e†(T) for a number of

frequencies are shown in Fig. 3. These characteristics, and

in particular e¢(T) curves, reveal a strongly diffused phase

transition which is caused by Ba ions entering not only the

perovskite blocks but also (Bi2O2)2+ layers resulting in

inhomogeneous distribution of Ba ions and local charge

imbalance in the layered structure [13]. In this way

Ba-induced disorder in the layered structure leads to the

broadening of the dielectric response and to the intensifi-

cation relaxor properties of these ceramics [14]. Ismunadar

et al. [12] showed, on the basis of XRD measurements that

in BBN ceramics 15–20% of Ba2+ ions are located in the

(Bi2O2)2+ layers. The frequency dependence of the

dielectric response demonstrates the behavior typical for

relaxor ferroelectrics i.e. the significant reduction of e¢max

and shift of the corresponding temperature (Tm) towards

higher values with frequency increase. This behavior is

similar to lead containing relaxor ferroelectrics such as

PMN, PLZT [15, 16] and PBZT [10] ceramics, except for

much lower value of the real part of permittivity. Such a

great difference in the value of e¢max may be the conse-

quence of a much lower polarizability of Ba2+ ions in

comparison with Pb2+ ions. The weak interaction between

dipole moments in the layered structure (in comparison

with cubic perovskite structure of lead containing relaxors)

should be also taken into consideration [17]. On the other

hand it should be stressed that in the present case the Tm

shift with frequency is much stronger than for PMN or

PBZT 25/70/30 ceramics. In the case of BBN ceramics

DTm (defined as the difference between the Tm measured at

0.1 kHz and that measured at 20 kHz) is equal to ca.

92.6 K, whereas for PBZT 25/70/30 ceramics DTm=7.3 K

[10].

The frequency dependencies of dielectric response for

several selected temperatures are shown in Fig. 4. As can be

seen the real part of permittivity gradually decreases with

increasing frequency. The character of e†(f) changes is more

complicated. At low temperatures the broadened maximum

in the e†(f) curve occurs and the greatest values of e† are

observed for low frequency. The maximum gradually in-

creases and shifts to high temperatures. The broad Cole–

Cole ‘‘circular-arc’’, shown in Fig. 5, indicates a broad

distribution of relaxation times [18] which suggests that the

concept of the Vogel–Fulcher relationship has to be used to

describe the shift of the real part of the permittivity peak

with frequency instead of the classic Debye relaxation [19]:

f ¼ f0 exp
�Ea

kðTm � TfÞ

� �
ð1Þ

where Ea is the activation energy, Tf is the freezing tem-

perature of polarization fluctuation, and fo is the pre-

exponential factor. The plot relating frequency to the Tm

fitted to the Vogel–Fulcher relationship is shown in Fig. 6.

The values of the fitting parameters, especially the freezing

temperature, are significantly different from those observed

for lead containing relaxor ferroelectrics such as PMN or

PLZT. For example for PMN and PLZT ceramics the

parameters Ea, Tf and fo equal 0.08 eV, 217 K, 1012 Hz and
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Fig. 3 Real (a) and imaginary (b) parts of permittivity as a function

of temperature measured at various frequencies of the measuring

field. The individual curves concern the following frequencies: 0.5; 1;

3; 5; 7; 10; 30; 50; 70; 100; 200; 500 and 1000 kHz
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0.12 eV, 249 K, 6*1013 Hz, respectively [15, 16]. It should

be noticed that the value of Tf obtained for BBN ceramics

by Kholkin et al. [6] and us are also different (170 and

97 K, respectively). In our opinion, it may be caused by

different technological conditions during ceramic prepa-

ration. The various sintering conditions (sintering temper-

ature and time) result in the change in structural disorder

and influence the value and dynamics of the dipole

moments. The dynamics of the dipoles, associated with the

thermally activated flips, is considered to be responsible for

the properties of RF.

The chemical disorder mentioned above caused by Ba2+

ions is probably also responsible for the relaxor behavior of

the BBN ceramics. It is commonly known that the dielectric

properties of RF are explained in literature in terms of small

regions of local polarization (so called polar-regions),

which appear at temperatures much higher than Tm (at the

Burn’s temperature, TB) [20–22]. Therefore, the e¢(T)

deviates from the Curie–Weiss law below TB and obeys this

law above TB. The temperature dependence of a local order

parameter q(T) was calculated from the Curie–Weiss for-

mula modified by Sherrington and Kirkpatrick [23, 24]:

e0 ¼ Cf1� qðT Þg
T � hfð1� qðT Þg ð2Þ

where h is the Curie–Weiss temperature, C is the Curie–

Weiss constant and are equal to 314.12 K and 1.9*105 K,

respectively. The temperature dependence of the local

order parameter obtained from 100 kHz dielectric response

is shown in Fig. 7. The value of q is equal to zero at high

temperatures in the paraelectric phase and starts to increase

as soon as the polar clusters begin to appear on cooling, i.e.

at TB. The TB calculated from Eq. (2) is equal to 672 K. It

is worth noticing that the q(T) is frequency dependent

however the dependence of temperature TB on frequency is

very weak [24].

The dielectric properties of Ba-based layered perovsk-

ites are different from those of the lead containing RF

governed by the dynamics of polarization clusters. The

small Bi3+ ions (R = 0.96 Å) substituted for Ba in oxygen

octahedra blocks can be easily shifted even further from the

central A-positions of the perovskite cell, than the large

Ba2+ ions (R = 1.34 Å). However, due to high anisotropy

and a large value of the c-parameter, confirmed by X-ray

measurements [6], the distance between clusters is signif-

icantly bigger than in the classical relaxors and hence the

interaction between them is more difficult. Probably this is

why the formation of the normal ferroelectric state is only

possible at low temperatures. Moreover, the freezing tem-

perature is much lower than for Pb-containing RF. The
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weak interactions between dipole moments in layered

structure in connection with small polarizability of Ba2+

ions (in comparison with Pb2+ ions) may be the reason for

the small value of permittivity [25]. The low value of Tf

makes it impossible to observe ferroelectric histeresis loops

below the temperature of dielectric maximum in Ba-based

Bi-layered perovskites [14].

In Fig. 3 it can be seen that the studied BBN ceramics

demonstrate low frequency dispersion at high temperatures

of the paraelectric phase. This additional dispersion is often

found in ferroelectric ceramics of perovskite structure [26–

27] and originates from the non-homogeneous distribution

of ion space charges participating in the screening process

of the polar-regions [9]. The occurrence of the polar-

regions and their interaction with free electron and ion

space charges can be identified by thermally stimulated

depolarization current (TSDC) studies [9, 10, 28]. The

samples were first polarized at dc field with strength Ep,

applied for 10 min at various temperatures (Tp) and then

cooled in the field to 273 K at which the field was switched

off. The samples were then heated with a constant rate of

5 K/min to the temperature of 723 K. The temperature

changes of the observed TSDC are shown in Fig. 8. The

TSDC with broadened maximum appeared at temperatures

higher than the temperature at which the ceramics were

pre-polarized. The shift of this maximum results from a

mutual interaction of the orientation (dipole) part of the

metastable polarization and the polarization of the free ion

and electron space charges, participating in the screening

process of the polar-regions [28]. The evident correlation

between the temperature changes of the TSDC on one hand

and the low frequency dispersion in the paraelectric phase

on the other hand can be noticed. We reported the problem

of similar correlation in lead containing RF such as PLZT

and PBZT ceramics and gave a more detailed interpretation

in our previous papers [9–11, 29].

Conclusions

1. The investigated ceramics show a behavior typical for

relaxor ferroelectrics but the temperature range of their

occurrence is significantly wider than for lead con-

taining relaxors such as PMN, PLZT or PBZT.

2. Two different types of dielectric relaxation are

observed for BBN ceramics. The first appears in

the vicinity of the temperature corresponding to the

maximum in real part of permittivity and obeys the

Vogel–Fulcher relationship with the freezing temper-

ature much lower than the permittivity maximum

(Tf = 170 K). The second type of dielectric dispersion

for low frequencies occurs at a high temperature range

in the PE phase.

3. Correlation between low frequency dispersion and the

thermally stimulated depolarization current was

proved.
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