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Four-layer Aurivillius compound BaBis_xLa,Ti4O15 (x=0.1-1.0) is synthesized by a modified chemical
route. X-ray diffraction analysis confirms the formation of single-phase Aurivillius compound. The crys-
tal structure of compound changes from orthorhombic to pseudo-tetragonal at x=0.5. BaBis_xLa,Ti4O15
shows typical relaxor behaviour. With increasing La3* substitution, shift of T, towards lower temperature
and increased relaxor behaviour is observed. The substitution also results in a marked improvement in
the remnant polarization and coercive field. The Cole-Cole plots show the presence of two semicircular
arcs, suggesting the existence of grain and grain-boundary effects. The dc-conductivity and activation
energies for both grain and grain boundary are evaluated. The ceramics with x=0.3 presents the lowest
conductivity among all compositions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

BaBisTi4O15 (BBT) belongs to the family of bismuth layer-
structured ferroelectrics (BLSFs). In recent years, BLSFs have gained
significant importance for application in (non-volatile) ferroelec-
tric random access memory (FRAM) due to their fatigue-free
nature [1,2]. They are also technologically important for application
in actuators, electro-optical and high temperature piezoelectric
devices [3-5].

The structure of  BLSFs are generalized by
(Biz0,)%* (Am_1BmO3m_1)?~, where A is relatively large size
divalent or trivalent cation in 12-coordination site, B is small
size, highly charged cation in octahedral coordination site of
pseudo-perovskite unit and m indicates the number of oxygen
octrahedral units stacked along the c-axis between (Bi; 0, )2* layers
[6]. Normally, the polarization of BLSFs is along the a-axis and is
attributed to the displacement of A-site cations [7,8]. The sintering
of BLSFs at a high temperature, results in the volatilization of
bismuth. The bismuth volatilizations lead to the formation of
oxygen vacancies in order to maintain the charge neutrality. These
oxygen vacancies are responsible for their conductivity. In order
to minimize the drawback, as well as to tailor the ferroelectric
properties of BLSFs, many studies have been concentrated on its A
and/or B-site substitutions [9-15].
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La3* substitution plays an effective role in improving properties
of many BLSFs [13,16-19], especially of Bi4Tiz01, [20,21]. La3* sub-
stitution for Bi3* results in a transition from ferroelectric to relaxor
behaviour in SrBigTizO15 and BisTiz013 [9,19,21]. The substitution
is also helpful in increasing remnant polarization and decreasing
coercive field of many BLSFs [9,22-24]. Concentration of Bi ion
vacancies and oxygen vacancies is reported to decrease by La3* sub-
stitution [25]. This may be due to the reason that as the metallicity
of La3* is stronger and also more stable in comparison to that of
Bi3*, probably the oxygen ions near La3* are more stable than those
near Bi3*. Thus the generation of oxygen vacancies is restrained by
the substitution of La3* for Bi3*. As a result, the dc-conductivity of
these compounds also decreases. Incorporation of La changes the
orthorhombic crystal structure of Biy_yLaxTi3Oq, to tetragonal at
x> 1.0 [26]. All these indicate that the substitution has multi-faced
effect in BLSFs.

Present work reports the synthesis and characterization of
La3* substituted BaBi4_,LaxTi4O15 ceramics. Among the four-layer
BLSFs, BBT is one of the relaxor ferroelectric material which has
lead free composition [9,27]. La3* may be a potential substituent for
improving the relaxor and ferroelectric behaviour in BBT ceramics.
However, no reports regarding the substitution in BBT is available
in the literature to the best of author’s knowledge.

2. Experimental

BaBi(4_x)LaxTi40¢5 ceramics withx=0.1, 0.2, 0.3, 0.5, 1.0 compositions (denoted
as BBLT1, BBLT2, BBLT3, BBLT5 and BBLT10, respectively) were synthesized through
a cost-effective chemical method [27]. Barium nitrate Ba(NO3 ), (Merck India Ltd.,
Assay >99%), bismuth nitrate Biy(NO3)3;.5H,0 (Merck India Ltd., Assay >99%), tita-
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Fig. 1. XRD pattern of BaBi(4_y)La,TisO15 ceramics (a) x=0.1, (b) 0.2, (c) 0.3, (d) 0.5,
(e)1.0.

nium dioxide TiO, (Merck India Ltd., Assay >99%, particle size: dip=0.27 pm,
ds0=0.35 um, dgo =0.48 m), La, 03 (Merck India Ltd., Assay >99%) and oxalic acid
(COOH),-2H,0 (Merck India Ltd., Assay >99%) were used as raw materials. Required
amount of bismuth nitrate and lanthanum oxide were dissolved in minimum quan-
tity of concentrated nitric acid. This solution was added into barium nitrate aqueous
solution to form a clear Bi,-Ba,-La-nitrate solution. The mixed solution thus obtained
was added drop-wise into TiO,-oxalic acid suspension under vigorous stirring. Bar-
ium, bismuth and lanthanum oxalates were precipitated on the surface of TiO,
particles during the addition. Finally suspension was aged for 24 h after adjusting
the pH of it to 7. The precipitate was then separated by filtration and dried.

The powder precursor was repeatedly calcined at 800, 950 and 1000 °C with
intermediate grindings. Calcined powders were ground and uniaxially pressed into
circular shaped discs at a pressure of 220 MPa using polyvinyl alcohol as binder.
The pellets were sintered in the temperature range 1100-1145 °C depending on the
composition. Densities of sintered samples were measured by Archimedes princi-
ple. The pellets having more than 96% of theoretical density were used for further
characterization.

The phase formation during calcination steps was investigated by powder X-ray
diffraction (XRD) analysis using Cu Ko radiation (PW-1830, Philips, Netherlands.
The microstructures of sintered specimens were studied using scanning electron
microscope (SEM) (JSM-6480LV). For dielectric and impedance measurements, the
sintered pellets were electroded with silver conductive paste (Alfa Aesar) and cured
at 600 °C for 30 mins. The dielectric constant and loss factor were measured using
an Impedance Analyzer (Solatron 1260) in the range from room temperature to
550°C with a heating rate of 1 °Cmin~! and in the frequency range of 1 Hz to 5 MHz.
The ferroelectric hysteresis loop measurement was performed in a P-E loop tracer
(Radiant Technologies).

3. Results and discussion
3.1. XRD Analysis

Fig. 1 shows the X-ray diffraction patterns of BaBi(4_y)LaxTi4O15
ceramics. Diffraction patterns of all compositions matched with
standard BaBi4Ti4O15 phase (JCPDS Card No. 35-0757). No other
secondary phase is detected. So La3* shows complete solid solution
formation in BBT for the composition range x < 1.0. The strongest
diffraction peak (119) is consistent with the (112m+1) high-
est diffraction peak for Aurivillius phase [28]. Lattice parameters
are evaluated through Rietveld analysis using MAUD [29] pro-
gram considering orthorhombic A2yam space group. Fig. 2 shows
the change in lattice parameter with lanthanum substitution (x).
All three lattice parameters decrease nominally up to x=0.5. This
may be due to the occupancy of La in pseudo-perovskite layer
and associated changes in Ti-Og octahedral tilting in the unit cell
[30,31]. A slight increase in lattice parameters near x=1.0, may
be due to the occupancy of La3* in Bi,0, layer over and above
perovskite layer occupancy. It has been found through Raman

Fig. 2. Lattice parameters of BaBis_xLa,TizO15 ceramics as a function of La* con-
centration (x).

studies [17] that the La3* begins to occupy the Bi-site in Bi,0;
layers of Biz_yLayTiNbOg when x> 0.50. The figure also shows the
change of orthorhombic structure to pseudo-tetragonal around
x=0.5.

It is also observed that the degree of a-axis orientation (o)
increases with increasing La3* content. « can be represented [32]:

1(200)
“= I200) + 1119 .

where I(119) and I(200) denote the XRD intensities of (119) and
(200) reflections. The « values are 0.21, 0.24, 0.25, 0.26, and 0.27,
respectively for composition serially from BBLT1 to BBLT10. This
increasing trend of « could be explained by the fact that the crystal
structure changes from orthorhombic to tetragonal.

3.2. Microstructure

Fig. 3 shows the SEM micrograph of BBLT1 and BBLT5 ceram-
ics. Ceramics are composed of randomly oriented plate-like grains.
The length and breadth of the grains are much larger com-
pared to its thickness due to the preferred growth of grains
along the plane perpendicular to the c-axis. As BLSFs crystals
possess lower surface energy along {001} plane, it results crys-
tal growth in a-b plane during sintering attaining a plate-like
morphology [25]. With increase in substitution, the plate-like
grains show a transformation towards circular shaped grains with
rounded edges. The figure also shows the decrease of grain size
in BBLT5 compared to BBLT1. So La3* ion acts as a grain growth
inhibitor.

3.3. Dielectric and diffuse phase transition behaviour

Fig. 4 displays the temperature dependence of dielectric con-
stant (&) and dielectric loss (tan §) of BaBi4_)LaxTi4O15 ceramics.
Maximum dielectric constant (¢r,), dielectric maxima temperature
(Tm) and room temperature dielectric constant (egy ) are shown in
Table 1. It is noted that &gy increases with increasing substitution,
which is due to the shifting of &’ peak towards room temperature.
However, ¢’ decreases with increasing substitution. This may be
due to the decrease in lattice parameter ‘a’ and associated relax-
ation in structural distortion. Smaller the lattice parameter, lower
will be polarization as ferroelectricity in BLSFs arises by the A-type
cation displacement along ‘a’ direction [18,33].

Dielectric dispersion is more pronounced in tan § versus temper-
ature plots shown in Fig. 4(b). The loss decreases with increasing
substitution. In general, oxygen vacancies are responsible for the
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Fig. 3. Scanning electron micrograph of BaBis_xLayTi4O15 ceramics (a) x=0.1 and (b) x=1.0.

Table 1

Room temperature relative permittivity (¢gm), maximum relative permittivity (&', ), maximum permittivity temperature (T ), degree of diffuseness (§) at 100 kHz and
degree of frequency dispersion (ATy,), fitting parameters from Vogel-Fulcher relation (E,, Tr and vp), Remnant polarization (2P;) and Coercive field (2E.) values for different

BaBi(4_x)La,Ti4O15 ceramics.

Formula BBLT1 BBLT2 BBLT3 BBLT5 BBLT10
Erm 270 356 366 411 221

em’ 2102 1697 1227 780 =

T (°C) 370 330 290 200 =
ATp (°C) 20 30 40 50 -
5(°C) 158 (1) 196 (1) 232(2) 280 (3) =

Ea (eV) 0.067 (1) 0.066 (3) 0.098 (2) 1.002 (3) -

T; (°C) 310 307 177 100 -

Vo (%1010 Hz) 3.34 9.91 1.08 1.18 =
2P; (uCem2) 0.295 0.61 0.834 0.556 0.055
2E. (kVem) 8.35 9.87 9.53 8.08 0.37

dielectric losses in BLSFs [34]. La3* is substituted for volatile Bi3*.
So the substitution suppresses the formation of A-site as well as
oxygen vacancies. This eventually leads to a decreased dielectric
loss with substitution.

Fig. 4. Temperature dependence of ¢ and tan§ for BaBij4_,LaxTisO15 ceramics
(x=0.1,0.2,0.3,0.5, 1.0) at 100 kHz.

Tm shifts to lower temperatures with La3* substitution. This is
due to the increase in size of A-site cation [35]. Further, the decrease
of Tiy can be explained on the basis of tolerance factor t given by:

¢ RA+RB (2)

v/ 2(Rg + Ro)

where Ra, Rg and Rg are the effective ionic radii for A-site, B-site
and oxygen ion, respectively. As the tolerance factor t increases, the
structural distortion and hence the Curie temperature decreases
[36]. The ionic radius of La3* is larger than that of Bi3*. So, the
substitution will increase the tolerance factor and Ty, will decrease.

All compositions exhibit a broad permittivity maximum with
temperature. The broadness increases with increasing substitution
rate. Peak broadening may be quantified by the parameter 6, which
is related with permittivity and temperature as follows [37]:

11 _(T-Tw) 3)
& em’  2&m62

& parameters of different compositions are calculated by fitting
permittivity-temperature data and are presented in Table 1. The
broadening increases significantly with La3* substitution. It is well
accepted that the broadness in relaxor originates from the com-
positional fluctuation and disorder in crystallographic sites when
one or more cations occupy the same site in the structure [38].
La3* exaggerates the compositional fluctuation in BBT. As a result
broadness increases.

Fig. 5 shows the temperature dependence of permittivity for
x=0.1 and x=0.5 at different frequencies. A significant frequency
dispersion of permittivity is observed with increasing substitu-
tion. This indicates the substitution enhances relaxor behaviour
in BBT. Similar relaxor behaviour is observed for grain oriented
BaBi;Nb;0g ceramics [39].
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Fig. 5. Temperature dependence of & and tané$ at various frequencies for
BaBi(4_xLaxTi4O15 ceramics (a) x=0.1 and (b) x=0.5.

The diffusivity (y) parameter is applied to characterize the
relaxor behaviour and it is expressed by a modified Curie-Weiss
law [40]:

Y

m 1
where ¢’ is the maximum dielectric constant, y is the degree of
diffuseness and C; is a constant. The values of y lie in the range
1-2.In case of ideal ferroelectrics, y =1 and for ideal relaxors, y = 2.
Fig. 6 shows the plot of log(1/¢’ —1/en’) versus log(T—Ty) and
calculated y values for different compositions. It is evident that y
increases with increase in La3*. That is the degree of diffuseness or
relaxor behaviour increased with La3* substitution.

Fig. 6. Plot of log(1/¢’ —1/en’) versus log(T — Ty) for different BaBijs_,LaxTigO15
(x=0.1,0.2,0.3, 0.5) ceramics.

The frequency dispersion in relaxor may be described as [41]:
AT =Temamuz) — Tema k)’ (5)

where Tem'(1mHz) and Teém'(1kHz) IS the maximum permittivity
temperature at 1 MHz and 1kHz, respectively. ATy, of different
compositions are listed in Table 1. ATy, increases from 20°C (for
BBLT1) to 50°C (for BBLT5). The result indicates the substitution
enhances frequency dispersion or relaxor behaviour.

In relaxor ferroelectrics, dielectric relaxation is expressed by
Vogel-Fulcher relationship [42]:

- (6)

“:”Oexp{m

where vg is the attempt frequency of dipole reorientation, E; is
the activation energy (i.e., the energy barrier between two equiv-
alent polarization states), kg is the Boltzmann'’s constant, T is the
static freezing temperature (i.e., the temperature at which dynamic
reorientation of the dipolar cluster polarization can no longer be
thermally activated). Fig. 7 shows the plot of 1/Ty, versus log v for
x=0.1-0.5 compositions. Open symbols represent the experimen-
tal data points and the line gives the fit to Eq. (6). The Ty, shows a
good fit to Vogel-Fulcher law and confirms them to possess relaxor
characteristics. The values for fitting parameters vg, E; and Ty are
listed in Table 1. The E, increases with increase in La3* concen-
tration confirming the strengthening in the relaxation behaviour
[13]. As stated above, E, represents the energy barrier between two
equivalent polarization states under AC field. As energy increases,
polarization becomes more dependent on frequency, which is one
of the major characteristics of relaxor. The static freezing temper-
ature is also found to decrease with increasing La3* substitution.

3.4. Ferroelectric polarization versus electric field study

Fig. 8 shows the ferroelectric hysteresis loop of
BaBi4_y)LaxTizO¢5 ceramics obtained under a maximum applied
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Fig.7. Frequency dependence of Ty,. The symbols and solid line indicate data points
and fit to Vogel-Fulcher relationship, respectively.

electric field of 30kVcm~1. Though the loops are far from satu-
ration due to the limitation of the experimental setup, the data
can still be used for comparison purpose as they are taken at the
same electric field for different compositions. This can provide an
overview on the variation of remnant polarization and coercive

field with La3* substitution. The P-E loop for all the compositions
are recorded at room temperature and at a frequency of 100 Hz.
The values of remnant polarization (2P;) and coercive field (2E)
are listed in Table 1. With La3* substitution, 2P; increases up to
x=0.3. BBLT3 showed highest 2P; among all and a lower 2E. than
BBT [43].

The initial increase in 2P; may be due to the decrease in concen-
tration of oxygen vacancies in the system. As a result, the domain
pinning effect gets decreased, enhancing 2P;. In general, the Bi, O,
layers of BLSF plays the role of an insulating layer by compensating
the space charge effect and also refrains the oxygen vacancies from
accumulating at the domain walls, thus pinning the domains [1].
With increase in La3* substitution, the La3* ions get incorporated
in the Biy 0, layers. Thus, role of Bi, 0, layer is weakened and it
is unable to prevent the collection of oxygen vacancies at domain
walls, thus resulting in a decreased 2P;.

3.5. dc-conductivity

Cole-Cole plots obtained from impedance spectra are shown
in Fig. 9. To extract resistance (R) and capacitance (C) values, an
equivalent circuit comprising of two parallel resistor-capacitor
(RC) elements connected in series is used to model the electri-
cal response of grain and grain-boundary regions. R and C are
determined from Cole-Cole plot using ZView software. At high
temperatures from ~450 °C, two semicircles could be traced. The

Fig. 8. Plot of ferroelectric hysteresis loop measured at room temperature for different BaBi(4_x)LaxTi4O15 (x=0.1, 0.2, 0.3, 0.5) ceramics.
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Table 2
Activation energy for grain (Eg) and grain-boundary (Eg,), dc-conductivity for grain and grain boundary at 550 °C for different BaBi(4_y)La,TisO15 ceramics.

Formula BBLT1 BBLT2 BBLT3 BBLT5 BBLT10

Eg (eV) 0.218 0.273 0.355 0.213 0.261

Egp (eV) 0416 0.545 0.672 0.238 0.549

o4 (271 em1) (grains) 29x10-6 741 x 1077 2.77 x 1077 9.8x 1077 6.48 x 107

ogc (2~ 'ecm~1) (grain boundary) 2.4x10°6 6.92 x 107 2.46 x 107 9.33 x 107 6.07 x 10~7

Fig.9. Complex impedance plots of BaBi(4_y)LaxTi4O15 (x=0.1,0.2,0.3,0.5) ceramics
at550°C.

intercepts of the high frequency and low frequency arc give the
grain resistance (Rg) and grain-boundary resistance (Rgy,), respec-
tively. Respective capacitances can be calculated using the relation
2mfmRC=1, where f, is the maximum frequency of the semicir-
cle. Using the above R values, the dc conductivities of grain and
grain-boundary regions can be evaluated using the relation,

d

o (7
where d is the thickness of the pellet, A is the electrode area and
R is the grain or grain-boundary resistance. R is derived by fit-
ting the complex impedance data to the equivalent circuit model
as described above. Grain and grain-boundary dc-conductivity at
550°C are listed in Table 2. Conductivity decreases with substitu-
tion due to the same reason of decreased oxygen vacancies.

The composition with x=0.3 show lowest dc-conductivity
among all. The activation energy for grain (Eg) and grain-boundary
(Egp) regions are calculated from the temperature dependence of
the dc-conductivity using the Arrhenius relation:

0 =0, exp (k:Ta) (8)
where o, is the pre-exponential factor, kg is the Boltzmann con-
stant and T is the absolute temperature. The values of Eg and Egy,
are listed in Table 2. Egp, is higher than Eg, due to more resistive
grain boundaries compared to grains. Grain boundaries are more
resistive as they are easily oxidized during the cooling step of sin-
tering

Odc =

4. Conclusion

La3* substitution for Bi3* in BaBisTi4O;5 ceramics significantly
affects the dielectric properties. The single-phase BaBis_xLaxTizO15
solid solution is observed for x < 1.0. The grain size is suppressed
in doped samples. The temperature of the dielectric maximum is
lowered and the dielectric loss decreases with La3* substitution.

The diffuseness and relaxor behaviour are found to increase with
increasing x. The increase in the relaxor behaviour can probably be
attributed to the compositional fluctuation induced by La3*, partly
in perovskite and partly in Bi, O, layers. The dielectric relaxations
show a sufficiently good fit with the Vogel-Fulcher relationship.
The freezing temperature T is noted to decrease from 310 to 100°C
with increasing x from 0.1 to 0.5. BBLT3 showed highest 2P, among
all and a lower 2E. than BBT. The incorporation of La3* ions also
results in a significant reduction in the dc-conductivity in x=0.3
composition. The increased activation energies and decreased dc
conductivities confirms the decrease in oxygen vacancy concen-
tration with La3* substitution.
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