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Abstract This manuscript reports the structural and elec-
trical properties of Lanthanum substituted strontium bis-
muth titanate with general formula SrBiy ,La,TisO;5
(where 0 < x < 0.25), prepared by solid-state reaction
route. X-ray diffraction study shows a single phase
orthorhombic structure in all the compositions. It was also
observed that the lattice parameter increases up to
x = 0.15 and then decreases with further La content. The
Raman spectra shows the distribution of lanthanum into the
perovskite layers and (Bi202)2+ layers of SrBisTi4Oqs
ceramic. The temperature dependent dielectric study
reveals that the transition temperature and maximum
dielectric constant decreases with La content. The broad-
ening of the phase transition was observed with La sub-
stitution due to the decrease in octahedral distortion.
Impedance analysis confirms the presence of two semicir-
cular arcs in doped samples, suggesting the existence of
grain and grain-boundary conduction. The P-E loop study
shows that both the remnant polarization (P;) and the
coercive field increases with the increasing La content up
to x = 0.15 and thereafter decreases to lower values with
further La content. Similar kind of trend is also observed in
DC conductivity.
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1 Introduction

Strontium Bismuth Titanate [SrBisTi4O,5 (SBT)] is a well-
known member of the bismuth oxide layer structure fer-
roelectric (BLSF) material and has the potential for
application in sensors, actuators, high-temperature piezo-
electric applications, and memory storage devices (ferro-
electric NVRAM) [1, 2]. The SBT ceramic has high Curie
temperature (T, = 530 °C) but the piezoelectric properties
are comparatively lesser than that of a lead based system
[3]. It has orthorhombic symmetry with space group A2,am
at room temperature and transforms to tetragonal space
group l4/mmm above the transition temperature [4]. The
major drawback with the SBT material is the volatilization
of bismuth during the sintering process at high temperature
in solid state reaction method. The bismuth volatilization
leads to the formation of oxygen vacancy in order to
maintain the charge neutrality. Oxygen vacancy might be
preferably present in the vicinity of the Bi ions which could
dramatically decreases the properties [5]. This oxygen
vacancy plays an important role in determining the fatigue
property of a ferroelectric material. Chu et al. [6] reported
that fatigue is caused by the diffusion of oxygen vacancies
to the domain walls and subsequently pinning the domain
walls. Furthermore, previous studies have found that the
oxygen vacancy is the dominant point defect in oxide
feroelectric materials [7]. It has also been regarded as the
cause of many detrimental effects such as pinning domain
walls, screening the electric field near the space charge
region, impeding the displacement of the Ti*" ion, trapping
charge carriers, and enhancing leakage current [8—10]. This
oxygen vacancy is also responsible for increase in con-
ductivity of the material. For industrial application as
memory, it is necessary to obtain materials with low
dielectric loss, low conductivity and high fatigue
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properties. In order to minimize the drawback associated
with oxygen vacancy, as well as to tailor the ferroelectric
properties of BLSFs, many studies have been reported on A
and/or B-site substitutions in SBT. Recently, efforts have
been made to enhance the properties of layer perovskites
by substitution the Bi*" by alternative cations. Moreover,
substitution of stable trivalent lanthanide ions for volatile
bismuth ions was effective for suppressing oxygen vacancy
concentration and increasing the chemical stability of the
Perovskite layers which strongly affect the electrical
properties [11, 12]. On the other hand, some researchers
found that among the lanthanoidal dopants, La®" (Lan-
thanum) is frequently added to other bismuth-based layer
perovskite ceramics in order to lower its tand value with
decrease in conductivity, improvements in ferroelectric
properties, and improved fatigue resistance [13-15].
Chakrabarti et al. [16] observe that La*" substitution for
Bi** at the A-site in BaBi,_,La,Ti,O;5 ceramic results in a
well defined relaxor behavior with a reduction in DC
conductivity. Khokhar et al. [17] reported the enhancement
of ferroelectric properties of La doped BBT ceramic up to
20 % of La doping. There are a few reports in the literature
on La substituted SrBi Ti4O;5 ceramics. It has been
reported by Zhu et al. [18] that, the substitution with La>"
in the bulk SBT system produces a structural distortion.
Chen et al. [19] reported apparently much higher level of
Lanthanum ion substitution in SBT materials and deter-
mined the lattice distortion and internal stress. In these
earlier studies, the structural properties of La modified
SrBi,Ti4O,5 with a wide variation are described without
any supporting evidence from dielectric and electrical
study. Therefore, it motivates us to further investigate the
dielectric, ferroelectric, impedance and conductivity
behavior of La** modified SBT ceramics and to correlate
the observed changes with the induced structural effect.

2 Experimental

The La doped SBT ceramic with chemical composition
SrBiyLa,Ti;O5 (x = 0.00, 0.05, 0.1, 0.15, 0.2 and 0.25)
was prepared by solid state reaction technique using the
high purity (=99. 9 %) ingredients SrCO3, Bi,O3, TiO, and
La,0Os3. The powder was mixed in stoichiometric proportion
thoroughly in an acetone medium using a laboratory ball
milling machine and then calcined at temperature of
900 °C for 3 h. The calcined powder was ground and then
pressed into the disc at a pressure of 5 x 10® N/m? using a
hydraulic press with PVA as a binder. The discs were
sintered at a temperature of 1050 °C for 2 h in a pro-
grammable furnace with 5 °C min~' heating rate. The
phase confirmation of the ceramic was analyzed by X-ray

@ Springer

diffractometer (Rigaku Ultima I'V) with monochromatic Cu
K, radiation (A = 1.54178 A) over a 20 range of 20° to
80° at 3°/min. The Raman scattering measurements were
performed in the backscattering geometry using a Jobin—
Yvon T64000 triple monochromatic equipped with large
coupled detector. For electrical measurements, high purity
silver electrode was applied on the opposite disc faces and
were dried at 250 °C for 30 min to remove moisture. The
dielectric and impedance measurements were carried out in
the frequency range 100 Hz to 1 MHz using Wayner Kerr
impedance analyzer. The Polarizations versus electric field
(P-E) measurements were carried out by using precision
premier II, a standard ferroelectric testing machine (Radi-
ant Technology).

3 Result and discussion
3.1 X-ray diffraction study (XRD)

Figure 1 shows the X-ray diffraction pattern of SrBis_,.
La,Ti4O;5 ceramics recorded at room temperature for
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Fig. 1 a XRD patterns for SrBiy_,La,TisO;5 with composition
x = 0.00, 005, 0.1, 0.15, 0.2, 0.25 at RT. b Variation of lattice
constants with La-content
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various La doping concentrations (x = 0.0, 0.05, 0.10,
0.15, 0.20 and 0.25). The XRD patterns of all composition
shows a single orthorhombic phase with A2;am space
group without any impurities or unwanted peak. This
demonstrates that lanthanum substitution does not affect
the structure and all the composition possesses a bismuth
layered structure with four layers (m = 4), as reported
earlier [20]. The lattice parameters were determined by the
chekcell software and plotted with various La-content as
shown in Fig. 1b. A marginal increase in the lattice
parameter was noted for La-content up to x = 0.15 and
then after it decreases with further increase in La content.
The increase in the lattice parameter up to x = 0.15 may be
due to the occupancy of La in the pseudo-perovskite layer
[21, 22]. For higher La content (x > 0.20), a slight
decrease in the lattice parameters is attributed to the
occupancy of La*t in (Bi202)2+ layer, over and above the
occupancy in the perovskite layer [18]. The opposite
changes in the lattice parameters before and after a critical
La content x = 0.15, interestingly coincide with immediate
changes in the electrical properties and are discussed later
in the paper. Similar type of result was also reported on
rare earth substitution in other layer perovskite [18, 23, 24].

3.2 Raman spectroscopy

The Raman spectrum of La-doped SBT ceramic is shown in
Fig. 2a. According to structural chemistry, SBT with
orthorhombic structure have two different types of vibration
modes. One is the internal mode of TiOg octahedra and
another one is the lattice transition modes related to the
motion of the cations in the pseudo-perovskite slabs and
Bi,0, layer [25]. Some sharp phonon modes at ~ 155, 272,
559, 869 cm™! along with some weak features were
observed in Fig. 2a. All the Raman modes correspond to the
characteristic modes of SBT as reported earlier [26, 27].
The low frequency modes are correlated with the motion of
the heavier Bi*" ions, which is assigned to the vibrations of
“rigid layers” generally observed in layered structures
ABi4Ti4O;5 (where A = Ba, Ca, Pb and Sr) [28]. The
modes at 155 cm ™! originate from the motion of A-site ions
in the pseudo-perovskite slabs, and the modes above
200 cm™!' having A, character correspond to the TiOg
octahedra. The intense mode at ~272 cm ™! corresponds to
the “rocking mode” due to the torsional bending of the
TiOg octahedra. The mode at ~559 cm™" is assigned to the
opposing excursions of the external apical oxygen atoms of
the octahedra and the mode at 869 cm™' represents the
symmetric stretching of the TiOg octahedra [29].

For a comparative observation of the deviations in the
different modes occurring due to La substitution, the fine
shifts in the Raman frequency due to compositional chan-
ges are shown in Fig. 2b. It was observed that the mode at

155 cm ™" shows a minimal shift up to x = 0.15 indicating
pronounced hardening, and begins to shift to a higher fre-
quency beyond x > 0.15. The asymmetric deviation in the
mode clearly indicates the site selectivity of the La** ions
below and above x = 0.15. The hardening of the mode at
155 cm™! till x = 0.15, is attributed to the decreasing
average mass of Bi/La ions (Bi/La = 208/139) due to La-
substitution at the A-site. For x > (.15, the increased shift
in the mode at 155 cm™' to a higher frequency with
increasing Lanthanum content implies that La®" ions
replace Bi** ions both in the (Bi202)2Jr layer and the
perovskite layer. The mode at ~272.0 cm™' which cor-
responds to the torsional bending of the TiOg octahedra,
shows a continuous increase to higher frequency with
increasing La content. The band at ~559.0 cm™" shows
interesting changes with varying La content. The mode
shifts to lower frequency up to x = 0.15, and begins to
shift to higher frequency for x > 0.15, when the structure
of the (Bi»0,)*" layers begins to get affected by La>™
substitution. Zhu et al. [25] have suggested that the
increase in the vibration frequency of the mode at
559.0 cm™ ' is due to the stretching of the TiO4 octahedra
which are linked to (Bi,0,)>" layers as they tend to shrink
when the (Bi,0,)*" layers are affected by La substitution.
Thus, at higher La content x > 0.15 the structural disorder
increases due to La" incorporation into the (Bi»0,)*"
layers. Similar kind of variation was also observed at
869 cm™' mode.

3.3 Dielectric study

The temperature dependent dielectric constant at 100 kHz
of SrBiy_,La,Ti4O;5 ceramics is shown in Fig. 3a. It was
observed that the room temperature dielectric constant
increases with increase in La content up to x = 0.15 and
then decreases with higher concentration (as shown in
Table 1). This may be due to the increase in lattice
parameter ‘a’ and associated relaxation in the structural
distortion up to x = 0.15. For higher concentration the
lattice parameter decreases, which lowers the polarization
[30, 31]. It was also noticed that with increasing La con-
tent, the transition temperature (T,,) shift towards lower
temperature and the maximum dielectric constant (€',
values decreases. The reduction in the dielectric constant
may be due to the incorporation of larger ionic radii La>"
jon in Bi*" ion which enlarges the unit cell and lattice
distortion. The decrease of T,, can be explained on the

basis of tolerance factor ‘t’ given by [32]:
R4+ Ro

= V2(Rg + Ro) .

where R, Rg and R are the effective ionic radii for the
A-site cation, B-site cation and oxygen ion respectively.
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e (a) ——x=0.00
doped SBT. b Compo.sltlonal x=0.05
dependence of the various —x=0.10
Raman modes for —x=0.15
SrBi4_,La,TisO,5 ceramics —x=0.20
——x=0.25
= 559
E)
s 869
>
x
7] |
s |
[
-
£
T T T T v T v
0 200 400 600 800 1000 1200
Raman shift(cm'1)
(b)
160 280 570
874 =
159 =
278 = 568 =
158 = 872 =
276 = 566 =
157 n-0
—_— 870 =
‘TE l/ s
O 16 -{m-E-E7 274 = [ 564 = N
/
N / ~ —
£ u 868 = -
5 155 = [
272 = 562 = /
c
<
£ 154 = 866 =
ol
14 270 = 560 W
153 =
864 =
152 268 = 558 =
862 =
151
266 = 556 =
150 L] L] L] L] L] L] T rerrTrerei " rrrrrTrr i 860 rerrrrrTrel
0.000.050.10 0.15 0.20 0.25 0.000.050.100.150.200.25 0.000.050.100.150.200.25 0.000.050.100.150.200.25

Since the ionic radius of La>" (~0.136 nm), is larger than
that of Bi*" (~0.117 nm), therefore, the substitution of
La®" for A-site Bi3+, increases the tolerance factor and
hence T, decreases [31]. Such a decrease in the phase
transition temperature (T,,) of La-modified bismuth layer-
structured ferroelectric ceramics has been reported earlier
[33, 34] and was attributed to a decrease in the lattice
distortion [35]. The variation of dissipation factor (tan d)
with temperature in La doped SBT ceramic is shown in
Fig. 3b. It was observed that the dissipation factor
decreases with increase in La content due to the decrease
of structural deficiency because of incorporation of
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La content(x)

lanthanum. Again it can also be stated that the incorpora-
tion of La in Bi reduces the oxygen vacancy.

A modified empirical expression proposed by Uchino
and Nomura [36] to describe the diffuse behaviour of fer-
roelectric phase transition and is given as
1 1 (T B Tm)y

—_— = tT > T,
e &y C (a )

(2)

where the value of y and C are assumed to be constant, lies
between 1 and 2. The limiting values y = 1 reduce the
equation to modify Curie-Wiess law, valid for the case of
normal ferroelectrics and y = 2 valid for the relaxor
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Fig. 3 a Temperature dependence of dielectric constant, b dielectric
loss of La-doped SBT at frequency of 100 kHz

ferroelectrics, respectively. The logarithm of (1/¢ — 1/¢,)
was plotted against the logarithm of (T — T;,) at 100 kHz
shown in Fig. 4 and the slope gives the vy values. The y
values for all the compositions were presented in the
Fig. 4. The diffuse transitions arises due to presence of two
or three types of ions in A-sites of the perovskite layers. It
was observed that diffusivity increases with increase in La
content.

3.4 Ferroelectric properties

Figure 5 shows the room temperature (P-E) hysteresis
loops of La doped SBT ceramics measured at 50 Hz fre-
quency under a maximum electric field 60 kV/cm. The
measured remnant polarization (P,) and coercive field (E.)
values with varying La content (x) in SBT ceramics are
listed in Table 1. It was observed that both the remnant
polarization (P,) and the coercive field increases with
increasing La content up to x = 0.15, and thereafter
decreases to lower values with further La content. The
variation of P, and E. on La content (x) could be explained
in terms of the changing oxygen vacancy concentration in
the system. It is reported that oxygen vacancies are created
due to bismuth loss, and under high electric fields the
mobile oxygen vacancies can assemble at the lowest
energy domain walls and thereby hinder polarization
switching due to domain pinning [37]. At higher La content
x > 0.15, the decrease in P, was attributed to the relaxation
in structural distortion as noted from X-ray and Raman
spectroscopy study. It indicates that La®" incorporation
into the (Bi,0,)** layer creates a cation disorder and a
disturbance in the adjoining perovskite layers resulting in
the relaxation of the structural distortion.

3.5 Impedance study

Figure 6 shows CIS Nyquist plot for La doped SBT com-
position at room temperature. The plots were depressed and
off-centered which reflects a non-Debye type nature of
these samples [31]. The existence of more than one semi-
circular arc again represents the presence of different
relaxation processes; the low frequency window arc cor-
responds to the grain boundary relaxation mechanism,
while the high frequency window arc to the grain relax-
ation. The experimental data were fitted with an equivalent
circuit built up by cascading of the parallel combination of
(1) a resistance (bulk resistance), capacitance (bulk
capacitance) and a CPE, with another parallel combination
of (2) a resistance (grain boundary resistance), capacitance

Table 1 Electrical properties of SrBis_,La,Ti4O;s ceramic at room temperature: ¢, dielectric constant, R, grain resistance, R,, grain boundary
resistance, ¢, dc conductivity, P, remanent polarisation, E. coercive field

Composition g (100 kHz) R, () Rgp (Q) G4c (s/em?) P, (uC/cmz) E. (kV/cm)
SrBi4_,La, Ti4O;5

x =0.0 162 17,304 1,076 7.26 x 1074 0.69 23.56

x = 0.05 177 18,069 880 9.82 x 107 1.09 22.14

x =0.10 181 15,623 758 1.0 x 1072 1.18 24.80

x =0.15 194 9,936 609 141 x 1073 1.31 26.55

x = 0.20 185 22,740 2217 131 x 1073 0.96 22.88

x = 0.25 155 27,244 3083 8.84 x 107 0.89 21.09
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Fig. 5 P-E hysteresis loop of SrBiy_,La,Ti4O;5 ceramic

(grain boundary capacitance) using commercially available
Z Simp Win Version 3.2 software. The fitting values of the
grain and grain boundary resistance were presented in
Table 1. The grain (R,) and grain boundary resistance
(Rgp) decreases with increase in La content up to x = 0.135,
then further increase with increase in La content.
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Fig. 6 The Nyquist plots for La-doped SBT ceramic at room

temperature

3.6 Conductivity studies

Figure 7 shows the frequency dependence Ac conductivity
(0ac) of La doped SBT composition at room temperature.

The value of o

. increases with increase in the La-
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Fig. 7 Frequency dependence of the ac conductivity (G,.) at room
temperature for SrBiy_,La,Ti4O;5 with composition x = 0.00, 0.05,
0.1, 0.15, 0.2, 0.25

concentration up to 0.15 and decreases with further La
doping. It was also observed that the conductivity value
increases with increasing frequency and a plateau was
observed in the low frequency region. The extrapolation of
the plateau regions where ® — 0 gives the DC conduc-
tivity (o4c) values of the material. After a certain frequency
called the hopping frequency (®y) of charge carriers, G,
increases as power law fashion (Jonscher’s) and the real
part of conductivity for such a situation can be expressed as
[29]

o(w) = o4 {1 + (%)} (3)

where n is the dimensionless frequency exponent. The
hopping takes place by charge carriers through localization
positions separated by energy barriers of varied heights
[38]. The temperature dependent parameter, n represents
the extent of many body interactions among charge carriers
and defect states [39].

The DC conductivity can be calculated from the fitting
of the above equation as shown in insert of Fig. 7. Apart
from the structural distortion for x > (.15, the pronounced
site selectivity of La into the SBT ceramics leads to an
asymmetric variation in the DC conductivity. It was
observed that the DC conductivity increases up to x = 0.15
and then decreases with increase in La content. The vari-
ation of DC conductivity was related incorporation of La in
the Perovskite layer and the (Bi,0,)*" layers. Similar kind
of observation on the DC conductivity has been reported by
Kumar and Verma [40] for La*" substitution on BBT
ceramics. It is suggested that the incorporation of La** ions
into the (Bi,0,)*" layers appear to disturb the original
functions of electrical insulation and space charge com-
pensation of the (Bi,0,)*" layers [17].

4 Conclusion

Lanthanum doped SBT ceramic has been prepared by solid
state reaction route. The wvariation in the structural,
dielectric, ferroelectric and conductivity study were carried
out with varying La content in the range (x = 0-0.25). The
X-ray diffraction study has revealed that all the composi-
tions are of single phase. The lattice parameter obtained
from the X-ray study increases up to x = 0. 15, then
decreases with further doping concentration. The shift in
the Raman mode indicates preferred incorporation of La®™
ions at the A-site of the pseudo perovskite slabs for
x = 0.15 whereas for x > 0.15, lanthanum has incorpo-
rated into the (Bi202)2+ layers. It has been observed from
the temperature dependent dielectric study that La content
leads to a continuous lowering of the phase transition
temperature and suppresses the maximum dielectric con-
stant due to decrease in lattice distortion with increasing La
content. The dielectric diffusivity increases with increase
in La content. The room temperature P-E loop shows that
the remnant polarization (P,) and the coercive field (E.)
increase up to x = 0.15 and then decrease with further La
doping. A similar kind of variation has been observed in
the DC conductivity value. All the results clearly indicate
that La has a different site occupancy in SBT ceramic and
preferred incorporation at the A-site of the pseudo per-
ovskite slabs up to x = 0. 15 whereas for x > 0.15, lan-
thanum has incorporated into the (Bi,O,) z+ layers.
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