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ABSTRACT

A single phase 0.94(Na0.5Bi0.5TiO3)–0.06(Ba0.85Ca0.15Ti0.9Zr0.1O3) solid solution (i.e., BCZT-0.06) is prepared using a conventional solid-
state sintering route with enhanced piezo and ferroelectric properties as compared to Na0.5Bi0.5TiO3 (NBT). In the context of understanding
the origin of enhanced piezoelectric properties in a BCZT-0.06 specimen, electric field driven studies on different length scales, viz., global,
local, and electronic structure, are carried out using x-ray/neutron diffraction, Raman scattering, and UV–Vis spectroscopic techniques. An
analysis on different length scales of the electric field-driven BCZT-0.06 specimen displays minimum rhombohedral lattice distortion (δr),
reduced homogeneous lattice strain (δ), octahedral strain (ζ), and pronounced Ti-cation displacement along the polar [111] direction as
compared to parent NBT. The enhanced ferro and piezoelectric responses observed in the BCZT-0.06 specimen have been attributed to the
ease of non-180° domain re-orientation, domain switching, and domain wall motion due to reduced strain coupled with a polarization
extension mechanism.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5136293

I. INTRODUCTION

Lead free piezoceramics have been extensively studied over the
past 10 years, and among them, Na0.5Bi0.5TiO3 (NBT)-based
systems are found to be promising for applications such as actua-
tors, transducers, ultrasonic motors, ultrasonic cleaners, energy
harvesters, knock sensors, medical probes, etc.1–4 It is known that
for a polycrystalline ferroelectric ceramic to exhibit piezoelectricity
at the macroscopic length scale, it must go through a poling
process.5 However, in most of the cases, the structure of a ferroelec-
tric system is studied in the unpoled state and is correlated with the
properties observed in the poled state. Thus, there is a possibility of
mismatch in establishing a one-to-one structure property correla-
tion. Several recent studies evidenced a noticeable variation in the
structure of parent NBT over different length scales with the effect

of an electric field. Based on the x-ray, synchrotron, and neutron
diffraction (ND) measurements on poled NBT specimens, Rao and
Ranjan showcased a pronounced rhombohedral distortion on a
global scale.6 Transmission electron microscopic (TEM) studies
performed on the poled NBT specimens depict a drastic reduction
in the coherence length of the localized in-phase tilt and strain het-
erogeneities, thereby enabling a complete R3c structural stabiliza-
tion on a global scale upon poling.7 In our recent study on NBT,
we have evidenced a polarization extension mechanism through
electric field driven structural analysis using x-ray and Raman scat-
tering techniques.8 In another recent study, we have directly evi-
denced the exact nature of polar ordering in NBT through electric
field driven in situ high temperature polarization measurements.9

Apart from parent NBT, the electric field also alters the phase stabi-
lization in several NBT-based solid solution systems. Daniels et al.
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observed that in 0.93NBT–0.07BT (BT: BaTiO3) morphotrophic
phase boundary (MPB) composition, the electric field alters the
structure to a tetragonal phase from the R (rhombohedral) + T
(tetragonal) phase co-existence in the unpoled state.10 Picht et al.
performed x-ray diffraction (XRD) studies at compositions at and
around the MPB. They describe the co-existence of rhombohedral
and tetragonal phases in the unpoled sample and found that the
co-existence continues in the poled sample, but the nature of each
phase changes quite dramatically.11 Similarly, in NBT–KBT (KBT:
K0.5Bi0.5TiO3) MPB composition, Royles et al. showed an electric
field-induced phase transition from the rhombohedral to the mixed
phase of rhombohedral and tetragonal at an electric field
E≥ 2 kVmm−1.12 Otoničar et al. observed field-induced structural
changes from a general pseudocubic phase into the T and/or R
structures for the MPB composition.13 Ma et al. constructed a new
MPB in the poled NBT–BT system through a novel method of elec-
tron diffraction analysis and provided the microstructural origin of
previously unexplained strain behavior in the low BT content of
the NBT–BT system.14 Simons et al. found that the electric field
transformed 0.96NBT–0.06BT predominantly to rhombohedral
with a higher degree of structural distortion and proposed that the
electric field-induced structural effects contribute significantly to
the macroscopic strain and polarization of this system.15 Thus, it is
clearly evident that the electric field is found to alter the structural
phase stabilization, MPB boundaries, and also could address the
origin of the piezoelectric properties. Though there are several
NBT-based binary solid solutions reported earlier, electric field
driven studies and their structure property correlation are limited
to a very few systems.14–18 In this present study, we have developed
a solid solution system based on Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT)
and NBT. In our earlier studies, we had developed soft BCZT
having a coercive field (EC) of ∼1–2 kV/cm, remanent polarization
(Pr) of 11–12 μC/cm2, and excellent piezoelectric response with a
d33 of 500–600 pC/N.

19 Since BCZT stabilizes with tetragonal sym-
metry at room temperature, the formation of solid solution of NBT
with BCZT could enhance the piezoelectric properties and reduce
EC.

20 Among the series of NBT–BCZT solid solutions developed, a
composition near the vicinity of MPB, namely, 0.94NBT–
0.06BCZT, is found to show enhanced ferro and piezoelectric prop-
erties (see the supplementary material).21 The electric field driven
study in the NBT–BCZT system is first of its kind in this system
and has not been studied in the past. Hence, in this study, we
intend to understand the structure property correlation through
electric field-driven studies in the 0.94NBT–0.06BCZT system.

II. EXPERIMENTAL SECTION

Polycrystalline dense NBT and 0.94NBT–0.06BCZT ceramics
were prepared by the conventional solid-state reaction technique.
High purity (99.99% from Sigma Aldrich, USA) Na2CO3, Bi2O3,
BaCO3, CaCO3, TiO2, and ZrO2 powders were used as precursors.
Detailed preparation and processing conditions for NBT were dis-
cussed in our previous reports.8,9 Prior to solid solution formation,
Ba0.85Ca0.15Ti0.90Zr0.10O3 (BCZT) powders were prepared by
mixing desired stoichiometric amounts of precursors followed by
calcination at 800 °C/3 h. The calcined NBT and BCZT-0.06
powders were mixed together to get 0.94NBT–0.06BCZT solid

solution (this composition will be hereafter referred to as
BCZT-0.06). These mixed powders were calcined again at
800 °C/3 h. The calcined BCZT-0.06 powders were ball-milled for
5 h using the 2-propanol medium and the milled slurries were
dried at 80 °C. The dried powders were granulized using 1 wt. % poly-
vinyl alcohol (PVA) binder and compacted by uniaxial pressing. The
green pellets of both BCZT-0.06 and NBT were sintered at 1150 °C/
3 h in a covered alumina crucible. X-ray diffraction patterns were
collected using PANalytical X’pert pro equipped with a Cu-Kα
(λ = 1.5406 Å) radiation source. Neutron diffraction was carried out
using neutrons of wavelength 1.48 Å on an four circle diffractometer
(FCD) (PD-3) diffractometer at Dhruva Reactor, Trombay, India.
Laser micro-Raman spectrometer (Senterra, Bruker) with an excitation
source of 532 nm and 10mW power was used to record the Raman
active phonon modes. Microstructure and elemental mapping were
carried out using a Field Emission Scanning Electron Microscope
(FE-SEM) (Supra-40, Carl Zeiss, UK). Polarization vs electric field
and unipolar strain vs electric field measurements were measured at
1 Hz using a triangular wave form in a TF-Analyzer 2000 (aixACCT
systems, GmbH). Electrical poling was carried out using a DC power
supply on gold sputtered specimens. Diffuse reflectance UV–Vis
spectra were measured using a Shimadzu UV–VIS–near-infrared
spectrophotometer having a resolution of ±1 nm.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the polarization (P) vs electric field (E) hys-
teresis loops for NBT and BCZT-0.06 specimens. The P–E curves
for BCZT-0.06 depict a well-squared hysteresis loop similar to that
of NBT. It is evident from the P–E curves that BCZT-0.06 shows a
polarization maximum (Pmax) of ∼41.5 μC/cm2 which is slightly

FIG. 1. (a) Polarization (P) vs electric field (E) hysteresis loops and their corre-
sponding (b) switching current (I) curves for NBT and BCZT-0.06 specimens. (c)
Unipolar strain (%S) vs electric field (E) curves and (d) electric field poling
dependence of longitudinal piezoelectric charge coefficient (d33) values for NBT
and BCZT-0.06 specimens.
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higher than NBT (Pmax ∼ 39 μC/cm2), whereas the remanent polar-
ization (Pr) value for BCZT-0.06 is ∼35.5 μC/cm2 which is slightly
less than NBT (Pr∼ 37 μC/cm2). Interestingly, the coercive field
(EC) for BCZT-0.06 has reduced significantly to ∼39.5 kV/cm
which is ∼38% less as compared to NBT (EC = 63 kV/cm). The
sharp switching current (I) curves [see Fig. 1(b)] observed in both
the specimens portray their intrinsic strong ferroelectric charac-
ter.8,22 The unipolar strain vs electric field curves as shown in
Fig. 1(c) portray that NBT has a maximum strain of ∼0.10%,
whereas BCZT-0.06 displays an enhanced strain of ∼0.17%, which
is ∼70% higher as compared to NBT. A lower degree of strain
hysteresis is one of the important parameters for actuator
applications, which is determined using the following equation:

η ¼ ΔSEmax
2
/Smax

h i
� 100%, where ΔSEmax

2
is the deviation in unipolar

strain during forward and reverse biasing measured at half of the
applied electric field, i.e., Emax/2.

23 The degree of strain hysteresis
(η) calculated using the aforementioned equation for BCZT-0.06
(∼21.3%) is found to be less than that of NBT (∼25.5%).
Figure 1(d) shows the evolution of longitudinal small signal
piezoelectric charge coefficient (d33) values for both NBT and
BCZT-0.06 with respect to the poling field. In the case of NBT, it is
clearly evident that upon increasing the poling field, the d33 value
increases slowly and above a threshold field, i.e., >5 kV/mm, the d33
value almost saturates around ∼85 pC/N until 7 kV/mm. In the
case of the BCZT-0.06 specimen, there is a slight increase in the
d33 value even at lower poling fields, i.e., below 2 kV/mm. Whereas
above 2 kV/mm, the d33 value increased rapidly and attained a
maximum of ∼145 pC/N at 4 kV/mm and remained invariable
until 7 kV/mm for BCZT-0.06. Thus, an increase in the d33 value
of ∼70%, ∼64% increase in %Strain values, ∼38% softening in EC,
and ∼17% decrease in degree of hysteresis (η) as compared to NBT
are a remarkable feature in BCZT-0.06 and found to be a promis-
ing candidate for non-resonance mode actuator applications. The
observed enhanced piezoelectric properties in BCZT-0.06 are com-
parable to several other reported lead free near MPB binary solid
solutions, such as NBT–BT, NBT–KBT, etc.24,25

FE-SEM microstructure of the sintered NBT and BCZT-0.06
specimens is shown in Figs. 2(a) and 2(b). It is evident from the
microstructure that both NBT and BCZT-0.06 have equiaxed
densely packed grains. Interestingly, BCZT-0.06 displays an average
grain size of ∼3 μm, which is almost four times smaller (i.e., ∼78%
decrease in size) than NBT (∼14 μm) as evidenced from the grain
size distribution histograms shown in Figs. 2(c) and 2(d). The
decrease in grain size in the BCZT-0.06 specimen could be attrib-
uted to the effect of larger cations, namely, Ba and Zr ions in the
host lattice. These aforementioned larger cations act as pinning
sites, thereby reducing the lattice diffusivity during the sintering
process which in turn could lead to grain size refinement.22

Figure 2(e) shows the higher magnification micrograph of
BCZT-0.06, which clearly depicts well resolved grains without any
phase segregation across the grain boundaries which in turn sup-
ports complete solubility of BCZT upon sintering. In addition,
the elemental mapping of selected elements Ba, Zr, and Ca [see
Figs. 2(f )–2(h)] over a selected region reflects the microstructural
chemical homogeneity in the BCZT-0.06 specimen.

X-ray diffraction (XRD) patterns of the sintered NBT and
BCZT-0.06 specimens shown in Fig. 3(a) exhibit perovskite phase
formation, without observation of any secondary or impurity
phases. As compared to NBT, all the Bragg peaks of BCZT-0.06
have a lower degree shift in their 2θ positions, as shown in the
insets of Fig. 3(a). The lower degree 2θ shift observed in
BCZT-0.06 could be attributed to the increment in d-spacing due
to solid solution formation, i.e., larger ionic radii cations occupying
both A-site as well as B-site, i.e., Ba2+ = 1.61 Å substituted at A-site
(Na1+ = 1.39 Å/Bi3+ = 1.36 Å) and Zr4+ = 0.72 Å substituted at
B-site (Ti4+ = 0.605 Å), respectively. It is known that the observa-
tion of superlattice (SL) Bragg reflections [i.e., ½(311)] arising due
to the anti-phase tilting (a�a�a�) of oxygen octahedra is a charac-
teristic feature for R3c symmetry.8,9 However, the inset shown in
Fig. 3(a) as indicated by arrow clearly depicts that there is a sup-
pression in the intensity of ½(311) reflection for BCZT-0.06 as
compared to NBT. The aforementioned variation in ½(311)

FIG. 2. (a)–(d) FE-SEM micrograph of sintered NBT and BCZT-0.06 specimens along with their corresponding grain size distribution. (e) Higher magnification micrograph
of BCZT-0.06 and the elemental mapping corresponding to (f ) Ba, (g) Ca, and (h) Zr.
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reflection indicates the possibility of change in the tilt system for
the BCZT-0.06 specimen due to structural distortion.22 The struc-
tural distortion observed in BCZT-0.06 can be quantified based on
the tolerance factor (τ) as per the equation as follows:

τ¼ (0:94� (0:5RNaþ0:5RBi))þ (0:06� (0:85RBaþ0:15RCa))h iþROffiffiffi
2

p � (0:94�RTi)þ (0:06�RZr)h iþROð Þ ,

where RNa, RBi, RBa, and RCa are the 12-coordinated (CN) ionic
radii corresponding to Na1+, Bi3+, Ba2+, and Ca2+, respectively; RTi

and RZr are the 6-CN ionic radii corresponding to Ti4+ and Zr4+,
respectively; and RO is the ionic radii of oxygen with 12-CN. Based
on the above equation, the τ-factor for BCZT is found be 0.983,
whereas for NBT, the calculated τ-factor is 0.978. It is known that
perovskites with τ-factor between 0.985 < τ < 1.06 are expected to
have un-tilted structures; anti-phase tilting for 0.964 < τ < 0.985;
both anti-phase and in-phase tilting for τ < 0.964.26,27 The calcu-
lated τ-factor for BCZT-0.06 lies on the boundary between
anti-phase and un-tilted structure systems. Hence, from the afore-
mentioned variations observed in the XRD pattern and the τ factor,
it is evident that there is a possibility of structural distortion on a
global scale in the BCZT-0.06 specimen due to solid solution
formation.

Figure 3(b) shows the Raman scattering spectra of the sintered
NBT and BCZT-0.06 specimens. The observed Raman scattering
spectra show four major broad intense bands which are designated
as bands A–D as shown in Fig. 3(b). Based on the first-principles
density functional theoretical analysis of our previous study, the
phonon modes for parent NBT are assigned as follows: the
low frequency mode from 109 to 134 cm−1 (Bi–O) and 155 to
187 cm−1 (Na–O) has been assigned collectively to Asite-O
(Asite = Bi/Na) vibrations (band A); strong high intense band from
246 to 401 cm−1 belongs to Ti–O vibrations (band B); mid-
frequency vibrations from 413 cm−1 are associated with TiO6 vibra-
tions (band C); and high frequency modes above ∼700 cm−1 are
assigned to oxygen displacements (band D).9,28 As compared to
NBT, Raman spectra of BCZT-0.06 depict noticeable variations in
bands A, B, and C, respectively. The band A (i.e., ωA-O) centered
around 140 cm−1 displays two significant variations in BCZT-0.06
as compared to NBT, i.e., a large softening in phonon frequency of
∼23 cm−1 and a strong suppression in the intensity of the ωA-O
band as shown in the inset of Fig. 3(b). As per the relation between
reduced mass (m*) and frequency (ω) (i.e., ω ¼ ffiffiffiffiffiffiffiffiffiffi

k/m*
p

, where k is
the force constant), an obvious phonon softening in ωA-O is
expected when an ion with larger mass and larger size is substi-
tuted at A-site (mNa = 22.989 g/mol, mBi = 208.980 g/mol,
mBa = 137.327 g/mol, and mCa = 40.078 g/mol).24 Hence, the soften-
ing and intensity variation collectively observed in the ωA-O band
of BCZT-0.06 is attributed to the substitution of Ba and Ca ions at
A-site. The band B (i.e., ωTi–O) centered around 275 cm−1 is found
to show an increase in phonon line width, i.e., Full Width at Half
Maximum (FWHM) (Γ) of ∼31 cm−1 and appearance of a pro-
nounced shoulder in the ωTi–O phonon profile around 300 cm−1

for BCZT-0.06 as compared to NBT. The increase in Γ and varia-
tion in the ωTi–O band profile indicate a local structural disorder at

Ti–O bond due to a cation of larger mass (m) (mTi = 47.86 g/mol,
mZr = 91.22 g/mol) and radii substituted at B-site.9

Thus, the observed variations in the ωTi–O band of BCZT-0.06
indicate that Zr-ion gets substituted at Ti-site of the host lattice.

FIG. 3. (a) X-ray diffraction pattern, (b) Raman scattering spectra, and (c)
UV–Vis spectra for sintered NBT and BCZT-0.06 specimens.
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The band C (i.e., ωTiO6 ) centered at ∼550 cm−1 displays a noticeable
hardening in the phonon frequency of ∼20 cm−1 [see Fig. 3(b), indi-
cated by arrow] and an increase in Γ of ∼14 cm−1 for BCZT-0.06
when compared with NBT. As per hard mode spectroscopy con-
cepts, hardening and variation in the band profile of octahedral
phonon modes is an indicator for the octahedral tilt transition from

the parent tilt system.9,29 All these aforementioned variations in
ωA-O, ωTi–O, and ωTiO6 for BCZT-0.06 strongly portray the local
structure distortion as a consequence of solid solution formation.

Figure 3(c) shows the absorbance spectra of NBT and
BCZT-0.06 specimens. The optical absorbance F(R) is derived
from the reflectance using the Kubelka Munk equation

FIG. 4. Rietveld refined XRD pattern of the unpoled BCZT-0.06 specimen fitted using different structural models, viz., (a) R3c, (b) R3c + P4bm, (c) R3c + Pm-3m, and (d)
R3c + P4bm + Pbnm. Close observation of (111) and (211) Bragg reflection corresponding to (e) R3c, (g) R3c + P4bm, (h) R3c + Pm-3m, and (i) R3c + P4bm + Pbnm.
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TABLE I. Rietveld refined structural and fitting parameters corresponding to the x-ray diffraction pattern of the BCZT-0.06 specimen fitted using the R3c + P4bm + Pbnm struc-
tural model.

R3c x y z

Na/Bi/Ca/Ba 0 0 0.2569 (1)
Ti/Zr 0 0 0.0073 (3)
O 0.1483(2) 0.3460 (1) 0.0833a

a = 5.5128 (5) Å, c = 13.5077 (2) Å, V = 355.521 (1) Å3, Bragg R-factor= 4.26, RF-factor = 3.01
P4bm x y z
Na/Bi/Ca/Ba 0 0.5 0.4451 (9)
Ti/Zr 0 0 0
O1 0 0 0.7589 (9)
O2 0.2796 (3) 0.2203 (7) 0.0150 (1)

a = 5.5300 (5) Å, c = 3.9255 (5) Å, V = 120.049 Å3, Bragg R-factor = 5.88, RF-factor = 4.99

Pbnm x y z

Na/Bi/Ca/Ba 0.0010 (1) 0.4936 (6) 0.2500
Ti/Zr 0 0 0
O1 −0.0570 (1) 0.0020 (1) 0.2500
O2 0.2519 (2) 0.2576 (1) 0.0260 (1)

a = 5.4940 (5) Å, b = 5.4826 (2) Å, c = 7.7889 (2) Å, V = 234.616 Å3, Bragg R-factor = 6.47, RF-factor = 6.99
Rp, 5.25; Rwp, 6.89; Rexp, 4.37; χ

2, 2.49
Phase fraction

R3c = 80.07(0.60)%, P4bm = 10.37(0.08)%, Pbnm = 9.56(0.23)%

aO(z) fixed as floating origin.

FIG. 5. Schematic representation indicating structural distortion in the BCZT-0.06 specimen due to solid solution formation.
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F(R) = (1− R)2/2R = α/s (where R is the reflectance, α is absorption
coefficient, and s is the scattering coefficient).27 The optical absor-
bance curves are converted to Tauc plot of (αhν)n against the
photon energy using the Tauc equation (αhν)n = A(hν− Eg), where
A is a constant, Eg is the optical bandgap energy, hν is the energy
of incident photon, and n is an index determined by the nature of
the electron transition during the absorption process (n = 1/2, 2,
3/2, or 3 for direct allowed, indirect allowed, direct forbidden, and
indirect forbidden transitions, respectively).30 The electronic transi-
tion in NBT-based systems has been reported as indirect allowed
transition; hence, n as 2 is used in this present study.30 It is evident
from the close observation of the Tauc plot [see the inset of
Fig. 3(c)] that the absorption edge of BCZT-0.06 shows a noticeable
variation as compared to NBT. The bandgap energies (Eg) for NBT
and BCZT-0.06 are determined by extrapolating the linear part of
the (αhν)2 plot to 0 and are found to be 3.16 and 3.26 eV, respec-
tively. The Eg value of NBT determined in this study is similar to
that of the value observed in earlier reports.30,31 Eng et al. reported
that in perovskite oxides, the occurrence of an octahedral tilt distor-
tion can increase the bandgap by ∼0.5 eV due to the distortion in
the linear B–O–B bonds, thereby narrowing the conduction band.32

It has been reported that in ferroelectric perovskites, the bandgap
has a strong sensitivity to the octahedral tilting, lattice strain, and
local cation displacements.33,34 Hence, the increase in band transition
energy observed in BCZT-0.06 could be attributed to the octahedral
tilt transition, as discussed in the aforementioned section. In addition
to the octahedral tilt transition, lattice distortion at both A-site and
B-site due to Ba2+, Ca2+, and Zr4+ ions and interaction of these ions
with the TiO6 octahedral network will lead to a complex energy dis-
tribution, therefore may lead to a change in the band transition
energy in BCZT-0.06.32 It is clearly evident from UV–Vis spectro-
scopic results that there is a subtle change observed even in the elec-
tronic structure of BCZT-0.06 as compared to NBT.

Rietveld analysis for both BCZT-0.06 and NBT is carried out
in order to address the global structural distortion in detail. In our
previous studies, XRD pattern of NBT was fitted using an R3c
structural model.8,9,28 Hence, in this present study, R3c space group
is used for fitting the XRD pattern of NBT (see the supplementary
material). Similarly for BCZT-0.06, the R3c structural model is
adapted and the entire XRD pattern is found to fit well with the
R3c space group as shown in Fig. 4(a). However, upon close obser-
vation of selected Bragg peaks, viz., (111)pc and (211)pc, there are
some unindexed Bragg reflections observed both on the lower as
well as higher angle side as shown in Fig. 4(e) marked by arrows.
In order to clearly visualize the unindexed reflections, (111)pc and
(211)pc Bragg peaks are de-convoluted into their individual compo-
nents as shown in Fig. 4(f ). The de-convoluted Bragg peaks reveal
the unindexed reflections and indicate the possibility of multiple
phase co-existence along with the R3c structure in the BCZT-0.06
specimen.

It is known that in (1− x) NBT–(x)BaTiO3-based solid solu-
tion, the structure of a near MPB composition (i.e., x = 0.06) has
been reported to stabilize in different forms, viz., R3c + Pm-3m,
Cc + Pm-3m, R3c + P4bm, etc. Recently, Rao et al. observed a
three-phase co-existence of Pm-3m + R3c + P4mm in a near MPB
composition (x = 0.06) of the NBT–BT system.35 Since BCZT-0.06
is slightly similar to NBT–BT, several structural models are to be

FIG. 6. (a) X-ray diffraction patterns, (b) Raman scattering spectra, and (c)
UV–Vis spectra for poled NBT and BCZT-0.06 specimens.
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explored to fit the unindexed Bragg reflections observed in (111)pc
and (211)pc Bragg peaks. It is known that parent BCZT stabilizes in
P4mm symmetry at room temperature. Hence, the R3c + P4mm
model is executed initially for fitting the XRD pattern of
BCZT-006. However, this model has failed to fit the entire pattern.
P4bm is known to be the high temperature phase of parent NBT;
hence, a combination of the R3c + P4bm structural model has been
considered and could fit the entire pattern [see Fig. 4(b)]. It is
evident that the R3c + P4bm model could suitably index the lower
degree Bragg reflections as shown in Fig. 4(g). However, the higher
angle reflection could not be indexed using the R3c + P4bm struc-
tural model [see Fig. 4(g), marked by arrow]. Furthermore, the
analysis is extended by considering the R3c + Pm-3m space group
[see Fig. 4(c)]. However, both the lower and higher degree Bragg
reflections are not indexed by using the R3c + Pm-3m model as
shown in Fig. 4(h). In this regard, Rietveld analysis has been
carried out by considering a three-phase structural model, viz.,
R3c + P4bm + Pbnm corresponding to rhombohedral (R), tetrago-
nal (T), and orthorhombic (O) phases, respectively. After adopting
the three-phase model, all the unindexed Bragg reflections observed
in (111)pc and (211)pc Bragg peaks of BCZT-0.06 are indexed and
fitted well as shown in Fig. 4(i). The Rietveld refined plot of the
BCZT-0.06 specimen fitted using the R3c + P4bm + Pbnm model
fits the entire pattern well with a better goodness of fitting parame-
ter (i.e., χ2 = 2.50) as compared to the R3c model (χ2 = 2.63) as
shown in Fig. 4(d). The phase fraction of each phase in BCZT-0.06
and their structural and fitting parameters are shown in Table I. In
the BCZT-0.06 specimen, both A-site and B-site are highly disor-
dered due to Ba2+, Ca2+, and Zr4+ cations occupying their

respective sites of the host NBT lattice due to solid solution forma-
tion. The complex cationic nature in BCZT-0.06 induces significant
modulation in the local octahedral network thereby inducing tilt
disorder (see Fig. 5) and resulted in a three-phase co-existence of
R + T + O, respectively.

In our recent study, electric field-induced structural distortion
is observed in parent NBT. Upon poling both A-site and B-site,
cations displayed pronounced displacement along the polar [111]
direction leading to the polarization extension mechanism.8

The proposed mechanism could explain electric field dependence
of piezoelectric properties in NBT. Hence, for understanding
the origin of enhanced piezoelectric properties observed in the
BCZT-0.06 specimen, a detailed analysis of the poled structure at
different length scales, namely, global, local, and electronic, could
give us the one-to-one correspondence in terms of the structure
property correlation. Figure 6(a) shows the x-ray diffraction pat-
terns of NBT and BCZT-0.06 recorded after poling the specimens.
It is clearly evident that in both poled NBT and BCZT-0.06, there
is a noticeable variation in the Bragg profile as compared to that of
the unpoled specimens. Interestingly, the intensity of ½(311) reflec-
tion gets pronounced in BCZT-0.06 upon poling when compared
with the unpoled state. Figure 6(b) shows the Raman scattering
spectra of poled NBT and BCZT-0.06. In the poled BCZT-0.06
specimen, the ωA-O mode shows a softening of ∼4 cm−1 as com-
pared to poled NBT [see the inset of Fig. 6(b)]. It is to be noted
that in the unpoled state, the softening observed between
BCZT-0.06 and NBT in the ωA-O mode is ∼23 cm−1. Similarly, in
the case of the ωTi–O mode, FWHM (Γ) has reduced to ∼15 cm−1

from ∼31 cm−1, whereas in the ωTiO6 mode, the hardening in the

FIG. 7. Comparison of Rietveld refined
x-ray diffraction patterns corresponding
to (a) poled NBT, (b) poled BCZT-0.06,
(c) unpoled NBT, and (d) unpoled
BCZT-0.06 specimens.
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phonon frequency has reduced to ∼2 cm−1 from ∼20 cm−1 in the
poled BCZT-0.06 specimen. A reduced hardening in the ωTiO6

mode of poled BCZT-0.06 indicates that electric field drives the
local octahedral instabilities to an ordered state.7,9 The ordering in
the octahedral chains reduces the local structural disorder which
also gets reflected in the ωA-O and ωTi–O mode, viz., reduced soft-
ening in the phonon frequency of the ωA-O mode and reduced
FWHM (Γ) of the ωTi–O mode. It is clearly evident that upon
poling, both BCZT-0.06 and NBT specimens show a similar
Raman spectrum. Hence, on a local scale, the electric field drives
the structure of BCZT-0.06 to R3c as that of NBT. Figure 6(c)
shows the absorbance spectra of poled NBT and BCZT-0.06 speci-
mens. It is evident that the absorption edge for BCZT-0.06 and
NBT looks similar upon poling. The optical bandgap (Eg) obtained
from the Tauc plot as shown in the inset of Fig. 6(c) is found to be
∼3.17 eV for both poled BCZT-0.06 and NBT. Thus, it is clear that
the electric field alters the electronic structure of BCZT-0.06 similar
to NBT upon poling, hence R3c phase stabilization in BCZT-0.06
after poling.

Rietveld analysis of the XRD pattern corresponding to poled
NBT and BCZT-0.06 is shown in Figs. 7(a) and 7(b). It is evident
from the Rietveld analysis that the entire XRD pattern for both
NBT and BCZT-0.06 fits well with the R3c structural model. The
insets shown in Figs. 6(a) and 6(b) for selected (110) and (211)
Bragg peaks strongly support the goodness of Rietveld fit using the
R3c model [in view of better readability, a comparison between the
Rietveld fits of unpoled NBT and unpoled BCZT-0.06 is shown in
Figs. 7(c) and 7(d) along with the poled specimens]. In order to
further understand the detailed structural aspects, especially the
octahedral dynamics, neutron diffraction (ND) measurements are
performed on poled NBT and poled BCZT-0.06 specimens.

In a similar manner as that of XRD, the ND pattern corre-
sponding to both poled NBT and BCZT-0.06 has been fitted using
the R3c structural model. Interestingly, both NBT and BCZT-0.06
fitted extremely well with the R3c space group [see Figs. 8(a)
and 8(b)] and the insets shown strongly portray the goodness-of-fit
obtained using the R3c structural model. The ½(311) superlattice
reflections corresponding to the anti-phase tilting of oxygen octa-
hedra were found to be intense and more pronounced in the ND
pattern of the poled specimens. These intense ½(311) reflections
strongly portray the R3c phase stabilization in both poled NBT and
BCZT-0.06. The structural parameters deduced from the Rietveld
fits of the ND pattern are shown in Table II. It is clearly evident
that there is an increase in the unit cell volume and a decrease in
the c/a ratio for poled BCZT-0.06 as compared to that of poled
NBT (see Table II). It is known that small rhombohedral lattice
distortion and minimum homogeneous strain are one of the
primary intrinsic parameters which favors the non-180° domain
re-orientation, domain switching, and domain wall motion and
results in enhanced piezoelectric properties.4 In this regard, rhom-
bohedral lattice distortion (δr) is calculated from the d-spacing
of (111) and (−111) Bragg reflections using the equation
δr ¼ (9/8)[(d111/d11�1)� 1] (Table II).4

The δr values obtained for poled NBT and poled BCZT-0.06
are found to be 0.0093 and 0.0078, respectively. It is evident that
there is a ∼16% decrease in rhombohedral lattice distortion for
poled BCZT-0.06 as compared to poled NBT. Homogeneous strain

(δ) for the rhombohedral lattice with diagonal of the unit cell as
polar axis can be calculated using δ = π/2− α, where α is the devia-
tion of the angle from 90° which is obtained from the hexagonal
cell values as Cosα ¼ ((c2/a2)� 3/2)/((c2/a2)þ 3).4 The δ values
for poled NBT and poled BCZT-0.06 are found to be 0.431 and
0.338, respectively. It is found that there is a ∼21% decrease in
homogeneous strain for poled BCZT-0.06 as compared to poled
NBT. Smaller rhombohedral distortion lowers the deviation angle
which in turn brings about a small strain in the poled BCZT-0.06
specimen.

Apart from the lattice distortion, cation displacements, octahe-
dral distortion, and their dynamics also play a major role in deter-
mining the physical properties of perovskite structures. Hence, in
order to understand structural distortion in detail, the atomic posi-
tional coordinates in terms of their fractional displacements as
shown in Table III and octahderal dynamics are analyzed (see the
supplementary material). The octahedral tilt angle (ω°) calculated
using the expression ω ¼ tan�1(4e31/2) is found to be ∼7.56° for

FIG. 8. Comparison of Rietveld refined neutron diffraction (ND) patterns of
poled (P) specimens corresponding to (a) NBT and (b) BCZT-0.06 fitted using
the R3c structural model. Insets in both (a) and (b) show the close observation
of selected Rietveld refined Bragg reflections indicating the goodness-of-fit.
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BCZT-0.06, which is ∼20% lower in magnitude than NBT, i.e.,
∼9.52°. In perovskites, there is a homogeneous flattening or elonga-
tion of the octahedron along the triad axis described by a factor
1 + ζ which is referred to as octahedral strain.36,37 The octahedral
strain (ζ) is determined using the following expression:

ζ ¼ cosωω ch
61/2ah

� �
� 1.36,37 It is evidenced that there is a significant

decrease in octahedral strain of about ∼76% for poled BCZT-0.06
(ζ × 102 =−0.097) as compared to the poled NBT
(ζ × 102 =−0.413) specimen. In addition to the rhombohedral
lattice distortion and homogenous strain, cation displacements also
influence the piezoelectric properties. The shifts of A-site
(dodecahedron-AO12) and B-site (octahedron-BO6) cations along
the ferroelectric axis (i.e., along [111]) of the R3c space group are
derived from the Rietveld refined atomic positional parameters and
referred to as s and t, respectively (see the supplementary
material).36,37 It is evidenced that there is a 10% increase in t
parameter for poled BCZT-0.06 as compared to poled NBT (Table III).
Thus, a notable increment in t parameter indicates pronounced
B-site cation (Ti/Zr) displacement along the polar [111] axis.

The pronounced B-site cation displacement indicates the increase in
the strength of polarization and polarization extension mechanism
in poled BCZT-0.06.8 Thus, based on the ND analysis, it is clear that
in poled BCZT-0.06 specimens, there is a smaller rhombohedral
lattice distortion, reduced homogeneous strain, octahedral tilt angle,
and octahedral strain. It is reported that in ferroelectric ceramics,
approximately 35% of piezoelectric contribution is from non-180°
domain switching.38 Thus, the aforementioned intrinsic parameters,
viz., smaller rhombohedral distortion, reduced homogeneous strain,
and octahedral strain in BCZT-0.06, facilitate the non-180° domain
re-orientation, domain switching, and domain wall motion which in
turn leads to the enhanced piezoelectric properties and a decrease in
the coercive field.

IV. CONCLUSION

In summary, it is clearly evidenced that due to solid solution
formation in BCZT-0.06, there is a significant structural distortion
leading to a three-phase mixture, viz., R3c + P4bm + Pbnm as com-
pared to parent NBT (R3c). It is to be noted that the structural dis-
tortion gets reflected across different length scales, viz., global,
local, and even in electronic structures, as evidenced from the
x ray/Raman/UV–Vis results. Interestingly, upon electric field
poling, the structural distortions observed at different length scales
become ordered and lead to R3c phase stabilization in BCZT-0.06
with reduced lattice and octahedral strain as compared to parent
NBT. As a result, there is an ease in non-180° domain switching in
BCZT-0.06. In addition, the pronounced Ti-cation displacement
along the polar [111] axis in BCZT-0.06 indicates the polarization
extension mechanism. Thus, a combined effect of non-180°
domain switching and polarization extension mechanism is found
to be the origin of enhanced piezoelectric response in BCZT-0.06.
The present study evidenced that the electric field-driven studies in
the BCZT-0.06 specimen could address the origin of enhanced pie-
zoelectric properties, and such studies can be extended to other
potential piezoelectric systems to understand the structure property
correlation and establish one-to-one correspondence with the
observed piezoelectric properties.

SUPPLEMENTARY MATERIAL

See the supplementary material for the Rietveld fit of the
entire XRD pattern of unpoled specimens under investigation, i.e.,
NBT and BCZT-0.06. Calculations for the octahedral strain and
cation displacements from atomic positional coordinates are
included in detail.
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