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Abstract

The discovery of lead-free piezoelectric materials is crucial for future information and energy
storage applications. Enhanced piezoelectric and other physical properties are commonly
observed near the morphotropic phase boundary (MPB) composition of ferroelectric solid
solutions. The (1-x)Ba(Zro2Tio8)O3-x(Bag.7Cao3)TiO3 (BZT-xBCT) system exhibits a large
electromechanical response around its MPB region at x=0.5. We report experimental and
theoretical results of BZT-xBCT over a wide composition range (0.3<x<1.0). X-ray
diffraction and Raman spectroscopy studies indicate a composition-induced structural phase
transition from a rhombohedral (R3m) phase at x<0.4 to a tetragonal (P4mm) phase at x>0.6
through a multiphase coexistence region at 0.45<x<0.55 involving orthorhombic + tetragonal
(Amm2+P4mm) phases. First-principles calculations elucidate the phase competition in the



coexistence region. The critical composition (x= 0.5) displays enhanced dielectric,
ferroelectric and piezoelectric properties, where notably ds3~ 320 pC/N. This work provides
clear evidence of Amm2+P4mm crystallographic phases in the MPB region, which is
responsible for the improved functional properties.
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I. INTRODUCTION

Ferroelectric materials exhibit spontaneous and switchable electrical polarization, electro-
optic, pyroelectric, and piezoelectric effects with strong electromechanical coupling [1,2].
This switchable polarization coupled with electronic transport properties, surface chemistry,
and strain, enable additional multifunctional device possibilities. Due to the existence of these
functional properties, ferroelectric materials have attracted significant attention to both
fundamental scientific interests, as well as their potential applications in non-volatile
memory, energy storage, energy harvesting, transducers, actuators, motors, sensors, thermal
imaging and other multifunctional devices [2]. The current industries are dominated by Pb-
based piezo-electric systems such as Pb(ZrTi1.)O3 (PZT) ferroelectrics, (1-
x)Pb(Mg1/3Nb2303)-xPbTi03 (PMN-xPT) relaxors [1-4]. The lead-based
ferroelectric/piezoelectric systems are widely used in electromechanical devices due to their
superior piezoelectric response. Most of the lead-based compounds contain more than 60
wt.% of toxic lead [2,4]. This hazardous toxic element is volatile in nature and released to the
environment during processing. Thus, Pb recycling and disposal impose severe
environmental and health concerns [3]. Policies have been enacted by various countries to
restrict the use of toxic (Pb-based) materials in various electrical/electronic devices [4]. In
addition, the volatility of lead during processing leads to non-stoichiometry and deterioration
of the functional properties (like, polarization, piezoelectric constants, elastic constants) of
devices [4,5]. In view of all these shortcomings, many research efforts are currently directed
towards the discovery and design of lead-free materials with improved dielectric, ferroelectric
and piezoelectric properties. Some of the promising lead free candidates are BaTiOz (BT),
KixNa,NbO3 (KNN), and Bii2Nai»TiO3 (NBT) based materials [2,3]. Among them, KNN
and NBT contains volatile elements like Bi, Na, K, which result in off-stoichiometry and
poor densification that leads to degradation of physical properties [5]. Although BT is one of
the important ferroelectric oxide, it possesses a relatively low piezoelectric coefficient
(d33~200 pC/N), which limits the device applications [6]. However, doped/modified BT
based materials have received significant attention in recent years after the discovery of Ca
and Zr doped BT, i.e, (1-x)Ba(Zr0.2Ti0.8)O3—x(Bao.7Cao3)TiO3 (BZT-xBCT) for x=0.5, which
exhibits giant piezoelectric response d33~620 pC/N, exceeds that of many soft PZT based
materials [7].

BaTiO3 undergoes a sequence of structural phase transitions with temperature. With
decreasing temperature, the paraelectric cubic phase Pm3m transforms to the ferroelectric
tetragonal (P4mm) phase at ~ 130 °C and below 130 °C the material remains in the
ferroelectric state. Around 0 °C the tetragonal (P4mm) phase changes to an orthorhombic
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(Amm2) phase and around -90 °C this orthorhombic phase changes to a rhombohedral (R3m)
phase. These two ferroelectric transitions are of first order in nature [3]. By doping/chemical
modifications, different ferroelectric phases can be created in BT. In the case of ferroelectric
solid solutions, compositional modifications can induce a structural transformation from one
ferroelectric state to another state having different crystal symmetry. This structural
instability is termed as inter-ferroelectric instability [8]. This inter ferroelectric instability
lowers the energy barrier that separate the two ferroelectric phases, and it provides an easy
path for the polarization rotation. Consequently, enhanced ferroelectric and piezoelectric
response are typically observed around morphotropic phase boundary (MPB) compositions in
ferroelectric solid solutions [9-12]. Hence, tailoring the physical properties in ferroelectric
materials by inducing MPB compositions is an interesting approach for BT system. The
0.5BZT-0.5BCT system has been actively studied for the replacement of Pb-based
ferroelectrics for device applications. However, the mechanisms responsible for the
exceptionally high piezoelectric properties are still not fully understood.

The enhanced piezoelectric and ferroelectric properties in the BZT-xBCT systems have been
investigated from the structural perspective and the origin of the enhancement have been
explained by different theories and models (see supplemental information for detailed table
summarizing previous structural studies in Table SI). The first phase diagram on this solid
solution was reported by Liu and Ren [7], where the MPB with a triple point consisting of
cubic Pm3m, thombohedral (R3m) and tetragonal (P4mm) crystallographic phases was
proposed. The enhanced piezo response was explained for the MPB composition due to this
tri-critical point, which lead to a vanishing polarization anisotropy that facilitates the
polarization rotation between tetragonal and rhombohedral phases [7]. The phase coexistence
of rhombohedral and tetragonal phase composition was verified experimentally by M. C.
Ehmke et al. [13] and A. B. Haugen et al. [14] based on high-resolution synchrotron XRD.
This observation was confirmed by J. Gao et al. [15] using convergent beam electron
diffraction (CBED) analysis. The phase diagram was further reinvestigated by Keeble et
al. [16], using high resolution synchrotron XRD and they reported the existence of an
intermediate orthorhombic phase between the rhombohedral and tetragonal phases, which
was supported by Tian et al. [17] as well. Based on these finding it was suggested that phase
coexistence regions are the convergent region instead of tri-critical point as first reported by
Liu-Ren [7]. In a ferroelectric system, the region in the phase diagram where different phase
boundaries (for example cubic-tetragonal, tetragonal-orthorhombic, orthorhombic-
rhombohedral) converge is referred to as the convergent region [16]. The enhanced
piezoelectric properties were attributed to the presence of the orthorhombic phase. Contrary
to these reports, M. Acosta et al. reported that neither the triple point nor the phase
convergence region can explain the enhanced piezo-electric properties in the BZT-BCT
system [18]. Further J. Gao et al. posited the enhanced piezoelectric response is due to the
reversible domain wall motion in BZT-BCT system based on the small field Rayleigh
analysis and large field strain measurements [19]. G. Tutunuc et al. studied the origin of
enhancement of the piezo-response in BZT-xBCT solid solutions using electric field
dependent in situ XRD analysis and showed the presence of a 90° domain wall. The
enhancement of electrochemical response and piezoelectric properties in BZT-xBCT was
then attributed to this 90° domain wall [20].

A high resolution in situ transmission electron microscopy (TEM) study on the electrical
poling driven structural transformation from R3m + P4mm to the Amm2 phase of a single
domain of BZT-BCT system has been studied by H. Guo et al. [21]. The primary contribution
such as structural instabilities along with the elastic softening due to the initial electrical
poling-re-poling was found to be responsible for the enhanced piezoelectric properties [21].



Recently, K. Brajesh et al. studied the electric field and temperature driven structural phase
transformation based on x-ray diffraction analysis on 0.5BZT-0.5BCT and reported the co-
existence of three phases; tetragonal (P4mm) + Orthorhombic (4mm?2) + rhombohedral (R3m)
phase at room temperature [22]. They argued that, the presence of structural heterogeneity
gives rise to polar nano-regions as in the case of relaxor ferroelectric systems. Due to the
presence of polar nano-region, field induced transformation and domain wall motion occurs
and that was ascribed to the amplification of the piezo response. Based on the combined
theoretical and experimental investigations, Acosta et al. [23] also reported that the enhanced
piezo-electric properties originate at the phase boundary of the orthorhombic-tetragonal
phase, due to reduced anisotropy energy, high polarization and elastic softening. Further, the
structural investigation confirmed the presence of the orthorhombic (O) phase between
rhombohedral (R) and tetragonal (T) phases [23]. Based on large scale atomistic simulations,
Nahas et al. reported the existence of large polarization fluctuations in the orthorhombic
phase due to the combined effect of flat free energy land scape, the fragmented local
structure, and the stability of the orthorhombic phase for a narrow temperature range [24].
This polarization fluctuation/rotation through the orthorhombic (low symmetry) phase is
responsible for the enhanced piezo response in the BZT-xBCT system [24]. Akbarzadesh et
al. investigated the phase diagram of BZT-xBCT systems numerically using the classical
Monte Carlo simulations and path integral Monte Carlo simulations [25]. They observed a
quantum fluctuation induced orthorhombic phase and suggested the enhancement of the
piezoelectric properties is due to the inhomogeneous local structure. Zhang et al. suggested
the relaxor-like behaviour in BZT-xBCT system is due to cation substitution of different ionic
radii (at A and B-sites) which creates heterogeneous strain at a local length scale [26]. This
local strain heterogeneity influences the elastic behaviour near the MPB and results in an
adaptive nano-scale microstructure, which in turn enhances the piezoelectric response [26].
Recently A. Mondal et al. studied pressure dependent X-ray diffraction on 0.5BZT-0.5BCT
composition and showed a mixed Orthorhombic (4mm?2) + tetragonal (P4mm) phase at room
temperature [27]. K. Datta reported the mechanism of enhancement of piezoelectric
properties based on total neutron scattering and Raman scattering and presented a statistical
description of the atomic level polar ordering in the BZT-xBCT system [28]. The
enhancement of the piezo response was described in terms of the increased interaction among
the cations in a strained local environment. They also proposed that the presence of low
symmetry crystal structures cannot be a universal concept for the enhancement of
piezoelectric response in any ferroelectric solid solution around the MPB [28].

Despite of wide range of experimental and theoretical investigations on the BZT-xBCT
system, a clear picture has not been developed to explain the coexistence of the crystal
structures and enhanced piezoelectricity around the MPB. Hence, it is very important to
understand the mechanism behind the exceptional piezoelectric properties of the lead free
BZT-xBCT. A fundamental understanding of the structure-property relationships in BZT-
xBCT near the MPB region is necessary, both from an experimental and the theoretical point
of view. To better understand the structure-property relationship (i.e., compositional driven
structural phase transitions) in BZT-xBCT, a systematic investigation on the structural driven
phase transition of BZT-xBCT (0.3<x<1.0) is studied. X-ray diffraction and Raman scattering
studies on the compositional induced structural phase transitions is expected to elucidate the
evidence of the MPB region. Additionally, first-principles calculations based on density
functional theory (DFT) were performed to theoretically describe phase competition in the
multiphase system. Furthermore, we measure and correlate the enhancement of the dielectric,
ferroelectric and piezoelectric properties with crystal structure around the MPB region and
discuss relaxor behaviour of the system.



II. EXPERIMENTAL DETAILS

Polycrystalline ceramics of (1-x)Ba(Zro.2Ti0.8)O3-x(Bao.7Ca0.3)TiO3 (BZT-xBCT) with x=0.3,
0.4, 0.45,0.48, 0.5, 0.52, 0.55, 0.6, 0.7, 0.8, 0.9, 1.0 were prepared using the auto combustion
technique. Stoichiometric amounts of high purity Ba(NO3);, Ca(NO3).4H>0,
ZrO(NO3)2.xH20, Ti[OCH(CHz3)2]4 and urea were taken as raw materials for the synthesis.
The urea was used as fuel (F) and above raw materials forms the oxidiser (O). The above
precursors were mixed stoichiometrically for the desired composition with a minimum
amount of distilled water while maintaining F/O ratio to 1. The detailed synthesis procedure
was described elsewhere [29]. The samples were then calcined at 900 °C for 6 hour. The
calcined powder was then mixed with 3 wt. % polyvinyl alcohol (PVA) and pressed to form
disks of 10 mm diameter at a pressure of 6x 107 kg/m?. The green pellets were initially
heated at 600 °C for 1 hour to remove the binder, and finally sintered at an optimized
temperature of 1450 °C for 4 hours.

Room temperature XRD data were collected using a high-resolution x-ray
diffractometer, (PANalytical X'Pert Pro MPD), with Cu K, radiation (A= 1.5405A). For the
XRD measurement, sintered pellets were crushed into fine powders and sieved followed by a
heat treatment at 600 °C for 2 hours to release the intergranular stress present in the sample
during the grinding process. Rietveld refinements of the XRD patterns were carried out using
Full proof software package. The room temperature Raman spectra of the sintered samples
were recorded by a Raman spectrometer (Horiba Jobin Yvon T64000 system) using a 532 nm
laser in the frequency range of 10-1000 cm™'. The surface morphology of the samples was
recorded using a field emission scanning electron microscope (FESEM) (NOVA Nano SEM
450). Sintered pellets were coated with gold for collecting the SEM micrographs to minimize
charging. The presence of different elements along with the elemental composition ratio was
studied with the help of energy dispersive X-ray (EDS) attached to FESEM equipment. For
electrical measurements, both sides of the pellets were coated with silver paint and further
dried at 200 °C for 2 hours. The dielectric properties were measured at a temperature range
from room temperature to 500 °C in the frequency range of 100 Hz to 1 MHz using an
impedance analyzer (HIOKI IM3570) with an oscillating voltage of 1 V. The room
temperature ferroelectric hysteresis loops (P-E) were collected using Ferroelectric loop tester
(Radiant Ferroelectric Tester) at a frequency of 10 Hz. The silver electroded samples were
subjected to electrical poling at an applied DC electric field of 20 kV/cm at room temperature
in a silicon oil bath prior to the PE loop measurement. The piezoelectric coefficient (ds3) was
measured using a YE2730A ds3 meter after electrical poling.

The energetic and structural properties of lead-free BZT-xBCT ceramics were
calculated with first-principles methods based on density functional theory (DFT). We used
the PBE variant of the generalised gradient approximation to DFT [30] as it is implemented
in the VASP package [31,32]. The “projector augmented wave” method was employed to
represent the ion cores [33], and we considered the following valence electrons: Ba 5s, 5p,
and 6s; Ca 3s, 3p, and 4s; Ti 3p, 4s, and 3d; Zr 4s, 4p, 5s and 4d; and O 2s and 2p. Wave
functions were represented in a plane-wave basis truncated at 650 eV. We used a 40-atoms
simulation cell (equivalent to a 2x2x2 replication of the typical 5-atom perovskite unit cell in
which the usual ferroelectric and anti-ferrodistortive distortions occurring in oxide
compounds could be reproduced [34-37]. For integrations within the first Brillouin zone, we
adopted a Gamma-centered k-point grid of 6x6x6. Geometry relaxations were performed by
using a conjugate-gradient algorithm that optimized the volume and shape of the simulation
cell as well as the atomic positions. The imposed tolerance on the atomic forces was of 0.01
eV-A'l. By using these parameters, we obtained total energies that were converged to within



0.5 meV per fu.. In order to provide meaningful comparisons with the experiments, in our
DFT calculations we considered four different system compositions: BagCaxTigO24 (referred
to as “x=1.00"), Ba;CaiTi7Zr1024 (referred to as “x=0.50"), Ba;CaiTisZr2024 (referred to as
“x~0.50”) and BagTisZr2024 (referred to as “x=0.00"). Four different polymorphs were
analysed for each composition, namely, tetragonal (polar, space group P4mm), cubic (non-
polar, space group Pm3m), thombohedral (polar, space group R3m), and orthorhombic (polar,
space group Amm?2).

III. RESULTS
A. X-Ray Diffraction

Figure 1 represents the compositional evolutions of the XRD profile for the five pseudo-cubic
(pc) reflections {0 O 1}pc, {1 1 1}pe, {2 0 O}pe, {2 2 2}pe, and {4 O O}pc for the entire
composition range of BZT- xBCT ferroelectric materials. The XRD profiles presented here
contains Kaz (= 1.54439 A) reflections apart from the main Koy (A= 1.5405A) reflection.
The distinct change in the pseudo-cubic reflections suggests a composition induced structural
phase transition. The Rietveld refinement analysis was carried out to ascertain the exact
nature of this structural phase transitions and the starting model for the refinement was
proposed based on a visual analysis of the XRD spectra. Scrutiny of the splitting of the
characteristic pseudo-cubic reflections {h 0 O}pc, {h h 0}, and {h h h},. is the best way to
identify the presence of tetragonal, orthorhombic and rhombohedral phases. All the pseudo-
cubic reflections are singlet for cubic symmetry. For the tetragonal crystal structure, the
pseudo-cubic reflections are characterized by the splitting of the {h 0 0}p. reflection into
doublets and the {h h h},. appears to be singlet. However, in the case of rhombohedral crystal
structure reverse behaviour is expected i.e., {h h h},. reflections are doublets and {h 0 0}pc
reflections are singlet. In the case of the orthorhombic crystal structure, splitting of both the
{h h h}pc and {h 0 0}, reflections is expected. Weak distortions in the structure are difficult
to visualize in the lower order reflections (at lower angles) and hence higher order reflections
(at higher angles) were considered. However, the intensity of higher order reflections is
considerably weaker compared to the lower order reflections. In the present case, the peak to
background ratio and resolution of our diffractions data is sufficient to identify different
crystallographic phases (tetragonal, orthorhombic and rhombohedral) explicitly.

The singlet nature of the {I 1 1}, reflections and doublet nature of {2 0 O}, reflection
suggests the tetragonal crystal structure for x=1.0. Detailed information can be obtained by
carefully analysing the higher order reflections, so reflections such as {2 2 2}, and {4 0 0} pc
are also plotted and shown in Fig. 1. For pure BCT (x=1.0), the doublet nature of the {4 0
0}pc reflection and singlet {2 2 2}, reflection confirms the tetragonal crystal structure with
space group P4mm. With an increase in the BZT concentration, the doublet {4 0 0},. and
singlet {2 2 2}, reflection is maintained up to x=0.60. So, the XRD data were fitted using a
Rietveld refinement technique with a single phase P4mm crystal structure (0.6< x<1.0) and a
representative Rietveld refinement pattern for x=1.0 is shown in Fig. 2(a). In order to have
better clarity we have compared the fitted data for higher order reflections, which are shown
as an inset of Fig. 2. There is good agreement between the experimental and the fitted data.
The refined structural parameters obtained from Rietveld refinement for x=1.0 are shown in
Table SII (supplementary information).

With an increase in the concentration of BZT, there is a distinct change in the pseudocubic
diffraction pattern for x=0.55 and then for x=0.40 (Fig. 1). Thus, based on visual inspection
of the pseudocubic diffraction pattern, there are distinct structures for the composition ranges
0.3 <x<0.4, 0.45<x<0.55 and 0.6<x<1.0. For the composition x=0.3 and 0.4, the pseudo cubic



{4 0 0}, profile is singlet (Fig. 1), which suggest the presence of Rhombohedral (R3m) rather
than tetragonal or orthorhombic phases.
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FIG. 1. Evolution of pseudocubic Bragg profiles of {0 0 1},c, {1 1 1}pc, {2 0 O)pe, {2 2 2)pec,
{4 0 O}pc obtained from room temperature X-ray powder diffraction of BZT-xBCT with

0.3=<x<1.0.

Further, Rietveld refinements of the XRD patterns for x=0.4, with both R3m and Amm?2 space
group has been carried out (Figs. 2(d) and 2(e)), where the best fitting is observed for the
R3m space group, confirming rhombohedral structure for this compositional ranges.
However, for x=0.55, the Rietveld refinement using P4mm space group resulted in a poor fit
as the shape of the {4 0 0}, reflection is significantly modified due to the appearance of the a
new peak in between the two tetragonal peaks. Actually, {4 0 0}, reflections of both the
Amm2 and P4mm structure are doublets. So, the presence of the extra reflections along with



the P4mm tetragonal phase suggests the co-existence of those two phases in x=0.55
composition. The pseudocubic {4 0 0}, reflections of the tetragonal phase, namely, (004)r
and (400)r shows doublets at the extreme ends. As can be seen from Fig. 2, along with the
doublet nature for the tetragonal distortions, the presence of peaks in the middle (between the
tetragonal peaks) correspond to the orthorhombic structure (marked as O). It has been
observed that the intensity of the orthorhombic (4mm2) phase increases with a decrease in the
BCT concentrations from x=0.55 to 0.45. The increasing intensity of the orthorhombic (O)
peak in between the tetragonal peak confirms the increasing fraction of the Amm2 phase.
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FIG. 2. Rietveld fitted XRD pattern of BZT-xBCT for (a) x=1.0 using P4mm model (b, c)
x=0.55 using P4mm+R3m and P4mm+Amm2 model (d, e) x=0.4 using Amm2 and R3m
model. The inset shows the enlarged view of high quality of fit with selected Bragg profiles.

Since some of the peaks are not fit with P4mm structure for x=0.55, a different co-existence
structural model was considered. Here pure BCT (x=1.0) to BZT-xBCT (x=1.0 to x=0.6)
crystalizes in the P4mm crystal structure, whereas x=0.3 and x=0.4, belongs to the
rhombohedral crystal structure (R3m). Since the composition x=0.55 is expected to be the



cross over from P4mm to (P4mm + Amm?2), different models (i) single phase tetragonal
(P4mm) structure, (ii) single phase orthorhombic (4mm?2) structure, (iii) tetragonal (P4mm) +
rhombohedral (R3m) structure, and (iv) tetragonal (P4mm) + orthorhombic (4mm2) structure
were fit to the powder XRD data using a Rietveld refinement. In case of the BT based
ferroelectric system, the identification of the rhombohedral and orthorhombic phase is
difficult due to similar pseudo cubic lattice parameters [38].

The fitted results for (P4mm + R3m) and (P4mm +Amm?2) co-existence model are shown in
Figs. 2(b) and 2(c) for x=0.55. The insets of the figure shows the magnified fitted plot of
higher angle pseudo cubic reflections {2 0 0}pc, {2 2 2}pc, {4 0 0}pc. The subtle misfit regions
(indicated by arrow mark in the magnified pseudocubic {2 0 0}, and {0 O 4}, reflections)
are observed for the refined (P4mm + R3m) phases for x=0.55. Among the different structural
model, the tetragonal and orthorhombic (P4mm +Amm?2) co-existence model gives the best
fit. The refined structural parameters obtained from Rietveld refinement for x=0.55 are shown
Table SIII. Due to the addition of Amm2 to the P4mm model, the software attempts to obtain
the best fit by increasing the width of the Bragg peaks. This way additional intensity due to
another phase is compensated. So, the (P4mm +Amm?2) phase co-existence model was
extended up to x=0.45 and a best fit was observed. In short, the co-existence of the P4mm-
Amm?2 ferroelectric crystallographic phases is the best way to explain the appearance of the
orthorhombic phase along with tetragonal phase as observed in the XRD pattern (i.e., triplet
nature of {2 0 O},c and {4 0 O}, diffraction profile). Although, the visual observation
suggests that x=0.4 is the rhombohedral crystal structure, we have fitted with both the
orthorhombic and rhombohedral crystal structure. The x= 0.40 Rietveld refinement revealed a
very poor fit of the {4 0 O}pc, {2 0 0}pc {2 2 2} pc reflections with the Amm2 phase. Dramatic
improvements in the fitting occur when considering the R3m Rhombohedral structure. The
refined structural parameters obtained from Rietveld refinement for x=0.4 are shown in Table
SIV. The Rietveld refinement on the XRD analysis reveals that BZT-xBCT exhibits the
single phase P4mm crystal structure in the regions, 1.0<x<0.6, the co-existence of the P4mm
+ Amm2 structure for the compositions range 0.55<x<0.45 and another single phase in the
composition range 0.3<x<0.4 with R3m crystal structure. The phase coexistence model has
been critically studied by plotting the variation of pseudo-cubic lattice parameters, unit cell
volume and phase fraction obtained from Rietveld refinement, as shown in Fig. S1. First, we
have converted the orthorhombic lattice parameter (a, b, ¢) into an equivalent perovskite
pseudocubic lattice parameter using the following relation apc=a, bpc=b/\/2, cpczc/\/Z where
apc, bpc and cpc represents the lattice parameter for the strain free cubic lattice [39]. The
obtained value of by and c,c are nearly same and both are larger than ac, so we introduce a
term Cavg= (bpc+CpC)/2-

For better representation, we have plotted the whole composition range into three different
regions i.e. region (I) x=0.3-0.4 (rhombohedral R3m Phase), region (II) x=0.45-0.55
(coexistence of P4mm +Amm?2) phase and region (III) x=0.6-1.0 (tetragonal P4mm phase)
shown in Fig. S1. In region (I) i.e. at higher concentration of BZT, the rhombohedral (R3m)
lattice parameter (ar) is relatively high. The pseudocubic lattice parameter both in the regions
I (corresponds to single phase rhombohedral structure with space group R3m) and region III
(corresponds to single phase tetragonal structure with space group P4mm) decreases with the
increase in BCT concentration. The decrease in the lattice parameter is due to the large ionic
radius of Zr*" as compared to Ti*'. Similarly, the unit cell volume/formula unit (fu.) also
decreases with the increase in the BCT concentrations both in the region I and region III.
However, in the phase coexistence region (region II), the pseudocubic lattice parameter apc
and c,c corresponds to orthorhombic structure and the tetragonal lattice parameter ar and cr
decreases slightly with increase in the BCT concentration up to x=0.5 and these values



increase with further increase in BCT concentrations. Similarly, the unit cell volume also
shows a discontinuous change (change of slope) of its value around the phase coexistence
region. For the composition x=0.3 and 0.4, the structure corresponds to purely rhombohedral
(R3m) (i.e., 100 % rhombohedral phase fraction). However, for 0.45<x<0.55 i.e. in the region
(IT) a phase coexistence of 4mm2 and P4mm is obtained. For x=0.45, the volume fraction of
Amm2 and P4mm is found to be 61% and 39%, respectively. With the increase in BCT
concentration, the phase fraction of Amm2 drops to 18% while that of P4mm rises to 82% for
x=0.55 and above that i.e. 0.6<x<1.0 it exhibits purely tetragonal (P4mm) structure. The
discontinuous changes in the unit cell volume and phase coexistence of two different
crystallographic phases in the phase coexistence regions (0.45<x<0.55), indicates the first
order phase transitions from R3m (rhombohedral) to P4mm (tetragonal) through the Amm2+
P4mm phases [40].

B. Raman Spectroscopy

Raman spectroscopy is a nondestructive probe of the structure of ferroelectric materials
owing to its sensitivity to local symmetry. Raman scattering also provides information about
local heterogeneities related to compositional and structural disorder because of the shorter
coherence length and time scale of phonons. Therefore, the Raman spectra of the BZT-xBCT
system have been studied as a function of composition for realizing BCT doping effects to

local heterogeneities structure of BZT-xBCT ceramics. The reduced intensity, I (®),

corrected for the Bose-Einstein phonon population, was reckoned from stokes components of
observed Raman scattering intensity, /() as follows [41,42].
, (@)
I'(0)=——F—— (1

o[n(w)+1]

Where, n(a))Z;represents the Bose-Einstein population factor. # and ks

ho
exp -1
(kBT]

indicate Dirac and Boltzmann constants, respectively. To understand the BCT doping effects
on BZT-xBCT, all reduced Raman spectra in the frequency range of 50~100 cm™! were fitted
by combining a Lorentzian central peak (CP), damped harmonic oscillator (DHO) model, and
a Fano function as follows [41,42]:

2 2
@)= ey A T @
r 4o+, (o -y +oT;  (+¢)

Where, Acp and I cp indicate the intensity and full width at half maximum (FWHM) of the
CP, respectively, which is related to the relaxation process of precursor dynamics. 4;, wi, and
T, represent intensity, frequency, and damping constant of the i optical Raman active mode,
respectively. The [y is the Fano resonance intensity, g reflects the asymmetry parameter
representing the coupling strength between a continuum states and a discrete phonon, ¢ = 2(®
— wa1a10))/ L 41070) denotes reduced energy, where 41110y 1s the FWHM of the Fano
resonance. The fitted Raman spectra using Eq. (2) are displayed in Fig. 3(b).

The composition dependent Raman spectra measured at room temperature of the BZT-
xBCT is shown in Fig. 3(a). The observed Raman spectra exhibit a similar profile of the pure
BaTiOs3 (BT) [43]. Therefore, the effective vibrational modes of BZT-xBCT ceramics are
similar to that of pure BT. Pure BT is a typical ferroelectric material and it has tetragonal
structure at room temperature. In the paraelectric cubic phase, the Raman modes of BT



transform as the 37, +75, irreducible presentations of the Pn3m symmetry. The F», mode is
silent and F1u modes are only infrared active. Therefore, the Raman activity is not allowed in
the paraelectric phase with perfect cubic symmetry.
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FIG. 3. (a) The composition dependent Raman spectra of BZT-xBCT ceramics (b, ¢) Raman

fitted spectra using Eq. (2) (d) Shows the frequency shift of Raman active modes (upper

part), the frequency and FWHM of the 41(3TO) mode (middle part), and the intensity and

FWHM of the CP (lower part) of BZT-xBCT ceramics as a function of composition.



A ferroelectric tetragonal phase with P4mm symmetry has 341 and 3£ modes, which comes
from infrared active F1y modes and one silent (E+B1) mode arises from F>, mode. Each of the
A1 and E modes splits into transverse optic (TO) and longitudinal optic (LO) modes due to
long-range electrostatic forces associated with lattice ionicity. The detailed mode symmetry
assignments of BaTiOj3 are reported elsewhere [44—46].

As can be seen in Figs. 3(b) and 3(c), the Raman spectrum in the frequency range of
50~1000 cm! of the BZT-xBCT (x= 0.30) consist of mainly 41(1TO) (~ 117 cm™), 4,(1LO)
(~140 cm™), EQTO) (~189 cm™), 4;(2TO) (~261 cm™), E(3TO)/E(1LO)/B; (~297 cm™),
E(4TO) (~512 cm™), 41(3TO) (~528 cm™), E(BLO) (~717 cm™), and 4;(2LO) (~744 cm™). In
BZT-xBCT (x= 0.3), the broad peak at ~330 cm™' may correspond to silent mode, which
comes from higher order processes [47]. However, the weak mode near 630 cm™ (Fig. 3(c))
may be due to lattice disorder, which was attributed to mismatch of ionic radii at
crystallographically equivalent sites [48]. At room temperature, the main spectral features
observed in BZT-xBCT ceramics are: Fano-like asymmetric 41(1TO) mode, a symmetric
A1(1LO) mode, a symmetric broad E(2TO) mode, an asymmetric broad 41(2TO) mode, a
sharp E(3TO)/E(1LO)/B1 mode, symmetric intense E(4TO), A1(3TO), and E(3LO) modes,
and a symmetric broad intense 41(2LO) mode as shown in Figs. 3(b) and 3(c). The intense
A(1TO), A41(2TO), EBTO)/E(1LO)/B1, E(4TO)/A1(3TO), and E(BLO)/A1(2LO) modes
correspond to the tetragonal phase of the pure BT [43]. An additional intense mode at ~189
cm™! is observed in BZT-xBCT (x=0.30) besides phonon modes assigned to the tetragonal
phase as shown in Figs. 3(a) and (b). The peak position of this mode shifted to the higher
wave number up to ~202 cm™! as the BCT composition increased from x=0.30 to 0.60 in
BZT-xBCT ceramics. Xiao et al. [49] also found a Raman active mode at 184 cm’! in
nanocrystalline BT ceramics, which was present in rhombohedral and orthorhombic phases.
Hermet et al. [46] reported that the Raman active mode at ~205 cm™ belongs to E(TO)
symmetry of the rhombohedral phase of pure BT. Hence, the presence of Raman mode at
~189 cm! in this study is attributed to the E(TO) symmetry vibration, and the existence of
E(2TO) mode is an indication of rhombohedral phase of the BZT-xBCT (x=0.30) ceramics.
The rhombohedral phase with R3m symmetry of BZT-xBCT (x=0.30) ceramics is also
confirmed by the Rietveld refinement of the XRD spectrum. It is significant that the 41(1TO)
mode slightly softens and completely disappears above x=0.45 as shown in Figs. 3(a) and
3(b). The vanishing of 41(1TO) mode and persisting of £(2TO) mode indicate the structural
change in the material from rhombohedral to orthorhombic phase. In pure BT, the formation
of peaks near 117 cm™! and 261 cm™! correspond to phonon vibrations of Ti-O bonds, whereas
formation of peaks near 515 cm™ and 717 cm™ correspond to phonon vibrations of the Ba-O
bonds. So, the frequency shifts of the 41(1TO) mode towards low frequency region for BZT-
xBCT(0.30<x<0.45) may be due to dissimilar ions in the central octahedron of the perovskite
structure. The BZT-xBCT ceramic with x=0.30, (higher Zr content), compared to x=0.40 and
x=0.45 experiences a downshift of the 41(1TO) frequency which can be attributed to the
variation of effective mass of the vibrational mode as Ti is smaller than Zr. So, the slight
softening of the 41(1TO) mode corresponds to replacement of Zr site with Ti. These results
are similar to those observed previously in BZT-xBCT (0.10<x<0.20) ceramics [50]. Note
that the E(2TO) mode stiffens with increasing the BCT compositions and completely
vanishes, while 41(1LO) mode shows a clear anomaly above x = 0.60, as shown in Fig. 3(d).
Moreover, a new E(2LO) mode appears at ~ 466 cm™ in the BZT-xBCT(x=0.70) ceramic
(Fig. 3(c), lower part). The disappearance and appearance of Raman modes is a clear
indication of structural transformation from orthorhombic to tetragonal phase above x=0.60.
It is worth noting that 4;(1TO) mode splits in the tetragonal phase but not in the
rhombohedral phase (Fig. 3(b)). This is may be due to the shift of polarization from [111]
direction to [001] direction through [101] direction [51]. The Rietveld refinement of the XRD



spectra of BZT-xBCT (0.60<x<1.0) reveals the tetragonal phase with P4mm symmetry, while
BZT-xBCT (0.45<x<0.55) shows the coexistence of orthorhombic (4mm2) and tetragonal
(P4mm) phases. Singh et al. [52] reported the coexistence of phases in BZT-xBCT (x=0.50)
by observing the hysteresis behaviour of the 41(3TO) mode. Therefore, we have also studied
the 41(3TO) mode as a function of composition in order to have a better understanding of the
phase transitions of BZT-xBCT ceramics. The composition dependent frequency and FWHM
of the 41(3TO) mode is shown in the middle part of Fig. 3(d). It is apparent that the FWHM
of the 41(3TO) mode decreases, while the frequency shows significant stiffening and a
discontinuity at above x=0.45, reflecting the structural transformation from the rhombohedral
phase. Note that the frequency and FWHM of the 41(3TO) mode are almost constant in the
range of 0.45<x<0.60. The frequency increases and FWHM decreases continuously with
increasing BCT compositions above x=0.60. The constant frequency and damping of the
A1(3TO) may due to the coexistence of phases in the range of 0.45<x<0.60. Hence, the
anomalous change of the 41(3TO) mode at x=0.45 corresponds to structural transformation
from pure rhombohedral to (orthorhombic + tetragonal) phase, and another anomaly at
x=0.60 corresponds to (orthorhombic + tetragonal) to a pure tetragonal phase transition of
BZT-xBCT ceramics. Since the formation of peaks ~515 cm™ correspond to phonon
vibrations of the Ba-O bonds, so the stiffening of the 41(3TO) is likely due to replacement of
Ba site with Ca as the atomic number of Ba is higher than that of Ca. The high frequency
region around 825 cm’' shows an A, octahedral breathing mode. The symmetric Aig
octahedral breathing mode occurs in this region for simple perovskite, which is Raman
inactive and does not result in a change in polarization [53]. The A1z mode (upper part of Fig.
3(b)) becomes Raman active when dissimilar ions in the center of the octahedra creates
asymmetry in the breathing-like mode [50]. The breathing (41¢)1 mode merges into the (41g)2
mode at x=0.45, and the breathing (41¢)> mode completely vanished above x=0.60 as shown
upper part of Fig. 3(d). The merging and disappearing Aiz; modes can be an indication of
structural transformation as well.

In BZT-xBCT (x=0.30) ceramics, the Raman spectrum is fitted using Fano function at
around 117 cm™ as shown in Fig. 3(b). The Fano resonance phenomenon stems from the
interaction between a discrete state and continuum states and has an asymmetry of the
spectral line shape [54]. However, the physical origin of the Fano resonance in BZT-xBCT at
~117 em! still remains unclear. The Fano resonance ~175 cm™ in pure BT single crystal was
attributed to the interference effect ensuing from the coupling between two acoustical phonon
states and a single phonon state through the anharmonic terms in the potential function
studied by Rousseau and Porto [55]. The Fano-like interference ~175 cm™ in pure BT crystals
may be due to the anharmonic coupling of the lowest frequency TO phonon with the higher
frequency TO phonon via acoustic phonons reported by Pinczuk et al. as well [56]. In BZT-
xBCT, the acoustic phonon mode is not observed in the present investigation. Hence, the
coupling between the 41(1TO) mode and acoustic phonon modes cannot be the origin of the
Fano resonance in BZT-xBCT ceramics. The possible origin of Fano resonance in BZT-
xBCT at ~117 cm’! may be due to the coupling between 41(1TO) and 41(2TO) modes [50].
Due to the vanishing of the 41(1TO) mode, the Fano resonance also disappears in BZT-xBCT
at above x=0.45 as shown in Fig. 3(a) and 3(b). However, the Fano-like asymmetric line
shape appears in BZT-xBCT (x=1.0, BCT) near the 41(1TO) mode (Fig. 3(a)). In BCT, we
failed to fit the Raman spectrum assuming Fano function at ~140 cm™ [4;(1TO) mode],
while the spectrum was well fitted considering the Fano function at ~173 cm™ [4;(1LO)
mode] in the present study (see supplementary information Fig. S2), and this fact rules out
the coupling between 41(1TO) and 41(2TO). It is found that the Fano resonance near 117 cm”
' of the BZT-xBCT (x=0.3) is well fitted with negative value of ¢ ~ -0.978+0.24, and the
Fano resonance near 173 cm™ of the BCT is fitted with the positive value of g ~ 1.759+0.22.



The physical origin of Fano resonance in Li-doped KTa;..Nb,Os single crystal at ~196 cm’!
has been attributed to the coupling between the broad CP, which gives rise to polarization
fluctuations of local polar clusters called polar nano regions (PNRs), and the E(2TO) mode
by observing the positive g value [41,42]. The prominent CP of BZT-xBCT (x=1.0) ceramics
has been observed as shown in Figs. 3(a) and 3(b). By Brillouin scattering, Ko et al. [57]
reported the CP of pure BT, which was attributed to PNRs due to off-center displacements of
Ti at B-site with hopping motion along equivalent [111] directions [58]. Banerjee et al. [59]
also studied the Fano resonance with the polarization fluctuations in PNR continua and
observed a positive value of g. So, coupling between the broad CP and the 41(1LO) mode
may be the origin of Fano resonance of the BCT ceramic. Recently, Pradhan et al. [60]
reported the physical origin of Fano resonance of Co-doped BT is the coupling between a
discrete A1(LO1) phonon around 173 cm™ and the broad CP, due to rapid polarization
fluctuations in PNRs.

We have studied the composition dependence of the CP behavior in order to have a
better understanding of the effects of BCT composition on local heterogeneities in BZT-
xBCT ceramics. The soft mode expresses a common property of either a ceramic or a crystal
undergoing the displacive phase transition, and the CP is the general property of the order-
disorder phase transition of ferroelectric materials. We do not observe the low frequency
E(1TO) phonon mode in the BZT-xBCT (0.30<x<0.9) in this study. However, we observed a
phonon mode at 74 cm™! [E(1TO)] in BZT-xBCT (x=1.0) as shown in the supplementary
information. The £(1TO) mode was also found in the tetragonal phase of pure BT [43]. Due
to lack of temperature dependent Raman scattering results, it is difficult to comment on the
soft-mode behaviour of the £(1TO) mode. Therefore, the existence of prominent CP is a clear
indication of the order-disorder nature of ferroelectric phase transition of BZT-xBCT
ceramics [41,42,57]. It is well known that the fluctuating PNRs begin to appear at the so-
called Burns temperature (7g) in the paraelectric cubic phase [61], whereas these dynamic
PNRs become static at an intermediate temperature (7°) [41,42]. Owing to the freezing of
local polarization, these static PNRs becomes randomly oriented nano-domain states and
transform into macro-domain states in the ferroelectric phase [62,63]. It is seen from the
lower part of Fig. 3(d), that the FWHM of the CP, which is related to the relaxation process
of precursor dynamics [41,42,57], decreases with increasing BCT composition of BZT-xBCT
ceramics. This result suggests that the correlation among nano-domain states may be
strengthened with increasing BCT composition below and above the MPB region
(0.45<x<0.60) due to the increase of size and/or number density of randomly oriented nano-
domain states. This enhances the relaxation process of domain wall motion and results in an
increase of the CP intensity. However, the intensity and FWHM of the CP is almost constant
in the MPB region, in which BZT-xBCT belongs to (orthorhombic + tetragonal) phases.
Owing to the coexistence of phases, the correlation among nano-domain states may weaken
and/or be broken giving rise to the almost constant fluctuations of domain wall motion and
results in constant CP intensity in the MPB. The motion of ferroelectric domain walls of
BaTiOs; was observed by confocal Raman spectroscopy as well [64].

C. Theoretical Results

In an effort to further elucidate the atomistic origins of the observed phase competition and
functional properties of lead-free BZT-xBCT ceramics as a function of composition, we
performed first-principles calculations based on density functional theory. Figure 4(a)
illustrates the unit cell and Fig. 4(b) shows the zero-temperature DFT energy estimated for
the four selected BZT-xBCT polymorphs (i.e., tetragonal P4mm -T-, cubic Pm3m -C-,
rthombohedral R3m -R-, and orthorhombic Amm2 -O-) considering four different
compositions.
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FIG. 4. First-principles characterization of lead-free BZT-xBCT ceramics based on density
functional theory calculations. (a) Sketch of the simulation cell employed in the first-
principles calculations (black solid lines). (b) Energy difference results as obtained for the
tetragonal (P4mm, “T”), cubic (Pm3m, “C”), orthorhombic (Amm2, “O”) and rhombohedral
(R3m, “R”) phases lead-free BZT-BCT ceramics as a function of composition.

In accordance with the experiments, we find a very strong phase competition between the
three polar polymorphs T, R and O for compositions around x=0.50 (the two simulated
composition systems x=1.00 and 0.00 also reproduce the stable phases observed in the XRD
and Raman experiments (Fig. 4(b)). Specifically, at x=0.50 the energy differences between
the three polar phases is of the order of 1 meV per f.u. or below and we predict the R phase to
be the ground-state structure (note that thermal effects are systematically disregarded in our
first-principles calculations). As the content of BCT is marginally reduced, the O polymorph
clearly becomes energetically more favorable than the others. For instance, at x~0.50 the
energy difference between the O and T polymorphs is 7 meV per f.u. and between O and R is
9 meV per f.u.. Thus, the DFT calculations are in good agreement with the observation that
upon varying the ceramics composition from x=0.50 to 0.45 the fraction of O phase increases
considerably.

D. Surface Morphology

Figures S3(a)-S3(c) (supplementary information) shows the scanning electron micrographs
(SEM) of BZT-xBCT for x=0.4, 0.5, 0.6 as representative images (other compositions are not
shown here). The micrographs show highly dense microstructure in which the polyhedral
grains are well developed and separated by grain boundaries. The grains are
inhomogeneously distributed throughout the microstructure with a few scattered pores. The
surface microstructure of BZT-xBCT samples is strongly dependent on the composition. The
average grain size was calculated using Image J software. The grain size of x=0.3 is found to
be 1.5 um with very fine and well-connected grains. The grain size increases with an increase
in BCT concentration and for pure BCT the grain size found to be around 13 pm as shown in
the Fig. S3(d). This implies that BCT promotes the grain growth of the material. The
elemental composition in our system is further investigated via energy dispersive X-ray
spectroscopy (EDX). EDX spectra show the presence of all the cationic elements in the
compounds with proper stoichiometry within an error limit of  £10% (provided in
supplementary information Fig. S4).

E. Electrical Properties



1. Dielectric Properties

To study the phase transition behaviour in BZT-xBCT ceramics, temperature dependent
dielectric properties i.e., dielectric permittivity (&) and dielectric loss (tand) for different
frequencies were investigated. The temperature dependence dielectric permittivity and
dielectric loss at various frequencies for BZT-xBCT with x=1.0, 0.55, 0.5, 0.4 is shown in
Figs. 5(a)-5(d) as representative plots. The dielectric permittivity decreases with increasing
frequency for all compositions irrespective of temperature suggesting the typical behaviour of
polar dielectric materials as shown in Fig. 5. For all the compositions, the dielectric
permittivity increases with increase in the temperature at all frequencies up to the
ferroelectric phase transition temperature. With further increase in temperature the dielectric
permittivity values decrease. For pure BCT (x=1.0), the ferroelectric to paraelectric phase
transition is a sharp phase transition with a transition temperature of 120 °C as observed in
Fig. 5(a). With decreasing BCT concentration, the phase transition becomes more diffuse, i.e,
broadening of the phase transition around Tm. For x=0.3 and 0.4, a highly diffuse phase
transition behaviour is observed. This result is consistent with previous reports of the PMN-
PT system [65]. Similarly, from the dielectric loss plots a single sharp anomaly is observed
for pure BCT and the peak becomes broadened at higher BZT concentrations. Diffuse phase
transitions in a material are generally characterised by certain features such as (i) the
broadness of dielectric permittivity (&) versus temperature curve (ii) a relatively large
difference in the temperature corresponding to the maximum dielectric permittivity (e;) and
dielectric loss (tand) of the dielectric spectra (iii) frequency dispersion of both &; and tand in
the transition region suggesting a frequency dependent temperature of maximum dielectric
permittivity (iv) a deviation from the Curie Wiess law in the vicinity of maximum dielectric
temperature [66].
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FIG. 5. Temperature dependence dielectric permittivity and dielectric loss of BZT-xBCT
with the composition (a) x= 1.0 (b) x=0.55 (c) x=0.5 (d) x=0.4 at some selected frequency.



The broad dielectric curve at higher BZT content is due to the larger ionic radius and lower
polarization value of Zr*" as compare to Ti*' [17]. The observed diffuse phase transition is
due to the cation disorder i.e., compositional fluctuation of the different polar micro regions
where different ions (Ba**, Ca®’, Ti*, Zr*") occupy at the same crystallographic sites in the
ABOj perovskite.

Further to quantify the diffuseness, the modified Curie Wiess equation is used to fit the
temperature dependent dielectric permittivity data. The modified Curie Weiss can be

T-T)"
expressed as L—L:M
e &€

represents the temperature at which maximum dielectric permittivity is observed, y the degree
of relaxation/diffuseness, ¢ the diffuseness parameter and C the Curie Weiss constant. The
value of y is found to be 1 for normal ferroelectric and ~2 for highly diffuse ferroelectric
phase transitions [67]. In order to verify the modified Curie Weiss law, the temperature
dependent dielectric permittivity data has been plotted in log-log plot in the paraelectric
region (just above the Tm) as shown in the inset Fig. 6(c) for x=0.5. The linear fit of this plot
suggesting the verification of modified Curie Weiss equation. The slope of the curve gives
the value of y and from the intercept of this curve, ¢ can be calculated

where C =2¢ 0 ! , €m 1S the dielectric permittivity at Tm, Tm

(a) - (b) os 0.06
| — . [ Sr
80004 @ 10 kHZ
0.6+
w o
60004 de « tand £0.04 2
w M X S
o 3
0.4
40004
A | kHz — 5 kHz— 10 kHZ
2000 —— 50 kHz — 100 kHz 0.01 0.2 -0.02
50 75 100 125 150 60 80 100 120 140
o o
T(0) () T ()
~: -6{ o Experimental
n Xperim:
0.0016-:—: 8 — Linear Fit
o
0.0012{E
_&J:-
¥ 0.0008- @ 10 kHZ
0.0004-
0.0000 v v T — T T
0 50 100 150 200 250 300

T (°C)

FIG. 6. (a) Temperature dependence of dielectric permittivity and dielectric loss at different
frequencies for the composition x=0.5. The inset of (a) shows the magnified plot of
temperature dependent dielectric permittivity and dielectric loss to reveal the frequency
dependence of the peak temperature. (b) Magnified plot of dielectric permittivity and
dielectric loss to reveal the difference in the corresponding peak temperature at a given
frequency of 10 kHz for x=0.5. (c) Variation of 1/g; as a function of temperature at 10 kHz



with x=0.5, Tg corresponds to Burn temperature. Inset of (c¢) shows a Modified Curie Weiss
law fit ((In (1/&~1/em) vs. In (T-Tw)) of temperature dependent dielectric permittivity

For all the compositions, the values of y and 6 are plotted as a function of composition as
shown in the Fig. 7. The y value is found to be 1.1 for pure BCT, however with decreasing
BCT concentration this value increases to 1.8 for x=0.4 (shown in Fig. 7). There is a
discontinuous change in the y value with the composition around the phase coexistence
region. This confirms the material exhibits a strong diffuse phase transition at higher BZT
concentration [66]. For x= 0.5, the fitted parameters are found to be y =1.47 and 8=23.6,
which is close to the previously reported value [22]. The ferroelectric transition temperature
Tm and &m (around Tp) are strongly dependent on the composition as shown in Fig. 7. It is
observed that &y increases with the increasing BCT composition up to x=0.5; increasing BCT
beyond x=0.5, em decreases. Such a large dielectric response at x=0.5 is coincident with the
MPB (Amm?2 + P4mm) region. The observed phase transition temperatures match well with
previously reported values [68]. We have also calculated the tolerance factor (t) for the entire
composition range. The tolerance factor decreases with increasing BCT concentrations where

the higher transition temperature correlates with lower tolerance factors as predicted by R. E.
Eitel et al. [69].
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i. Evidence of Relaxor Ferroelectricity

Figure 6(a) depicts the temperature dependent dielectric permittivity and loss tangent data for
BZT-xBCT (x=0.5) at different frequencies in the temperature range of 50-150 °C. Similarly,
the temperature dependent dielectric properties are also observed for compositions x=0.45,
0.48, 0.52, 0.55 (shown in Figs. S5-S8). A single broad dielectric anomaly in the temperature



dependent dielectric permittivity is observed around 100 °C (Tm) for x=0.5. The dispersion in
the dielectric permittivity is more pronounced around Tn. However, with the increasing
temperature the degree of dispersion decreases and vanishes above 190 °C. This type of
behaviour suggests the formation of PNRs, which is a typical characteristic of relaxor
ferroelectricity [22,70]. The dielectric permittivity peak slightly shifts towards higher
temperature with increasing frequency around Twm, which is clearly visible in the inset of Fig.
6(a). On the other hand, the opposite trend is observed for the loss tangent, i.e., upon
increasing frequency the loss peak shifts towards lower temperatures (as observed in inset of
Figure 6(a)). To further illustrate this point, we have plotted the dielectric permittivity and
loss at a frequency of 10 kHz around the phase transition region as shown in Fig. 6(b). There
is a small difference in the transition temperature for the permittivity and loss peak, i.e., the
dielectric permittivity peak occurs at a higher temperature relative to the loss peak [22, 70].
This type of behaviour confirms the relaxor nature of the analyzed material and our
observation is consistent with a previous report [22]. Similar type of behavior is also
observed for other MPB compositions, i.e., x=0.45, 0.48, 0.52, 0.55. (see Supplementary
Figs. S5-S8).

The temperature below which the frequency dependent dielectric permittivity curve branches
off can be considered as the Burns temperature (Tg). Furthermore, the temperature around
which the deviation from the Curie Weiss behaviour is observed can be regarded as Tg, as it
has been previously justified in the literature [22]. The plot of 1/¢; expressed as a function of
temperature at 10 kHz is shown in Fig. 6(c) and used to determine Tg. A significant departure
from the Curie Weiss behaviour is observed below 190 °C, suggesting this temperature to be
Tg (below which the dynamic polar regions are expected to appear) [39,71]. Upon cooling,
the polar nanoregions (PNR) start to developed inside the crystal, instead of micrometer scale
ferroelectric domains with randomly orientated dipole moments. Note that Ty is well above
Tm [72]. These PNRs are not static in nature at T, with the dipole moment thermally
fluctuating between equivalent polarization directions [73]. All of the above point to the
relaxor behaviour for the composition x=0.5. This type of relaxor behaviour is present mainly
for x=0.48 and 0.52 in the MPB compositions. However, around T, a broad dielectric peak
and weak dispersion behaviour is observed for the MPB compositions at x=0.45 and 0.55, but
& and tand peaks occur at nearly the same temperature. This suggests a weak relaxor like
behaviour for these compositions (shown in Figs. S5-S8). In the rhombohedral phase, the
phase transition is more diffusive and in the tetragonal phase region the phase transition is
sharp. However, around the MPB compositions weak relaxor—like behaviour is clearly
visible.

2. Ferroelectric Properties

To confirm the ferroelectric behaviour, room temperature ferroelectric (P-E) hysteresis loops
for BZT-xBCT were recorded in the composition range of 0.3<x<1.0. Figures 8(a)-8(c) shows
the hysteresis loop of poled samples at a testing frequency of 10 Hz. The shape of the P-E
loop changes with changing BZT-xBCT compositions as shown in the Figs. 8(a)-8(c). Higher
BZT concentrations (x=0.3-0.4) exhibit a narrow hysteresis loop suggesting the samples are
soft in nature with respect to applied electric field [74,75]. This narrow P-E loop can be
attributed to the combination of macro and micro polar regions, and results in an enhanced
diffused phase transition (DPT) effect [76]. This behaviour is consistent with the temperature
dependent dielectric results. However, with increasing BCT concentration, the area of the
hysteresis loop increases, which implies more energy required to reverse the dipole. The P-E
loop exhibits a nonlinear, well-defined and saturated loop for all the compositions. The
ferroelectric parameters such as remnant polarization 2P; = P;"® - P,* and coercive field Ec=



(Ec™ - Ec9)/2 is calculated from the P-E loops. The switchable polarisation i.e. 2P; and the
coercive field (E¢) are plotted as a function of x in Fig. 8(d). Composition x=0.3, exhibits a
low remnant polarisation (2Py) value of 5.38 uC/cm? with a low coercive field of 1.59 kV/cm.

The 2P; increases with increasing BCT concentration and the maximum value is found to be
19.47 uC/cm? for x=0.5.
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FIG. 8. Ferroelectric hysteresis (P-E) loop of poled sample of BZT-xBCT ceramic for (a)
x=0.3-0.4 (b) x=0.45-0.55 (c¢) x=0.6-1.0 (d) Variation of 2P, Ec for BZT-xBCT with the
composition range of 0.3<x<1.0.

At higher BCT composition, 2P: value decreases up to x=1.0. The rate of
increasing/decreasing polarization value is greatest in the phase coexistence regions i.e.,
around MPB compositions. However, the coercive field (Ec) increases with increasing BCT
concentrations up to x=0.6 and above this composition, the E. value saturates. The value of
coercive field for the rhombohedral phase (x=0.3 and 0.4) is much lower than the value of the
tetragonal phase (0.6<x<1.0), which is consistent with a previous report [77]. The lower value
of both the 2P, and E. value in the rhombohedral (0.3<x<0.4) phase implies a disturbance of
the long-range ferroelectric ordering due to the restriction in ionic displacement (decrease in
the rattling space available for the movement of B-site cations) because of the higher ionic
radii of Zr*'compared to Ti*" [74]. The lower value of both the 2P, and E. value can also be
due to the uniform grain size and decrease in the tetragonal phase fraction, which is
consistent with both XRD and microscopy results. The lower value of 2P; in the tetragonal
phase region, is due the decrease in the unit cell volume with increasing BCT concentration.
The higher E. value in the tetragonal phase suggests the domain wall pinning phenomena.
The higher value of 2P, with a low value of coercive field as observed in the range of
0.45<x<0.55 is consistent with a MPB region (shown in Fig. 8(d)) as shown in previous
theoretical reports [10—12].

3. Piezoelectric Properties



The variation of piezoelectric coefficient (ds33) of BZT-xBCT ceramics as a function of BCT
concentration at room temperature is shown in Fig. 9. The d33 value is found to be 29 pC/N
for x=0.3. With increasing BCT content, the d33 value increases and reaches to a maximum
value for x=0.5, then decreases with a further increase in BCT concentration. The rate of
change in the ds3 value is higher in the composition range of 0.45<x<0.55 (in the phase
coexistence MPB region) with the maximum value of ds3 found to be 320 pC/N for x= 0.5.
The variation of d33 is similar to the variation of & and P; with composition and the maximum
value of these physical properties all correlate to the x=0.5 composition. The reason for the
enhancement of ds3 around the MPB is discussed below.
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FIG. 9. Variation of d33 for BZT-xBCT with in the composition range of 0.3<x<1.0.
IV. DISCUSSION

The observation of the composition driven structural phase transition around the MPB region
of perovskite based solid solutions is of great practical interest as well from the fundamental
physics point of view [78]. The origin of the MPB composition in ferroelectric solid solutions
has been studied based on the Landau free energy functions and reported that the composition
in the vicinity of MPB region shows large dielectric susceptibility and piezoelectric
coefficients with extremely small coercive field and stiffness constant [10—12]. First principle
and phenomenological investigations suggest that the anisotropic flattening of the free energy
profile gives rise to the polarization rotation with a low energy pathway around the MPB
compositions and thus the principal mechanism for the enhanced piezoelectric
properties [79]. The piezoelectric coefficient ‘d’ of the ferroelectric oxides having a
perovskite structure can be represented by d=2PsQe, where Ps= spontaneous polarization, Q=
electro-strictive coefficient, and &= dielectric permittivity [80]. Using the phenomenological
thermodynamic theory, the dielectric permittivity (i.e., dielectric susceptibility (y)~ dielectric
permittivity for ferroelectric systems) is represented by the curvature of the free energy
o°G 1

> X

X

density profile with respect to polarization (i.e.,



2
profile (i.e., Ftends to zero) cannot be achieved. However, the free energy profile can
4

further flatten by inducing a local structural heterogeneity to manipulate the interfacial energy
i.e., electrostatic and elastic energy associated with the interface [80,81]. Based on the
computational and experimental investigation, M. Acosta et al.[23] suggested that the
enhanced piezoelectric properties in BZT-xBCT system around the MPB region cannot be
fully reconciled by the reduction in the anisotropic energy or flattening of the free energy.
They further suggest that the reduction of the anisotropic energy is the necessary condition
for enhanced piezoelectric properties but not the sufficient condition for maximizing the
piezoelectric properties, which was further supported by Cordero et al.[23,82]. The
optimum/sufficient condition is the greatest elastic softening and retention of high
spontaneous/remnant polarization [82].

The symmetry allowed polarization rotation phenomena can be used to explain the
enhancement of the piezoelectric properties due to flattening of anisotropic free energy in
BZT-xBCT system around the MPB due to composition induced structural phase
transitions [80,83]. At x=1.0, BCT belongs to tetragonal (P4mm) crystal structure and x=0.3
belongs to rhombohedral (R3m) crystal structure. The transition from P4mm to R3m is not
allowed by the symmetry considerations, however it can be mediated through a low
symmetry phase [16,23,83]. The tetragonal strain is dominant over the rhombohedral strain,
which induces an orthorhombic instability in the lattice and serves as structural bridge (where
polarization rotation occurs among the different polarization states) connecting between R3m
and P4mm phases in the MPB [17]. As the BT based system is similar to the PZN-xPT
system, the low symmetry orthorhombic (Amm?2) phase can be expected [80]. The BZT-
xBCT system undergoes a phase transition from the rhombohedral (R3m) to tetragonal
(P4mm) phase through the coexistence of tetragonal (P4mm) + orthorhombic (4mm?2) in the
MPB region as confirmed from the XRD and Raman data. The polarization vector rotates
from the rhombohedral [111] direction (R3m) to the tetragonal [001] direction (P4mm),
through the [101] orthorhombic direction (4mm?2). The polarization rotation behaviour has
been described in supplementary materials Fig. S9. The orthorhombic phase (Amm?2) is the
intermediate phase between the rhombohedral (R3m) and tetragonal (P4mm) phases, thus the
polarization rotation mechanism is applicable for the MPB composition of this BZT-xBCT
ferroelectric solid solution [80].

From the first principle DFT calculations, we have observed a strong phase competition
around the MPB and the orthorhombic phase is stabilized as the ground state for a narrow
composition range similar to previous path integral Monte Carlo quantum mechanical
simulation result [24]. The local structure in the orthorhombic (4mm?2) phase is expected to
be more disordered/fragmented than that of BT and allows easier fluctuations of the
polarization BZT-xBCT system around MPB [24]. The prominent CP can be evidence of the
existence of local polar structure in BZT-xBCT by Raman scattering. So, the presence of the
orthorhombic (4mm?2) phase induces large fluctuations of the polarization, which gives rise to
low energy barrier between the Amm?2 and P4mm ferroelectric phases (the energy difference
between Amm?2 and P4mm phases is 7 meV per fu. as observed from DFT calculations),
leading to easy polarization rotations. In short, the easy polarization rotation is responsible
for high piezoelectric properties around the MPB region, which may be the necessary
condition as proposed by Acosta et al. [23].

The extrinsic contribution of domain switching can also further flatten the polarization
anisotropy energy [28]. It is well established that ferroelectric materials belonging to either
tetragonal or rhombohedral crystal structure can have pinned domains, however for the



coexistence phases the domain do switch [84]. The coexistence of Amm2+ P4mm phases
show significant domain switching with limited intergranular constraints and manifest
significant strain. The domain wall motions between different phases of different symmetry
(Amm2+P4mm phases in the present case), further reduces the free energy barrier to interface
tension and strengthen the electro mechanical response [84]. The question then arises, why
are the functional properties a maximum for x=0.5?

From the XRD data, we have observed the discontinuity in the cell parameters and unit cell
volume (around x=0.5) representing a 1% order phase transitions, which indicate the critical
point, where the piezoelectric coefficient is maximum [85]. Pramanic and co-workers based
on in situ XRD experiment demonstrated that the decrease in tetragonality (c/a-1) is well
correlated with enhanced non-180° (ferroelectric/ferroelastic) domain wall motion, which
significantly enhanced the piezoelectric properties [86]. The decrease of tetragonality is
associated with enhanced domain wall motion, which influence the piezoelectric and
dielectric properties [20,86]. From XRD data it has been observed that, the tetragonality
decreases with increasing BZT concentrations with a minima around x=0.5. So the domain
wall contribution increases with the decreasing the BCT concentration, and the maximum
contribution of the domain wall motion is observed around x=0.5, which is further
responsible for the enhancement of the piezoelectric properties. The motion of domain walls
in BZT-xBCT is also in agreement with the CP behaviour observed in Raman scattering.

In the BZT-xBCT system, the tetragonal (i.e., BCT; x=1.0) ferroelectric domains have long-
range order and the local structural heterogeneity tries to break the long range polar order
with an increase in the BZT concentration (i.e., due to the increase in Zr concentration) [63].
However, the local structural heterogeneity does not impact the long range polarization of the
ferroelectric (tetragonal) phase up to x=0.6. In the MPB compositions (0.45<x<0.55), the
local structural heterogeneity creates heterogeneous/nano-polar regions (PNRs) as observed
by the relaxor ferroelectric nature from temperature dependent dielectric data. The local
heterogeneous PNRs favours the orthorhombic phase due to large fluctuations of its
polarization within the macroscopic Amm2 phase. This supports a previous work, which
shows the enhancement of piezoelectric properties by introducing a structural heterogeneity
at the local scale [25]. Although the orthorhombic phase exist in the MPB region, at the
critical composition (x=0.5), the interfacial energy favours the transformation/alignment of
the local polar nanoregions along the long-range polarization of the tetragonal state, which
tends to minimize the polarization discontinuity. Thus, at the critical composition, the critical
interfacial energy (the interface energy such as electrostatic, elastic and gradient energy)
leads to the further flattening of the free energy profile so that the enhancement of the
piezoelectric properties is observed for x=0.5.

Thus, the enhancement of the piezoelectric properties for 0.5BZT-0.5BCT is due to the
combined and cooperative contributions such as (i) easy polarization rotation, (ii) maximum
domain wall motion and critical interfacial energy due to the structural heterogeneity at the
critical composition and (iii) the emergence of PNRs due to relaxor behaviour, which gives
rise to very strong eletromechanical coupling. Thus, the induction of the structural
heterogeneity at the critical composition can be used as a guide to further improve the
functional properties of the ferroelectric and multiferroic systems.

V. CONCLUSIONS

The (1-x)Ba(Zro2Ti0.8)O3-x(Bao.7Cao3)Ti03 (0.3<x<1.0) samples were thoroughly invested
near the MPB for their enhanced functional properties. The effect of compositions, especially
near the MPB has been studied to correlate the structure, microstructure, dielectric,



ferroelectric and piezoelectric properties. X-ray diffraction and Raman spectroscopy studies
indicate a structural phase transition from a single rhombohedral (R3m) phase with x<0.4 to
tetragonal (P4mm) phase for x>0.6 through a multiphase coexistence region of
(Amm2+P4mm) for 0.45<x<0.55. First principle density functional theory calculations
confirm the phase competition behaviour in the coexistence region. The multiphase
coexistence region with composition x=0.5 shows an enhanced dielectric, ferroelectric and
piezoelectric properties around the MPB region. With the increase in BCT content, 2P; and
ds33 values increase and reach maximum values for x=0.5, then decreases with a further
increase in the BCT concentration. The enhancement of the piezoelectric properties around
the MPB can be attributed to the combined and cooperative contributions from easy
polarization rotation and maximum domain wall motion due to the structural heterogeneity.
The large dielectric permittivity, saturated hysteretic polarization and ds3 values make them
suitable for the replacement of Pb-based materials and have strong potential to be utilized in
information and/or energy storage and electromechanical devices.
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