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ARTICLE INFO ABSTRACT

Keywords: In this study, the structural phase transitions are investigated as a function of composition and temperature for
BCZT polycrystalline x(Bag7Cag3)TiO3-(1 — x)Ba(Zrg2Tip )03 (x = 0.40, 0.45, 0.50, 0.55, and 0.60) through a
Raman spectroscopy combination of Raman spectroscopy, synchrotron X-ray diffraction, and dielectric spectroscopy. The aim is to
PDF . . gain insight into the complex phase boundary region responsible for the excellent electromechanical properties.
Functional ceramics . . e C 1. . -

Phase transformations The results demonstrate the correlation between local site substitutions based on the stoichiometric variations to
the microstructure and dielectric properties. The dielectric response has been correlated with the BCT/BZT
content displaying a maximum depending on the phase content. Additionally, in situ temperature-dependent
Raman, permittivity, and pair distribution function (PDF) studies were performed from —60 °C to 130 °C to
highlight the structure and phase evolution. In particular, the in situ temperature-dependent Raman measure-
ments reveal sudden discontinuities in the vibrational modes that correspond to the structural changes in the
perovskite structure. Therefore, the results of the permittivity response, based on the average of a large volume,
are consistent with the local structural changes obtained by other techniques. Indeed, correlations of Raman, X-
ray diffraction, and PDFs obtained from synchrotron X-ray total scattering data, along with permittivity mea-
surements allowed the identification of the discrete ferro- to paraelectric phase transitions and a more robust
characterization. The rotation and distortion of the octahedral caused by oxygen displacement are driving forces
behind symmetry changes and phase transitions, explaining the mechanism of polymorphic phase transition
based on A- and B-site substitution. Therefore, this work provides a comprehensive understanding of temperature
and composition-dependent phase transitions in BCZT.

about the environment increase the demand for clean energy by pro-
hibiting the use of hazardous components [5]. Therefore, the develop-

1. Introduction

Functional ferroelectrics perovskites are an enabling material class
used in numerous applications, such as actuators, sensors, energy stor-
age, and electronic components. In particular, the generation of energy
through the piezoelectric behavior of ceramics, e.g., Pb(Zr,Ti)Os, PZT, is
of particular interest for energy harvesting systems [1-4]. Concerns

ment of lead-free ferroelectrics that can potentially replace PZT has been
of special interest both academically and industrially [6-8]. Among all
lead-free ferroelectrics, the BCZTx family x(Bag7Cag 3)TiO3-(1 — x)Ba
(Zr2Tip 8)O3 showed a remarkably high piezoelectric coefficient ds3 ~
620 pC/N [9] and relatively low Curie temperature T¢ within a range of
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~70-120 °C, depending on A-site ratio Ca/Ba in BCT and B-site ratio
Zr/Ti in BZT as BCT/BZT ratio [10].

An improved understanding of the crystal structure, phase transi-
tions, and compositional boundaries is critical for the observed elec-
tromechanical response and specific applications [11,12]. In particular,
a large electric field-induced strain in the vicinity of the polymorphic
phase boundaries (PPB) was reported for BCZT, although the origins of
this response remain under debate [13]. Furthermore, the highest me-
chanical quality factor and small signal ds3 was determined close to
orthorhombic (O)-tetragonal (T) phase boundaries, where reduced
anisotropy energy and increased softening occur, similar to the PZT
system [11,14]. In addition to electromechanical properties, the coex-
istence of the intermediate O phase has also been related to high elastic
compliance in BCZT45-55 at room temperature [15]. These data illus-
trate the sensitivity of the mechanical and electrical properties to change
in the structure and phase boundaries.

Similar to the morphotropic phase boundaries MPB in PZT [16,17],
the PPBs in BCZT were suggested to be responsible for the exceptional
piezoelectric coupling [9]. Previous X-ray diffraction studies have re-
ported the average crystal structure of BCZT as a function of temperature
and composition [14,18-20]. The first reported phase diagram of BCZT
showed only one interferroelectric phase transition between rhombo-
hedral (R, R3m) and tetragonal (T, P4mm) [9,21], reporting a tricritical
point of the R-T phase boundary with the cubic (C, Pm3m) phase. At
room temperature, Haugen et al. observed two phases (R3m and P4mm)
using Rietveld refinement for BCZT50. Within a temperature range of
173-425 K, three phase transition steps between R, R+T, T, and C
phases were demonstrated at 177 K, 307 K, and 363 K [21]. In contrast,
a more recent BCZT phase diagram was developed that also included an
intermediate orthorhombic phase (O, Amm2), which was supported by
several investigations revealing the possibility of the three phase tran-
sitions, ie., R-O, O-T, and T-C [18,22,23]. After examining the
BCZT0-100 range from 80 to 450 K, Keeble et al. proposed the existence
of an intermediate orthorhombic phase (Amm2) between rhombohedral
and tetragonal [18]. The intermediate phase was observed close to room
temperature with either R or T phase for BCZT40-50. However,
Abdessalem et al. suggested the existence of the room temperature three
phases, i.e., R+0+T, at the triple point of BCZT phase diagram by using
Raman and XRD [20]. Some dielectric measurements also observed this
intermediate phase and the phase transition sequence of BCZT30-70
range [10]. The concept of a bridging orthorhombic phase in BCZT has
been previous demonstrated by various researchers [18-20]. However,
the effect of the cation substitutions on the local structure and its effect
on the phase transition shifts and the physical properties remains
unclear.

It is understood that this complex phase region is responsible for the
observed electromechanical properties, although the origin remains
under debate. Recently, however, an electric field induced T to O phase
transformation could be observed in BaTiOs [24]. Similar to previous
works on the enhancement of functional properties in the vicinity of the
MPB of PZT [25], it is possible that the miniaturization of coexisting R or
O nanodomains in a matrix of T-domains could play an important role at
the PPB in BCZT [26,27]. The coexistence of nanodomains was sug-
gested to be the reason for elastic and dielectric anomalies with no

Table 1

The Ca:Ba and Zr:Ti atomic % ratios as determined by ICP-OES for the compo-
sitions under investigation in this study as well as the average grain size
(including standard deviation).

Composition Ca:Ba Zr:Ti Average Grain size (um)
BCZT40 0.125:0.875 0.118:0.882 53429

BCZT45 0.134:0.866 0.106:0.894 34+13

BCZT50 0.149:0.851 0.096:0.904 24+10

BCZT55 0.162:0.838 0.087:0.913 18+5

BCZT60 0.185:0.815 0.082:0.918 1745
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significant contribution to small signal properties by domain wall mo-
tion [23]. Moreover, the flattening of the free energy close to phase
boundaries was argued to be the driving mechanism of the large
piezoelectric response [9,28,29]. Such disagreements on coexisting
phases and transition regions close to the polymorphic boundaries have
complicated the understanding of the BCZT system and, subsequently,
the resulting properties [22].

In addition to XRD, Raman spectroscopy has also been used to
determine the structural modifications and the phase transitions in
perovskite-like materials, including the BaTiOg family [30]. This tech-
nique is non-destructive and versatile, allowing measurements with
adjusted spatial resolution and under different conditions of tempera-
ture, pressure, and electric field, in order to enhance the understanding
about chemical bonding and local distortion of BOg octahedra, causing
different macroscopic responses [30-35]. For example, Buscaglia et al.
[33] identified the ferroelectric-to-paraelectric transition in Ba(Zr,Ti)O3
compounds by using temperature-dependent Raman spectroscopy. More
recently, Coondoo et al. [19] reported a detailed temperature-dependent
Raman investigation only of a 0.5Ba(Tig gZrg 2)03-0.5(Bag 7Ca.3)TiO3
ceramic, identifying the phase transitions by using the intensity, fre-
quency position and width of the main stretching vibrational mode of
the <Ti-O> bond in [TiOg] octahedra. Nevertheless, the broad vibra-
tional bands associated with the BCZT ceramics will have variations
depending on the composition and in turn, on the site occupancy,
making it difficult to discriminate modifications of the vibrational
modes exclusively associated with symmetry. Therefore, a more detailed
study of how the vibrations change depending on temperature and
composition is needed.

This study aims to provide a comprehensive understanding of the
polymorphic phase boundary (PPB) region and structural evolution of
BCZT. The structure of polycrystalline BCZT is discussed in terms of the
Ca and Zr substitutions in BaTiOs-based lead-free ferroelectrics. The
room-temperature structure was identified as a function of Ca/Zr ratio
across the polymorphic phase transition region using high resolution X-
ray diffraction (HR-XRD) and the pair distribution function (PDF) from
the X-ray total scattering. In situ temperature-dependent Raman spec-
troscopy was used to investigate the effect of Ca and Zr substitutions on
the AO;2 and BOg polyhedra as well as the impact of temperature
variation on the structure. This study additionally explored how the
possible rotation and distortion of the polyhedra causes the phase
transitions along the PPB in BCZT. In addition, in situ temperature-
dependent local structure was characterized with PDF analysis and
compared with the temperature-dependent Raman spectroscopy and
dielectric response to gain insight into the thermally induced structural
transitions and the interatomic interactions observed in BCZT. All
observed data are in good agreement, and the local scale variations are
consistent with the macroscopic dielectric response. Indeed, the changes
in site occupancy that are linked to the occurrence of the polyphase
boundaries are correlated with the distortion of the polyhedra.

2. Experimental methodology

Polycrystalline (1 — x)Ba(Zrg 2Tig g)O3-x(Bag 7Cag 3)TiO3 (BCZT, x =
0.40, 0.45, 0.5, 0.55, and 0.6) samples were synthesized with the con-
ventional solid-state reaction method using high-purity ZrO, (99.5%,
Sigma Aldrich), CaCO3 (99.0%, Sigma Aldrich), BaCO3 (99.8%, Alfa
Aesar), and TiOy (99.8%, Sigma Aldrich) as starting powders. The
starting powders were stoichiometrically weighed in a glove box (rela-
tive humidity <10%), mixed, and subsequently ball-milled for 24 h in
ethanol absolute with zirconia milling balls (5 mm). Following this, the
powder was dried in a rotary evaporator and calcined for 3 h at 1300 °C.
One-step sintering was carried out for 4 h in air at 1500 °C with heating/
cooling rate of 5 K/min. Details of the ceramic processing can be found
elsewhere [13]. For clarity, samples are labelled based on the BCT
content, i.e., BCZTx with x = 40, 45, 50, 55 and 60 mol%.

The microstructure was analyzed using a scanning electron
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Fig. 1. SEM images of the microstructure of the BCZTx samples. The average grain size (red squares) and relative density (blue circles) are reported.

microscope (SEM, Helios NanoLab 600i FIB Workstation, FEI Company,
Oregon, USA). The respective samples were polished with a 1 um dia-
mond suspension, followed by a final treatment with an oxide-polishing
suspension (0.05 pm), which was found to be sufficient to observe the
grain boundaries. Grain size analysis was performed using ImageJ
software [36] on three images of respective samples where at least 100
grains were measured per image. The chemical analysis of the samples
was performed using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Spectro Genesis, Spectro Analytical Instruments
GmbH, Germany). The results show a good agreement between nominal
and experimental compositions (Table 1). Archimedes’ method was
used to determine the density of the sintered samples. The weighing was
performed on three samples for each composition.

The phase fractions of powder samples were determined at room
temperature using high-resolution powder X-ray diffraction measured at
the beamline P02.1 at PETRA III (DESY Hamburg, Germany) with a
Perkin Elmer 2D detector (XRD 1621 N ES) using monochromatic ra-
diation with a wavelength of 0.20703 A [37]. Full pattern structural
refinements of all the diffraction data were conducted using the software
package TOPAS v.5 [38]. LaBg was used to optimize the instrumental
peak shapes for XRD data using Pseudo-Voigt function in TOPAS. The
background was fitted with Chebychev polynomial function. Beyond
that, phase-specific peak broadening parameters were refined to account
for crystallite size and microstrain effects. Rietveld refinement was used
for the lattice parameters and atomic positions, whereas the A-site atoms
were kept fixed at the original position (0, 0, 0) in all refinements [39,
40]. The site occupancy was determined after ICP-OES data.

The variation in the local structures as a function of composition and
temperature was investigated by PDF. The samples were sealed by a
Kapton® film during the measurements. X-ray total scattering mea-
surements were carried out at 25-130 °C on the high-energy X-ray
diffraction beamline, BLO4B2 at SPring-8 (Japan). For the measurement,
the powder sample was sealed in a silica glass capillary (inner diameter
of 2 mm) using a Torr-seal®. Samples were irradiated with a mono-
chromatic X-ray beam with the incident energy of 61.2keV (A =
0.2025 A), and the scattered X-rays were detected by seven-point-type
detectors. The obtained Q range for PDF analysis, was more than
20 A~ The structure factor S(Q) was calculated by normalizing the
scattering intensity by the atomic number density and the scattering
factor of the constituent atoms. The reduced pair distribution function
(PDF), G(r), T(r) was obtained by the inverse-Fourier transform of S(Q).
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Sintered ceramics cylinders with a height of 6 mm (+0.02 mm), and
a diameter of 5.8 mm (£+0.02 mm) were ground from a ceramic block
with a surface grinder. Following this, the samples were annealed at 600
°C to depolarize the materials and remove any domain state that might
have been induced during preparation. All samples were sputtered with
platinum electrodes for dielectric measurements on the parallel cylin-
drical faces (~70 nm). A custom-built thermal chamber equipped with
an LCR meter (E4980AL, Keysight, USA) was used to characterize the
dielectric measurements from —50 °C to 150 °C with a heating rate of
2 K/min. Liquid N, was used to cool the samples down to —50 °C.
Permittivity data were collected in a temperature-resolved mode, i.e., at
each 0.5 °C step.

Raman spectra of the five samples were acquired by using a coherent
Sapphire single-frequency 488 nm laser (output power 100 mW) as the
excitation source, an iHR 320 Horiba monochromator coupled with a
Syncerity UV-VIS CCD camera, and a custom-built optical microscope.
The 1800 lines/mm holographic grating and a long working distance
50x microscope objective (OptoSigma PAL-50-L, NA 0.42) provided
spatial and frequency resolution of ~1 pm and ~2 cm ™}, respectively.
The laser is circular polarised on the sample, making the signal not
sensitive to the crystallographic orientation effect. Raman data were
first collected at room temperature. Since the grain size of the sintered
samples varies from ~20-50 pm (see Section 3.1), an average of 3-6
Raman spectra were collected randomly to observe possible variations
due to crystallographic orientations. Temperature-dependent spectra
were collected in the range from —65 °C to +130 °C in the combined
Raman-DSC (PerkinElmer DSC 8500) experimental set-up with a 2 K/
min constant heating rate, to resemble the dielectric data collection. The
setup is described in detail in Veber et al. 2018 [41], along with the
temperature stability of the DSC and the influence of the laser radiation
on the sample temperature. The acquisition parameters of the Raman
spectra were selected in order to follow the 2 K/min heating rate, with
two acquisitions of 28 seconds for each spectrum.

Data reduction was performed using the LabSpec® software (Horiba
Jobin Yvon). Raman data collected at room temperature in the fre-
quency range 40-1550 cm ™! were background-subtracted with a linear
function and normalized to the total area. The temperature-dependent
Raman data were acquired in the frequency range 50-1560 cm™! and
as well background-subtracted with a linear function and normalized to
the total area in the 100-900 cm™! range. Comparing Raman spectra
collected at different temperatures would require the removal of the
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contributions from thermally populated excited vibrational states. This
could be done by applying the Bose-Einstein distribution. However, it
causes drastic dumping of the vibrations below 300 cm™!. Therefore, to
better visualize all contributions to the spectra, we show the tempera-
ture uncorrected Raman spectra and we preferred to use the relative
intensity (intensity ratio) of the vibrational modes to identify possible
structural changes at different temperatures. The identification of the
phase transition regions, and of the structural variations occurring
depending on the A-, B- sites substitutions have been carried out with
several procedures:

i. frequency, intensity, or width of a particular vibration as a
function of temperature/composition, e.g., [19];

curve fitting (or spectral deconvolution) with mathematical
functions, e.g., [19];

the barycenter of a specific frequency region (or center of mass),
which is used to determine the shift or sudden intensity variations
of broad bands [42];

iv. the intensity ratio between main frequency regions, e.g., [33].

ii.

iii.

For the latter approach, the data analysis was carried out by using
Spectral Profile and Map Analysis functions available in LabSpec® that
allows calculating the average intensity in a region of interest (ROI)
when analyzing spectral arrays and determining the ratio of average
intensities in two different ROIs. The data analysis of the Raman signals
was carried out also by using the derivative spectra. Indeed, derivatives
can help resolve peak overlap and eliminate constant and linear baseline
drift between samples or for different acquisition temperatures [43]. To
avoid modifications of the bands, we selected the appropriate moving
window size for each dataset, and while the polynomial order was kept
constant (2), the moving window size of the Savitzky-Golay filtering was
varied from 15 to 45 (for particularly noisy signals).

3. Results and discussions
3.1. Composition and microstructure

The microstructure and density of BCZT as a function of composition
was characterized (Fig. 1), where the average grain size was found to
decrease with increasing the BCT/BZT ratio. The largest and smallest
average grain size was observed in BCZT40 and BCZT60, respectively,
with values of 53 um (standard deviation of +29 um) and 17 pm
(£5 pm). As shown in Fig. 1, the grain size distribution was inhomo-
geneous for BCZT40 compared to BCZT60. In addition, the relative
density for all compositions was 94-97%, in agreement with previous
studies [10,44]. Interestingly, the decrease in the grain size can be
correlated to substituting large atoms with smaller ones, e.g., substitute
Ba with Ca on the A-site, whereas in the B-site, Ti substitutes Zr [44].
Additionally, it is known that the doping of Ca in BaTiO3 suppresses
abnormal grain growth, which partially explains the decreasing grain
size [45]. Nevertheless, the surface diffusion also directly contribute to
BCZT grain growth [46,47].

The increase of Zr content over Ti in the B-site is combined with the
shifting of the oxygen in the [BOg] octahedron due to the larger ionic
radius of Zr over Ti, i.e., 0.72 A and 0.605 A, respectively, [48], which
leads to higher internal chemical pressure in the unit cell. Interestingly,
the increase in grain size with higher Zr content can be related to a
surface diffusion enhancement. These phenomena also can explain the
existence of enclosed pores within large grains. Whereas for small
grains, the pores are located mostly along the grain boundaries. Similar
effects were shown for Bi-deficient (Na,Bi)TiO3, where the depletion of
Bi causes an increase in the oxygen vacancies and consequently en-
hances surface diffusion [49-51]. Moreover, in the case of BaTiOg, pores
at grain boundaries may move with the boundaries during sintering and
eventually coalesce at higher sintering temperatures [52]. In contrast,
intragranular pores could be obtained due to some impurities and
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Fig. 3. Observed, calculated, and difference curves from the Rietveld refine-
ment of pseudo-cubic 220, 222, and 400 reflections at room temperature with
different phases, i.e., R3m, Amm2, and P4mm, of BCZT powders.

defects in the starting powders as well as grain growth [53,54]. The
chemical composition of the different samples was determined by
ICP-OES, and the Ca:Ba and Zr:Ti atomic ratios for BCZTx are reported in
Table 1. The results show a good agreement between nominal and
experimental compositions.

3.2. Crystal structure

3.2.1. X-ray diffraction as a function of composition at room temperature

High-resolution X-ray powder diffraction data for all compositions
were collected at room temperature (Fig. 2). The resulting diffraction
patterns showed a BCZT perovskite structure with a possibility of minor
secondary phases (CaTiO3) within the resolution of the measurements.
Based on the BaTiO3 (BTO) structure, the A-site cations Ba (1.61 A) was
substituted with Ca (1.34 A) and Ti (0.605 A) with Zr (0.72 A) on the B-
site [48]. A decrease of the d-spacing with increasing BCT/BZT molar
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ratio was observed due to the different ionic radii of Ba and Ca.
Furthermore, the change in the composition affected the peak shape and
symmetry. As shown in Fig. 2, the splitting of the 200 and 400 reflections
demonstrates the change in symmetry from rhombohedral to tetragonal
[18,23], and by increasing the BCT/BZT ratio the samples presented
increased tetragonality. However, at BCZT45, the reflections appear
more symmetric and exhibit less splitting, which can be related to the
phase instability region at room temperature for BCZT45, as reported in
the previous BCZT phase diagram [10,18].

Rietveld refinement was performed to determine the crystal struc-
ture of BCZTx powder samples as a function of composition (Fig. 3). In
this study, the crystal structures were refined after Keeble et al. [18] with
structure models of coexisting phases, i.e. rhombohedral R, ortho-
rhombic O, and tetragonal T. At room temperature, BCZT45, 50, and 55
powders are in the vicinity of the polymorphic phase boundary con-
sisting of R and T phases, separated by an interleaving O phase.
Therefore, coexisting phases of R3m and Amm2 were used during
refinement for BCZT40 and 45, whereas BCZT50, 55, and 60 were
refined with a mixture of Amm2 and P4mm [10,23,55]. Both BCZT45
and 55 have similar phase fractions of R-O and O-T, respectively. In
contrast, BCZT50 showed the highest orthorhombic phase content
among the other compositions (Fig. 4b). Detailed refinement results
without considering the O phase in BCZT40 and BCZT60 are reported in
the Supplementary materials (Figure S1).

The unit cell volume as a function of BCT content is reported in
Fig. 4a. With an increasing BCT/BZT content there was an initial in-
crease in the unit cell volume at BCZT45, followed by a subsequent
decrease up to BCZT60. The initial increase in rhombohedral unit cell
volume was observed to be from 63.9 A% to 64.1 A® and the ortho-
rhombic volume increased from 63.9 A® to 64.3 A® for BCZT40 and 45,
respectively. This sudden increase in unit cell volume can be related to
the increase in polyhedral distortion in A- and B-sites during the
refinement (CIF files available in the Supplemental Materials). For
example, in rhombohedral phase, the B-O distance varies between
1.971-2.029 A for BCZT40, whereas in BCZT45 the B-O distance range
is 1.873-2.141 A. Moreover, the change in elongation of the octahedra
causes an expansion in the volume associated with increasing dielectric
polarization in BCZT45 [56]. Acosta et al., for example, reported a high
ds3 of BCZT45 at room temperature compared to the other compositions

5650
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Fig. 5. Room temperature experimental pair distribution functions of BCZTx
powders (x = 40, 45, 50, 55, 60).

[14], which is likely related to phase instability in BCZT45, as the PPB is
located directly at room temperature [11].

The 220, 222, and 400 reflections have been extracted from the
previous diffraction data and are shown as a function of composition in
Fig. 3. It is apparent that the reflection splitting of 400 and the asym-
metry of 220 and 222 indicate a minor orthorhombic phase [18] in
BCZT40 and 60 at room temperature. In comparison, a single phase of
R3m for BCZT40 and P4mm for BCZT60 showed a poor fitting with the
observed data (see Figure S1). Thus, a combination of rhombohedral
R3m and orthorhombic Amm2 was used for better fitting during re-
finements and lower GOF values. The obtained phase fractions for
BCZT40 were 66:34 for R3m and Amm2, respectively. Also, in BCZT60,
the minor orthorhombic Amm2 was combined with the tetragonal P4mm
in the refinement, with phase fractions 33-67, respectively (Fig. 4b).
The existence of orthorhombic phase in BCZT40-60 powders can be
explained due to the relatively low temperature of calcination compared
to sintering temperature [10]. Similar results were reported by Keeble
et al., where the orthorhombic phase was observed at BCZT40-50
powder samples [18].

3.2.2. PDF analysis as a function of composition and temperature

The room temperature local atomic structure of BCZT was investi-
gated by PDF as a function of composition with synchrotron X-ray total
scattering (Fig. 5). The peak positions represent the interatomic dis-
tances between the A-site, B-site, and oxygen ions, i.e., A-O, B-O, A-B,
A-A, B-B. The resulted PDF pattern of BCZT is similar to the previously
observed patterns of BTO, BCT, and BZT [57-59], which follows the
perovskite type structure. The first peak at ~1.64-2.3 A represents the
average Ti/Zr-O distances in the B-site, whereas Ca/Ba-O was observed
at ~2.6-3 A [48]. Around 4 }o\, both A-A and B-B distances were
observed and represent the unit cell lattice constants. The Ca/Ba and
Zr/Ti ratios changes in the BCZT systems showed relatively insignificant
shifts of the peak positions and change in shape, i.e., A-O, A-B, A-A. For
example, the A-A and B-B interatomic distances insignificantly shift to
lower values with increasing Ca and decreasing Zr, which matches well
with the unit cell volume change from XRD data. On the contrary, the
B-O bond showed a significant change in the shape and position,
depending on the BCT/BZT ratio. The B-O peak is broad and shows
strong variations when changing the Zr/Ti ratio. The broad peak spans
from ~1.65-2.34 A and peaks at ~1.99 A in BCZT40 to BCZT50, and
these interatomic distances match well the one determined by XRD. The
PDF patterns of the B-O site drastically change in BCZT55 and 60, with
the whole peak shifting toward longer distances and showing two
maxima, respectively at ~2.14 A and 2.34 A. The XRD data refinement
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Fig. 6. Temperature dependent experimental pair distribution functions of BCZTx powders (x = 40, 50, 60). The samples were measured at RT, 65 °C, and 130 °C.

of these two compositions recorded the occurrence of orthorhombic and
tetragonal phase with B-O distances between 1.83-2.18 A. The occur-
rence of longer interatomic distances in the PDF patterns of BCZT55 and
60 could have different origins: i) an anomaly due to the cut-off of the
Fourier-Transform [60,61]; ii) the increase in tetragonality in BCZT55
and 60 that could lead to an increase in the distance between B-site
cations and oxygen, similarly to what observed by Culbertson et al. in
Zr-O nPDF peak (2.15 A) and by EXAFS spectroscopy (2.0-2.19 A) due
to PAmm symmetry with lower octahedra distortion [62]; iii) Ca cations
entering the B-site, which would cause longer distance (<Ca-O> in a
6-fold coordinated environment ~2.35 A) as already reported by [63];
and iv) Ca-O bonds (2.25-3.0 /o\) from the observed secondary phase
CaTiO3 by XRD (see Fig. 2), which is similar to the previously reported
by nPDF study of CaTiOg [64]. One could speculate that the broad B-O
peak in the PDF pattern consists of three contributions, whose relative
intensity seems to match the phase content estimated by XRD. The PDF
data does not allow to distinguish between the Ti-O and Zr-O contri-
butions, and further detailed investigation, such as neutron diffraction,
must be done.

Furthermore, temperature-dependent pair distribution functions of
BCZT40, 50, and 60 were measured at 65 °C and 130 °C to study the
effect of the crystal symmetry on the atomic distances (Fig. 6), where all
samples are tetragonal at 65 °C and cubic at 130 °C. Although all peak
positions were shifted to higher values due to thermal oscillation, in the
case of B-O, the peak shape and position changes arbitrary with
increasing temperature. For example, at 65 °C, the peak shifts to higher
value for BCZT40 and 50, but not for BCZT60. This can be related to the
change in the crystal symmetry to tetragonal in the case of BCZT40 and
50 after crossing the O-T phase transition, whereas in the case of BCZT60
no change in the crystal symmetry was observed. The peak shape and
shifting are reciprocally dependent on the Zr/Ti content in the B-site.
Interestingly, at 130 °C, B-O peak showed low splitting with shifting to
lower value for all samples. This can be related to the crystal symmetry
of all samples turned into cubic after crossing the T-C phase boundary.
This effect has been also reported for BCZT50 nPDF (neutron pair dis-
tribution function) analysis, where the Zr-O distance decreased from
2.19 A to 2.09 A for PAmm and Pm3m, respectively [62].

Moreover, the increase of smaller cations, i.e., Ca and Ti, and the
decrease of Ba and Zr contents in the unit cell leads to more free space
within the unit cell, even if the overall volume of the cell does not
significantly change. That gives more degrees of freedom to the
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interatomic angles’ variations and, subsequently, to the distortion of the
octahedra cage by shifting the oxygen ions further toward the A-site. By
increasing the Ca/Ba content, the A-site presents shorter <Ca—-O> dis-
tances, causing disorder (e.g., octahedra elongation) in B-O bonds, even
if both the A- and B-site cations remain in fixed positions. Therefore, in
the case of BCZT60, the interatomic bonds showed significant variations
with temperature as it has smaller cations and more free space within
the unit cell. In contrast, BCZT40, which has larger cations causing high
compaction within the unit cell and less degrees of freedom, displayed
insignificant changes in the interatomic bonds. Previous studies have
reported the similar interplay between A and B-site in perovskites and its
relation to the phase stability and coexistence of different phases [65,
66]. The observations regarding the small variations in the interaction
between the ions in the case of BCZT40 can explain the diffuse phase
transitions and phase coexistence in the dielectric data and piezoelectric
coefficient [67]. Indeed, the limited variations in the Jahn-Teller dis-
tortions as well as the octahedral rotation, clarify the continuous evo-
lution of the symmetry in a narrow temperature range.

3.2.3. Raman spectroscopy at room temperature: influence of chemical
composition on PPB

Raman spectra collected at room temperature in the frequency range
20-1400 cm ™! are shown in Fig. 7. The five samples show relatively
broad vibrations representing stretching of the <Ti-O> bond in [TiOg]
octahedra as well as bending modes of the Ti-O-Ti bonds. At low fre-
quencies (~100 cm’l), there are vibrations of the A-site cations against
the [BOg]-octahedra. The main discernible Raman vibrations are
transverse (TO) and longitudinal (LO) modes peaking at ~110, 150,
190, 235, 293, 470, 520, 720, and 800 cm L. For clarity, we will divide
the spectra into three main regions: the low-frequency region (LF) from
90 to ~350 cm™!, the intermediate frequency region (IF, between
~440-650 cm ™!, and the high frequency (HF) region from ~680 to
~900 cm ™. Each of these regions has main vibrations, highlighted in
Fig. 7, and based on literature data, a list of assignments of the Raman
bands in perovskite-type structures is reported in Table 2 ([19], and
references therein).

The frequency shift, sudden intensity variations, disappearance, and
appearance of some Raman vibrations could be used to determine the
phase transition regions. In general, this is done by considering fre-
quency, intensity, or width of a particular vibration as a function of
composition. Depending on the perovskite crystal structure, a few bands
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Fig. 7. Normalized room temperature Raman spectra of BCZTx (x = 40, 45, 50, 55, and 60 mol%). The spectra are divided into three main frequency regions: low
(LF), intermediate (IF), and high (HF) frequency. A magnification of each region, together with the second derivative of the signals, is depicted in the lower panels.
HF and IF regions show systematic shifts of the main vibrations associated with the site occupancy. The LF region shows stronger changes, with the ~190 cm ™! band

being a fingerprint of structural variations between R and T phases.

Table 2

Approximate position of the transverse (TO) and longitudinal (LO) modes in the
BCZTx samples. Band assignments in perovskite-type structures are done ac-
cording to literature ([19], and references therein).

Region Raman Band Position Mode
Low-frequency (LF) 110 A; (TOq)
152 E (TO)
195 A; (LO7)
240 A; (TO2)
293 B; E (LO2)
Intermediate frequency (IF) 470 E (LO3) A; (LO2)
520 A, (TO3)
High frequency (HF) 722 E (LO4) A; (LO3)
803 Arg

have been previously used as fingerprints for symmetry identification,
such as the vibrational modes ~110 cm™ in the frequency range below
200 cm ™}, indicating the presence of the rhombohedral phase [68]. The
suppression of these vibrations at low frequencies and the presence of a
relatively sharper mode at ~293 cm™!, together with a small
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contribution at ~470 cm !, have been associated with the stabilization
of tetragonal and orthorhombic phases. The change from a ferroelectric
to a paraelectric phase has been related to the disappearance of the
mode at ~293 cm ™! and the drastic suppression of the ~720 cm ™! band.
The latter is particularly sensitive to the T-C transition [33], and
recently, it was shown that the barycenter of the whole band in the HF
region could be used to discern this transition [67].

The vibrational modes of the BCZTx samples are broad and mainly
overlap. Therefore, the second derivative spectra of the three main
frequency regions were used to highlight the variations of the main
Raman modes depending on the composition:

i. In the LF region, there is a net difference between samples having
higher or lower BCT/BZT ratios and, in turn, different phase
symmetries. The main vibration at ~193 cm ™! is clearly shifted
toward higher frequencies and broader when in tetragonal sym-
metry (BCZT55 and BCZT60). This is because as the Ca ions are
incorporated, the structure becomes more symmetric into a pre-
dominantly tetragonal phase with the 55 and 60 mol% BCT
content. The contribution at ~250 cm ™! is clear only in BCZT40,
the sample having the lowest BCT content. On the contrary, the
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compositional comparison, 1 kHz was used for illustration).

mode at ~293 cm™! is sharp and shows almost no differences in

all samples but only a slight decrease with BCT content.
. In the IF region, there are two contributions: the main one around
520 cm ™}, and a small band at ~470 ecm™!. The band position
estimated around 470 cm™! develops with the increase of xBCT
content, which can be seen more clearly from the second deriv-
ative (Fig. 7). A small additional contribution is observed at
~550 cm™! for samples having tetragonal symmetry (BCZT55
and BCZT60). The relative intensity of the main mode around
520 cm ™! decreases by increasing the BCT/BZT ratio, however,
overall, no sudden modifications are observed in the IF region
due to the coexistence of tetragonal and lower symmetric phases
at room temperature.
The HF region has the main contribution peaking around
720 cm ™!, and a second broad band at ~800 cm™!. The most
obvious variation is the frequency shift of the main band that
linearly moves toward higher frequencies by increasing the BCT/
BZT ratio.

iii.

The XRD analysis showed phase coexistence within the composi-
tional range investigated here. Therefore, assigning specific Raman vi-
brations to one or another symmetry is challenging. All changes
observed in the IF and HF vibrations seem to be related to the compo-
sition; accordingly, these frequency regions are particularly appealing
for site occupancy discrimination. To verify the link between the shift of
the vibrations and symmetry/site occupancy, we analyzed the fre-
quency, relative intensity, and width of specific vibrations (see also
Supplementary materials, Figure S2). The strongest changes observable
by increasing the BCT content are the frequency position of the main
vibration around 520 cm ! and the width (FWHM) of the whole band in
the IF region. Both increase linearly, confirming that the variations are
mainly related to the site occupancy rather than symmetry changes. The
small vibration at 470 cm™!, usually considered a marker of the
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stabilization of tetragonal and orthorhombic phases, increases its rela-
tive intensity, but without providing a clear trend. Indeed, the intensity
ratio between the two main bands within the IF region (Isyo/I47¢) de-
creases, but not in a linear fashion (Figure S2). In the high frequency
region, the main contribution decreases its intensity and moves toward
higher frequencies by increasing the BCT content; however, the intensity
ratio of the two main peaks (I729 /Igo0), previously used as a marker for
phase transitions [33] does not provide clear trends with the BCT con-
tent. The barycenter of the whole HF region moves as well toward higher
frequencies (Figure S2) and highlights the presence of two trends that
seem to match the occurrence of higher contents of the tetragonal phase
at higher BCT contents, and in turn, the higher bond strength and the
smaller mass of Ti substituting for Zr in the B-site. Similar considerations
can be done when looking at the barycenter of the IF region (see Section
3.3).

The linear trends found from the study of the vibrations in the IF and
HF regions can be used to determine site occupancy in BCZT systems.
However, common fingerprints previously used to distinguish the
different symmetries, such as the band at ~110, 293 and 470 cm’l, as
well as the intensity ratio (I20 /Igo0) do not show any clear trend. In the
BCZT samples investigated at room temperature, the Raman vibration
that mostly seems to record the change in symmetry (R to T) is the mode
at ~193 cm™!. This would agree with the pair distribution functions
results that show almost no variations in the interatomic distances be-
tween the A- and B-site, but only in the B-O correlation, linked to the
octahedra tilt and rotation. Therefore, the symmetry change is mostly
marked by the variations in the bending mode at ~193 cm™! in the
Raman spectra.

A further attempt to study the different vibrations was done by using
the curve fitting (or spectral deconvolution) with mathematical func-
tions. This latter method, used recently by Coondoo et al. [19] has shown
the ability to detect phase transitions in BCZT50 bulk ceramic. It is a
rather time-consuming method that requires assumptions on the
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Fig. 9. Left panel: Raman spectra of sample BCZT40 collected at different temperatures from —60 °C to +130 °C (depicted spectra here are collected each 10 °C). The
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intensities of the two frequency regions (Raman LF/IF ratio, symbols) and the permittivity curves (solid lines) against the temperature. The Raman LF/IF ratios show
sudden steps that well correlate with the phase transitions. Shadow areas and vertical dashed lines highlight the sudden steps in the intensity ratios.

behavior of the different vibrational modes, including the number of
vibrations, band position, and broadening. To minimize the error, the
number of the Gaussian functions and their frequency position were
determined from the second derivative of the spectra (see Figures S3 and
54).

In the low-frequency region, the largest variations associated with
symmetry changes are the sudden shift toward higher frequencies of the
~190 cm™! and the ~250 cm™! band (respectively, G3 and G4 in
Figure S5). Similarly, the smaller contribution in the HF region (band
G13 around 800 cm™!) shows this step-like behavior. Consequently,
these bands are able to distinguish the transition toward higher tetrag-
onal contents. Despite the different symmetries, all the other vibra-
tionsshow a constant behavior with increasing BCT content, or a linear
shift (as in the case of the main bands in the IF and HF regions), or the
modes at 110 and at 293 cm™, which do not show abrupt variations
ascribable to the transition between rhombohedral and tetragonal
symmetry. Therefore, the progressive shift is mostly related to the site
occupancy, and in turn, to variations in bond strength/distances, as
already observed in Fig. 7 (and Figure S2). Consequently, the results of
the curve fitting are consistent with those obtained by using the second
derivative, or the barycenter of the frequency regions: the modes at
~190 cm™!, and ~250 cm™! are the only vibrations related to the
symmetry transition to tetragonal.
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3.3. Temperature dependent phase boundaries

3.3.1. Temperature-dependent dielectric response

The dielectric permittivity (¢;) and dielectric loss (tans) were
measured for unpoled BCZT samples from —50 °C to 150 °C (Fig. 8).
These data show dielectric anomalies associated with peaks in the loss
curve during heating that are understood to be due to structural phase
transitions between R, O, T, and C phases in BCZT [10]. Extra loss peaks
are observed for BCZT40 and 45 close to 0 °C at lower frequencies due to
water condensation, which are not observed at higher frequencies. With
an increasing BCT content there is a corresponding increase in the Curie
Point separating the T and C phases [6,10,55] as well as a decrease in
both the Tg.o and the To.t phase transition temperatures, corresponding
well to previous investigations [10,67]. This results in a stabilization of
the tetragonal phase with increasing BCT content, as also observed with
XRD (Fig. 4). By increasing the BCT content, the T, values were
approximately 77, 86, 93, 98, and 104 °C for BCZT, 40,45, 45, 50, 55,
and 60, respectively. In contrast, the R-O transition temperature is
shifted from 43 °C to —44 °C and the O-T transition temperature from 56
°C to 0 °C for BCZT40 and 60, respectively. This shift in the phase
transition is directly related to the rise of the BCT/BZT ratio. Upon
replacing Ti*" cations with relatively bigger cations like Zr** on the
B-site causes an increase in the internal chemical pressure in the
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octahedra and, accordingly, lower phase stability [69-71]. It is also
important to note that the grain size and stoichiometry significantly
impact the dielectric properties of perovskite ferroelectrics [72]. The
maximum value of dielectric permittivity is a consequence of the
BCT/BZT content as well as the grain size. For example, the & maximum
values are dropped dramatically from 23447 to 13603 for BCZT40 and
60, respectively. Such a trend has been reported before by Bai et al. 2015
[10].

3.3.2. Temperature-Dependent Raman spectroscopy

In order to investigate the temperature induced structural phase
transitions observed during dielectric measurements, Raman spectra
were collected from —60 °C and 130 °C for all BCZT compositions
(Figure S6). At the lowest temperature, all samples should have rhom-
bohedral symmetry and the spectra should have much sharper features,
whereas at the highest temperature, where all samples are in the para-
electric phase, the bands are weaker and broader. Considering the
dependence in temperature, the spectra show an apparent continuous
change with a general broadening of the vibrations and a similar evo-
lution from low to high temperatures, regardless of the composition.

Based on the data analysis of the room temperature data, we first
identified frequency regions that are more sensitive to structural
changes. To avoid any influence of the background (thermal influence)
on the intensity, and to simplify the data analysis of temperature-
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dependent Raman spectra, here we present a simpler approach that
considers the derivatives of the spectra and the intensity ratio between
the main frequency regions. The data analysis was carried out by using
Spectral Profile and Map Analysis functions available in LabSpec® that
allows calculating the average intensity in a region of interest (ROI)
when analyzing spectral arrays and determining the ratio of average
intensities in two different ROIs. For the analysis of the large dataset of
in situ temperature-dependent Raman spectra, the derivative spectra
were first used to determine some vibrations more responsive to struc-
tural changes. Second, ROIs were selected in the low and intermediate
frequency ranges of the Raman spectra, and finally, the integrated in-
tensity ratio of the two ROIs was calculated for each spectrum. From the
first and second derivative spectra of the temperature-dependent data-
sets, some regions of interest can be highlighted in the low and inter-
mediate frequency ranges: 125-255 cm ™! and the 440-650 cm ™! range
(see Fig. 9, left panel). These frequency portions show changes in the
spectra, and when the ratio of the integrated intensity of the two regions
(LE/TF ratio) is plotted against temperature, sudden changes in the slope
occur. The appearance of discontinuities in the slope of the intensity
ratio vs. temperature correlates with structural changes or reordering in
the ceramics (Fig. 9, right panels). In particular, BCZT60 has two clear
steps: the first between -10°C and 6 °C, and the second one between ~82
°C and 106 °C (see also Figure S7). In the other temperature ranges, the
ratio is nearly constant. These two steps agree well with the
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temperature-dependent dielectric permittivity and the occurrence of
phase transitions. The step at the highest temperature well corresponds
to the T, and by increasing the Zr content in the B-site, this transition
moves toward lower temperatures. Indeed, the steps are in the tem-
perature range ~76-92 °C and ~70-78 °C, respectively for BCZT50 and
BCZT40.

BCZT50 shows a step-like curve, with changes in the LF/IF ratio that
agree very well with phase transitions identified via permittivity mea-
surements. Indeed, BCZT50 has a step at ~34-42 °C, which matches the
Tr_o transition measured by permittivity, and another small slope
change between 0 °C and +8 °C, corresponding to the To_g transition
(Figure S7). The changes in the LF/IF ratio for sample BCZT40 are more
diffused, with the exclusion of the clear step associated with T, (Fig. 9).
From low temperature, the first slope change is between 0 and 20°C, and
then the LF/IF ratio almost steadily decreases up to T, at ~70 °C with
two small steps (see derivative in Figure S7) at ~45 °C and 58 °C that
match, respectively, the To_r and the Tr_o transitions obtained by
permittivity. The observed diffuse transitions are consistent with the
occurrence of phase transformations in a smaller temperature range, as
highlighted by the permittivity measurements, and a continuous evo-
lution of the octahedral sites (rotation) as highlighted by the PDF results.
The data in Fig. 9 show that the ratio of the integrated intensity of the LF
and IF regions versus temperature has discontinuities that correlate well
with structural changes or reordering in the different BCZT ceramics,
and it is a faster and robust method that can be applied to other BCZT
systems or different temperature/pressure conditions.

3.3.3. Effect of cation substitution on the vibrational modes

To discriminate changes exclusively due to the different occupancies
of the [BOgl-octahedral units that cause changes in bond length/
strength, and angles, and in turn, in the vibration frequencies, we
compare spectra of the BCZTx ceramics collected at the same tempera-
tures where the stability field allows the occurrence of the same sym-
metry. The temperatures selected for all compositions are: —60 °C (R),
65 °C (T), and 130 °C (C). This approach allows to discard modifications
due to symmetry and temperature. Unfortunately, there is no tempera-
ture at which the orthorhombic phase occurs for all compositions.

At the lowest investigated temperature of —60 °C, all samples are
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assumed to have R3m symmetry. The Raman modes mostly affected by
the different site occupancy are at ~110 cm_l, ~193 cm_l, ~520 cm_l,
and ~720 cm ! (Fig. 10). To note, the barycenter of the IF band shifts
linearly toward higher frequencies (+4.5 cm™') with the BCT/BZT ratio
(see Fig. 11). Samples at 65 °C should have exclusively a tetragonal
P4mm symmetry, according to the permittivity data shown in Fig. 8 and
previous studies [18,21]. If this postulation is considered accurate, then
the BCT content has a strong impact on many vibrations. In the LF region
the most significant variations are the increased frequency splitting
between bands, e.g., the ~150 cm ! and ~190 cm ™! modes. No varia-
tions are discernible in the ~293 cm™! band. In the IF region, the
shoulder at ~470 cm ™! increases its relative intensity for the lowest Zr
contents, and in general, the barycenter of the whole IF region shifts to
higher frequencies. By increasing the BCT/BZT ratio, the main band in
the HF region moves nearly 6 cm ™! towards higher frequencies and
there is a damping of the already small band at ~804 cm™!. At the
highest temperature of 130 °C, all samples are in the paraelectric phase.
The bands are very broad and less intense. Remarkable variations due to
the different site occupancies are observed in the IF region with the
appearance of a more discernible contribution around 555 cm ™!, and an
overall shift (~ +8 cm™!) of the barycenter towards higher frequencies.

From the considerations reported above, it is clear that the shift of IF
barycenter occurs in all compositions/symmetries, and the degree of
frequency shift increases from BCZT40 to BCZT60 (Fig. 11). The IF
barycenter for the five different compositions is shown in Fig. 11 and the
linear fits of the IF barycenter for the five different compositions were
used to generate three phase transition equations:

Cubic phase boundary: 520.6 + 0.4x (R2 = 0.967) (@D)]
Tetragonal phase boundary: 522.8 + 0.3x (R =0.916) 2)
Rhombohedral phase boundary: 523.3 + 0.2x (R2 = 0.924) 3)

where x represents the BCT content. The validity of these equations is
given by 40 < x < 60. In turn, the provided phase transition equations
could be used to estimate the phases by Raman spectroscopy, as long as
the composition is within 40 < x < 60. To test the validity of the pro-
posed linear equations, the IF barycenter values of the room temperature
samples were also plotted against the BCZT content in Fig. 11. It can be
seen that despite the contribution of the Amm2 phase, there is a good
agreement with the phase content calculated by XRD. For instance,
samples BCZT55 and BCZT60 have respectively 45% and 67% P4mm
phase content and the barycenter values are close to those collected at
high temperatures for this symmetry. Therefore, the predominant
presence of tetragonal phase can be estimated from the frequency po-
sition of the IF barycenter. The other three samples have lower bary-
center values and fall in between the tetragonal-rhombohedral linear
fits, in agreement with the XRD data, and the coexistence of an ortho-
rhombic phase. Overall, the trend observed in the position of the bary-
center for the room temperature samples is consistent with the
deformation of the B-site by increasing the Zr/Ti ratio, and in turn, the
increase in tetragonality. As a result, these equations could be used to
provide an estimation of the symmetry in BCZT samples with BCT
contents between 40 and 60, and collected under a variety of tempera-
ture and pressure conditions.

4. Conclusions

BCZT ceramic with different Ca/Ba and Zr/Ti molar ratios have been
synthetized in order to gain a better understanding of the phase transi-
tions and boundaries in such important materials. The coexistence of
multiple phases at room temperature was observed by different tech-
niques for all compositions. Data obtained from XRD, PDF analysis, and
Raman spectroscopy allow to verify the octahedra distortion, e.g.,
elongation and rotation, due to the Ti/Zr substitution, explaining the
change in the symmetry as a function of composition. The changes in the
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macroscopic dielectric properties show a good correlation with in situ
temperature-dependent structural variations obtained via Raman spec-
troscopy within the temperature range of —60 °C to 130 °C. Indeed, the
intensity ratio between the vibrational modes in the low and interme-
diate frequency ranges of the Raman spectra were used to identify the
Tr_o and To_gr as well as the ferroelectric phases and the paraelectric
phase transitions. Furthermore, the barycenter of the main <Ti-O>
stretching mode was used to provide phase transition equations that
may be used to estimate the phase content by Raman spectroscopy.
Additionally, the limited variation in the atomic interaction in the PDF
analysis as a function of temperature can explain the diffuse phase
transitions in BCZT40. This study provides essential information on the
role of Ba/Ca and Ti/Zr substitution in the A- and B-site, respectively, in
order to understand the direct effect on the crystal structure and phase
transition of BCZT for further applications.
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