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ABSTRACT Ambient pressure stable perovskite oxides with all Bi®* on the A-site are rare, with
only four examples known. Due to the lone pair on Bi®*, these materials are seen as the best
alternative to Pb-based piezoelectrics, which are used widely in society. The industry standard
piezoelectric, Pb(Zr1xTix)Os, relies on the [001] polarization of PbTiOs, but there are currently no
ambient pressure stable Bi-based perovskites with this polarization vector preventing the creation
of an analogous system. We present the full structural analysis of the orthorhombic phase of (1-
X)Bi(TizsFe2sMgas)O3-xCaTiOs, which crystallizes in Pna2; symmetry with [001] polarization.
This symmetry is rare and has only been reported twice for perovskite at ambient conditions.
Analysis of maximum entropy method (MEM) models using synchrotron radiation powder X-ray
diffraction reveals a disordered A-site configuration and the MEM / Rietveld technique generates
a structural model of this extreme disorder. Combined Rietveld analysis of X-ray and neutron
diffraction data yields accurate description of the local A-site configuration, which we use to
understand our dielectric, ferroelectric, and piezoelectric measurements. These results give insight
in how to stabilize this unique symmetry and inspire new design principles for Bi-based

piezoelectrics.



1. INTRODUCTION

The compositional and structural flexibility of perovskite oxides, ABOgz, affords the
expression of almost any physical property desired. One area of research which perovskites
represent the premiere class of functional materials is piezoelectrics. Lead zirconate titanate
(Pb(Zr1xTix)O3 or PZT) is the commercial standard and has a piezoelectric figure of merit (dzs)
between 200-600 pC N, which is enhanced at the morphotropic phase boundary (MPB, x ~
0.48).13 However, due to the toxicity of Pb?* there is pressure on the scientific community to
discover a non-toxic replacement. Bi®* is isoelectronic with Pb?*, giving it a stereochemically
active lone pair, but it is non-toxic. Bi** lone pairs have been shown to control many different
properties such as electrical conductivity*, thermal conductivity®, thermoelectric properties®’, or
the non-linear optical response.® In piezoelectric, Bi* is very useful as its stereochemically active
lone pair causes asymmetric displacements which break inversion symmetry, making them polar.
Simple all Bi A-site perovskites such as BiAlO3,%° BilnOs,!t BiC00s,'2!3 and materials with
complex B-sites, such as Bi(Zn12Tiy2)Os*, crystalize in polar, non-centrosymmetric space groups,
a requirement for piezoelectricity. Nevertheless, they are only synthetically accessible at high
pressure. High pressure synthesis is costly and low throughput; hence these materials will not
displace PZT.*>16 There are four all Bi A-site perovskites synthetically accessibly at ambient
pressure:  BiFeOs3, ™  Bi(TissFe2sMgss)Os  (BTFM),?°  Bi(TiysFezsNiss)03,°  and
Bi2(MnasNiz3)06.2t Of these four materials, BiFeOz and BTFM solid solutions have shown the

most interest for piezoelectric applications.??2¢

The crystal chemical design principles employed when searching for new piezoelectrics
comes from PZT, where solid solutions of polar endmembers with different polarization directions

create an MPB. In the case of PZT, a rhombohedral (R) phase with [111], polarization (R3m,



denoted Ry111]) becomes tetragonal (T) with [001], polarization (P4mm, denoted Tpoo1) as Ti** is
increased. The MPB is the region in which these different symmetries interface and the das is
enhanced. The exact mechanism within MPB region has been debated for years, and is still a
contentious topic.?’ Different models for the long-range (average) structure involve phase
coexistence, an intermediate monoclinic (Cm), and an adaptive phase model.?#® Regardless of
the exact mechanism, the electromechanical properties are enhanced as a consequence of the
flattened free energy landscape created by the change in polarization direction.?*3® These
principles have been used to create MPBs in many different Pb-free systems such as
(Naw2Biy2)TiOs-BaTiOs  (NBT-BT),%04 BiFeOs-BaTiOs  (BFO-BT)“4  and
Bi(TizsFe2sMgais)O03-BaTiOz (BTFM-BT), all of which have Ry to Tpooy; end-members.?*
Recently, the solid solution between BTFM (R3c, Rpu1y) and orthorhombic, centrosymmetric
CaTiO3 (CTO) (Pnma) has been shown to have an MPB. In BTFM-xCTO, the MPB (x = 0.075 -
0.1625) shows a five-fold enhancement in ds3, and is unique due to the Pna2; (Opooy) polar,
orthorhombic symmetry observed from x = 0.175 — 0.40.2® This [111] to [001] type MPB, with a
symmetry that has octahedral rotations along all three crystallographic axes and is generated using
a Pnma end-member, has not been observed before. The ability to access an orthorhombic
symmetry with a Tyoo1j type polarization provides a potential new path for designing Pb-free MPBs,

but the chemistry required to access this symmetry is unknown.

Pna2; symmetry is uncommon in perovskites. This symmetry has been observed in
perovskites synthesized at high pressure, such as BilnOs!* and Bi(Niw2Tii2)0s* or at low
temperature, seen in CdTiOz**" and ToMnOs.*® Reports on ambient temperature and pressure
Bio.sGdo2Fe0s,*° and Bio7LagsFeOs® have claimed Pna2; symmetry, but do not support these

claims using multiple corroborating measurements. The polarity of Bio.sGdo2FeOs is observed by



piezoresponse force microscopy studies, but Rietveld analysis against laboratory powder X-ray
diffraction (PXRD) data were not able to discriminate between Pnma and Pna2; space groups.*®
Dielectric and dilatometry measurements indicated that Bio.7Lao.3FeOz has a phase transition, with
indexing and Rietveld analysis of laboratory PXRD data concluded that Big7Lao3FeOs has a

Pna21(00y)s000 superstructure.

In BTFM-xCTO, Pna2: symmetry is confirmed using
ferroelectric, piezoelectric, dielectric, and second harmonic generation (SHG) measurements in
combination with synchrotron radiation powder X-ray diffraction (SR-PXRD) and electron
diffraction.?® The clear confirmation of Pna2; symmetry has prompted us to investigate the
structure of this rare and hard to access Ojoo1; phase in order to better understand how it is
stabilized. We analyze the Oy phase of BTFM-xCTO using the maximum entropy method
(MEM) and the MEM/Rietveld method against SR-PXRD data. The resulting model is then used
in a combined Rietveld refinement against SR-PXRD and neutron powder diffraction (NPD) data
to yield a detailed structural description which requires three different A-site positions. We present
the first structural report of this polar Oooy) phase, detail the interesting disorder observed, and

discuss the chemical and structural implications for the ferroelectric, piezoelectric, and dielectric

properties.
2. EXPERIMENTAL SECTION

2.1. Synthesis. Samples of BTFM-xCTO in the range 0.175 < x < 0.40 were synthesized by

standard solid state synthesis methods as has been described previously.?

2.2. Pellet processing. For physical properties measurements pellet samples of composition x =

0.20 were prepared by the previously reported processing protocol.?



2.3. Compositional analysis. Electron diffraction experiments (selected area electron diffraction
and convergent beam electron diffraction (CBED)) were conducted using a JEOL 2000FX electron
microscope operating at 200 kV for compositions x = 0.175 and 0.20, as described in our previous
paper.?® Energy dispersive X-ray spectroscopy (EDX) data were also collected with the same
microscope. EDX analysis of 10 grains were examined to determine homogeneity. EDX correction
factors, for the different elements, were estimated by measuring the EDX spectra of appropriate

standards. The purity of the standards was confirmed using X-ray diffraction.

2.4. Diffraction Experiments. SR-PXRD data were collected for BTFM-xCTO when x = 0.175,
and 0.20 on the powder diffraction beam line BL44B2 at SPring-8.°! The diffractometer is
equipped with a large Debye-Scherrer camera with an imaging plate (IP) detector. A CeO2
standard powder sample (NIST) was used for wavelength calibration. The powder sample of x =
0.175 was loaded into a 0.1 mm diameter Lindemann glass capillary, and normal and high counting
statistics data were measured over a 20 range from 2° to 75° every 0.01° at a temperature (7) of -
173 °C. The calibrated wavelength of the incident X-ray was 0.50025 A. A slit mask with a width
of 10 mm was inserted in front of the detector. For the measurement of very weak reflections a
silver film was inserted in front of the detector to reduce the background scattering, including X-
ray fluorescence from transition metals, as much as possible. Furthermore, a lead sheet was
attached to the detector at a particular 26 region to avoid measuring the main peaks of the
perovskite structure and not saturate the IP. For variable temperature (VT) SR-PXRD experiments
on x = (0.175, data were collected in the temperature range from -173 to 27 every 50 °C for 5 min.
For VT SR-PXRD experiments on x = 0.20, the sample was loaded into a 0.2 mm diameter
Lindemann glass capillary. Data were collected in the temperature range from -173 to 27 °C every

25 °C for 3 min. The wavelength of the incident X-ray used was 0.49995 A. Data were measured



over a 26 range from 0.01° to 78.02° every 0.01°. Data were also collected in the temperature
range from 27 to 357 °C every 30 °C for 5 min. The wavelength of the incident X-ray used was

0.450179(8) A. Data were measured over a 20 range from 0.01° to 78.02° every 0.01°.

NPD data were collected for x = 0.175 and 0.20 on the High Resolution Powder
Diffractometer (HRPD) (ISIS, U.K.) at room temperature. Approximately 7 g of the materials were
loaded into 10 mm diameter vanadium cans and data were measured using the highest-resolution
back-scattering bank 1 (160° <26 < 176°), the 90° bank 2 (80° < 26 < 100°), and the low-angle
bank 3 (28° <26 < 32°). For structural analysis, NPD data collected on banks 1 and 2 were used.

All data were corrected for absorption before Rietveld analysis.

The SR-PXRD data for x = 0.175 collected at 7=-173 °C were indexed using the program
DICVOLB6.%? The first thirty peaks of the powder pattern in the data range from 3.00 to 28.60°
were evaluated. Le Bail analysis and Rietveld refinements using SR-PXRD data were performed
using the Synchrotron Powder (SP) software developed by the Sakata laboratory.>® For Le Bail
analysis performed on x = 0.175 at 7= -173 °C for the space group assignment, a 20 range from 3
to 40° was analyzed. A split pseudo-Voigt profile function was used, and the background was
modelled manually. This SP software allows simultaneous refinement of two different sets of
powder diffraction data collected at BL44-B2 and yields outputs of the observed structure factors.
These outputs obtained were directly used as input data for further MEM?>* analysis. The MEM
analysis was carried out using the program ENIGMA..* Le Bail fits for the VT SR-PXRD data on

x=10.175 and 0.20 were performed using the 26 range from 3 to 41°.

Combined Rietveld Analysis on SR-PXRD and NPD data for x = 0.175, and 0.20 were

performed using Topas Academic.>® The background was fit with a Chebyshev polynomial with



12 terms to fit SR-PXRD data, and 9 terms to fit each NPD data set. The atomic positions of atoms
on the same sites were set to be the same value. All occupancies were set to match the
stoichiometry of the desired composition. The background, lattice parameters, profile parameters,

scale factor, atomic positions, atomic displacement parameters were all refined during analysis.

2.5. Physical Properties Measurements. Pellet samples for dielectric measurements were
polished to a thickness of 0.1-0.3 mm with 20 micron SiC foil using a Struers Tegramin-30 semi-
automatic polishing machine, and electroded with Pt paint or sputtered gold. The Pt paint was
cured at 850 °C for 30 min. High temperature dielectric measurements were performed using an
Agilent E4980 LCR meter using a custom sample holder and a program created in LABVIEW.’
For the dielectric measurements performed on poled pellets, the poling procedure used was as
follows: discs were first heated up from room temperature to 150 °C using a heating rate of 5 °C
min-1. Then, an electric field of 100 kV cm-1 was applied and held for 15 minutes. Afterwards,
the temperature was decreased from 150 °C to room temperature using a cooling rate of 1 °C min,

while still applying the electric field. Finally, the electric field was removed at room temperature.

Pellet samples for polarization versus electric field (P(E)), strain versus electric field
(S(E)), and positive up negative down (PUND) measurements were polished with 20, 15, and 5
micron SiC foils resulting in a mirror surface, and a thickness of ~ 0.15 mm. Resulting pellets were
electroded with either silver paste for P(£) and S(£) measurements or sputtered with gold for direct
piezoelectric measurements. An aixPES (aixACCT GmbH, Germany) was used to perform P(E),
S(E) and PUND measurements at room temperature and at higher temperatures. Samples were

measured while submerged in silicone oil in order to avoid electrical breakdown.

3. RESULTS AND DISCUSSION



3.1. 3.1.1. Compositional analysis on x = 0.175 and 0.20. EDX data were already published in our
previous paper and match with the expected compositions. 26 Figure S1 shows, the EDX data for x

=0.175 and 0.20.

3.2. Structural Analysis. 3.2.1. Indexing and space group assignment on x = 0.175. AsS we
previously published, the SR-PXRD data for x > 0.175 were indexed to an orthorhombic unit cell.
SHG measurements show that all these materials are polar, indicating a non-centrosymmetric
structure.?® The non-polar end member of the solid solution CTO, which crystallizes in the
centrosymmetric space group Pnma, gave no SHG response as expected.*® More specifically, we
reported that the space group for x = 0.20 is the polar orthorhombic Pna2; (a subgroup of Pnma)

using CBED.?®

In this work, we corroborate the space group assignment for orthorhombic compositions to
Pna2: based on the reflection conditions using high quality SR-PXRD data. The composition x =
0.175 was initially selected for indexing, space group assignment, and structural analysis. This
selection is because the peaks for x = 0.175 are sharper than for x > 0.175 (Figure S2a) suggesting
a single phase material. Furthermore, it does not show any Aurivillius (BisFeTizO12) or Sillenite
(Bi2sFeOao) impurities (Figure S2b). These two facts made the indexing process easier to perform
on x =0.175 than when x> 0.175. The lattice constants determined from indexing are: a = 7.866(3)
A, b =5.5920(8) A, and ¢ = 5.5657(10) A for x = 0.175 at a temperature (T) of -173 °C. Data at
this temperature were selected to be studied, because the atomic displacement of the atoms at low
temperatures is smaller as thermal motion is decreased, allowing better atoms to be located more
easily. The decreased thermal motion also leads to increased signal to noise, allowing reflections

with low intensity to be more easily observed, particularly in the high angle region.



3.2.2. Le Bail analysis on x = 0.175. Le Bail analysis were performed for data collected at T = -
173 °C in the three polar subgroups of Pnma: Pna2; (33), Pmc2: (26), and Pmn2; (31), in the six
possible different settings for an orthorhombic structure (abc, acb, bac, bca, cab, and cba). The
lattice constants obtained from indexing were used for the analysis and were not refined.
Enlargements of Le Bail fits for x = 0.175 at T = -173 °C are shown in the six different lattice
settings for Pna2; (Figures S3-8), Pmc2: (Figures S9-14), and Pmn2; (Figures S15-20) in the SI.
The quality of the Le Bail fits results was examined, and their reflection conditions carefully
investigated. Table S1 summarizes the results of these Le Bail fits and compares: fit quality
parameter (Rwp), number of total reflections, number of reflections in the model with no
corresponding peak in the data, and number of missing reflections in the model with corresponding
peak in the data for the 26 range from 4.8 to 20°. Upon inspection of all the Le Bail fits (Figures
S3-20), we observe that the Le Bail fit in Pna2y, lattice setting bca, (Figure S6) fits very well with
an Rwp = 2.15%, and accounts perfectly for all observed reflections in SR-PXRD data.
Furthermore, there are neither extra reflections in the structural model not needed to fit the
observed data, nor missing reflections needed to fit the observed data. For Le Bail fits in the other
lattice settings of Pna2; (Figures S3-5, S7-8), and all the lattice settings in Pmc2: (Figures S9-14),
and Pmn2; (Figures S15-20), either extra reflections in the structural model not needed to fit the
observed data, and/or missing reflections needed to fit the observed data appear, as indicated by

black boxes. Therefore, we can uniquely assign the space group Pna2; in the lattice setting bca.

3.2.3. MEM / Rietveld analysis against SR-PXRD data on x = 0.175. Rietveld refinements on SR-
PXRD in Pna2; symmetry with the bca lattice setting were performed on x = 0.175 at room
temperature. The initial structural model with single A and B-sites, and unsplit O fits the data well

visually and accounts for all of the low angle reflections, matching the intensities and peak shapes,
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and yielding an Rwp = 3.94%. However, at angles greater than 32° the model does not account for
SR-PXRD peak intensities appropriately (Figure S21). The model has large isotropic atomic
displacement parameters (Beg) 0N the A-site (3.88(4) A?) and the O1 site (6.0(14) A?). Large A-site
Beg values are common in perovskites with cation disorder such as Pb(MguwzNb23)Og,
Pb(Sc12Nb12)0s, or (K12Bi12)(Scr2Nbi2)Os, which have A-site Beq values of 4, 2.5, and 4.6 A2,
respectively.3-° Also, the related material BTFM-BT?* shows a large A-site Beq value of 7.30 A2,
All of the refined parameters are reported in Table S2. Due to the large atomic displacement
parameters on the A-site and poor fit to SR-PXRD at high angle, the electron density distribution
was investigated for x =0.175 at T = -173 °C by Fourier difference analysis. As Figure S22 shows,
there is electron density mismatch on all sites and does not reveal a clear origin of the high angle
peak intensity mismatch in the SR-PXRD. Therefore, the electron density distribution was further
investigated by MEM to identify the discrepancy between the structural model and the observed
data.>* MEM enhances the extraction of accurate structural information using SR-PXRD data, and
this method is very effective for creating structural images at the electron density level. The study
of Bi®* inert pair effects with MEM have been demonstrated in a variety of materials such as charge

ice pyrochlores®® and Aurivillius ferroelectrics.®?

Based on the SR-PXRD data, and the initial model for the x = 0.175 material, the observed
and simulated electron density maps were obtained by MEM. In the calculation, the unit cell was
divided into 64 x 64 x 96 pixels. The pixels were determined by the considerations of lattice
constants, space group symmetry and asymmetric unit of the unit cell. The charge density by MEM
is affected by the reciprocal resolution of the data, uncertainties of structure factors (F), stopping
criteria, and Lagrange multiplier of the analysis. To avoid these effects as much as possible, at

first, we did MEM analysis using the calculated structure factors with uncertainties based on the
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statistical uncertainties of Bragg intensities. The stopping criteria of the analysis was the same as
for the original report on MEM analysis of SR-PXRD data.>* We optimize the data resolution,
Lagrange multiplier and stopping criteria using this analysis. We used the fixed Lagrange
multiplier to avoid unexpected results. The reciprocal resolution was determined as 0.5 A. The
Lagrange multiplier was fixed to 0.1. The stopping criteria for the calculated structure factors was
the same as for the original MEM report. The typical iteration consisted of 100 cycles. Two kinds
of stopping criteria were used for the observed structure factors. One was three times the number
of iteration cycles of that of calculated structure factors. Another was the same as for the original
MEM paper. In the early stage of analysis, we used the former condition to avoid overfitting the
data. We were able to use the later condition when the reliability factor of the Rietveld analysis
was sufficiently small. The initial model constructed based on MEM map was confirmed not only
by the Rietveld refinement of SR-PXRD data but also by the refinement of NPD data. The
structural model and the corresponding 3D electron density distribution from MEM analysis on
SR-PXRD data can be seen in Figures 1la and b, respectively. The electron density distribution
map shows that the B-sites and oxygens are well accounted for, but the electron density associated
with the A-site is large and anisotropically distributed. In Figure 1c, the observed electron density
distribution in the (002) plane can be seen, which yields a cross section of the A-site electron
density. Looking at the cross section of the A-site, it is apparent that the A-site cations are

distributed over different positions as the white arrows point out.
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45 eA®

Figure 1. For BTFM—xCTO when x = 0.175 after the refinement in Pna2;: a) initial model where
A-site cations are represented in purple, B-site cations in blue, and oxygens atoms in red, b) 3D
electron density distribution, and c) cross section of the observed electron density distribution for
the A-site in the (002) plane. The bar at the right bottom shows the electron density, the units are

meA=. The values of electron density increase from blue to red.

Figure 2 (top panel) shows that for the initial model (preliminary reference model) the
observed and simulated electron density distributions are very different. By analyzing the observed
electron density maps, the location of maxima in the A-sites was estimated and incorporated into
the initial model for the next step of Rietveld refinement. This process of performing a Rietveld
analysis and MEM was repeated iteratively, the MEM/Rietveld method, until the reference model
and the MEM density were consistent.® A detailed description of this building of a disordered
structural model for the A-site study is explained in the SlI. In Figures S23-38, the Rietveld
refinements, and the corresponding observed and simulated electron density distribution maps of
the A-site for the (002) plane for all the structural models are shown. The structural parameters
from all these Rietveld refinements are listed in Tables S3-10. In Table S11, for all the different
structural models built using the MEM/Rietveld method against SR-PXRD data Rwp values, and

corresponding figures are listed for comparison. Thus, a six-site disordered model for the A-site,
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was built based on the electron density distribution for the composition x = 0.175 using the
MEM/Rietveld method. Investigation of the 3D observed electron density distribution of the six
A-site shows overlap of electron density, creating three, elongated pairs of atoms (Bil-Bi3 are 0.35
A apart, Bi2-Bi4 are 0.27 A apart, and Bi5-Bi6 are 0.31 A apart) seen in Figure S39. Consequently,
we considered that this six-site disordered model can also be modelled as three-sites with
anisotropic displacement. The initial atomic positions taken for the analysis were the average of
each pair of atoms seen in Figure S37. In Figure 2 (bottom panel), we can observe that for the final
model the observed and simulated electron density distributions are almost identical. Therefore, a
very good fit with an Rwp of 1.14% was achieved (Figures S37). Figure 2 shows a schematic

summary of this work using the MEM/Rietveld method.

14



Initial, single A-site
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Figure 2. Schematic summary about the building of a structural disordered model for the A-site

work using the MEM/Rietveld method for BTFM—XCTO when x =0.175at T = -173 °C.
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The x = 0.175 composition is very close to the MPB, and when making pellets for physical
properties measurements and large samples for neutron diffraction, we noticed tiny amounts of the
Rr1117 phase for some samples (Figure S40). Our MEM and Rietveld analysis shows a pure Ojooy
phase, but the desire to understand the oxygen sublattice required large samples for neutron
diffraction. The synthetic difficulty associated with the removal of all traces of the Rju11) phase
prompted us to shift our focus to x = 0.20 composition. This composition was easily synthesized
in large enough sizes for neutron diffraction and sintered into pellets for physical property
measurements that showed no trace of a R111; secondary phase. Complete removal of the Ry
phase ensures that the resultant structural model is entirely from the Ojooy phase and that a

discussion of contributions from phase coexistence is negated.

3.2.4. Combined Rietveld refinement on x = 0.20. Thus, a combined refinement was performed on
X = 0.20 at T = 27 °C. The three disordered A-site model considering anisotropic atomic
displacement for the A-site previously built by the MEM/Rietveld method was used as starting
model. The Rietveld refinement can be seen in Figure 3. The quality of the fit is very good, and an
Rwp Of 5.03% achieved. In Table S12, the structural parameters obtained from this combined

refinement are shown. We observe that the value of Beq for O2 is large (3.8 A?).
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Figure 3. For BTFM—xCTO when x = 0.20 results for combined Rietveld refinement on: a) SR-
PXRD, b) Bank 1 of HRPD, and c) Bank 2 of HRPD at room temperature in Pna2; symmetry with
the three A-site disordered, a single B-site, and an unsplit O. The black circles represent the
observed data while the red solid line represents the model. The difference blue curve is below.

The green tick marks represent positions of Bragg reflections.
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To identify the origin of this large Beg, the nuclear density distribution was studied using
the NPD data. Looking at the Fourier difference map (Figure S41) reveals the origin of the large
Beq for the O2 site. Missing nuclear density is distributed above and below the O2 site along the c-
axis. This observation led to the splitting of the O2 site into two half occupied oxygen positions.
The atomic positions of these sites were constrained together along the a and b-axis and allowed
to displace. The results of this refinement can be seen in Figure 4. This model fits very well
visually, reduced the Rwp to 4.95%, and yielded a more reasonable value of Beq of 1.8 A? for the
02 sites. Attempts to refine the Ca?* and Bi** occupancies on the three A-site, while maintaining
the overall composition, gave us negative Beq values for the O1 site, regardless of starting from
equally occupied positions, or random distributions. Inclusion of the impurity phases (Aurivillius
and Sillénite) reduced the Rwp further to 4.80% and did not impact the model because the small
quantity of impurities resulted in the only observable peaks being resolved from the main phase.
We therefore conclude that the model with equal occupancies of the three A-sites and a split O2

site is the most reasonable structural model, and the final one.
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Figure 4. For BTFM—xCTO when x = 0.20 results for combined Rietveld refinement on: a) SR-
PXRD, b) Bank 1of HRPD, and c¢) Bank 2 of HRPD at room temperature in Pna2: symmetry with
the three A-site disordered, a single B-site, and O2 split along the c-axis model. The black circles
represent the observed data while the red solid line represents the model. The difference blue curve

is below. Tick marks indicating hkl positions are shown for BTFM—xCTO when x = 0.20 (green),
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the Aurivillius impurity (BisTisFeOzs, 0.39(12) mol%, purple), and Sillénite impurity (Bi2sFeOao,

0.14(6) mol%, orange).

A list of refined values for the model with three disordered A-site and two O2 sites is
summarized in Table 1, and a list of bond lengths and selected bond angles can be seen in Table
S13. The bond lengths are reasonable for a perovskite oxide, even when considering all of the
possible cation and oxygen arrangements. In addition to having reasonable bond lengths, the bond
valence sums (BVS) (Table S14) are more reasonable for this model compared to others. Both the
one and three disordered A-site models underestimate the BVS of all cations in the system except
Mg?*, which is overestimated. Also, the one A-site model overestimates the BVS for Ti**. This is
a marginal improvement in the weighted average of the A-site BV'S (2.59), which should be 2.80,
compared to previous analysis of the BTFM parent compound (2.74).54 This improvement of A-

site BVS further supports the validity of this structural model.
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Table 1. Structural parameters for BTFM—xCTO, x = 0.20 from joint Rietveld refinement in Pna2;

using a three sites disordered model for the A-site considering anisotropic atomic displacement for

the A-site and the O2 split along the c-axis.

Atom | Site X y z Atomic displacement parameters Occ
Ui Uz Uss Up = Beq
Uz = (AZ)
Uiz
Bil/ | 4a 0.447(2) | -0.011(3) | 0.228(2) | 0.0046(8) | 0.0228(9) | 0.008(2) 0 - 0.267 /
Cal 0.067
Bi2/ | 4a 0.5454(6) | 0.000(1) | 0.248(2) | 0.0046(8) | 0.0228(9) | 0.008(2) 0 - 0.267/
Ca2 0.067
Bi3/ | 4a 0.442(2) 0.000(3) | 0.283(2) | 0.0046(8) | 0.0228(9) | 0.008(2) 0 - 0.267 /
Ca3 0.067
Ti/ 4a -0.022(1) | -0.011(2) 0 - - - 0.03(8) | 0.50/
Fe/ 0.20/
Mg 0.30
01 4a 0.222(1) 0.719(1) | 0.050(2) - - - 1.4(1) 1
0O2a 4a 0.208(1) 0.713(2) | 0.513(1) - - - 1.8(2) 0.5
O2b 4a 0.208(1) 0.713(2) | 0.449(1) - - - 1.8(2) 0.5
03 43 0.0129(1) | 0.0689(2) | 0.253(1) - - - 1.29(8) 1

The refined crystal structure and polyhedral environments are shown in Figure 5. The final

model has distinct differences from other reported Pna2; perovskites in regard to lattice parameters

and tilt angles. The lattice parameters for x = 0.20 fall in between the larger BilnOs and smaller

CdTi0s structures, but both of these structures have larger tilts of their octahedra: 24.16° along

(100)p, 17.21° along (010),, and 19.41° along (001)p; and 13.76° along (100)p, 17.04° along (010)p,

and 15.01° along (001),, respectively.*#” The tilts for x = 0.20 are 12.3° along (100),; 11.7° (O2a)

or 15.75 (O2b) along (010),, and 11.1° along (001),. These small tilt angles are easily observed in

Figures 5a, b, and c. This difference in structures is not surprising as BilnOs is synthesized at high

pressure and has a very small Goldschmidt tolerance factor (t) of 0.894, and though CdTiOs3 has a
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very similar t (0.956 versus 0.957 for x = 0.20) the reported structure is from a refinement at 4 K.
In regards to lattice parameters and tilt angles the structure that x = 0.20 most closely resembles is
LaFeOs (LFO) (Pnma, t = 0.954), though its non-polar space group illustrates some differences.®
The lattice parameters of LFO differ by less than 0.025 A, and the tilt angles of 11.48° along (100),
and (010), and 12.05° along (001), represent a less than 1° difference, with the exception of the

0O2b environment which has a 4.27° larger tilt.

The B-site octahedral environments can be seen in Figures 5d and e. The displacement of
the B-site cation from the centroid is obvious, but displacement in the ab plane is larger than in
along c, the polar direction. The displacement along the c-axis is on average 0.091 A, with an
entirely O2a polyhedral environment having a displacement of 0.176 A and the O2b environment
having a displacement of 0.005 A. Though there are two different anion environments, Pna2; has
only one B-site cation environment, which is occupied with 50% Ti**, 20% Fe**, and 30% Mg?>*.
There is no sign of cation ordering and no ability to refine cation occupancies within this average
structural model. However, a study of the local structure performed by pair distribution function
(PDF) analysis and reverse Monte Carlo (RMC) modelling on the BTFM parent showed that Ti**
exists in a different polyhedral environment from Fe** or Mg?*.%* For x = 0.20, these data cannot
identify whether different cation environments exist in the O phase, but the different anion
environments observed for a material with 12.5% more Ti** on the B-site gives an indication that

this feature seen in the parent has been enhanced.

The most unique structural feature of this perovskite is possibly the A-site polyhedral
environments, which can be seen in Figures 5f-m. The magnitude of cation displacements from
their centroids along different crystallographic directions are summarized in Table S15. In the

charge ice pyrochlore Bi,Ti,O7, Bi*" is seen displacing in multiple directions which decrease the
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Bi-O distance, so the disordering of displacements is consistent with the known behavior of Bi3*.°
The displacements from the centroid of the polyhedra along the c-axis are of particular importance,
as it is the polar axis. The Al and A2 sites are both displaced in the same [001] direction with
displacements of 0.26 and 0.11 A, respectively. These displacements are in the same direction as
the B-sites, but are twice the magnitude. The A3 site is displaced in the opposite [001] direction
by 0.17 A. All of these sites have equal occupancies, and though the A3 site is displaced antipolar

to the Al and A2 sites, the net A-site displacement along the c-axis is 0.20 A in the [001] direction.

The three A-sites have approximately the same y coordinate, with the Al site having a 0.06
A (y =-0.011(3)) displacement from y = 0. The atomic displacement parameters for these sites are
elongated along this direction (Figure 5a and c). The positions along the a-axis are more varied.
The Al and A3 sites are both displaced towards the origin (x < 0.5) and the A2 away from it. The
largest displacements are in the x direction, with the A1 and A3 cations showing 0.32 A and 0.35
A displacements from the centroid, respectively. The displacements along both the a- and b-axis
ultimately do not contribute to polarization due to the 2; screw along the c-axis, which generates

antiferroelectric correlations in the ab plane.
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Figure 5. The refined structure for BTFM-xCTO when x = 0.20. The whole structure can be seen
along the a) a, b) b, and c¢) c-axis. The B-site octahedral environments are shown surrounded by
d) O2a and e) O2b oxygens. The permutations of the three A-sites with two O2 sites are shown in
f — m). The environments for f) Al, g) A2, h) A3, and i) all three A-site are shown with O2a
oxygens, and the environments for j) AL, k) A2, I) A3, and m) all three A-site are shown with O2b
oxygens. The shortest and longest bonds have been labelled. The centroids of polyhedral
environments are represented as grey spheres, oxygens are red spheres, B-sites are blue spheres,

and the A-sites are shown as purple thermal ellipsoids.
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Looking at these cation displacements together reveals a connection between the Ojooy

phase and the Ry1117 phase. Neither the A2 or A3 sites have displacements along the b-axis, and Al

has a very small displacement in this direction. The Pna2; space group has a /2 shift of the lattice
relative to the cubic aristotype, so displacements with [100] and [001] components (the (010)
plane), relative to Pna2y, fall on the (101), plane, relative to the cubic cell. If displacements were
equal in magnitude along the a- and c-axis ([100] = [001]), then the displacement vector would be
[111]p, or locally rhombohedral. All A-sites have displacements primarily along the a- and c-axis,
making the displacements [uuv], in nature, and existing in a mirror plane between [111], and
[001]p. A global polarization vector in the [uuv], direction the same as the monoclinic (Cc)
symmetry, which has been discussed in previous BTFM studies, but with different octahedral
rotations.?®®* Regardless of the observation of local deviations from [001] displacements, any
displacements in the ab plane are non-polar due to the 2; screw along the c-axis. The chemical
origin of antiferroelectric correlations in the ab plane is unclear, but it is reminiscent of the R11y
antiferroelectric nanodomains seen in NaNbO3.34% The ferroelectric cation ordering in x = 0.20
IS unique and raises more questions about local cation ordering preferences in highly disordered
perovskites and its impact on the bulk piezoelectric, ferroelectric, and dielectric properties. Local
structural studies using PDF analysis and RMC modelling have been used to study Bi-based
pyrochlore oxides®>®*%” and thermoelectric chalcogenides®’ and would unravel the chemical

driving force leading to different displacements from the A-site centroid.

3.2.5. Variable temperature SR-PXRD analysis on x = 0.20. Le Bail analysis were performed on
x =0.175 and 0.20 for the VT SR-PXRD data from -173 to 27 °C in the orthorhombic polar space
group Pna2;. The amount of lattice distortion (¢) from the cubic unit cell was calculated using ¢ =

(a-b)/(a+b). Le Bail fits can be seen in Figures S42 — 46 and S48 — 56 and the refined parameters
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can be seen in Table S16 and 17. The lattice parameters evolve linearly as a function of

temperature, (Figure S47 and S57) showing no indication of a phase transition.

Le Bail analysis was also performed on VT SR-PXRD data from 27 to 357 °C on x = 0.20
(Figures S58 — 69, Table S19). As Figure 6a shows the lattice parameters increase linearly with
increasing temperature as expected. In Figure 6b, we can observe that the distortion of the
orthorhombic lattice increases with temperature. However, the expectation is that on heating the
distortion should decrease.?? This behavior has been also observed in the materials Bio.7Ndo.sFeOs
and BiosLaosFeOs, which both crystallizes in the non-polar space group Pnma.??? These linear
lattice parameters show no indication of any phase transition through the temperature range
investigated. Interestingly, the a and c lattice parameters change more rapidly, 3.4 and 4.2 fm °C"
! respectively, than the b lattice parameter (2.3 fm °C™?). This more rapid change in lattice
parameters may be to do with correlation of displacements seen along these crystallographic

directions at room temperature.
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Figure 6. For BTFM-xCTO when x = 0.20, temperature dependence from 27 to 357 °C of the: a)
lattice parameters, which have been modified to relate to a cubic perovskite, and b) the

orthorhombic lattice distortion (o).

3.3. Physical Properties. 3.3.1. Ferroelectric and Piezoelectric Properties on x = 0.20. P(E) loops
for x = 0.20 were measured at room temperature, seen in Figure 7a. Saturated P(E) loops were not
observed even up to a high field of 150 kV cm™, and there is no significant remanent polarization.
However, the polarization does not evolve linearly with increasing electric field at both 1 and 0.1
Hz (Figure S70), indicative of ferroelectric domain wall motion.®® Electrical breakdown occurs
above an electric field of 150 kV cm™, and prevents ferroelectric switching at room temperature.
Similar behavior has been observed for other related ferroelectrics such as the parent BTFM
(R3c)?®, 0.95BTFM-0.05CTO (R3c)?, 0.72BTFM-0.28LFO (Pmc21), and 0.625BTFM-0.25LFO-
0.125La(Mg1/2Ti12)Os (Pmc21).% The electromechanical strain was studied at room temperature

with a measurement frequency of 1 Hz. The bipolar S(E) loop (Figure 7b) has a strain response of
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0.023%, consistent with the low-field dss value of 2.2 pC N previously reported.’ No negative
strain was observed at room temperature (Figure 7b). Interestingly, the strain response does not
change linearly with electric field, but with the square indicating that it is dominated by
electrostriction.®®’® The strain response as a function of polarization (Figure S71) cannot be
modelled linearly, but is modelled well with a quadratic function, which further demonstrates this
electrostrictive character.’®’® An electrostrictive response is often seen in non-polar materials but
is uncommon in polar materials as piezoelectric response is so much larger.”® The observation of
an electrostrictive strain response in a material that has been confirmed to be non-centrosymmetric
indicates that the applied field is below the field needed to switch the polarization, known as the
coercive field.” This illustrates the strong Bi-O bonding interactions (intrinsic response) and that

the ferroelectric domains (extrinsic response) are immobile at this applied field.

The coercive field in ferroelectric materials reduces with increasing temperature. Thus, we
performed P(E) and S(E) measurements at higher temperature in order to observe the polar
properties. At T = 250 °C S(E) loops (Figure 7d) show significant changes from room temperature
(Figure 7b) with the data looking typical of a ferroelectric with a characteristic butterfly shape.
The negative strain and the butterfly loop confirm ferroelectric switching. The observation of high
temperature ferroelectric switching indicates that the material is polar at room temperature, but the
coercive field is too large to observe switching of the polarization. The high temperature response
represents a five-fold increase in piezoelectric strain (0.103%). The effective piezoelectric
coefficient (dss”) was calculated using dss” = Smax/Emax, Where Smax is the strain observed at the
maximum field (Emax). At T = 250 °C, a ds3” of 68.7 pm V! is obtained, versus the dss” of 15.3 pm
V-1 observed at room temperature. The P(E) response yields less insights, showing a typical loop

with lossy behavior (Figure 7¢).”*7
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Figure 7. For BTFM— xCTO when x = 0.20: P(E) and S(E) loops measured at T = 22 °C (a, b)

and T = 250 °C (c, d), respectively.

3.3.2. Dielectric Properties on x = 0.20. The dielectric properties were investigated for x = 0.20
from room temperature to T = 360 °C, and the real (¢') and imaginary (¢'") parts of the dielectric
permittivity are seen in Figure S70a. The aim of these measurements was to understand better the
switching in polarization observed at T = 250 °C. In the temperature range investigated, there is
no a sharp feature consistent with a ferroelectric to paraelectric transition, nor an abrupt change in
&', which can be indicative of a ferroelectric to ferroelectric phase transition, such as the Amma2 to
P4mm transition in BT.”” This lack of a phase transition is consistent with our VT SR-XRD
analysis. For x = 0.20, the &' increases to a broad maximum (Tm ~ 170 °C), which is weakly

frequency dependent. A broad frequency dependent Tr, is indicative of a relaxor material. Relaxor
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properties are common in compositionally disordered materials such as NBT-BT.”® At room
temperature and a f = 1kHz, for the unpoled disc of x = 0.20 &' is 492, which is higher than that

polar for 0.72BTFM-0.28LFO (~240) %, and the loss tangent is 0.02.

To determine if the feature seen in the dielectric properties are due to relaxor character, &’
and &' were measured on an electrically poled disc (Figure S72b). The poling has no significant
difference in the dielectric permittivity, apart from a slight decrease of &' across the T range
measured. There is no peak below Tm which is associated with a depolarization temperature (Tq)
or a ferroelectric to relaxor transition (Trr), Which is commonly observed in relaxors.”®8! This
lack of a peak in the poled dielectric data allows us to determine that this is not a relaxor, which is

odd for such a heavily disordered material.

3.3.3. Temperature Dependence of the Polarization on x = 0.20. To further investigate the
dielectric maximum and the ferroelectric switching, PUND measurements were carried out at
different temperatures and the results are shown in Figure S73.When T < 150 °C, the switchable
polarization value (AP) is low and shows minimal change with both temperature and applied
electric field. However, when T > T (~ 170 °C), the AP increases significantly reaching a value
of 6 uC cm at T = 200 °C, which is about 10 times higher than the value observed near room
temperature (AP = 0.57 pC cm). This sudden enhancement of the switchable polarization above
Tm explains the S(E) loop distinctive of a butterfly loop obtained at T = 250 °C in Figure 7d. The
switchable polarization observed on either side of Tm also clearly identifies the presence of

ferroelectric contributions from room temperature to 200 °C.

3.4. Structure-property relationships for x = 0.20. Understanding the structure property

relationships in piezoelectric materials can be challenging due to intrinsic and extrinsic
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contributions to the physical properties which must be considered. Despite our structural
investigation yielding detailed information on the intrinsic contributions, there are many factors
involved. To understand the intrinsic response, the ionic radii, octahedral rotations, chemical
bonding preferences, cation displacements, and the correlation of those cation displacements must

be discussed.

Perovskites with a high content (>50%) of Bi** in the A-site are complicated to synthesize at
ambient pressure because of the small size of Bi®*, which has an ionic radius of 1.36 A when 12-
coordinate. Because the A-cation is too small for the 12-coordinate site of the AO12 polyhedra,
there is a necessity to optimize the anion coordination, and consequently BOs octahedra tilt. This
is the case with all of the ambient pressure stable pure-Bi A-site perovskites, including the polar
parent compound BTFM (R3c, t = 0.948) and x = 0.20 (t = 0.952).1%21.24 |n the case of PbTiOs
(PT), the Pb?* A-site has an ionic radius of 1.49 A. Therefore, no octahedral tilting is observed in
the structure and t for PT is just above unity (t = 1.019). PbZrOs3 has octahedral tilting (t = 0.964),
and in the MPB t is just below unity (t = 0.990 — 0.993). This structural difference is an obvious

differentiation in the chemistry between Bi®* and Pb?* based systems.

BT is another classic ferroelectric perovskite with the same Tyooy Structure as PT. For the
solid solution between BTFM and BT (t = 1.06), since the small Bi** cations are replaced by large
Ba®* cations (1.61 A), at 0.75BTFM-0.25BT (t = 0.98) the average tilt angle decreases to zero,
resulting in a transition of the space group from R3c to polar R3m.?*8? These symmetries are both
Rru1y, so there is not an MPB with an enhancement in physical properties as expected from a

crystal engineering perspective.
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A more analogous system to BTFM-xCTO is the solid solution between BTFM (t = 0.948)
and LFO (t = 0.954), which crystallizes in the same nonpolar orthorhombic space group (Pnma)
as CTO. In this solid solution the R1111 BTFM parent passes through a polar orthorhombic phase
(Pmc21, Opo113), for compositions 0.72BTFM-0.28LFO (t = 0.949) and 0.67BTFM-0.33LFO (t =
0.950), before becoming non-polar Pnma.?® In this system the evolution of a structural phase
transition is without a significant change in the tolerance factor, as the ionic radius of La®* is the
same as for Bi*". The structural change without changing of t indicates that the difference in
preferred bonding environments between La®* and Bi®* drives the change in symmetry.? Bismuth
and calcium cations also have very similar ionic radius, 1.36 and 1.34 A respectively. From a
cation radii and t perspective the cases of the solid solutions BTFM-xLFO, and BTFM-xCTO are

analogous.

With the increase of content of LFO (Pnma) or CTO (Pnma), into BTFM (R3c) the
tolerance factor changes minimally. However, phases with polar orthorhombic space groups,
subgroups of Pnma, are formed with symmetry Pmc2; for BTFM-xLFO, and Pna2; in the case of
BTFM-xCTO. Therefore, a careful consideration of the end members, in terms of ionic radius and
tolerance factor, is important to predict the symmetries that could form before attempting to
synthesize a new solid solution. From a tolerance factor and crystal chemistry point of view,
BTFM-xCTO and BiixLaxFeOs solid solutions are also very similar. As mentioned before, LFO
and CTO both have Pnma symmetry, and BFO and BTFM both have R3c symmetry. BTFM-xCTO
covers a range of tolerance factors from 0.955 to 0.966 as opposed to 0.961 (BFO) to 0.954 (LFO).
Bio.7Lao.3FeO3 (0.959) has been reported to have Pna2: symmetry. The Pna2; region in BTFM-
XCTO is from 0.175 < x < 0.40, spanning tolerance factors of 0.957 — 0.960.° In light of our

findings, a closer look at Bii-xLaxFeO3z around x =0.30 would be interesting to try to identify
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breadth of the Pna2: region, identify a possible MPB within the solid solution, and better
understand the impact that lanthanide substitution has on the local bonding environment in Bi-

based ferroelectrics.

For Pb-based systems, it is known that their striking ferroelectric properties are related to
the 6s? electronic configuration of Pb?*. The interaction of the s- and p-orbitals of the metal cation
with the oxide anion p-states is critical for lone-pair formation resulting in a noncentrosymmetric
coordination environment. Studies using ab initio calculations to investigate the origin of
ferroelectricity for PT and BT indicates that the electronic structure contributes significantly.83-8/
The covalency in the bonding interactions between Pb?* and O ions causes additional polarization,
which is absent in predominantly ionic interactions between Ba?* and O in BT. More evidence of
polarization of Pb?* at the atomic level was found based on electrostatic potential from SR-PXRD
using MEM on PT. The center of the electronic charge density for Pb?* is shifted along the c-axis,
in agreement with the ab initio calculations that the Pb?* and O ion hybridize inducing for the Pb-

ion atomic level polarization 8388

Bi-based ferroelectrics rely heavily on the stereochemically active 6s? electronic
configuration for their properties. The lack of octahedral tilts makes the PT and BT examples more
straightforward, but the bonding interaction of Bi** and O? is likely the driving force for the
ferroelectric properties observed. It may be that larger piezoelectric strain and ferroelectric
polarization in BTFM-XCTO is due to the Bi content being higher within the mixed phase region,
though the Ti** content on the B-site and the local coordination preference of La3* versus Ca?* are
likely contributing factors as well. Regardless of the primary parameter driving the physical
properties, the different bonding interaction of Bi®* versus Ca?* cations with O% anion lattice is

certainly the origin of the three A-sites observed.
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Rietveld refinements found no preference for which site is preferred for which cation. With
three A-site for two cations the chemistry of each A-site is not as obvious. Bond valence sums do
not show a clear preference either. The A2 site has the smallest displacements off of the centroid
and sites Al (Figures 5e and j) and A3 (Figures 5h and I) have the largest displacements along the
polar c-axis. The displacements seen are [uuv] in nature, which lies on a mirror plane between the
R1111 and Opooyy displacements, similar to the monoclinic intermediates facilitating polarization
rotation in PZT.%3% The ability of Pna2; symmetry to accommodate these disordered
displacements may be the key to the stabilization of the MPB in this system as it would facilitate

the phase transition in a continuous instead of discrete manner.

In Pna2; displacements in the ab plane are antiferroelectrically ordered due to the 21 screw
along the c-axis, whereas for Pnma symmetry there are antiferroelectric displacements along the
c-axis as well. In x = 0.20, the Al and A3 cations are displaced along the c-axis but are
antiferroelectrically displaced relative to each other along this direction. The coherence length of
short-range antiferroelectric ordering along the c-axis is not known and would require single
crystal diffuse scattering studies. Their existence explains the increase in dielectric permittivity
from room temperature (Figure S72) to 360 °C, despite there being no phase transition observed
in the lattice parameters (Figure 6a). As the unit cell increases with temperature the coherence
length of any local antiferroelectric distortions would reduce, generating more dipoles and a larger
permittivity. Additionally, this would explain the reduction in coercive field (Figure 7) and the
increased polarization observed from PUND (Figure S73). These local displacements are similar
to those revealed in local structural studies using PDF analysis of NaNbOs which identified
nanoscale antiferroelectric twins of Rp111; domains.% This structural feature is reminiscent of Pnma

symmetry emerging in the Pna2; material. The observation of locally disordered [uuv]
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displacements, bridging R3c and Pna2:, symmetry, combined with the observation of locally
disordered antiferroelectric displacements along the c-axis, bridging Pna2; and Pnma symmetry,
highlights structural complexity of this region of the phase diagram and generates further insights

into how to stabilize MPBs in octahedrally tilted systems.

These displacements from polyhedral centroids illustrate the large local displacements,
which come with large polarization, but the polarization from the cell is calculated to only be
30 uC cm? (Figure S74, Table S19) due to the previously mentioned antiferroelectric
correlations.®® The low calculated polarization is consistent with the saturation polarization seen
in the room temperature P(E) measurements of only 6 uC/cm?. The lower measured value than
calculated is expected for polycrystalline samples versus (001) oriented single crystals. The
experimentally observed polarization is in contrast to the MPB (x = 0.075 — 0.1625) compositions
which have polarizations of 20 — 50 uC/cm?.2® This polarization is much smaller than other Bi
based material such as Bi.ZnTiOs (102 uC cm) or Bi2ZnTio.sMno.406 (96 nC cm2).249 The large
polarization in Bi2ZnTiosMno4Os contributes to its low ds3 = 12 pm/V. The lower overall
polarization of x = 0.20 (despite the large local displacements) is likely why its piezoelectric

response is almost 6 times that of Bi2ZnTio.sMno.4Oe.

Though the A2 site (Figures 5g and k) is the closest to the centroid, it has the shortest bond
lengths out of all the polyhedra. Whether the Bi* predominantly occupies the A2, as indicated by
shorter bonds and larger orbital overlap, or it occupies the larger Al and A3 sites due to its slightly
larger ionic radii is not clear. These details about the chemical ordering are key to fully
understanding the polarization in this material. The disordered local environment is clearly
important to stabilizing the Pna2; phase, but whether the origin of it is the difference in local

bonding environments of Bi®* and Ca?* or intermediate range correlations of antiferroelectric
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interactions is unknown. Electrostatic potential studies for x = 0.20 could help to understand the
bonding behavior for this material and make this distinction. This complicated structural problem
is the key to better understanding how to stabilize Pna2: symmetry in perovskite oxides and to

understand the thermal evolution of the physical properties observed in x = 0.20.

As seen previously in the variable temperature SR-PXRD analysis on x = 0.20, Le Bail
analysis performed from 27 °C to 357 °C show a linear increase of the lattice parameters as T
increases (Figure 6a), as expected. Of note is that the rate of change is greater along the a and ¢
directions, which also have large cation displacements. The ¢ also increases with T (Figure 6b),
although it would be expected that on heating the lattice distortion from the cubic unit cell would
decrease.?? There are not evidences of a structural phase transition based on our analysis of variable
temperature SR-PXRD data. These structural results are consistent with the lack of a sharp peak
on the dielectric properties over the same temperature range (Figure S72a). The change in
octahedral rotations has been shown to impact dielectric properties before in the material
BiosLaosFeOs. 2 The increase in dielectric permittivity and increased switchable polarization seen
in PUND are likely due to the change in antiferroelectric interactions along the polar c-axis, but
increased piezoelectric strain is difficult to definitively link to the structure on an intrinsic level.
The complexity of this material which has variable local displacements, antiferroelectric
correlations, and disorder on both A-cation and oxygen sublattices in the average structural model
prevents the full understanding of the structural origin and the thermal evolution of the physical
properties. The changes observed are likely a mixture of different features expressed at different
length scales. The change in local displacements, the correlation of displacements in adjacent unit

cells, and octahedral rotations would need to be studied using variable temperature neutron total
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scattering and should be considered for the future to further understand the physical properties

results.
4. CONCLUSIONS

We have confirmed the symmetry of the polar perovskite Oroo; end-member that forms an
MPB in the solid solution BTFM-XCTO when x = 0.175 in the space group Pna2; using SR-PXRD
data based on the reflection conditions. The average structure for the Ojoo1; phase has been studied.
A three A-site disordered model has been built using the MEM/Rietveld method for x = 0.175,
which can be used for the other composition Opoz; under study x = 0.20. Upon investigation of all
the cation displacements, we conclude that there is a connection between the Opooy and Ryi1 in
that the observed cation disorder places all A-site displacements on a (011), mirror plane which
bridges these polarization vectors. The physical properties are in agreement with the structure
crystallizing in the polar space group Pna2:. At room temperature, the ceramic x = 0.20 shows
only electrostrictive behavior with a strain of 0.023%. P(E) loops do not reach the coercive field,
but non-linearity of the P(E) loops as a function of electric field demonstrates domain wall motion.
The &' at room temperature is 492 at 1 kHz. When the T increases, the coercive field reduces
allowing polarization switching. With the barrier to switching overcome the strain increases to
0.103% (dss* = 68.7 pm V1) at T = 250 °C, obtaining a butterfly loop characteristic of a
ferroelectric material. The increase in switched polarization with increasing temperature allows us
to track this change. VT SR-PXRD studies and dielectric data show no structural phase transition

from room temperature up to 357 °C.

This work highlights the power of the MEM/Rietveld method in helping generate sensible

structural models for materials with extreme disorder. The structure of x = 0.20 crystallizes in a
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very uncommon space group, the A-site cation disorder observed is unlike other perovskites in the
literature, and the cation disorder observed helps deepen the local structural understanding of the
origin of the MPB in BTFM-XCTO. The information gained from this average structural model
approaches the level of detail of much more complicated analysis, such as RMC. Our results detail
a strategy for stabilizing Pna2; or other polar orthorhombic perovskite oxides using careful
consideration of A-site cations and tolerance factors. Further study of the structure at the local level
using PDF analysis and RMC modelling would deepen the understanding of the mechanism
stabilizing this symmetry and causing the MPB right at the boundary between the Opoo1; phase and

the mixed phase region (Ojoo1) + Rp111)).

ASSOCIATED CONTENT

Supporting Information.

The Supporting Information is available free of charge at...

Compositional analysis details x = 0.175 and 0.20. for Le Bail fits results for BTFM-xCTO when
x=0.175at T =-173 °C using SR-PXRD data in the three polar subgroups of Pnma: Pna2:, Pmc2,
and Pmn24, in the six possible different settings for an orthorhombic structure. Comparison of SR-
PXRD data for BTFM-xCTO ceramics with orthorhombic structure in the compositional range:
0.175 < x < 0.400. Results of the Rietveld refinements of SR-PXRD data for x = 0.175 at room
temperature. Construction of the structural model using the MEM-Rietveld method against SR-
PXRD. Rietveld analysis of the initial structural model for x = 0.175. Structural information from

the joint Rietveld refinement of x = 0.20 in Pna2; at T = 27 °C using a three sites disordered model
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for the A-site considering anisotropic atomic displacement for the A-site and the O2 split along the
c-axis (bond lengths, bond angles, bond valence sum, displacements of A- and B-site cations from
oxygen anion centroids). Le Bail fit results for x = 0.175 and x = 0.20 from variable temperature
SR-PXRD data from -173 to 27 °C. Le Bail fit results for x = 0.20 from variable temperature SR-
PXRD data from 27 to 357 °C. Polarization versus electric field (P(E)) measurements on x = 0.20
taken at increasing electric fields and different frequencies. Strain (S) response as a function of
polarization from P(E) and S(E) data collected at room temperature on x = 0.20. Dielectric
permittivity against temperature for unpoled and poled discs at the different frequencies for x =
0.20. Switched polarization as obtained from the positive-up-negative-down (PUND)
measurement at variable temperature for x = 0.20. Results of the calculated polarization for x =

0.20.

[CCDC 2045200 contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif. ]
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