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In situ electric field X-ray total scattering reveals
composition-dependent electromechanical strain
mechanisms in (1 � x)BiFe2/8Ti3/8Mg3/8O3–
xPbTiO3 ceramics†
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Ferroelectric materials find many applications in energy and aerospace industries. A major challenge

for ferroelectric materials is maintaining their properties at elevated temperatures. The (1 � x)BiFe2/8-

Ti3/8Mg3/8O3–xPbTiO3 (BFTM–xPT) ferroelectric solid solution is a promising candidate for high-

temperature applications as it has a high piezoelectric response while also maintaining its ferroelectric

phase until a high Curie temperature (TC) of 650 1C. In this work, we investigate the piezoelectric

mechanism in BFTM–xPT, a novel high-TC ferroelectric ceramic. To elucidate the origin of its enhanced

piezoelectric performance, relative to other piezoceramics of similar TC, in situ electric field X-ray total

scattering experiments were performed. Total scattering combines Bragg scattering (diffraction) and dif-

fuse scattering (pair distribution function), providing insight on various length scales. With information

spanning different length scales, extrinsic contributions (i.e., domain wall motion and interphase bound-

ary motion) can be separated from intrinsic contributions (i.e., piezoelectric lattice strain). We show that,

for compositions within the morphotropic phase boundary (MPB, x = 0.325), the piezoelectric response

is dominated by intrinsic piezoelectric lattice strain, whereas outside the MPB (x = 0.375) the major com-

ponent of the piezoelectric response is from extrinsic mechanisms including an electric-field-induced

phase transition and tetragonal domain wall motion. This article reveals that the origin of piezoelectric

response in BFTM–xPT is composition-dependent and shows that high-performance materials may also

be located outside the MPB. These findings can help guide material design to optimize properties for

specific applications.

1 Introduction

Piezoelectric materials, which couple mechanical and electrical
energy, are widely used in sensors and actuators due to their
ability to generate an electric charge under mechanical stress
(direct piezoelectric effect) and undergo mechanical deforma-
tion under an applied electric field (converse piezoelectric
effect).1 The demand for high-temperature, high-performance
sensors and actuators in aerospace and energy industries is
increasing rapidly with more systems operating in extreme
environments.2–4 One example being piezoelectric sensors for
structural health monitoring to enhance the safety and service-
ability of high-temperature systems.5,6 Currently, lead zirconate
titanate (PZT)-based ceramics dominate industrial applications
due to their high piezoelectric performance (200–600 pC N�1

for PbZr0.52Ti0.48O3, depending on dopants).7 However, PZT
exhibits a low Curie temperature TC (390 1C for PbZr0.53Ti0.47O3)8

which prevents its use in high-temperature environments.
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Additionally, growing regulatory pressure to reduce toxicity drives
the search for lead-free or lead-reduced alternatives.9–11 A low-TC

and high-toxicity are two limitations of PZT, and there is a current
need for new environmentally friendly piezoelectric materials with
high performance and high operating temperature.

A promising candidate for high-temperature piezoelectric
applications is a solid solution between two perovskite struc-
tures: BiFe2/8Ti3/8Mg3/8O3 (space group: R3c) and PbTiO3 (space
group: P4mm), denoted (1 � x)BiFe2/8Ti3/8Mg3/8O3–xPbTiO3, or
BFTM–xPT. The BiFe2/8Ti3/8Mg3/8O3 end member plays a key
role in the enhanced properties of BFTM–xPT owing to the
presence of Bi3+ on the A-site and its high TC. Incorporating Bi3+

on the A-site is advantageous because, like Pb2+, it possesses a
6s2 lone pair that hybridizes with oxygen anions, promoting
strong structural distortions. However, stabilizing Bi3+ on the
perovskite A-site is often challenging due to its small ionic
radius (Bi3+

XII = 1.34 Å).12 In BiFe2/8Ti3/8Mg3/8O3, the presence
of three B-site cations of different valences (Fe3+, Ti4+ and Mg2+)
provides a flexible framework that accommodates the small
Bi3+ cation within the large A-site cavity. Additionally,
BiFe2/8Ti3/8Mg3/8O3 exhibits a low Goldschmidt tolerance
factor,13 a key feature that stabilizes the non-centrosymmetric
phase at high temperature.12 Consequently, BiFe2/8Ti3/8Mg3/8O3

has a high TC of 760 1C.14

When BiFe2/8Ti3/8Mg3/8O3 is combined with PbTiO3 it forms
a solid solution.15 The piezoelectric coefficient (d33) of BFTM–
xPT improves from a near negligible response of 0.6 (x = 0) to
145 pC N�1 (x = 0.375); most importantly, whilst maintaining a
high TC of 650 1C (x = 0.325).15,16 Furthermore, the lead content
is reduced from 60 wt% in PZT to B22 wt% in BFTM–xPT.
Notably, BFTM–xPT exhibits a macroscopic strain response of
0.19% at composition x = 0.325,15 which matches the strain
performance of commercial PZT-5H (0.18%).17 It also exceeds
the d33 of high-TC ceramics with similar Curie temperatures.15

For example, 1% MnO-doped 0.25BiFeO3–0.75BaTiO3 exhibits a
TC of 619 1C and a d33 of 117 pC N�1.18 Thus, BFTM–xPT is a
promising material for commercialization as it has high piezo-
electric performance, reduced toxicity, and a high TC.

Our initial report of BFTM–xPT showed that the piezoelec-
tric properties of BFTM–xPT are highly sensitive to PbTiO3

concentration,15 and the low-field (d33) and high-field d�33
� �

piezoelectric coefficients are plotted in Fig. 1. At the MPB
(x = 0.325), the high-field piezoelectric coefficient d�33

� �
reaches

190 pm V�1, exceeding the low-field value of 100 pC N�1.
In contrast, outside the MPB (x = 0.375) the high-field d�33 is
150 pm V�1, but the low-field d33 is surprisingly higher than the
MPB at 145 pC N�1. The large contrast in magnitude of d33 and d�33
suggests that the MPB composition (x = 0.325) operates through a
different mechanism than compositions outside the MPB (x =
0.375), despite only a 5% increase in PbTiO3. Furthermore, the
large discrepancy between the low- and high-field d33 in x = 0.325
suggests that there may be a cooperative mechanism under high
fields, leading to improved strain within the MPB.

In our previous study,19 we performed a detailed investiga-
tion of the average structure of BFTM–xPT using combined
Rietveld refinements against X-ray and neutron diffraction

data. Our previous study revealed that compositions with x =
0.300–0.350 were best described by mixed-phase models, with
monoclinic Cc as the major phase and tetragonal P4mm as the
minor phase.19 At x = 0.375, the structure transitions to a two-
phase coexistence in which P4mm becomes the major phase
and monoclinic space group Cm emerges as the minor phase.19

The monoclinic space groups Cc and Cm are nearly isostruc-
tural, differing only by the nature of their octahedral tilt
systems (Cc is tilted and Cm is non-tilted). The suppression of
octahedral tilting at x = 0.375 may partly explain the larger d33

observed relative to the compositions at the MPB, as octahedral
tilting is known to hinder the piezoelectric response.20 How-
ever, the description of the average structure alone does not
capture the high-field electromechanical behaviour. While the
low-symmetry monoclinic phase and the presence of multi-
phase coexistence are known to contribute to the enhanced
piezoelectric properties at the morphotropic phase boundary
(MPB), the underlying mechanisms governing the exceptional
performance under high-field remain unclear. This current
study therefore aims to investigate the origin of the piezo-
electric response at high electric fields.

Electric-field-induced strain in piezoelectric ceramics gen-
erally arises from a combination of three effects: (1) phase
transformations; (2) domain wall motion; and (3) piezoelectric
lattice strain.21 The first two contributions are generally
referred to as extrinsic, while the latter is an intrinsic contribu-
tion. In situ electric field total scattering experiments have
emerged as a powerful tool to deconvolute the contributions
within the overall electromechanical response, and have suc-
cessfully been used to uncover the mechanism behind several
high-performance materials.22–26 Total scattering encompasses
both the Bragg reflections, which arise from long-range crystal-
line order and provide information about the average structure,
as well as the diffuse scattering, which encodes the local, short-
range correlations.27 Considering both length scales is essen-
tial, as piezoelectric ceramics often have a complex structure

Fig. 1 Low- (d33) and high-field d�33
� �

piezoelectric coefficients for BFTM–
xPT (x = 0.250–0.375) including the space group assignment as deter-
mined from previous work.19 Piezoelectric coefficients were obtained
from Rowe et al.15
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where the local, short-range structure differs from the long-
range average structure, as is the case for BaTiO3.28,29 Accord-
ingly, total scattering data provides the necessary information
on various length scales to determine the mechanism of piezo-
electric response.

The aim of this research is to understand the mechanism
of piezoelectric response along the compositions within the
BFTM–xPT solid solution. This work presents in situ electric
field X-ray total scattering data to uncover the structural
changes on the long- and short-range length scale. Phase
fraction changes and domain wall motion were investigated
through diffraction data, where full Rietveld refinements with a
texture model were completed to determine the extent of
domain reorientation and phase fraction changes upon appli-
cation of the electric field. The local structure was analysed by
quantifying changes in the pair distribution function. In this
article, we show that the mechanism of piezoelectric response
differs inside vs. outside the MPB. The mechanism outside the
MPB (x = 0.375) is predominately extrinsic with both domain
wall motion and pseudorhombohedral-to-tetragonal phase
transition, while within the MPB intrinsic piezoelectric lattice
strain is the main contribution to its piezoelectric response.

2 Experimental
2.1 Sample preparation

Ceramic pellets of BFTM–xPT (x = 0.275–0.400) were prepared
using conventional solid-state synthesis methods following the
procedure previously reported by our group.15 The pellets were
polished to o0.5 mm thickness with a mirror finish using a
semi-automatic polishing machine (LaboPol-5, Struers) with a
series of SiC foils (grits of #800, #1200, and #4000, sequentially).
Polished ceramic pellets were cut into bars (0.5� 0.5� 5.0 mm)
using a low-speed diamond saw (MTI, SYJ-160). Electrodes were
then applied to the polished, long face of each ceramic bar
using silver conductive paint (SPI supplies). The edges were
hand polished to remove any deposited silver paint that could
cause an electrical shortage. The painted bars were then
sintered in air for 1 h at 600 1C. Cross-sectional field emission
scanning electron microscopy (FESEM) (FEI Quanta FEG 250)
with accelerating voltage of 20 kV under high vacuum
(o10�6 Torr) was used to determine the grain size of BFTM–
xPT (x = 0.275–0.3750) ceramics. The cross-sectional FESEM
images were collected on fractured ceramic bars coated with Pt.
The cross-sectional FESEM images were collected on fractured
ceramic bars coated with Pt. Grain sizes were measured using
ImageJ.30

2.2 Total scattering experiments

X-ray total scattering data were obtained at ambient tempera-
ture at 11-ID-B at the Advanced Photon Source at Argonne
National Laboratory. Data were acquired using a PerkinElmer
XRD1621 amorphous silicon 2D detector. Diffraction and PDF
data were collected with incident energies of 59 and 87 keV,
respectively. A cerium dioxide standard was used to calibrate

the beam center and the sample-to-detector distance. The
sample-to-detector distances were nominally set to 1000 mm
for diffraction measurements and 250 mm for PDF measure-
ments. The sample was submerged in an electrically insulating
Fluorinert (3M, USA) bath in a Kapton (DuPont, USA) container.
The signal from the Fluorinert liquid and Kapton container
were collected separately, then subtracted from the total signal.
During the collection of PDF data, the sample stage was tilted
to 141 towards the incident X-ray beam to minimize the angular
variation between the scattering and electric field vectors with
respect to the detector plane.22 An Agilent 33220A function
generator (20 MHz function, arbitrary waveform generator) and
Matsusada high-voltage power supply (Model AMS-10B2, S/N
046594L) were used to apply an electric field across the sample.
Data were collected during the application of the electric field.
The field was increased from 0 to 8 kV mm�1 in 1 kV mm�1

increments, then decreased in 2 kV mm�1 steps. Immediately
after collecting the total scattering data, the direct piezoelectric
effect (d33) of each pellet was measured on a Berlincourt-type
d33 meter (APC International, Ltd YE2730A) to ensure that
successful poling of the sample was achieved.

2.3 Data processing

The GSAS-II software31 was used to integrate 2D diffraction
data, and to calculate the PDFs. The PDF data (G(r)) is calcu-
lated by performing a Fourier transform of the S(Q) data. The
data collected on the 2D-detector were integrated in sectors to
separate the contributions of crystallites with their Qhkl vectors
in different directions with respect to the electric field. The
diffraction data was binned in �10-degree sectors then inte-
grated to obtain 10 datasets covering a detector region between
f = 0–901 where f represents the angle between the integration
region and the direction of applied field as shown in Scheme 1.

For the calculated PDFs, data was also binned in �10-degree
sectors, and the datasets at f = 01 (parallel) and f = 901
(perpendicular) were analysed. The Qmax was set to 20 Å and

Scheme 1 Experimental set-up of the in situ electric field total scattering
at 11-ID-B. The sample was mounted on a grounded stage with a high
voltage (HV) lead attached. The incident synchrotron X-ray beam (l) was
directed at the sample, and diffracted X-rays were captured by a movable
detector, positioned at 250 mm and 1000 mm for collection of pair
distribution function data and diffraction data, respectively. For orienta-
tional analysis, data were binned by radial angle f relative to the applied
field (for f = 01 Q 8 E, and for f = 901 Q > E).
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the Lorch function32 was applied to suppress additional oscilla-
tions in the PDF data caused by the truncation effect during the
Fourier transform. Previous work has shown that conventional
calculations using the sine Fourier transform of the scattering
function S(Q) is adequate to maintain directionality when
calculating directional PDFs from directional S(Q).22

2.4 Refinements

Texture refinements were performed using Materials Analysis
Using Diffraction (MAUD, version 2.9997).33 The data collected
at zero applied field was first analyzed, and then used as a
starting model for refinements against the data collected with
an applied field. For texture refinements against data collected
at applied E-field (E a 0), the background, lattice parameters,
microstructure, atomic coordinates, and isotropic displace-
ment parameters of the cations were refined. The atomic
coordinates and isotropic displacement parameters of oxygen
anions were fixed to previously reported values.19 The micro-
structure was modeled using the Popa line broadening model
in conjunction with anisotropic crystallite size and strain for
P4mm and R3m phases. For the analysis of data collected under
an applied electric field, the model was refined against 10
datasets (f = 0–901). The lattice parameters, atomic positions,
and isotropic displacement parameters were fixed to the values
obtained from zero-field refinements. A spherical harmonic
texture function (order = 4) and a weighted strain orientation
distribution function (WSODF)34 were included to model the
electric-field-induced texture and anisotropic microstrain. In all
refinements, scale factors, harmonic texture and WSODF para-
meters were refined for both P4mm and R3m phases.

2.5 Intrinsic strain determination

Analysis of the PDF data was completed to calculate the
intrinsic piezoelectric lattice strain. The calculation of intrinsic
strain from PDF data has been successful in quantifying the
local strain in other important systems.22,23,26,35 The difference
between initial data (G(r)0) and the data collected at the highest
voltage achieved (G(r)max) is represented by DG(r) as defined in
eqn (1).

DG(r) = G(r)0 � G(r)max (1)

The changes in DG(r) can be quantified by calculating the
residual RD, shown in eqn (2).23

RD ¼

PrþD
r

Gðr� drÞ0 � GðrÞE
�� ��
PrþD
r

GðrÞ0
N

����
����

(2)

The term RD represents the residual between G(r)0 and G(r)E

(a non-zero applied electric field) calculated between region D.
The RD value was calculated using a boxcar method with a
sampling range (N) of �1.5 Å and a step size of 1 Å. In eqn (2),
G(r)0 is shifted by dr to minimize RD, where dr was varied
between �1 to 1 in 0.001 increments. The value of dr that
minimizes RD is reported. In other words, dr represents the

amount that G(r)0 would have to shift to best represent G(r)E

as a function of distance r. The dr gradient was then obtained
by a linear fit of dr for 10 o r o 40 Å with the dr(0)-intercept
fixed to 0.

3 Results
3.1 Diffraction

The average grain size, determined by cross-sectional FESEM,
ranged between 0.8–1.0 mm for BFTM–xPT (x = 0.275–0.3750)
ceramics with no compositional trend (Fig. S1). The small grain
size (r1 mm) of BFTM–xPT is ideal to obtain high-quality
diffraction data with even intensity of the Debye Scherrer rings
necessary for analysis of in situ electric field data. Prior to
applying an electric field, diffraction data were collected on a
pristine, unpoled pellet. Rietveld refinements were performed
on the zero-field data to establish a starting model for subse-
quent texture refinements of the data collected under applied-
field conditions. The crystallographic structure from our
previous work19 served as an initial model for the zero-field
refinements. Our previous work reported BFTM–xPT to crystal-
lize as a mixed-phase tetragonal + monoclinic material best
described by P4mm + Cc for x = 0.300–0.350, and P4mm + Cm
when x Z 0.375.19

In this present work, the monoclinic phase (either Cc or Cm)
is modeled by a pseudorhombohedral (PR) phase of space
group R3m to simplify the refinements. A simplified approach
is adopted since Cc and Cm are both lower symmetry than R3m
and therefore require more reflections and parameters than
can be observed with the resolution of data from an area
detector. Following the precedent of an in situ electric field
diffraction study on 0.40BiScO3–0.6PbTiO3, the space group Cm
was reasonably approximated by space group R3m due to the
structural similarity between the two space groups and the
resolution limits of the instrumental setup.36 Notably, space
group Cc differs from Cm only by the presence of octahedral
tilting, a distinction that is difficult to detect by X-ray diffrac-
tion due to the weak oxygen scattering relative to heavy
cations.19 Consequently, space group R3m provides a reason-
able, simplified structural model for space group Cc as well.

For completeness, Rietveld refinements against x = 0.300
and 0.325 compositions were also completed using P4mm + Cc
to compare modeling with the monoclinic phase with space
group Cc and space group R3m. The refinements against
x = 0.300 using P4mm + Cc and P4mm + R3m yielded weighted
residual (Rwp) of 11.37 and 12.10%, respectively (cf. Tables S1–S3).
The P4mm + R3m results are presented, as the two models have
similar quality of fit metrics and employing the same structural
description ensures methodological consistency, enabling a
reliable trends comparison. However, analysis of the P4mm +
Cc model was completed and is included in the SI (Fig. S2–S4,
and Table S1). Throughout this paper, space group R3m will
be referred to as the ‘‘pseudorhombohedral (PR) phase’’ as it
represents the low-symmetry rhombohedral-like phase, and the
tetragonal P4mm phase will be labeled with ‘‘T’’. All crystallographic
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parameters from the zero-field refinements are reported in
Table S2, and the observed trends are consistent with those
reported for polycrystalline samples in our previous work.19

The diffraction data collected parallel to the electric field
(f = 01) on BFTM–xPT (x = 0.275–0.400) at various fields are
shown in Fig. 2, highlighting the 2y regions corresponding to
the {111}C and {002}C reflections. The subscript ‘‘C’’ denotes
the cubic structure and represents the family of peaks arising
from all contributing phases (both PR and T reflections).
Initial observations show that compositions x = 0.275 and
0.400 have little change in peak intensity and position, whereas
compositions around the morphotropic phase boundary
(MPB, x = 0.300–0.375) display larger changes with increa-
sing field. Interestingly, the evolution of peak intensity and
position does not follow the same trends for all compositions.
Considering the {111}C family of reflections, shown in Fig. 2a,
x = 0.300 and 0.325 display peak splitting, whereas x = 0.375
results in the shift of {111}C peak to lower 2y. Furthermore, the
{002}C reflections, shown in Fig. 2b, shift to the left and the
peak shape broadens for x = 0.300 and 0.325. In contrast, for x =
0.375, there is a change in relative intensity of the (002)T and
(200)T (at 5.92 and 6.151, respectively), and the peak corres-
ponding to the PR phase (at 6.071) decreases in intensity upon
application of the electric field. The differences in trends
between compositions suggest that the mechanisms behind
the piezoelectric response are not the same.

The diffraction data collected before poling, during poling
(at 8 kV mm�1) and after poling (at 0 kV mm�1) are shown in
Fig. S5. The data reveal that the structure does not revert back
to the initial configuration after poling, indicating that poling
of BFTM–xPT (x = 0.275–0.400) ceramics is an irreversible

process. The presence of residual polarization after removal
of the electric field is consistent with a ferroelectric material.

Upon application of an electric field to a ferroelectric
ceramic, a portion of the domains reorient to align their
internal polarization to a more preferred direction to the
E-field. Given the polarization induces a preferred crystallo-
graphic direction, the domain reorientation introduces texture,
or preferred orientation, in the diffraction pattern. By quantify-
ing the texture that develops, the extent of domain alignment
within individual crystallites can be inferred. The resulting
field-induced texture manifests itself as changes of relatively
intensities of diffraction peaks at a given 2y along the f-axis,
and can be quantified by full-pattern-fitting through Rietveld
refinement.37

Full-pattern Rietveld refinements of BFTM–xPT (x = 0.300–
0.400) were completed, where strain, texture and scale factors
of each phase were refined. The comparison of the experi-
mental and calculated data are shown in Fig. 3, and a summary
of the quality of fit (Rwp) is reported in Table S3.

Texture is reported in units of multiples of a random
distribution (m.r.d.), where a value of 1 represents a randomly
oriented material and the theoretical maxima of completely
aligned domains are 3 and 4 for [002]T and [111]R (where R
denotes the rhombohedral structure) directions, respectively.38

The term fhkl denotes the value of a hkl pole figure in a specific

Fig. 2 X-ray diffraction patterns collected on BFTM–xPT (x = 0.275–
0.400) at various applied electric fields where the {111}C and {002}C

reflections are shown in (a) and (b), respectively. Data were collected at
l = 0.2116 Å, and f = 01.

Fig. 3 Experimental and calculated intensities of diffraction data col-
lected on BFTM–xPT (x = 0.300–0.400) at 8 kV mm�1 as a function of
angle to electric field (f), shown for the {111}C (a) and the {002}C (b) family
of reflections. The experimental data are shown at the top of each panel,
with corresponding calculated models below. The calculated data was
obtained from texture refinements. The intensity values are plotted using
the square root of intensity for ease of visualization.
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direction of the sample in units of m.r.d. The calculated texture
within the T and PR phases of BFTM–xPT (x = 0.300–0.400) are
shown in Fig. 4.

Fig. 4a shows the evolution of f002 of the T phase in
composition x = 0.300 under an applied electric field. With
increasing field, f002 aligned parallel to the field direction (f =
01) progressively increases, reaching a maximum value of
2.6 m.r.d. at 8 kV mm�1. The onset of texture at 6 kV mm�1,
representing the alignment of dipoles with the electric field,
occurs above the coercive field (Ec = 4.7 kV mm�1).15 The low-
field non-zero f002 values are attributed to geometry-dependent
profile broadening inherent to bar-shaped transmission sam-
ples, which produce a wider distribution of X-ray path lengths
that result in f-dependent scattering and peak broadening in
the f = 901 sector.39 The complete sets of calculated fhkl at each
field and composition are provided in Fig. S6 and S7.

Fig. 4b and c compare the f002 of the T phases and the f111 of
the PR phases at 8 kV mm�1 for all compositions. Within the
T phases (Fig. 4b), x = 0.300 exhibits the highest degree of
domain alignment, with a f002 of 2.6 m.r.d. parallel to the E-
field (f = 01). Compositions x = 0.325 and 0.375 also show
significant alignment, with maximum f002 values of 2.1 and
1.8 m.r.d., respectively. In contrast, the PR phases in all
compositions do not exhibit measurable texture ( f111 E 1,
see Fig. 4c), indicating the absence of domain wall motion in
the PR phase.

The contribution of strain induced by non-1801 domain wall
motion of the T phase was calculated using eqn (3).38

snon-18033 ¼ c� a

a

1

2p

ðp=2
f¼0

Dfhkl� ðfÞ � cos2 f � sinfdf (3)

The term Dfhkl* represents the change in pole figure direc-

tion fhkl�
E
� fhkl�

0

� �
, f denotes the angle between the applied

E-field and the scattering vector, and the (c � a)/a term
accounts for the T lattice distortion, with a and c being the
lattice parameters, reported in Table S2.

The snon-180
33 arising from the T domain wall motion as a

function of applied field are shown in Fig. 4d. The composition
x = 0.375 exhibits the highest maximum strain. Although the
MPB compositions (x = 0.300 and x = 0.325) show greater
domain wall motion ( f002) than x = 0.375, they have much
smaller lattice distortions (c � a)/a (0.0101 and 0.0093, respec-
tively) compared to x = 0.375 (0.0354). Consequently, the MPB
compositions generate smaller T domain wall motion strain.
In contrast, the larger unit cell distortion in x = 0.375 leads
to the highest strain due to T domain wall motion despite its
lower f002. Meanwhile, x = 0.325 contributes only minimally
to the macroscopic strain because it has the smallest lattice
distortion.

It is noted that when the PR phase is modeled by space
group Cc, evidence of texture along the [111]C direction is
observed for compositions x = 0.300 and 0.325, with maximum
values of 3.2 and 1.9 m.r.d., respectively, as shown in Fig. S3.
Despite the relatively strong textures, the corresponding strain
contribution is less than 0.03% (Fig. S4) due to the small lattice
distortion. The small snon-180

33 from the PR phase suggests that
while domain walls of the PR phase (in x = 0.300 and 0.325
compositions) may exhibit high mobility, their contribution to

Fig. 4 Calculated fhkl from Rietveld refinements. (a) 002T pole figures
under various applied electric fields. (b) Summary of 002T pole figure at
8 kV mm�1 across BFTM–xPT compositions. (c) 111R pole figures of BFTM–
xPT (x = 0.300–400) at 8 kV mm�1. The y-axes are drawn to represent the
maximum theoretical fhkl for each reflection (i.e. 3 m.r.d. for 002T and
4 m.r.d. for 111R). (d) The snon-180

33 from tetragonal (T) phase (space group
P4mm) domain wall motion in BFTM–xPT (x = 0.300–0.400). The shaded
region signifies the coercive field (Ec) reported by Rowe et al.15
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the macroscopic strain remains negligible. Overall, regardless
of the choice of space group to describe the unit cell, the
domain wall motion in the PR phase contributes minimally
to the total strain, suggesting the presence of an additional
mechanism that is explored in more detail in Section 3.2.

Diffraction data also provide quantitative insight into the
phase fractions within the ceramic. The evolution of phase
fractions Fð Þ within each composition is shown in Fig. 5a.
A clear compositional trend is observed: the fraction of the PR
phase (space group R3m) decreases progressively as the amount
of PbTiO3 (x) increases. Among BFTM–xPT, compositions x =
0.300 and 0.375 exhibit the most pronounced field-induced
changes in phase fraction. To highlight variations in F , the
change in phase fraction (DF , defined in eqn (4)) is plotted as a
function of applied E-field in the bottom panel of Fig. 5.

DF ¼ FE � F 0ð Þ � 100% (4)

The term FE represents the phase fraction at a given applied
field, and F 0 corresponds to the initial phase fraction of the
sample. A positive change DF4 0ð Þ indicates an increase in the
fraction of that phase, while a negative value DFo 0ð Þ corre-
sponds to a decrease. All investigated compositions (x = 0.300–
0.400) exhibit a field-induced pseudorhombohedral-to-
tetragonal (PR-to-T) phase transition, as evidenced by an
increase in DF of the T phase DFTð Þ with applied electric field.
The þDFT reflects interphase boundary motion, in which the
interface between PR and T crystallographic phases moves such
that the T phase is favoured and grows in population. The
largest absolute increase in FT (8.2%) is in composition x =
0.375. Notably, in x = 0.375 composition, the increase in FT

continues as the field is removed, reaching a final DFT

of +14.9%. A similar, though less pronounced, trend also is

observed for x = 0.400 where FT increases by +2.5%.
In contrast, the PR dominant compositions also exhibit a
R3m to P4mm phase transition, but unlike x = 0.375, increase
in DFT does not persist once the field is removed. The greatest
change is seen in the composition x = 0.300, which has a FT

increase of +6.3%, while the composition x = 0.325 has a near-
negligible increase in FT upon poling (E1%).

The diffraction data reveal that extrinsic mechanisms,
including domain wall motion and interphase boundary
motion (increase in the T phase) contribute to the piezoelectric
response of the x = 0.375 composition. In contrast, even though
x = 0.325 has good piezoelectric performance as demonstrated
by its macroscopic properties (d�33 ¼ 190 pm V�1 and strain =
0.19%),15 extrinsic domain wall motion contributes minimally
to the strain and interphase boundary motion is negligible. The
absence of extrinsic contributions in the MPB composition
suggests that intrinsic mechanisms may play an important role
in governing its piezoelectric response.

3.2 Pair distribution function analysis

The pair distribution function was used to elucidate the subtle
local structural changes induced by the applied electric field.
For each composition, the PDF data collected before poling
(G(r)0), at the maximum applied field (G(r)max), and their
difference (DG(r)) are compared in Fig. 6. The greatest changes
are found in the compositions clustered around the MPB
(x = 0.325–0.350), meaning that the applied field induces
structural changes on the local scale. Thus, compositions
x = 0.325–0.350 have an intrinsic contribution to their electro-
mechanical properties. In contrast, the local structures of
the compositions outside the MPB (x = 0.275–0.300 and
0.375–0.400) are less affected by an applied field, as seen by
the suppressed DG(r).

Fig. 5 Evolution of phase fractions in BFTM–xPT (x = 0.300–0.400) upon applied electric field. Top panels show the absolute phase fractions Fð Þ of the
R3m and P4mm phases, while the bottom panels show the change in phase fractions (DF , see eqn (4)). Phase fractions were obtained from the
refined scale parameters during Rietveld refinements of diffraction data collected from 0–8 kV mm�1 in 1-kV mm�1 steps during field application, and in
�2-kV mm�1 steps during field removal. The first measurement of each dataset is indicated by the large open symbol. Shaded regions at B5 kV mm�1

highlight the coercive field (Ec) reported by Rowe et al.15
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The composition x = 0.325 has the highest magnitude of
DG(r), demonstrating that significant structural changes occur
on the local scale. Looking closer at how the local structure
evolves with increasing electric field, Fig. 7 displays G(r) on
the short- and medium-length scales and compares two com-
positions: x = 0.325 (inside the MPB) and 0.375 (outside
the MPB). The peak at 3.5 � 0.3 Å corresponds to the A–B
distances, and the peak at 4 Å corresponds to the A–A
distances. The 20–30 Å region represents medium-range cor-
relations that are approximately 5–8 unit cells apart.
In composition x = 0.325, G(r) changes with the electric field
on both the short- and medium-length scales, where the peak
at r E 3.5 Å shifts to lower r and a systematic shift of the data
to higher r occurs at medium-length scales. In contrast, there
is minimal change outside the MPB for x = 0.375, as shown
in Fig. 7.

As the data in Fig. 7 were collected parallel to the applied
electric field (f = 01), a shifting data to higher r indicates that
the atom–atom correlations have lengthened, and an elonga-
tion of the unit cell in the direction that is parallel to the field
has occurred. The systematic shift of peaks to higher r is a
signature of piezoelectric lattice strain, and the remainder of
this section will focus on understanding and quantifying piezo-
electric lattice strain further.

Fig. 8 shows the residual shift, dr (defined in eqn (2)), for
x = 0.275–0.400 compositions. A larger magnitude of dr corre-
sponds to a larger shift between G(r)0 and G(r)E. The highest dr
values are found in the compositions around the MPB (x =
0.300–0.350), with the maximum dr values found in composi-
tion x = 0.325.

For x = 0.300–0.350, dr increases in magnitude with: (1)
increasing r (interatomic distance); and (2) increasing electric

Fig. 6 Comparison of G(r) parallel to the applied field (f = 01) for BFTM–
xPT (x = 0.275–0.400) measured before (E0 = 0 kV mm�1) and during
poling at the maximum applied field (Emax = 8 kV mm�1 for x = 0.300,
0.325, 0.375, and 0.400; 7 kV mm�1 for x = 0.275; and 6 kV mm�1 for
x = 0.350).

Fig. 7 Evolution of G(r) (f = 01) for x = 0.325 (top) and x = 0.375 (bottom)
upon application of a 8-kV mm�1 E-field. The low-r region (r = 3.0–4.5 Å)
shows the features that correspond to the A-site (Pb2+ or Bi3+) to B-site
(Fe3+, Ti4+ or Mg2+) cation distances (A–B) and the A-site to A-site cation
distances (A–A). The data collected on x = 0.325 show a peak shift to
smaller r for the A–B features, whereas the high-r data shift to higher r-
values upon application of a field. Trends are indicated by grey arrows.
Conversely, the PDF data collected for x = 0.375 shows minimal change
upon application of a field.

Fig. 8 PDF peak shifts (dr) parallel (f = 01) and perpendicular (f = 901) to
the field across r for electric fields ranging from 1–8 kV mm�1.
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field strength. Crystal poles aligned parallel to the electric field
exhibit a positive shift, corresponding to unit cell elongation
along the field direction, whereas crystal poles oriented
perpendicular to the field exhibit a negative shift, indicating
contraction perpendicular to the field. The magnitude of dr
parallel to the field is larger than the dr perpendicular to it,
reflecting the anisotropic nature of the field-induced strain.
Similar anisotropic lattice strain have also been observed in
(1 � x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 and (KxNa1�x)0.5Bi0.5-
TiO3 ceramics.23,26

The dr gradient represents the local strain in the material
and provides insight into the mesoscale piezoelectric coeffi-
cients.35 Fig. 9 compares the mesoscale strain of BFTM–xPT (x =
0.300–0.375) with that of other ferroelectric materials. The
maximum strain was observed for the MPB composition (x =
0.325) with a value of 4.5 � 10�3, indicating that the MPB
composition exhibits the largest intrinsic response to an
applied E-field relative to compositions outside of the MPB.

Compared to other ferroelectric materials, the MPB composi-
tion, x = 0.325, exhibits an intrinsic strain similar to the
industry-standard piezoelectric material PbZr0.54Ti0.46O3,
whereas x = 0.300, 0.350, and 0.375 show magnitudes similar
to those reported for (1 � x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3

and (KxNa1�x)0.5Bi0.5TiO3 ceramics.23,26

For x = 0.300–0.350, there are two regions in the dr gradient:
(i) below approx. 5 kV mm�1, where dr gradient increases
gradually; and (ii) above approx. 5 kV mm�1, where the slope
of dr gradient becomes steeper. The onset of region (ii) coin-
cides with the coercive field15 and with an increase of f002

indicating the initiation of domain wall motion. The simulta-
neous increase of dr gradient and f002 (see Fig. S6) near
5 kV mm�1 suggests that the lattice strain is intricately tied
with domain wall motion.

The high-field linear region of the dr gradient was linearly fit
(see Fig. S9) and the slope was obtained, which represents the
intrinsic contribution to the high-field piezoelectric coefficient
d�33
� �

, referred to as the intrinsic d�33, corresponding to piezo-
electric lattice strain. The intrinsic d�33 values are reported in
Fig. 10 and are compared to the d�33 originating from domain
wall motion (details for calculating the extrinsic d�33 are
included in the SI, see eqn (S1)–(S3)). The piezoelectric lattice
strain is maximized at x = 0.325, and decreases as the composi-
tion moves further away from the MPB. In contrast, the
extrinsic strain, originating from T domain wall motion, is
highest at x = 0.375.

The bulk d�33 and bulk d33 data previously reported by Rowe
et al.15 are included in Fig. 10 to directly compare the d�33
calculated from the total scattering experiments to the bulk d�33
measured from the ceramic. Differences in poling history
between bulk and total scattering experiments may introduce

Fig. 9 Intrinsic strain (dr gradient) of BFTM–xPT (x = 0.300–0.375) com-
pared to common literature materials. BFTM–xPT are represented by
closed circles: x = 0.300 ( ), x = 0.325 ( ); x = 0.35
( ), and x = 0.375 ( ). Literature references include:
PbZr0.54Ti0.56O3 ( ),25 (K0.20Na0.8)0.5Bi0.5TiO3 ( ),23

(K0.15Na0.85)0.5Bi0.5TiO3 ( ),23 (1 � x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3

for x = 0.45( ) and x = 0.55 ( ).26 (b) Comparison of the dr

gradient as a function of composition of BFTM–xPT (x = 0.300–0.375) at a
maximum applied field (E) of 6 kV mm�1.

Fig. 10 Comparison of the high-field piezoelectric coefficient d�33
� �

ori-
ginating from extrinsic domain wall motion and intrinsic piezoelectric
lattice strain. The extrinsic d�33 was calculated from the snon-180

33 , while the

intrinsic strain is calculated from dr gradient. Further details of these
calculations are reported in the SI (S5). The bulk d�33 and bulk d33 data

previously reported by Rowe et al.15 plotted to compare the d�33 calculated

from the total scattering experiments to the bulk d�33 measured directly

from the ceramic.
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minor variations in piezoelectric coefficients; however, the
compositional trends remain consistent. The maximum lattice
strain coincides with the maximum bulk d�33 at x = 0.325,
whereas the maxima in domain wall motion and d33 both occur
at x = 0.375. The correlation between lattice strain and the bulk
d�33 demonstrates that intrinsic lattice strain dominant the
high-field electromechanical response within the MPB. In con-
trast, the correlation between domain wall motion and bulk d33

indicates that the extrinsic domain wall contributions govern
the low-field electromechanical response outside the MPB.
Overall, the comparison of intrinsic and extrinsic d�33 values
indicates that the intrinsic strain is maximized at x = 0.325,
while the extrinsic strain is maximized at x = 0.375.

4 Discussion

This article investigated the average and local structural
changes in BFTM–xPT under an applied electric field. The most
significant field-induced changes were observed for composi-
tions at and near the MPB (x = 0.300–0.375), as visible in the
diffraction (Fig. 2) and PDF (Fig. 6) data. By contrast, composi-
tions further from the MPB exhibit only minimal structural
responses. For the rhombohedral composition (x = 0.275), the
limited response is likely due to its pronounced degree of
octahedral tilting.19 Octahedral tilting induces an antiferrodis-
tortion that effectively clamps domain walls and suppresses
extrinsic contributions;40 octahedral tilting has been shown to
decrease piezoelectric performance.20

On the T side of the MPB, the x = 0.400 composition also
displays modest structural changes in both diffraction and PDF
data (Fig. 2 and 6), potentially due to the increased tetragonality
of the unit cell. As the concentration of PbTiO3 (x) increases,
tetragonality increases while the domain wall mobility corre-
spondingly decreases. For x = 0.400, f002 is 1.2 m.r.d. and c/a
ratio is 1.043, whereas for x = 0.375, f002 increases to 1.7 m.r.d.
and exhibits a lower c/a ratio of 1.035. The inverse correlation
between unit cell distortion and domain wall mobility is similar
to the trend observed in (1 � x)Ba(Zr0.2Ti0.8O3)–x(Ba0.7Ca0.3)-
TiO3, where compositions with lower tetragonality (closer to the
MPB) exhibit greater domain wall motion.26,41

Compositions within the MPB (x = 0.300 and 0.325) exhibit
the highest domain wall motion in the T phase ( f002), as shown
in Fig. 4b, meaning that domains more easily align with the
external E-field which consistent with Martensitic-based theory
that states that the domain wall motion is enhanced at the
MPB.42 The enhanced domain reorientation in the MPB is
also present in (1 � x)Ba(Zr0.2Ti0.8O3)–x(Ba0.7Ca0.3)TiO3,26

(KxNa1�x)0.5Bi0.5TiO3,23 and Nb-doped PZT.25 However, the
enhanced domain wall motion within the MBP is in contrast
to the compositionally and structurally similar system BiScO3–
PbTiO3 (BS–PT), where BS–PT does not support the Martensitic
model and exhibits decreased domain wall motion in the MPB.
Instead, the high piezoelectric performance of BS–PT arises
from an electric-field-driven phase transition.43 The contrast
between Martensitic-driven behaviour in BFTM–xPT and the

field-induced phase transitions in BS–PT highlights the diver-
sity of mechanisms within the BiMO3–PbTiO3 family of materi-
als, despite structural and chemical similarities.

In comparison to other tsystems, the T domain wall motion
within the composition x = 0.375 ( f002 = 1.8 m.r.d.) is slighter
larger in magnitude compared to BiMg0.5Ti0.5O3–PbTiO3 ( f002 =
1.7 m.r.d. at E = 4.8 kV mm�1)44 and BiNi0.5Ti0.5O3–PbTiO3

( f002 = 1.4 m.r.d. at E = 5.2 kV mm�1).45 Alternatively, the MPB
compositions of x = 0.300 and 0.325 exhibit a larger magnitude
of domain wall motion with f002 = 2.6 m.r.d. and 2.1 m.r.d. at
E = 8 kV mm�1, respectively. These values closely match the
magnitude of domain wall motion seen in non-MPB 0.35BiNi0.5-
Hf0.5O3–0.65PbTiO3 ( f002 = 2.2 m.r.d. at E = 5 kV mm�1),46

and modified BiFeO3–PbTiO3 (0.6Bi0.95La0.05FeO3–0.2PbTiO3–
0.2BaTiO3, f002 = 2.2 m.r.d. at E = 6 kV mm�1).47

No PR domain wall motion is observed throughout the
series of compositions studied (Fig. 4c). Interpretation of the
PR phase is, however, limited by the model. In this present
work, the PR phase was modeled by space group R3m, although
our previous study showed it is more accurately characterized
by monoclinic space groups Cc (for x = 0.275–0.35) and Cm
(for x = 0.375).19 As a result, potential domain wall motion
within the monoclinic structures (Cc and Cm) may be present
but is beyond the resolution limits of our dataset. Refinements
against x = 0.300 and 0.325 using the P4mm + Cc model reveals
evidence of possible domain wall motion, but confidence is low
due to highly correlated parameters and significant peak over-
lap. Accordingly, results are reported using the approximated
R3m model, while noting that future studies are necessary to
investigate potential domain wall motion in the monoclinic
structures. Piezoresponse force microscopy (PFM) or transmis-
sion electron microscopy (TEM) are promising potential experi-
ments that aid in understanding domain structures and
domain density.

Although the highest T domain wall motion is observed
within the MPB, the relatively low T phase fraction and the
small unit cell distortion (c/a = 1.01, see Table S2 for lattice
parameters obtained from refinements) mean that the domain
wall motion contributes only a minor fraction of the total strain
(extrinsic d�33 ¼ 40 pm V�1). Instead, the large strain is primar-
ily achieved through an intrinsic mechanism, as evidenced by
the PDF analysis (intrinsic d�33 ¼ 97 pm V�1). The relative con-
tributions of intrinsic and extrinsic d�33 to the total electrostrain
in x = 0.325 stand in stark contrast to those in x = 0.375, where
the extrinsic d�33 is 186 pm V�1 and the intrinsic contribution is
only 27 pm V�1 (as shown in Fig. 10), highlighting how
compositional tuning can fundamentally alter the balance of
intrinsic and extrinsic mechanisms. Notably, the average grain
size is similar (B1 mm) across the BFTM–xPT solid solution
(Fig. S1) demonstrating that the mechanistic differences origi-
nate from differences in chemistry rather than changes in the
microstructure.

The large contribution of intrinsic strain within the MPB is
also present in other perovskite ferroelectric systems including
(KxNa1�x)0.5Bi0.5TiO3,23 Nb-doped PZT,25 and (0.75 � x)BiFeO3–
PbTiO3–xBa(Zr0.25Ti0.75)O3,48 but interestingly this feature is
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not present in compositionally similar BS–PT.43 The difference
in mechanisms between BS–PT and BFTM–xPT shows that
enhanced intrinsic strain within the MPB is not a universal
feature and it is important to investigate each system individu-
ally to fully understand the electromechanical mechanism.

With increasing electric field, composition x = 0.375 exhibits
growth in the T phase fraction at the expense of the PR phase,
indicating interphase boundary motion (as displayed in Fig. 5).
During interphase boundary motion, the PR regions undergo a
phase transition to the T structure, thereby shifting the phase
boundary and increasing the overall T phase fraction. A sche-
matic of mechanisms in composition x = 0.375 are drawn in
Scheme 2a, where the domains aligned with the E-field grow in
size resulting in: (1) the domains not aligned with field to
decrease; and (2) phase transformation of the PR unit cells
along the grain boundary to transition to T, consequently
moving the interphase boundary and increasing the T phase
fraction. Similar PR-to-T phase transitions occur in BS–PT,43

BiMg0.5Ti0.5O3–PbTiO3,44 and 0.93Bi0.5Na0.5TiO3–0.07BaTiO3.49

In contrast, modified-PZT50 and BiNi0.5Hf0.5O3–PbTiO3
46

undergo interphase boundary motion that favours a monocli-
nic phase, accompanied by a tetragonal-to-monoclinic phase
transition.

Unlike x = 0.375, the phase fractions of the MPB composi-
tion, x = 0.325, remain essentially unchanged upon poling
(see Fig. 5), indicating that interphase boundary motion does
not contribute to piezoelectric performance within the MPB.
Despite the lack of change in the average structure, the PDF

data (Fig. 7) reveal pronounced structural changes on the local-
and medium-length scales, suggesting that the short- and
medium-range structural distortions in x = 0.325 do not pro-
pagate with sufficient long-range coherence to modify the
description of the average crystallographic structure. As a
result, the refined average structure and the associated phase
fractions remain unchanged even though substantial local
distortions occur.

A prominent feature in the PDF data (Fig. 7) is the apparent
shift of the A–B bond length (r E 3.5 Å) to low-r which is
attributed to domain switching that redistributes local A–B
bond directions rather than contracting the bond distance as
a shift to lower r might suggest. Evidence of bond redistribu-
tion has also been reported in Na0.5Bi0.5TiO3 where the PDF
data similarly exhibited a low-r peak shift near r E 3.5 Å,22

consistent with the behaviour observed in BFTM–xPT
(x = 0.325).

In addition, the PDF data also reveals a systematic shift of
peaks to high-r which can be used to extrapolate the intrinsic
strain which is plotted in Fig. 9. The intrinsic strain exhibits a
strong correlation with domain wall motion, as it emerges at
the same voltage where the field-induced texture develops.
A likely driving force for intrinsic strain is intergranular elastic
interactions induced by accumulative stress in neighbouring
grains undergoing significant non-1801 domain switching.51

Intergranular stress is depicted in Scheme 2b, where the
domain alignment with the electric field results in the length-
ening of the grain (+DL) which consequently strains neighbour-
ing grains. The intergranular strain caused domain wall motion
interpretation is further supported by the irreversibility of both
the domain wall motion and intrinsic strain, as demonstrated
in the comparison of diffraction and PDF data collected before
and after poling (shown in Fig. S5 and S8). The observed trends
are consistent with Nb-doped PZT, where domain wall motion
and strain are intricately related.25 In both Nb-doped PZT and
BS–PT, remanent strain originates from domain wall motion,
and this also appears to be the case in BFTM–xPT.

A more comprehensive understanding of the local structural
distortions in the MPB of BFTM–xPT would require additional
experimental approaches. A key limitation of the X-ray PDF
measurements is their insufficient sensitivity to resolve the B–O
and A–O correlations, which limits a detailed assessment of
local rearrangements. This limitation precludes the use of boxcar
modeling to extract the specific bond lengths and displacement
directions. Neutron scattering is one potential alternative for
probing these correlations, although it presents practical chal-
lenges: time-of-flight beamlines require complex data reduction
procedures,52 while reactor-based beamlines often lack the flux
necessary for high-quality PDF measurements.

Recent work by Yao et al. demonstrated that reverse Monte
Carlo (RMC) modeling of neutron PDF data can be used to
effectively describe both the local atomic distortions and the
distribution of polarization orientations in ferroelectric
ceramics.53 Yao et al. further highlighted that piezoelectric
performance is governed not only by the magnitude of polar-
ization, but also by orientational disorder arising from local

Scheme 2 Visual representation of potential piezoelectric mechanisms
in BFTM–xPT resulting in the elongation of grains in the same direction as
E-field (+DL). (a) Outside the MPB, piezoelectric response arises from both
domain wall motion and interphase boundary motion. (b) Inside the MPB,
tetragonal (T) domain wall motion induces intergranular strain to neigh-
bouring pseudorhombohedral (PR) grains. Purple domains denote T
regions and grey domains denote PR regions.
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dipole fluctuations.53 Notably, the materials studied by Yao
et al. were compositionally simpler than BFTM–xPT. Neutron
PDF measurements on BiFe2/8Ti3/8Mg3/8O3 have already proven
challenging to analyze due to the large the large number of pair
correlations.54 Therefore, the addition of further A-site substi-
tution in BFTM–xPT, along with the application of an electric
field, would significantly increase the complexity of both data
collection and modeling. Nevertheless, the dominance of a low-
symmetry PR phase within the MPB gives the polarization
vector increased orientational freedom, which may promote
dipole disorder. Such disorder could explain why local changes
are not visible in the average structure. Thus, RMC modeling of
neutron PDF data for BFTM–xPT, while experimentally and
computationally demanding, could clarify how local distortions
and polarization disorder combine to influence electromecha-
nical behaviour.

Importantly, neutron PDF would also provide a direct means
to investigate a key unresolved questions in this work, namely
the pronounced disparity between the low- and high-field
piezoelectric coefficients within the MPB compositions (x =
0.300–0.350), as shown in Fig. 1. One hypothesis for the much
higher d�33 is the occurrence of a reversible high-field local
structural phase transition that generates additional local dis-
tortions which enhances the high-field response, but is
reversed upon field removal, thereby not contributing to the
low-field d33. Because this proposed transition is expected to be
short-ranged, it would not be visible in the average structure
diffraction; however, in situ neutron PDF would be well suited
to capture the subtle, field-induced rearrangements of the
oxygen octahedra and cation displacements associated with a
local phase transition. Although neutron PDF measurements
lie beyond the scope of the present study, our results provide an
essential foundation and motivation for more intricate investi-
gations of the local structure of BFTM–xPT to resolve this
outstanding question.

Elucidating the origin behind piezoelectric response pro-
vides an explanation for the substantial composition-
dependent variations in the bulk macroscopic piezoelectric
coefficients reported in our previous work (Fig. 1).15 For x =
0.375, extrinsic contributions dominate the electromechanical
response with a PR-to-T phase transition and extensive domain
wall motion. The phase transition is non-reversible explaining
the large d33 of 145 pC N�1 upon removal of the field.
In contrast, the MPB composition (x = 0.325) displays a lower
d33 of 100 pC N�1, but a high d�33 of 190 pm V�1. The present
findings indicate that intrinsic lattice strain is the dominant
contributor to its electromechanical response at high fields.
Thus, the compositional variations in the bulk macroscopic
properties can be attributed to fundamental differences in the
electrostrain mechanisms.

This study has focused on the high-field piezoelectric
response d�33, demonstrating that intrinsic mechanisms domi-
nate in the MPB, whereas extrinsic mechanisms govern the
T-rich region (x = 0.375). Future neutron PDF studies would
provide an essential path forward, for resolving the local
structural distortions underlying these mechanisms and for

determining whether a reversible high-field local structural
transition is responsible for the observed divergence between
low- and high-field piezoelectric coefficients in the MPB.

5 Conclusions

This work studied the average and local structure of BFTM–xPT
under applied electric field using in situ electric field total
scattering. This investigation revealed that compositions at
(or near) the MPB have the largest structural response to the
external electric field, and that the mechanism is dependent on
the concentration of PbTiO3. Outside the MPB, in the T-rich
region (at x = 0.375), strain originating from extrinsic contribu-
tions are dominant. In composition x = 0.375, 86% of the total
strain originates from T domain wall motion. In addition,
interphase boundary motion is also present as x = 0.375 under-
goes a 14.9% PR-to-T phase transition. Conversely, strain
originating from intrinsic effects dominate the piezoelectric
response inside the MPB (at x = 0.325). Within the MPB, no
phase transition occurs. Instead, 71% of the piezoelectric
response originates from piezoelectric lattice strain caused by
intergranular stress from non-1801 domain reorientation occur-
ring in the minor T phase. The ceramic BFTM–xPT provides an
example of a solid solution with a high-performance composi-
tion beyond the conventional MPB regime, demonstrating that
useful ferroelectrics can also exist outside the MPB. Further-
more, this article illustrates how the electrostrain mechanisms
can be controlled through composition. Mechanistic control via
compositional tuning offers a powerful strategy for designing
materials optimized for targeted applications.
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