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Piezoelectric ceramics (e.g., Pb(ZrxTi1-x)O3, PZT) convert mechanical energy into electrical energy and vice versa, 
playing a vital role in a wide range of modern applications, such as sensors, actuators, and transducers. Due to 
global environmental concerns regarding lead toxicity, the development of environmentally friendly, lead-free 
piezoelectric materials is of utmost urgency. Currently, single crystal materials are used for high-performance 
actuators, exhibiting a high electro-strain of over 1%.[1] However, the experimental procedures for the growth of 
single crystals are extremely complicated and different for each type of material, leading to time waste and low 
production rates. Instead, untextured polycrystalline ceramics are relatively easy to produce, but the 
electromechanical performance is significantly reduced due to the presence of randomly oriented grains. 
Among all lead-free piezoelectrics, BiFeO3-based ceramics have been recognised as promising high-
temperature piezo candidates with moderate electromechanical properties. For actuators, electric field-induced 
strain is the most important characteristic, so extensive studies have been devoted to improving the electrostrain 
of BiFeO3-based ceramics by realising electric field-induced structural transformation and/or large domain 
switching. For example, a high electrostrain of 0.38% was reported in 0.64BiFeO3-0.36BaTiO3 bulk ceramics. [2] 
The structure was found to transform from pseudo-cubic to rhombohedral at high electric fields, achieving high 
electrostrain due to irreversible structural transformation and large domain switching. Recently, some of our in-
house ceramics, based on BiFeO3-BaTiO3 and BiFeO3-SrTiO3, have been found with optimised electrostrain in a 
retained pseudo-cubic structure. [3-5] The crystal structure remained pseudo-cubic before, during, and after the 
application of an electric field, while optimised strain up to 0.4 % was achieved. Advanced structural and 
microstructural materials characterisation techniques were employed to reveal the existence of multiple, 
nanoscale, distorted symmetries (~nm) at the local scale with a common average polar axis, which plays a critical 
role in enhancing overall electrostrain performance and providing a new strategy for designing lead-free 
piezoelectric materials. 
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study. In this Letter, we have employed a combination of
in situ poling high-energy synchrotron x-ray diffraction
(SXRD), x-ray total scatteringwith pair distribution function
analysis (XPDF), and high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) to
investigate both the macro- and microscopic behavior of
BF-based lead-free ceramics that exhibit large electrostrain
(>0.4%). We demonstrate unambiguously the existence of
local nanoscale (1–2nm)multiple symmetries (dominantlyT
and orthorhombicO) in an averagedPC lattice for BF-based
materials and that large electrostrain can only arise from a
common, average direction of polarization within meso- or
microscale regions composed of nanodomains with multiple
different symmetries, thereby supporting themodel proposed
by Wang et al. [25].
A series of lead-free ceramic compositions (0.7-x)

BiFeO3-0.3BaTiO3-xNdðMg2=3Nb1=3ÞO3 (BF-BT-xNMN,
x ¼ 0.00–0.10) were fabricated using a conventional solid-
state method (further experimental details are provided in
Supplemental Material [31]) yielding relative density
>94%. Both polarization-electric (P-E) and strain-electric
(S-E) field loops were evaluated, resulting in the highest
maximum polarization (Pmax) of 37 μC cm−2 and electro-
strain of 0.42% for x ¼ 0.02 (see Fig. S1 of Supplemental

Material [31]) in contrast with only ∼0.20% for x ¼ 0.00,
as reported previously [25]. High-energy in situ poling
SXRD was subsequently carried out on ceramic bar
specimens to evaluate the structure under electric field
(more experimental details are provided in Supplemental
Material [31]; see also Refs. [36,37]). Prior to the appli-
cation of an electric field (E ¼ 0 kV cm−1), full-pattern
refinement was performed using TOPAS software and the
best-refined result obtained with a single PC structure for
x ¼ 0.02 [Fig. 1(a) and Fig. S2 of Supplemental Material
[31]], whereas a mixture of R (62%) and PC (38%) was
obtained for x ¼ 0.00 [25]. Before, during, and after
application of two full cycles of electric field (maximum
electric field, Emax, up to 100 kV cm−1), all XRD peaks
remained symmetric singlets at an orientation vector at
β ¼ 0° [the direction parallel to external electric field,
Fig. 1(c)] and β ¼ 90° (the direction perpendicular to
external electric field; see Fig. S3 of Supplement
Material [31]) and exhibited a horizontal shift as a function
of the electric field, thereby excluding the possible occur-
rence of an electric-field-induced structural transformation.
At β ¼ 0°, peak positions shift to lower 2θ with increasing
the electric field from 0 to þEmax, indicating an elongation
of the lattice in the direction of the electric field.

FIG. 1. (a) Full-pattern XRD refinement of x ¼ 0.02 ceramics using single cubic Pm3̄m with subfigure of two XRD representative
peak profiles of 111 and 200. (b) Experimental measured strain hysteresis curve for x ¼ 0.02. (c) 3D and 2D plots of the changes in the
XRD 200 peak profile at β ¼ 0° as a function of the applied electric field. (d) Estimated strains of ε200, ε111, and ε220 calculated from
XRD peaks.

PHYSICAL REVIEW LETTERS 130, 076801 (2023)

076801-2


