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Abstract:  

For the first time, the origin of large electrostrain in pseudocubic BiFeO3-based ceramics is verified 

with direct structural evidence backed by appropriate simulations. We employ advanced structural 

and microstructural characterisations of BiFeO3 based ceramics that exhibit large electrostrain (>0.4%) 

to reveal the existence of multiple, nanoscale local symmetries, dominantly tetragonal/orthorhombic, 

which have a common, averaged direction of polarisation over larger, meso/micro- scale regions. 

Phase-field simulations confirm the existence of local nanoscale symmetries, thereby providing a new 

vision for designing high-performance lead-free ceramics for high strain actuators. 

 

 

 

 

 

 

 

 

 

 



Piezoelectric materials (e.g. Pb(ZrxTi1-x)O3, PZT) convert mechanical energy into electrical energy and 

vice versa and play a vital role in a wide range of modern applications, such as sensors, actuators and 

transducers.[1-3] Due to concerns over the toxicity of lead, recent studies have predominantly focused 

on the development of lead-free piezoelectrics [4,5] based on compounds  such as potassium-sodium 

niobate (KNN),[6,7] sodium bismuth titanate (NBT) [8] and bismuth ferrite (BF)[9]. However, very few 

demonstrate competitive performance to replace lead-based incumbents such as PZT. 

High electric-field induced strain (electrostrain) in lead-based materials is attributed to several 

different mechanisms, such as extrinsic contributions (domain switching and structural 

transformation), intrinsic lattice deformation, multiple phases, polarisation rotations, formation of 

polar nano-region (PNRs), chemical short-range order and local ferroic order.[10-20] These theories 

have largely been adapted from lead-based into lead-free materials to explain and/or improve their 

properties. Phase coexistence has been proposed in NBT- (rhombohedral, R, and tetragonal, T) [8,21] 

and BF-based (R and pseudo-cubic, PC) [22] compositions with electrostrain >0.3%. Electric field-

induced structural transformations also play an important role, particularly for lead-free NBT-based 

ceramics in which irreversible (nonergodic relaxor) and reversible (ergodic relaxor) transitions occur 

from PC to long-range R and T symmetries.[23,24] For examples, 0.7% electrostrain was reported by 

Liu and Tan in NBT-based ceramics due to a phase transition between an ergodic relaxor (nanodomain) 

to a long range R phase [23], which they observed by in-situ transmission electron microscopy (TEM). 

0.38% electrostrain was also obtained in 0.64BiFeO3-0.36BaTiO3 (0.64BF-0.36BT) bulk ceramics due to 

a transformation from PC to R phase, as evidenced by splitting of the requisite diffraction peaks.[22]  

In contrast, a few recent studies on lead-free compositions [25-30] i.e. 0.69BF-0.3BT-

0.01Nd(Li0.5Nb0.5)O3 and 0.6BF-0.4SrTiO3, 0.88NBT-0.05(Sr0.8Bi0.1)TiO2.95-0.06BiZr0.05Ti0.95O3 and 

0.91NBT-0.06BT-0.03KNN ceramics  have demonstrated that optimised electrostrain could be realised 

in a retained PC structure without macroscopic domain switching and long-range structural 

transformation. Two theories have been proposed to explain this phenomenon: “multiple distorted 

symmetries” and “bismuth ion displacement” models by Wang et al [25,28] and Kuroiwa et al [26], 

respectively. However, direct local structure measurements were either absent or limited in each 

study. In this letter, we have employed a combination of in-situ poling high-energy synchrotron x-ray 

diffraction (SXRD), x-ray total scattering with pair distribution function analysis (XPDF) and high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) to investigate both the 

macro- and microscopic behaviour of BF-based lead-free ceramics that exhibit large electrostrain 

(>0.4%). We demonstrate unambiguously the existence of local nanoscale (1-2 nm) multiple 

symmetries (dominantly T and orthorhombic, O) in an averaged PC lattice for BF-based materials and 

that large electrostrain can only arise from a common, average direction of polarisation within 

meso/micro scale regions composed of nanodomains with multiple different symmetries, thereby 

supporting the model proposed by Wang et al.[25] 

A series of lead-free ceramic compositions, (0.7-x) BiFeO3-0.3BaTiO3-xNd(Mg2/3Nb1/3)O3 (BF-BT-xNMN, 

x=0.00-0.10), were fabricated using a conventional solid-state method (further experimental details 

are provided in Supplemental Materials) yielding relative density >94%. Both electric field-polarisation 

(P-E) and electric field-strain (S-E) were evaluated, resulting in the highest maximum polarisation (Pmax) 

of 37 C cm-2 and electrostrain of 0.42% for x=0.02 (See Figure S1 of Supplemental Materials) in 

contrast with only ~0.20% for x=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 Materials [31,32]) Prior to the application 

of an electric field (E=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=0.02 (Figure 1a and Figure S2 of 



Supplemental Materials) whereas a mixture of R (62%) and PC (38%) was obtained for x=0.00.[25] 

Before, during and after application of two full cycles of electric field (up to 100 kV cm-1), all XRD peaks 

remained symmetric singlets at an orientation vector at β=0˚ (the direction in parallel to external 
electric field, Figure 1c) and β=90˚ (the direction in perpendicular to external electric field, see Figure 
S3 of Supplement Materials) and exhibited a horizontal shift as a function of electric field, thereby 

excluding the possible occurrence of an electric field-induced structural transformation. At β=0˚, peak 

positions shift to lower 2θ with increasing electric field from 0 to +Emax, indicating an elongation of the 

lattice in the direction of the electric field. A large number of reported lead-free materials undergo an 

electric field-induced irreversible/ reversible structural transformation, evidenced by evolution of 

their domain morphology (polar nano-regions, PNRs, to ferroelectric lamellae domains) under TEM or 

peak splitting/merging under SXRD. The absence of changes in peak shape here (Figure 1b) indicates 

that the origin of electrostrain for these BF-based materials is different to many previously reported. 

 

Figure 1. (a) Full-pattern XRD refinement of x=0.02 ceramics using single cubic Pm3̅m with subfigure 

of two XRD representative peak profiles of 111 and 200. (b) Experimental measured strain hysteresis 

curve for x=0.02. (c) 3D and 2D plots of the changes in the XRD 200 peak profile at β = 0˚ as a function 
of applied electric field. (d) Estimated strains of 200, 111 and 220 calculated from XRD peaks. 

Electrostrain is normally estimated by calculation of the strain of individual peaks during in-situ poling 

which can then be used to interpret the experimental origin of macroscopic S-E behaviour, typically 

accounting for both extrinsic (domain) and intrinsic (lattice) contributions.[33] In this study, the 

absence of changes in the XRD peak shape precludes this general approach and only the displacement 

of individual peaks can be assessed. The lattice deformation, obtained from individual peak positions 

(2θ or d-spacing) as a function of electric field, is shown in Figure 1c. The estimated strains associated 

with each reflection are 0.34, 0.45 and 0.39% for 111(111), 200 (200) and 220 (220), respectively at 

100 kV cm-1. The total estimated strain (Sest), calculated from XRD peaks, is ~0.41%. This is comparable 

to the measured macroscopic Smax~0.42% and dominantly but not exclusively associated with the 



displacement of the 200 and equivalent peaks with 200 approximately 30% higher than 111 for x = 

0.02. We note that for x=0.00 and 0.05 the difference is <10% (Figure S4 of Supplemental Materials). 

For long-range ordered ferroelectric ceramics, the estimated lattice strain calculated from the singlet 

111 and 200 XRD reflections is used to evaluate the lattice distortion due to domain switching in 

macroscopic tetragonal and rhombohedral structures, respectively. Here, any occurrence of long-

range macroscopic structure is excluded due to the retained average macroscopic PC lattice (all singlet 

and symmetric peaks) throughout in-situ poling. Each of the studied low order reflections therefore, 

is only affected by local responses (e.g. a local field induced structural transformation or polarisation 

rotation) and its elastic compliance with the surrounding PC matrix. The variation of ε111, ε200 and ε220 

under the applied field suggests there maybe short-range, local distortions corresponding to 

rhombohedral, tetragonal and orthorhombic structures within an average macroscopic PC lattice. 

Thus it is critical to reveal the origin of these local distortions, as an optimisation strategy to enhance 

electrostrain in lead-free BF-based materials. 

To further study local distortions, HAADF-STEM imaging of the electrostrain optimised composition 

(x=0.02) was performed on a Cs-corrected Hitachi HF5000 microscope. We note that no large 

wedge/tweed domains were observed in preliminary TEM studies and local regions were assigned an 

uneven distribution of PC and R phases, based on superstructure reflections in diffraction patterns 

(See Figure S5 of Supplemental Materials). Local distortions corresponding to different symmetries 

were determined by B-site cation sites relative to the centre of 4 A-site cations, Figure 2a. The atomic 

column positions (light red and green arrows) at picometer-precision fitting were performed using 

MATLAB software. [34,35] The polarisation vectors are shown in pink with T/O along <001> and yellow 

areas with R/O along <110> directions, respectively. The distorted clusters deviate from the average 

PC lattice with a correlation length of ~1-2 nm. Local lattice anisotropic distortions, obtained by 

calculating lattice parameter between [001] and [100] directions (Figure 2b) based on the HADDF-

STEM image, were 0.98 to 1.07, varying as a function of distance across the HADDF-STEM image due 

to local structural and strain heterogeneity. XPDF box-car analysis [36] provides a further opportunity 

to examine the local structure (2-52 Å) of x=0.02 (Figure 2c and 2d) with experimental/analysis details 

provided in Supplemental Materials. Figure 2c shows the XPDF data (2-22 Å) for x = 0.02, 0.05 and 

0.10. Overall, these three G(r) profiles are similar with only slight differences in peak intensity and 

shape. Combinations of structural models, including C, T, R and O, were used to fit the apparent local 

structure (<22 Å) (See Figure S6 of Supplemental Materials). A single Pm3̅m structure gives the poorest 

fit (Rw~16%) with the best refinement (Rw ~10 %) for x=0.02 (largest electrostrain) obtained with a 

mixture of T (31%), O (34%) and R (35%) phases. For x = 0.05, the best-refined structure (Rw~11%) was 

obtained with the R phase being dominant. For x = 0.02, the T distortion obtained from the box-car 

analysis (Figure 2d) has a c/a=1.062 at a r ~12 Å but decreases to c/a=1.005 as r increases. The 

microscopic and XPDF results therefore, confirm the existence of multi-symmetry (dominantly T and 

O phases) at the nanoscale providing new insight to tailor the electromechanical responses by 

optimising local structure. 



 

Figure 2. (a) The [010]p-oriented HAADF STEM images for x=0.02. Yellow and pink areas are distorted 

symmetries, with magnified images with different polarisation directions. The blue and grey spheres 

represent A and B-site cations, respectively. (b) Local lattice anisotropic distortion mapping cross 

HAADF-STEM image. (c) XPDF G(r) plots (r=2-22 Å) for compositions with x=0.02, 0.05 and 0.10 with 

expanded peak profiles of r=2-5 Å. (d) “Box-car” fitting for x=0.02 in a r range of 2-50 Å. 

The direct HAADF STEM observations and local structure refinements revealing perturbations in 

symmetry away from macroscopic PC are reported in BF based ceramics for the first time.  They 

confirm a model unlike those previously used to explain piezoelectric or electrostrictive properties, 

which typically classify materials as either long-range ferroelectrics or short-range relaxor-

ferroelectrics; the latter composed of PNRs of the same symmetry. Previous studies under external 

electric field have proposed that short correlation length in relaxor-ferroelectrics tends to propagate 

to a medium or long-range ferroelectric state (either irreversible and reversible). For example, La 

doped BF-PbTiO3 ceramics have recently been reported with large electrostrain over 1%,[37] mainly 

due to i) an irreversible structural transformation from PC to T structure, ii) strong ferroelectric and 

ferroelastic domain switching, and iii) lattice deformation. Here, the local structure retains short-range 

correlations regardless of poling/applied field but nonetheless remains electromechanically active. 

Effectively, the material has a macroscopic direction of polarisation, strain averaged across multiple 

symmetry local nano-regions, resulting from the occupation of ions of different radius, valence and 

polarisability on the A and B-sites. In particular, the Ba2+ and Bi3+ have very different ionic radii and 

polarisabilities.[38] 

To further establish the validity of this model, phase-field simulations were performed with more 

details of the method provided in Supplemental Materials.[39-42] A two-phase model was employed 

initially for the BF-BT matrix due to the lack of potential functions.[18] Although the phase ratio is 

slightly different from the experimental observation, the simulations nonetheless provide theoretical 



guidance to understand the experimental results. We note that substitution of NMN in the BF-BT 

structure reduces the Curie maximum indicating solid solubility, with the electrostrain and charge 

locally differing due to mismatch in ionic radii and valence, as suggested above. The phase-field 

simulations of P-E and S-E curves, as well as domain structures of BF-BT (x=0.00) and BF-BT-0.02NMN 

(x=0.02) are shown in Figure 3. The P-E curve for x=0.02 is slightly slimmer with lower Pmax than x=0.00 

(Figure 3a), yet the electrostrain is significantly higher (Figure 3b). Although the absolute values from 

P-E and S-E loops do not precisely match the experimental values, electrostrain is clearly enhanced by 

substituting NMN (x=0.02) into the BF-BT matrix. The comparison of the domain structure between 

x=0.00 and x=0.02 is shown in Figure 3c and 3d, respectively. Undoped BF-BT (x=0.00) exhibits a 

dominant long-range R phase (55.9%) whereas the BF-BT-0.02NMN (x=0.02) displays local distortion 

ascribed to multiple symmetries of mainly T+O (69.8%) phases with minor R (30.2%), concomitant with 

a reduced domain size (≥1 nm). The phase-field simulations support the experimental observations 

therefore, of enhanced electrostrain for x=0.02, attributed to a decrease in the domain size and 

volume fraction of T and O symmetries, supporting SXRD and HAADF data. 

 

Figure 3. The phase-field method simulated (a) P-E and (b) S-E loops for x=0.00 and x=0.02. The 

simulated domain structures of (c) x=0.00 and (d) x=0.02. In the domain structure, three colours 

represent rhombohedral (blue, sub-figure), orthorhombic (green, sub-figure) and tetragonal (red, sub-

figure) domains. 

In summary, a lead-free BF-based composition displays large electrostrain (>0.4%) but remains 

macroscopically PC, prior, during and after application of an electric field. The estimated individual 

peak strain exhibits strong anisotropy, dominantly T/O (65%), 30% greater than R. Direct observation 

of local distortions using HADDF-STEM and XPDF local structure refinements identify multiple local 

symmetries (dominant T+O phases) within an averaged PC lattice. Under an electric field, multiple 



symmetries support a common average direction of polarisation and strain without transforming to a 

conventional long-range ordered ferroelectric. Phase-field simulations verify the experimental 

observations that NMN enhances strain, reduces domain size and promotes the presence T and O 

distorted symmetries. The work therefore presents a new paradigm for the optimisation of 

electrostrain through control of local structure. 
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