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Dual strain mechanisms in a lead-
free morphotropic phase boundary 
ferroelectric
Julian Walker1,5, Hugh Simons2, Denis O. Alikin3, Anton P. Turygin3, Vladimir Y. Shur3, 
Andrei L. Kholkin3,4, Hana Ursic1, Andreja Bencan1, Barbara Malic1, Valanoor Nagarajan5,* & 
Tadej Rojac1,*

Electromechanical properties such as d33 and strain are significantly enhanced at morphotropic phase 
boundaries (MPBs) between two or more different crystal structures. Many actuators, sensors and 
MEMS devices are therefore systems with MPBs, usually between polar phases in lead (Pb)-based 
ferroelectric ceramics. In the search for Pb-free alternatives, systems with MPBs between polar 
and non-polar phases have recently been theorized as having great promise. While such an MPB 
was identified in rare-earth (RE) modified bismuth ferrite (BFO) thin films, synthesis challenges 
have prevented its realization in ceramics. Overcoming these, we demonstrate a comparable 
electromechanical response to Pb-based materials at the polar-to-non-polar MPB in Sm modified 
BFO. This arises from ‘dual’ strain mechanisms: ferroelectric/ferroelastic switching and a previously 
unreported electric-field induced transition of an anti-polar intermediate phase. We show that 
intermediate phases play an important role in the macroscopic strain response, and may have potential 
to enhance electromechanical properties at polar-to-non-polar MPBs.

The enhanced electromechanical response observed at (or near) a morphotropic phase boundary (MPB) is a 
critical phenomenon in ferroelectrics1,2. At an MPB, crystallographically different phases with low energy barriers 
coexist, realizing large physical responses (e.g., strain ε and polarization P) to weak external stimuli (e.g., stress σ 
and electric-field E)3,4. MPB materials are central to the booming market for piezoelectric devices, which is domi-
nated by lead (Pb)-based materials such as Pb(Zr,Ti)O3 (PZT) and (1-x)PbMg1/3Nb2/3O3-(x)PbTiO3 (PMN-PT)5. 
Anti-Pb legislation and changing social attitudes towards environmental sustainability and toxic materials in 
waste and manufacturing, have instigated an intense global search for Pb-free ferroelectrics containing MPBs 
with large electromechanical responses6–10.

The exploration and design of MPBs between polar and non-polar phases (polar-to-non-polar MPB) is a fresh 
and radical approach to identifying and engineering Pb-free ferroelectrics that emulate both reliable synthesis 
and the electromechanical properties of PZT11. Although consistent with Goldschmidt´s definition of an MPB12, 
polar-to-non-polar MPBs are fundamentally different to the more widely recognized MPB between two polar 
phases (polar-to-polar MPB), such as between rhombohedral (R3m) and tetragonal (P4mm) (and intermediate 
monoclinic) phases in PZT13. At polar-to-polar MPBs, property enhancements are proposed to relate to the ease 
of polarization rotation under external electric fields2,3. At polar-to-non-polar MPBs however, such enhancement 
results from a polarization extension mechanism (associated with producing the largest piezoelectric response 
ever reported: d16 =  20 000 pm/V in KH2PO4)11. The presence of an intermediate polar phase was predicted to 
allow both polarization extension and rotation mechanisms to occur simultaneously and further enhance elec-
tromechanical performance. Polar-to-non-polar MPBs are therefore, a new class of materials which have tremen-
dous potential as the new generation of high-performance Pb-free piezoelectrics.

A Pb-free, polar-to-non-polar MPB was recently demonstrated in rare-earth (RE)-modified bismuth ferrite 
(BiFeO3, BFO)14,15, where RE3+ ions (e.g. Sm, Nd, Gd, Dy) are isovalently substituted for Bi3+. BFO makes an 
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exceptional candidate end-member for the polar-to-non-polar class of Pb-free MPBs due to its very high Curie 
transition temperature (Tc ~1100 K)16, high remanent polarization (Pr ~90 μ C/cm2)17,18 and room-temperature 
multiferroicity19,20. Combinatorial thin-film studies revealed that RE-modified BFO (RE-BFO) exhibits enhanced 
piezoelectric coefficients (d33) and reduced coercive fields (Ec) at an MPB between polar, rhombohedral (R3c) 
and non-polar, orthorhombic (Pnma) phases14,15. However, the success of RE-BFO thin-films has not been repli-
cated by polycrystalline ceramics, despite their much greater demand in commercial applications such as sensors, 
actuators and transducers. Instead, their development has been slowed due to the processing problems and high 
electrical conductivity of BFO and related materials21. Realizing the potential of RE-BFO therefore requires robust 
electromechanical properties in polycrystalline ceramics.

The aim of this work is to demonstrate just this, and to identify the structural and morphological conditions 
accompanying polar-to-non-polar MPBs. Here, in polycrystalline materials of the prototypical RE-BFO system 
Bi1-xSmxFeO3 (BSFO), we achieve switching strains of ~0.3% (peak-to-peak (Spp) at electric-field frequency of 
100 Hz) comparable to those of established Pb-based systems22–25. Through a systematic study across the MPB, 
with compositions x =  8–18 mol% Sm, we show how an anti-polar phase26,27 underpins the evolution of the phase 
composition and crucially, drives a nano-scale domain topology with increasing Sm content towards the MPB 
(nearest studied composition 15.5 mol% Sm). A strain-electric-field study reveals that the anti-polar phase facil-
itates dual strain mechanisms; both ferroelectric/ferroelastic domain switching and a previously unreported 
electric-field induced phase transition. This transition of an anti-polar intermediate phase is the key to under-
standing their role in RE-BFO and discloses an important opportunity to achieve large electromechanical prop-
erties at polar-to-non-polar MPBs. By using polycrystalline materials we bring new understanding to RE-BFO, 
complementing the existing picture of atomic-scale evolution in thin films28, and in doing so we highlight the 
potential of polar-to-non-polar MPB systems as Pb-free piezoelectrics.

Results
Evolution of BSFO phase composition.  The phase composition of BSFO ceramics evolves as a function 
of the Sm content (where each composition is defined by its molar percentage of Sm i.e., x mol% Sm) and is well 
documented in the literature15,26–30. Powder X-ray diffraction (XRD) is used to identify three phases with differ-
ent crystal structures across the compositional range covered by the five BSFO compositions: 8, 12, 14, 15.5 and 
18 mol% Sm (Fig. 1):

(1)	 Phase 1: Polar, rhombohedrally distorted perovskite with space group R3c16. This phase is found predomi-
nantly in 8 and 12 mol% Sm (Fig. 1a,b).

(2)	 Phase 2: Intermediate, orthorhombically distorted perovskite with an anti-polar A-site cation ordering and 
space group Pbam, isostructural with anti-polar PbZrO3

26,27. Pbam coexists with the R3c phase and is most 
prevalent when the compositions have close proximity to the polar-to-non-polar MPB (Fig. 1a), i.e., 14 and 
15.5 mol% Sm (Fig. 1a,c).

Figure 1.  Crystal structural evolution. (a) Quantified phase composition (wt% of R3c, Pbam and Pbnm 
phases) as a function of the Sm composition (mol% Sm). Error bars indicate approximate XRD measurement 
error, the location of the polar-to-non-polar MPB is marked with red and the images of the unit cells 
corresponding to the space group of each phase present are shown. (b–d) Show the 2θ  region 31–33.5° for 
8–12 mol% Sm, 14–15 mol% Sm and 18 mol% Sm respectively, where the pseudo cubic (110)pc peak occurs. 
The peaks are labelled according to their space group and corresponding peak indices. (e) High resolution 
(HR) transmission electron microscopy (TEM) image of the 15.5 mol% Sm sample with closest proximity to 
the PB region. (f–h) Show selected area fast Fourier transforms (FFTs) in [001]pc zone axis of specific phase 
regions corresponding respectively to R3c, Pbam with ¼ (100)pc reflections (ringed), and Pbnm with ½ (110)pc 
reflections (ringed). These regions are marked in the HR-TEM image by dashed boxes.
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(3)	 Phase 3: Non-polar, orthorhombic structure with space groups Pnma, or Pbnm (here considered equivalent), 
isostructural with SmFeO3 and Sm-rich (Bi1-xSmx)FeO3

31. This is the phase appearing in the non-polar region 
of the phase diagram26,27 found in compositions after the polar-to-non-polar MPB, i.e., 18 mol% Sm (Fig. 1a 
and d). Due to its location in the non-polar region of the phase diagram, the 18 mol% Sm composition is not 
discussed further.

(For further details of structural parameters see supplementary materials A).
Firstly, 8, 12, 14 and 15.5 mol% Sm compositions are within a region where R3c (Phase 1) and Pbam (Phase 2)  

coexist, and the ratio of Pbam to R3c phase increases with the Sm content (Fig. 1a–c). Previous transmission elec-
tron microscopy (TEM) studies have revealed that this R3c–Pbam phase coexistence occurs on a nanoscale level, 
with individual chemically homogeneous grains consisting of an intimate nanoscale R3c–Pbam phase mixture32. 
The 15.5 mol% Sm composition has the closest compositional proximity to the polar-to-non-polar MPB, which 
exists between the region of coexisting R3c–Pbam (Phase 1–Phase 2), and the non-polar Pbnm (Phase 3). The 
nanoscale coexistence between R3c and Pbam phases in compositions close to the polar-to-non-polar MPB is 
believed to be a prerequisite for the enhanced electromechanical behavior observed in RE-BFO29.

In the composition closest to the MPB (15.5 mol% Sm), all three phases (R3c, Pbam and Pbnm) are present on 
the nano-scale (Fig. 1e–h). We note that despite no chemical inhomogeneity being detected32, we cannot rule out 
the contribution of both equilibrium and non-equilibrium effects in producing the phase coexistence observed. 
Nonetheless, the similarity between the phase coexistence of the BSFO ceramics and epitaxial thin films30, despite 
radically different synthesis conditions, is clear evidence for the effectiveness of the mechanochemical activa-
tion synthesis method used here (discussed in ref. 32) and additionally demonstrates the value of combinatorial 
thin-film studies as a rapid structural prototyping tool.

The change of the ferroelectric domain structure as a function of the increasing Sm content, is imaged by 
piezoresponse force microscopy (PFM) (Fig. 2a–d) and, reflects the evolution of the phase composition (Fig. 1a). 
At 8 mol% Sm, the domain topology is mainly comprised of regular lamella and wedges of size ~100–500 nm, 
reminiscent of those observed in unmodified BFO33. As the Sm content is increased for 12 and 14 mol% Sm, the 
domains become progressively smaller (~50–200 nm) and their topology more irregular. The number of visible 
domains is also reduced as the composition approaches the MPB (from 8–14 mol% Sm), to the extent that almost 
no domains are visible at 15.5 mol% Sm (Fig. 2d). We note that the grain size remains consistent across all com-
positions (~1–3 μ m) (further details in supplementary materials B).

Bright-field (BF)-TEM and selected area electron diffraction (SAED) directly relate the reduction in size and 
visibility of the domains to the emergence of the Pbam phase as the Sm content is increased (Fig. 2e,f). Phase 
regions identified by SAED with R3c structure exhibit clear lamella domains (Fig. 2e). Further confirmation of 
this domain structure is given in supplementary materials B. Phase regions with Pbam structure, exhibit irregular 
features with a size scale of several tens of nanometers (Fig. 2f), meaning they are beneath the size detection limits 

Figure 2.  Evolution of domain topology. (a–d) Piezoresponse force microscopy (PFM) out-of-plane 
amplitude images obtained for 8 mol% Sm, 12 mol% Sm, 14 mol% Sm and 15.5 mol% Sm respectively. (e,f) 
Show Bright field (BF) – TEM images and associated selected area electron diffraction (SAED) patterns from 
12 mol% Sm. (e) Shows a region identified as R3c by corresponding SAED in [001]pc zone axis (inset), where 
regular domains are seen. (f) Shows a region identified as Pbam phase by corresponding SAED (inset), where 
complicated nano-sized features are observed. The green-to-blue color transition approximately represents the 
change in wt% ratio of R3c and Pbam phase. PC denotes pseudocubic notation.
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of PFM34. The anti-polar Pbam phase is also centrosymmetric (with point group mmm) and is not expected to 
exhibit a PFM response. Finally, the Pbam phase forms as nano-sized clusters within R3c grains32,35 disrupting 
the domain structure and resulting in smaller R3c domains. The increasing Pbam phase content (Fig. 1a) thus 
explains the reducing size and number of domains as the Sm content is increased (Fig. 2a–d).

Electric-field induced phase transition.  For BSFO compositions 8–15.5 mol% Sm, we observe a similar 
˝butterfly˝-like shape of the strain-electric-field (S-E) hysteresis with consistent strains (Spp of ~0.3 ±  0.03%) and 
coercive field values (Ec of ~130 kV/cm) (Fig. 3). The S-E responses shown in Fig. 3a were recorded after many 
(10–20) bipolar electric-field cycles and represent an approximately saturated switched state (see method). This 
behavior is analogous with other ferroelectrics with strains arising from ferroelectric/ferroelastic domain switch-
ing5,22,36. The corresponding polarization-electric-field (P-E) responses (Fig. 3b) include contributions from elec-
trical leakage currents characteristic of materials with a high BFO content21,29. Nonetheless, we emphasize that the 
Spp recorded for the BSFO piezoceramics (~0.3%) are comparable to PZT22,23 and PMN-PT24,25, which in itself is 
a promising achievement in the development of Pb-free piezoceramics. We also note that BSFO ceramics exhibit 
comparable strain magnitudes to unmodified BFO ceramics (0.36%), when BFO is driven by a low electric-field 
frequency (i.e. 0.1 Hz)37. However, BFO strain behavior exhibits a strong frequency dependence, presumably 
related to strong domain-wall pinning effects38, that results in a significantly reduced strain of < 0.1% at frequen-
cies of 100 Hz, which is less than half that of BSFO ceramics (~0.3%).

In contrast to the domain topology (Fig. 2), the electromechanical behaviors (Spp and saturated S-E responses 
in Fig. 3a) do not evolve significantly as a function of the Sm content, despite anti-polar Pbam emerging as the 
dominant phase (Fig. 1). This is unusual, as one might expect the emergence of an anti-polar phase to significantly 
influence macroscopic strain behavior39. However, this is explained by an electric-field induced phase transition 
of the Pbam phase to the R3c phase which, until now has been unreported in RE-BFO. We first discuss this phase 
transition under the application of a DC electric-field (Fig. 4), before showing how it manifests in the S-E behav-
ior during the application of bipolar electric-fields (Fig. 5). This then provides a comprehensive picture of the role 
of this transition in the macroscopic strain behavior.

The Pbam-to-R3c phase transition is revealed by comparing XRD patterns of the near MPB composition 
(15.5 mol% Sm) before and after poling with a 120 kV/cm DC electric-field (Fig. 4a–c). The permanent macro-
scopic polarization of the material after poling was confirmed by direct measurement of d33 (~25 pC/N). The d33 
achieved was intentionally lower than the maximum observed for this composition (d33

max ~50 pC/N), in order 
not to risk undermining the sample integrity during poling. There are two critical indicators of the electric-field 
induced phase transition from Pbam-to-R3c phase in the XRD patterns: a) the reduced intensity of the ¼(530)pc 
reflection (where ‘pc’ denotes pseudo-cubic indexing), which is a satellite peak unique to the Pbam phase (Fig. 4b),  
and b) the splitting of the (111)pc reflection, which corresponds to a long range distortion in the < 111> pc direc-
tion and is not allowable by Pbam symmetry (Fig. 4c).

Dual strain mechanisms.  We now establish how the electric-field induced Pbam-to-R3c phase transition 
and ferroelectric/ferroelastic domain switching of the R3c phase, constitute dual strain mechanisms in near MPB 
compositions (i.e., 15.5 mol% Sm) during repeated bipolar electric-field cycling from the virgin state (no prior 
electrical history). This is primarily evidenced by the evolution of current-electric-field (I–E) and S-E responses 
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Figure 3.  Hysteresis behavior of different BSFO compositions. (a) S-E hysteresis for 8, 12, 14, and 15.5 mol% 
Sm measured at 200 kV/cm and 100 Hz. (b) shows polarization-electric-field (P–E) loops with maximum field 
amplitude of 160 kV/cm and 100 Hz.
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Figure 4.  Pbam-to-R3c electric-field induced phase transition in 15.5 mol% Sm. (a) XRD pattern in the 2 
theta range 10–90°. Peaks are index according to pseudocubic notation. (b) Relative intensity change of (110)pc 
reflection and its neighboring satellites, signifying a reduction in the Pbam phase fraction. (c) Splitting of the 
(111)pc peak upon poling, indicating induced long-range rhombohedral order. *Marks the peak arising from 
the sample holder during measurement. On the right are the unit cell structures of Pbam and R3c (drawn with 
Diamond® ) and a blue-to-green color transition representing the change in phase ratio resulting from the phase 
transition.

Figure 5.  S-E hysteresis behavior of 15.5 mol% Sm as a function consecutive cycles of an electric-field with 
100 Hz of frequency. The first two rows of graphs show I-E and S-E loops in 3-dimensional (3-D) plots, where 
the z axis corresponds to of number subsequent cycles in numerical order. The third, (bottom) row of graphs 
show S-E hysteresis in 2-D plots where the loop colors correspond to identical loops in 3-D plots. Arrows on 
I-E loops indicate increasing current peaks and arrows on S-E loops indicate the direction of S-E loop evolution 
with successive cycling (a) Loops observed during incrementally increasing the electric-field from 0–180 kV/
cm with 10 kV/cm increments. (b) Loops observed during first 10 cycles of electric-field at 180 kV/cm. (c) Every 
10th loop observed (i.e. 20th, 30th, etc.) during sequential electric-field cycling from the 20th–110th cycles.
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(Fig. 5 and supplementary materials C). Figure 5 is organized into three sections showing the evolution of I-E 
and S-E hysteresis loops during the initial increase of electric-field amplitude (Fig. 5a), and subsequent repeated 
cycling at electric-fields with amplitudes of 180 kV/cm (Fig. 5b,c).

As the electric-field magnitude is increased by 10 kV/cm increments in the range from 0–180 kV/cm (Fig. 5a), 
both the S-E and I-E loops show features that are inconsistent with typical ferroelectric/ferroelastic switching 
behavior40. The S-E loops possess an ̋ S˝-like shape which becomes larger with increase of the electric-field ampli-
tude and indicates expansion of the sample parallel to the applied electric-field, irrespective of the electric-field 
polarity. Small negative strains (sample contraction) are also evident in the low electric-field region of the S-E 
loops once the electric-field amplitude has increased beyond 120 kV/cm. This coincides with the Ec at ~130 kV/
cm (determined from Fig. 3a) which suggests that the small negative strains are associated with the piezoelectric 
response of poled regions of R3c phase. The overall result is a strain response with a remanent strain as high as 
~0.18% after the first cycle at 180 kV/cm. The corresponding I-E loops do not display clear current peaks char-
acteristic of ferroelectric domain switching41, which strongly suggest that the positive strain observed in Fig. 5a 
arises from the Pbam-to-R3c phase transition. The electric-field induced phase transition is thus the first of the 
dual strain mechanisms to occur and does so in a lower electric-field range than the ferroelectric/ferroelastic 
domain switching, which has an average Ec of ~130kV/cm (see Fig. 3).

Electric-field induced phase transitions accompanied by large volume changes are an interesting alternative 
mechanism for strain, already observed with some anti-ferroelectric materials39, (Pb(Zr,Sn,Ti)O3

5 and (Pb,Ba)
(Zr,Nd,Ti)O3

42), Pb-free materials ((Bi,Na)TiO3-BaTiO3-(KNa)NbO3
43), and at epitaxial strain-induced MPBs 

in BFO44,45. The mechanisms involved with these transitions can be complex and facilitate transitions between 
many space group configurations39,46, particularly in BFO where pressure can also induce a number of phase 
transitions47. Here, the electric-field induced phase transition from Pbam-to-R3c phase involves a maximum unit 
cell strain of ~0.8% in the < 111> pc direction, determined from a simple calculation of the relative difference in 
the {111}pc d spacing of the Pbam (~2.27 Å) and R3c (~2.29 Å) phases in the XRD pattern of the poled material 
(calculation in supplementary materials D).

Ferroelectric/ferroelastic domain switching emerges as a second source of strain after repeated electric-field 
cycling, at high electric-field magnitudes (180 kV/cm) in the 15.5 mol% Sm composition (Fig. 5b). In the first 10 
electric-field cycles the S-E loop shapes evolve progressively and become more ˝butterfly˝-like with each subse-
quent cycle. The regions of the S-E loop with a negative slope (indicating contraction of the sample parallel to the 
direction of the applied electric-field) become more pronounced and the remanent strain reduces with further 
electric-field cycling. In the accompanying I-E loops, small peaks attributable to ferroelectric switching currents 
emerge and increase in intensity with each subsequent cycle (indicated by arrows in I-E curves in Fig. 5b).

Ferroelectric/ferroelastic domain switching becomes the dominant mechanism for strain in 15.5 mol% Sm 
with further electric-field cycling from 10–110 cycles (Fig. 5c). As the distinctive ˝butterfly˝-like shape of the S-E 
loop continues to develop, the peak intensities of the I-E loops also continue to increase significantly (indicated 
by arrows in I-E curves in Fig. 5c). The rate of development of both the S-E and I-E loops decreases with further 
electric-field cycling.

The S-E and I-E loops capture the shifting dominance of the dual strain mechanisms from electric-field 
induced phase transition to ferroelectric/ferroelastic domain switching. The ̋ S˝-like shape of the initial S-E loops 
(Fig. 5a) is likely a manifestation of the strain contribution from the electric-field induced phase transition. While 
the ˝butterfly˝-like shape, which develops with further electric-field cycling (Fig. 5b,c), is characteristic of the 
switching of the ferroelectric/ferroelastic domains in the R3c phase.

Discussion
Facilitated by the recent development of reliable synthesis methods, we demonstrate the first significant electro-
mechanical strain responses in polycrystalline compositions of RE-BFO near to a polar-to-non-polar MPB. We 
discover a previously overlooked electric-field induced phase transition between Pbam and R3c phases in a com-
position with close proximity to the MPB and demonstrate the apparently significant contribution of the phase 
transition to the macroscopic strain behavior. We show how the unique coexistence of R3c and Pbam phases 
close to the polar-to-non-polar MPB determines the cycle-dependent strain evolution, which possesses the dual 
strain mechanisms of electric-field induced phase transition and ferroelectric/ferroelastic domain switching. This 
work therefore divulges the previously unresolved role of the Pbam phase in RE-BFO polar-to-non-polar MPB 
compositions.

Although the strain observed (Spp ~0.3%) is already comparable to that of commercialized piezoelectrics, it is 
foreseeable that by maximizing the contributions of both dual mechanisms a pathway to large strain responses 
in this Pb-free material may be possible, drawing from a maximum unit cell distortion of ~0.8%. We hypothesize 
that the key approach for maximizing the electric-field induced strain response lies in the navigation of the com-
plex intergranular elastic strains in polycrystalline materials. Thus, engineering domain structures, directionally 
orientating grains, utilizing flexoelectric effects or producing single crystal materials may sufficiently alleviate 
strain constrictions and facilitate the production of functional large strains.

Methods
The ceramics were prepared by a mechanochemical-activation-assisted technique, as described by Walker et al.32. 
After mechanochemical activation the powder mixtures were uniaxially pressed and reactively sintered at 800 °C 
for 4 hours. Bulk densities were in the range of 7970–8190 kg/m3 (~95% of theoretical density) and average grain 
sizes in the range ~1–3 μ m.

XRD patterns were recorded using a Bruker D8 Discover diffractometer in 10–90° 2θ  range, a step of 0.04° 
and an acquisition speed of ~1.5°/min. Structure quantification was performed via whole-pattern Rietveld refine-
ment using TOPAZ R software package (Version 2.1, 2003, Coelho software). For structural fitting three phases 
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were used: (i) R3c phase (ICSD#15299), (ii) Pbam phase (ICSD #160460) and (iii) Pbnm phase (ICSD#162895). 
Structural evolution analysis was conducted on crushed pellets. The ex-situ electric-field structural study was 
conducted on sintered pellets with the electrodes removed before XRD and with acquisition speed of ~0.5°/min.

TEM was performed with JEOL JEM 2010 equipped with a JEOL EDXS detector. The specimens were pre-
pared by mechanical grinding, dimpling and final Ar-ion milling. The piezoresponse images were recorded with 
an atomic force microscope (AFM; Asylum Research, Molecular Force Probe 3D, Santa Barbara, CA, USA) 
equipped with a piezoresponse force mode (PFM). A tetrahedral Si tip coated with Ti/Ir was used with a radius of 
curvature ~20 nm on a Si cantilever coated with Ti/Ir (Asyelec, AtomicForce F&E GmbH, Mannheim, Germany) 
and DPE-16 with Pt coating (DPE-16, Mikromasch, Estonia). AC voltage in range of 5–20 V was applied to AFM 
tip. Both the Dual AC Resonance Tracking Switching Spectroscopy (DART-SS) mode and an out-of-resonance 
regime with frequency ~20 kHz were used.

Ferroelectric switching and electromechanical properties were measured on samples ~0.2 mm thick with sput-
tered coated gold electrodes. An axiACCT TF 2000 analyzer with a SIOS meβ technik laser interferometer and 
a TREK model 609E-6 (4 kV) high-voltage amplifier were used for measurements. Electric-fields were applied 
in a sinusoidal wave form. S-E loops measured at 200 kV/cm were generated with ˝saturated˝ switched materi-
als, where ˝saturated˝ refers to the fact that samples were cycled at high electric-fields (~200 kV/cm) until only 
minimal increases of the Spp were observed with each successive cycle (usually 10–20 cycles). DC poling was 
conducted with a Spellman SL150 amplifier, at room temperature in a silicone oil bath. d33 was determined with a 
Take Control®  piezometer system PM10 at ~200 Hz driving stress frequency.

References
1.	 Kutnjak, Z., Petzelt, J. & Blinc, R. The giant electromechanical response in ferroelectric relaxors as a critical phenomenon. Nature 

441, 956–959 (2006).
2.	 Fu, H. & Cohen, R. E. Polarization rotation mechanism for ultrahigh electromechanical response in single-crystal piezoelectrics. 

Nature 403, 281–283 (2000).
3.	 Damjanovic, D. Comments on origins of enhanced piezoelectric properties in ferroelectrics. IEEE TUFFC Trans. Ultra. Ferro. Freq. 

Cont. 56, 1574–1585 (2009).
4.	 Ahart, M. et al. Origin of morphotropic phase boundaries in ferroelectrics. Nature 451, 545–548 (2008).
5.	 Uchino, K. In Ferroelectric devices 2nd edn., Ch 7, 161–232 (Marcel Dekker, Inc. 2009).
6.	 Saito, Y. et al. Lead-free piezoceramics. Nature 432, 84–87 (2004).
7.	 Wang, X. et al. Giant piezoelectricity in potassium–sodium niobate lead-free ceramics. J. Am. Chem. Soc. 136, 2905–2910 (2014).
8.	 Wu, J., Xiao, D. & Zhu, J. Potassium–sodium niobate lead-free piezoelectric materials: past, present, and future of phase boundaries. 

Chem. Rev. 115, 2559–2595 (2015).
9.	 Rodel, J. et al. Prospective on the development of lead-free peizoceramics. J. Am. Ceram. Soc. 92, 6, 1153–1178 (2009).

10.	 Rodel, J., Webber, K. G., Dittmer, R., Jo, W., Kimura, M. & Damjanovic, D. Transferring lead-free piezoelectric ceramics into 
application. J. Euro. Ceram. Soc. 35, 1659–1681 (2015).

11.	 Damjanovic, D. A morphotropic phase boundary system based on polarization rotation and polarization extension. Appl. Phys. Lett. 
97, doi: 10.1063/1.3479479 (2010).

12.	 Goldschmidt, V. M. Skrifer Norske Videnskaps-Akad. Oslo, I. Mat.-Nat. K1. 8 (1926).
13.	 Noheda, B. et al. Tetragonal-to-monoclinic phase transition in a ferroelectric perovskite: The structure of PbZr0.52Ti0.48O3. Phys. Rev. 

B 61, 8687–8695 (2000).
14.	 Fujino, S. et al. Combinatorial discovery of a lead-free morphotropic phase boundary in a thin-film piezoelectric perovskite. Appl. 

Phys. Let. 92, doi: 10.1063/1.2931706 (2008).
15.	 Kan, D. et al. Universal behavior and electric-field-induced structural transition in rare-earth-substituted BiFeO3. Adv. Funct. Mater. 

20, 1108–1115 (2010).
16.	 Moreau, J. M., Michel, C., Gerson, R. & James, W. J. Ferroelectric BiFeO3 X-ray and neutron diffraction study. J. Phys. Chem. Solids 

32, 1315–1320 (1971).
17.	 Wang, J. et al. Epitaxial BiFeO3 multiferroic thin film heterostructures. Science 299, 1719–1722 (2003).
18.	 Lebeugle, D., Colson, D., Forget, A. & Viret, M. Very large spontaneous electric polarization in BiFeO3 single crystals at room 

temperature and its evolution under cycling fields. Appl. Phys. Lett. 91, doi: 10.1063/1.2753390 (2007).
19.	 Sosnowska, I., Neumaier, T. P. & Steichele, E. Spiral magnetic ordering in bismuth ferrite. J. Phys. C: Sol. Stat. Phys. 15, 4835–4846 

(1982).
20.	 Catalan, G. & Scott, J. F. Physics and applications of bismuth ferrite. Adv. Mater. 21, doi: 10.1002/adma.200802849 (2009).
21.	 Rojac, T. et al. BiFeO3 ceramics: Processing, electrical, and electromechanical properties. J. Am. Ceram. Soc. 97, 1993–2011 (2014).
22.	 Tsurumi, T., Kumano, Y., Ohashi, N., Takenaka, T. & Fukunaga, O. 90° Domain reorientation and electric-field-induced strain of 

tetragonal lead zirconate titanate ceramics. Jap. J. Appl. Phys. 36, 5970–5975 (1997).
23.	 Hoffmann, M. J., Hammer, M., Endriss, A. & Lupascu, D. C. Correlation between microstructure, strain behavior, and acoustic 

emission of soft PZT ceramics. Acta Mater. 49, 1301–1310 (2001).
24.	 Chen, Y.-H. & Viehland, D. Relaxational polarization dynamics in soft ferroelectrics. Appl. Phys. Lett. 77, 133–135 (2000).
25.	 Kumar, P., Singh, S., Thakur, O. P., Prakash, C. & Goel, T. C. Study of lead magnesium niobate–lead titanate ceramics for piezo-

actuator applications. Jap. J. Appl. Phys. 43, 1501–1506 (2004).
26.	 Karimi, S., Reaney, I. M., Han, Y., Pokorny, J. & Sterianou, I. Crystal chemistry and domain structure of rare-earth doped BiFeO3 

ceramics. J. Mat. Sci. 44, 5102–5112 (2009).
27.	 Karimi, S., Reaney, I. M., Levin, I. & Sterianou, I. Nd-doped BiFeO3 ceramics with antipolar order. Appl. Phys. Lett. 94, doi: 

10.1063/1.3097222 (2009).
28.	 Borisevich, A. Y. et al. Atomic-scale evolution of modulated phases at the ferroelectric–antiferroelectric morphotropic phase 

boundary controlled by flexoelectric interaction. Nature Comm. 3, doi: 10.1038/ncomms1778 (2012).
29.	 Yang, C.-H., Kan, D., Takeuchi, I., Nagarajan, V. & Seidel, J. Doping BiFeO3: Approaches and enhanced functionality. Phys. Chem. 

Chem. Phys. 14, 15953–15962 (2012).
30.	 Cheng, C. J., Borisevich, A. Y., Kan, D., Takeuchi, I. & Nagarajan, V. Nanoscale structural and chemical properties of antipolar 

clusters in Sm-doped BiFeO3 ferroelectric epitaxial thin films. Chem. Mater. 22, 2588–2596 (2010).
31.	 Kubota, M. et al. Sequential phase transitions in Sm substituted BiFeO3. Jap. J. Appl. Phys 50, doi: 10.1143/JJAP.50.09NE08 (2011).
32.	 Walker, J. et al. Synthesis-phase–composition relationship and high electric-field-induced electromechanical behavior of samarium-

modified BiFeO3 ceramics. Acta Mater. 83, 149–159 (2015).
33.	 Rojac, T., Ursic, H., Bencan, A., Malic, B. & Damjanovic, D. Mobile domain walls as a bridge between nanoscale conductivity and 

macroscopic electromechanical response. Adv. Funct. Mater. 25, 2099–2108 (2015).
34.	 Soergel, E. Piezoresponse force microscopy (PFM). J. Phys. D: Appl. Phys. 44, doi: 10.1088/0022-3727/44/46/464003 (2011).



www.nature.com/scientificreports/

8Scientific Reports | 6:19630 | DOI: 10.1038/srep19630

35.	 Cheng, C. J. et al. Structural transitions and complex domain structures across a ferroelectric-to-antiferroelectric phase boundary 
in epitaxial Sm-doped BiFeO3 thin films. Phys. Rev. B 80, doi: 10.1103/PhysRevB.80.014109 (2009).

36.	 Damjanovic, D. Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics. Rep. Prog. Phys. 61, 
1267–1324 (1998).

37.	 Rojac, T., Kosec, M. & Damjanovic, D. Large electric-field induced strain in BiFeO3 ceramics. J. Am. Ceram. Soc. 94, 4108–4111 
(2011).

38.	 Rojac, T., Kosec, M., Budic, B., Setter, N. & Damjanovic, D. Strong ferroelectric domain-wall pinning in BiFeO3 ceramics. J. Appl. 
Phys. 108, doi: 10.1063/1.3490249 (2010).

39.	 Tan, X., Ma, C., Frederick, J., Beckman, S. & Webber, K. G. The antiferroelectric ↔  ferroelectric phase transition in lead-containing 
and lead-free perovskite ceramics. J. Am. Ceram. Soc. 94, 4091–4107 (2011).

40.	 Schenk, T. et al. About the deformation of ferroelectric hystereses. Appl. Phys. Rev. 1, doi: 10.1063/1.4902396 (2014).
41.	 Carl, K. & Hardtl, K. H. Electrical after-effects in Pb(Ti, Zr)O3 ceramics. Ferroelectrics 17, 473–486 (1978).
42.	 Franzbach, D. J. et al. Electric-field-induced phase transitions in co-doped Pb(Zr1−x Tix)O3 at the morphotropic phase boundary. Sci. 

Tech. Adv. Mater. 15, doi: 10.1088/1468-6996/15/1/015010 (2014).
43.	 Zhang, S.-T., Kounga, A. B., Aulbach, E., Ehrenberg, H. & Rödel, J. Giant strain in lead-free piezoceramics Bi0.5Na0.5TiO3–BaTiO3–K0. 

5Na0.5NbO3 system. Appl. Phys. Lett. 91, doi: 10.1063/1.2783200 (2007).
44.	 Zeches, R. J. et al. A strain-driven morphotropic phase boundary in BiFeO3. Science 326, 977–980 (2009).
45.	 Zhang, J. X. et al. Large field-induced strains in a lead-free piezoelectric material. Nature Nano 6, 98–102 (2011).
46.	 Park, S.-E., Pan, M.-J., Markowski, K., Yoshikawa, S. & Cross, L. E. Electric field induced phase transition of antiferroelectric lead 

lanthanum zirconate titanate stannate ceramics. J. Appl. Phys. 82, 1798–1803 (1997).
47.	 Guennou, M. et al. Multiple high-pressure phase transitions in BiFeO3. Phys. Rev. B 84, doi: 10.1103/PhysRevB.84.174107 (2011).

Acknowledgements
This work was jointly funded by Slovenian Research Agency program “Electronic Ceramics, Nano, 2D and 3D 
Structures” (P2-0105), project grant “High-Performance Piezoelectric Materials for Sensors and Actuators in High-
Temperature Applications” (J2-5483) and Australian Research Council (ARC) grant LP 0991794 together with 
Thales Australia (under the advisement of Valsala Kurusingal and Peter Bryant). H.S. acknowledges support from 
the Danish Research Foundation FTP individual postdoctoral grant. The equipment of the Ural Center for Shared 
Use “Modern nanotechnology” (UrFU), was used and this research was made possible in part by the Ministry of 
Education and Science of the Russian Federation (UID RFMEFI58715 × 0022) and RFBR (Grant 16-32-60083-
mol_a_dk). The work was developed within the scope of the project CICECO-Aveiro Institute of Materials, 
POCI-01-0145-FEDER-007679 (FCT Ref. UID/CTM/50011/2013), financed by national funds through the FCT/
MEC and, when appropriate, co-funded by FEDER under the PT2020 Partnership Agreement.

Author Contributions
J.W. carried out material synthesis, sample preparation, structural analysis, electrical measurements and managed 
the project direction. H.S. assisted with interpretation of structural data and co-writing of paper. D.O.A., A.P.T., 
V.Y.S. and A.L.K. provided detailed PFM of the 12 mol% Sm composition from UrFU. H.U. led PFM analysis of 
all compositions at IJS. A.B. led all TEM investigations. B.M. provided critical discussion. J.W., N.V. and T.R. 
provided initial concept, analytical input and co-wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Walker, J. et al. Dual strain mechanisms in a lead-free morphotropic phase boundary 
ferroelectric. Sci. Rep. 6, 19630; doi: 10.1038/srep19630 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Dual strain mechanisms in a lead-free morphotropic phase boundary ferroelectric
	Introduction
	Results
	Evolution of BSFO phase composition
	Electric-field induced phase transition
	Dual strain mechanisms

	Discussion
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Dual strain mechanisms in a lead-free morphotropic phase boundary ferroelectric
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19630
            
         
          
             
                Julian Walker
                Hugh Simons
                Denis O. Alikin
                Anton P. Turygin
                Vladimir Y. Shur
                Andrei L. Kholkin
                Hana Ursic
                Andreja Bencan
                Barbara Malic
                Valanoor Nagarajan
                Tadej Rojac
            
         
          doi:10.1038/srep19630
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19630
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19630
            
         
      
       
          
          
          
             
                doi:10.1038/srep19630
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19630
            
         
          
          
      
       
       
          True
      
   




