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Electrostrain in excess of 1% in polycrystalline
piezoelectrics
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Piezoelectric actuators transform electrical energy into mechanical energy, and because of their compactness, quick response
time and accurate displacement, they are sought after in many applications. Polycrystalline piezoelectric ceramics are tech-
nologically more appealing than single crystals due to their simpler and less expensive processing, but have yet to display
electrostrain values that exceed 1%. Here we report a material design strategy wherein the efficient switching of ferroelec-
tric-ferroelastic domains by an electric field is exploited to achieve a high electrostrain value of 1.3% in a pseudo-ternary fer-
roelectric alloy system, BiFeO;-PbTiO,-LaFeO,. Detailed structural investigations reveal that this electrostrain is associated
with a combination of several factors: a large spontaneous lattice strain of the piezoelectric phase, domain miniaturization, a
low-symmetry ferroelectric phase and a very large reverse switching of the non-180° domains. This insight for the design of
a new class of polycrystalline piezoceramics with high electrostrains may be useful to develop alternatives to costly single-

crystal actuators.

of applications, such as ultrasonic transducers for medical
imaging, high-precision actuation, guidance systems, the
automotive industry and so on'. The most important parameter of
a piezoelectric material regarding its use as an actuator is the strain
induced by an electric field (also known as electrostrain). Single
crystals of Pb(Zn,;Nb,,;)O,-PbTiO; (PZN-PT) and Pb(Mg, ;Nb, ;)
0,-PbTiO, (PMN-PT) have set the benchmark electrostrain at
~1.7% (ref. ?). The growth of high-quality single crystals requires
a delicate control of many different experimental parameters over
a long period of time. A slight unintentional variation in any one
of the experimental conditions, even for a short duration, can ruin
the quality of the crystal and its intended property. In some cases, it
is not possible to grow single crystals of the most-desired composi-
tions®. As compared to the production of single crystals, the fab-
rication of non-textured polycrystalline piezoceramics is less time
and energy consuming and can be produced in large quantities with
reproducible properties. However, unlike single crystals wherein
the best electrostrain can be tapped by orienting the crystal in a suit-
able direction, the response of a non-textured polycrystalline piezo-
ceramic is an ensemble average of the property over all the possible
orientations of the corresponding single crystal. The mutual clamp-
ing of the differently oriented grains also plays an important role
in determining the piezoelectric response of polycrystalline piezo-
ceramics*’. The maximum electrostrain reported in polycrystal-
line piezoceramic is 0.7% which has been attributed to a cubic-like
(CL)-to-rhombohedral transformation in a Na,,Bi,,TiO,-based
piezoceramic®.
The grains of a polycrystalline piezoceramic are inevitably in
a multidomain state to minimize the transformation stress as the
ceramic body cools through the Curie point after undergoing den-
sification at a high (sintering) temperature’. The electrostrain of a
piezoceramic is determined primarily by the mechanism(s) asso-
ciated with domain switching>”®. This situation contrasts with
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the single-crystal piezoelectrics, such as PZN-PT and PMN-PT,
wherein the ultrahigh actuation is attributed to the polarization
rotation induced by an electric-field in a monodomain and/or
domain-engineered state™'’. In principle, a large electrostrain can
be achieved if a ferroelectric material with a large spontaneous lat-
tice strain also shows good domain switching. The tetragonal ferro-
electrics BaTiO; (BT) and PbTiO, (PT) exhibit spontaneous lattice
strains (c/aof-1, where a and c are the tetragonal lattice param-
eters) of ~0.01 and ~0.06, respectively. If an electric field could
convert all the a domains into ¢ domains in a multidomain single
crystal, one may anticipate the electrostrain to approach 1% and
6% in BT and PT, respectively. An electrostrain of 0.75% has been
reported by domain switching in a multidomain crystal of BT". If
domain switching were equally easy in PT, an extraordinary elec-
trostrain of ~6% should be realized. However, domain switching
becomes increasingly difficult with an increasing magnitude of
spontaneous lattice strain. Even if the domain switching can be sig-
nificantly enhanced, the reproducibility of the large electrostrain in
repeated cycles requires the material to have some inherent mecha-
nism to restore the nearly random domain configuration when the
field is switched off''. Such a possibility appears to exist in relaxor
ferroelectrics, wherein the ferroelectric domains are miniaturized
to the extent that they form polar nanoregions, and they coexist
(and possibly compete) with ferroelectric domains of longer coher-
ence lengths".

Material selection

We explored the possibility of realizing a large electrostrain by tak-
ing a ferroelectric material with giant tetragonality as a host and
improving its domain switchability by chemical tuning. For this, we
chose (1-x)BiFeO,-(x)PbTiO, (BF-PT) as it exhibits a very large
tetragonal spontaneous lattice strain (c/a -1) of 0.18 (refs '>').
This strain is three times that in PT (~0.06 (c/a -1)) and 18
times that in BT (~0.01 (c¢/a -1)). Chemical tuning of BF-PT was
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Fig. 1| Structure-property correlation. a, Electric-field dependent unipolar
strain of 0.55Bi, La FeO,-0.45PbTiO; for different La concentration

(y). b, di5* (the large-signal piezoelectric coefficient) as a function of La
concentration (y). ¢, Evolution of the pseudocubic {200},. XRPD Bragg
profile of BF-PT45:La as a function of La concentration. The appearance of
a third peak between the (002); and (200); peaks for x> 0.27 suggests
an onset of a CL phase. d, Composition-temperature phase diagram of BF-
PT45:La(y). The transition temperatures were obtained from temperature-
dependent dielectric measurements (Supplementary Fig. 2) and high-
temperature XRD measurements. a.u., arbitrary units; Temp, temperature.

carried out by La substitution as per the nominal formula (1-x)
Bi, ,La FeO,-(x)PbTiO,. This choice was guided by the fact that La
is known to induce domain miniaturization and improve the piezo-
electric response in Pb(Zr,Ti)O; (ref. '*). We synthesized a series of
La-modified BF-PT ceramics by a conventional solid-state reaction
technique (Methods and Supplementary Fig. 1). We explored the
vast composition space (x,y) with x> 0.30 to retain the tetragonal
structure with as much tetragonality as possible while being able
to affect domain switching. After a series of experiments, we found
that BF-PT with x> 0.45 can exhibit very large electrostrain values.

Electrostrain and correlation with global structure

Figure 1la shows the wunipolar-field strain behaviour of
0.55Bi, La FeO,-0.45PbTiO, (BF-PT45:La(y)) at a field amplitude
of 80kVcm™ for different La concentrations (y). For y<0.20, the
electrostrain was very small and not measurable. A noticeable strain
of 0.10% was seen for y=0.20. The electrostrain rose to ~ 0.5% for
y=0.25 and to a very large value of 1.3% for y=0.30. For x=0.32,
the electrostrain decreased slightly but was still very high (~1%). It
collapsed to ~0.23% for y=0.35 and became insignificant beyond
this concentration. The reproducibility of the results was verified by
repeated measurements on several samples across compositions. The
critical composition y=0.30 shows a large-signal piezoelectric coef-
ficient dy;* (Spay/ Emax (Smaw Maximum strain; E, ., maximum electric
field)) of ~1,600pm V' (Fig. 1b), the highest value ever reported in
piezoceramics. Our electrostrain of 1.3% at 80kV cm™ is close to the
record strain of 1.6% at the same field in a [001]-oriented single crystal
of PZN-PT”. The non-saturating nature of electrostrain at 80kVcm™
suggests that it might still be possible to achieve electrostrain well
beyond 1.3% on further increase of the field. We, however, could not
realize this possibility because of the spontaneous fracture suffered by
the piezoceramics due to the build-up of stress.

Figure 1c shows the evolution of the pseudocubic {200}, X-ray
powder diffraction (XRPD) Bragg profile of BF-PT45:La(y) as a
function of La concentration (the full patterns are shown in the
Supplementary Fig. 1). The tetragonality decreases from 0.14 at
y=0.0 (La free) to 0.023 at y=0.30 (Supplementary Fig. 1b). For
x>0.25, a third peak appears between the two tetragonal peaks
(002) and (200). This peak corresponds to a CL phase. The phase
diagram, constructed using temperature-dependent dielectric
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measurements (Supplementary Fig. 2), is shown in Fig. 1d. The sig-
nificant enhancement of the electrostrain in the composition range
0.25<y<0.32 has a strong correlation with the onset of the CL
phase. The intensity of the CL peak decreases and that of the tetrag-
onal peaks increases irreversibly after the application of a strong
electric field (that is, poling), as shown in Fig. 2a. From a Rietveld
analysis, we confirmed that the tetragonal fraction increased from
8% to 70%. The repeatedly obtained very large electrostrain of
1.3%, however, cannot be associated with this one-time irrevers-
ible CL-to-tetragonal transformation driven by an electric field
(Supplementary Fig. 3).

To obtain a better insight into the nature of the field-driven
CL — P4mm transformation, we carried out Raman spectroscopy,
transmission electron microscopy (TEM) and neutron powder dif-
fraction (NPD) measurements on the unpoled and poled specimens
of y=0.30 (Fig. 2). Both the NPD patterns (marked by * in Fig. 2b)
and the electron diffraction patterns (Fig. 2d,e) show superlattice
reflections of the type %{odd, odd, odd},, which suggests cell dou-
bling. The fact that the superlattice reflections are not visible in the
XRPD patterns indicates that the structural distortion is primarily due
to an antiphase oxygen octahedral tilt'*. The true average structure
of poled BF-PT:La(y=0.30) is therefore a superposition of antiphase
tilted octahedra on the P4mm-like lattice distortion. The superlattice
reflections are not present in the NPD pattern of the La-free composi-
tion of BF-PT, that is, the parent system (y=0) (Supplementary Fig. 4
and Supplementary Table 1). In the framework of Glazer’s tilt nota-
tion, antiphase tilts are possible in structures with the following space
groups'®: T4/mem (tilt system, a’a’c’), Imma (a’"b"), R3¢ (aaa),
C2/m (a%c), C2/c (a"b b)) and P1 (a"b~c). R3c is ruled out because a
rhombohedral structure cannot explain the splitting of the {200}, in
both the XRD and NPD patterns. We did not consider the triclinic P1
structure. Superposition of the zone-centre I" polar distortions with
the different tilt models resulted in plausible structures in the I4cm,
Ima2, Imm2, Cc, Cm and C2 space groups, in the order of decreasing
symmetry (Supplementary Table 2)"”. We fitted the NPD pattern of
poled BF-PT45 (y=0.30) with these structural models (Supplementary
Fig. 5). The Cc model gave a distinct improvement as compared to the
others (goodness of fit (y*) =19.1 with Imm2, 17.2 with Ima2, 16.4 with
I4cm and 9.2 with Cc). From the refined coordinates (Supplementary
Table 3), the octahedral tilt angle was estimated to be ~3.5°. The strong
shift of Ti towards the pseudocubic [001] direction confirms that the
polarization direction in the Cc structure is very close to pseudocu-
bic [001], (Supplemfntary Fig. 6). The shortest Ti-O distance ohas
increased from 1.71 A for y=0 (Supplementary Table 1) to 1.85A in
y=0.30 (Supplementary Fig. 6), which confirms that the decrease in
the tetragonality with La substitution is associated with the decrease in
the degree of the covalent character of the Ti-O bond.

Positional disorder

In contrast to the drastic changes seen in the XRPD and NPD
patterns, we found no perceptible difference in the Raman spec-
tra before and after poling (Fig. 2c). As Raman spectra probes
structural coherence on a short length scale, this implies that on
a shorter length scale the atomic configuration in the poled and
unpoled BF-PT45:La(y=0.30) is nearly the same. That is, the
structure of the unpoled y=0.30 is also most likely to be Cc. The
[100] zone axis high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images of the unpoled
specimen revealed 90° domains of ~2-3nm in size, which con-
firms the tetragonal-like distortion on the local scale (Fig. 3a and
Supplementary Fig. 7). The c/a ratio estimated from the image
within a nanodomain is ~1.02, a value close to the c/a obtained
from the XRPD pattern of the poled sample. We also noted consid-
erable positional disorder on the A site, which is common to other
Pb- and Bi-based mixed perovskites'®. The extent of the disorder
was estimated by determining the precise A-site positions as the
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Fig. 2 | Structural study of poled and unpoled BF-PT45:La(y = 0.30). a-e, XRD patterns (a), NPD patterns (b), Raman spectroscopy (c) and {111} and
{1103 zone electron diffraction patterns (d,e). The NPD patterns and [110] electron diffraction patterns show extra superlattice spots.

centre of a two-dimensional Gaussian fit to every A-site column in
an image, followed by obtaining their standard deviation from an
average structure. The positional disorder across several images in
the unpoled specimen was found to be ~25pm, and ~18 pm in the
poled specimen (Fig. 3b,c). This confirms that the appearance of
the CL phase in the XRPD pattern is associated with a large posi-
tional disorder. The random fields (induced by the La substitution
in our case)" do not allow the long-range polarization/structural
coherence to develop when the system is cooled in a zero-field
state, as in relaxor ferroelectrics. We confirmed the relaxor fer-
roelectric nature of BF-PT45:La(y=0.30) (Supplementary Fig. 8).
The application of a strong electric field in the non-ergodic state
increases the coherence in regions sufficiently away from the ran-
dom-field sites. In view of this, what appears as an electric-field-
induced CL-to-tetragonal-like transformation in the XRPD is
a case of the length-scale-dependent appearance of the different
average structures. A length-scale-dependent average structure has
also been reported in other ferroelectric alloys in recent years and
appears to be a common phenomenon®’-*,

Fig. 3| HAADFSTEM images of poled and unpoled BF-PT45:La(y = 0.30).
a, Representative HAADF-STEM image of a [001]-oriented grain of unpoled
BF-PT45:La(y=0.30). The region shows two different domains which
confirms the presence of tetragonal distortion on a nanometre scale in the
unpoled specimen. b,c, Magnified images of one domain in unpoled (b) and
poled (¢) specimens. The bright spots indicate the A-site (Pb/Bi/La) atoms
in these images. The insets in b and ¢ show the A-site centre-of-mass maps.
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Electric-field-driven domain switching

We investigated the domain switching behaviour of
BF-PT45:La(y=0.30) using XRD measurements in situ with an elec-
tric field. To establish a correlation with the measured unipolar elec-
trostrain shown in Fig. 1a, we carried out diffraction measurements
under a unipolar electric field on a poled pellet. Although we have
proved that the most plausible structure of BF-PT45:La(y=0.30) is
monoclinic C, for the interpretation of the XRD results, we assume
the structure to be tetragonal like (as the XRD data originally sug-
gested). The diffraction pattern of the poled pellet shows the pseu-
docubic {200}, profile to split into two tetragonal peaks (002), and
(200); (Fig. 4a,b). The small peak between the (002); and (200).
peaks corresponds to the remanent CL phase that survives after pol-
ing. The minor CL phase (~30%) is most likely to be regions near
the strong random-field centres wherein the external field is incapa-
ble of developing the long-range tetragonal coherence. In a normal
tetragonal ferroelectric perovskite, poling often increases the inten-
sity of (002),. above that of (200), due to the irreversible reorienta-
tion of the tetragonal domains®. Interestingly, this is not the case
for BF-PT45:La(y=0.30) as the intensity ratio of (002), and (200),.
is very close to the value in the preferred orientation-free powder
pattern. We estimated the extent of the domain switching fraction
(1) using the equation™:

Tooz
_ Igo, l
Mooz = —E 5 w3
10,02 12/00

where I, and I, are the integrated intensities of the (002); and
(200), reflections, respectively, in the presence of the field. Ijy, and
I, are the integrated intensities of the (002); and (200); reflec-
tions, respectively, before the application of the field. After poling,
the switched fraction was merely 0.10. With an increasing field,
1o, increased again and reached a value of ~0.4 at 60kV cm™ and
returned to 0.10 at E=0kV cm™ (Fig. 4c). Interestingly, we found
that the peak position of the residual CL phase shifts synchronously
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Fig. 4 | Domain switching with an electric field. a,b, The evolution of

the {2003, XRD Bragg profile of BF-PT:La(y=0.30) as a function of
increasing field (a) and decreasing field (b). The diffraction experiment
was carried out on an initially poled pellet and an electric field was applied
in the direction of the poling field to be consistent with the conditions

of the unipolar electrostrain measurement shown in Fig. 1a. The peak
between the two tetragonal peaks (002); and (200); corresponds to the
CL phase. ¢, The domain-switching fraction (550,) as a function of the
cyclic unipolar field. The 740, starts from 0.10 at O field. This is because
the first measurement (E=0kV cm™) is on a poled specimen that shows a
remanent irreversible switching fraction of 0.10. For reference, the bottom
panel of a shows the XRD profile of an untextured poled specimen (XRD on
a powdered specimen of poled BF-PT45:La(y =0.30)).

to a lower 260 value as the switching fraction of the tetragonal
domain increases with increasing field (Fig. 4a). This suggests a
strong coupling between the two phenomena. On decreasing the
field, the lattice strain of the CL phase relaxes and, by its coupling,
forces the tetragonal domains to reverse switch (Fig. 4b). The minor
CL phase therefore provides the necessary restoring force to reverse
the tetragonal domain walls when the field is reduced. By taking
into consideration the contribution of tetragonal domain switching
and the lattice strain of the CL phase, the estimated electrostrain is
very close to the observed value (Supplementary Table 4).

Comparison with an analogous system

For a better appreciation of the role of a large reverse domain switch-
ing in providing an enhanced electrostrain, we also carried out a com-
parative study of another analogous alloy system, (1-x)PbTiO;-(x)
Bi(Ni,,Zr,,,)O; (PT-BNZ). Similar to BF-PT45:La(y), PT-BNZ also
exhibits a composition-driven tetragonal-to-CL transformation at
x =~ 0.44 (ref. **) (Supplementary Fig. 9), and a poling-induced CL-to-
tetragonal transformation (Fig. 5a,b). The critical composition of
PT-BNZ, however, shows an electrostrain of ~0.3% at 80kVcm™!
(Fig. 5d). This value is merely one-quarter the extraordinarily large
electrostrain shown by BE-PT45:La(y=0.30). Although the low elec-
trostrain in PT-BNZ can partly be rationalized by arguing that the
tetragonality of PT-BNZ (c/a -1 of ~0.011) is nearly half the tetrago-
nality in BF-PT45:La(y=0.30) (c/a -1 of ~0.023), what is impor-
tant is the lack of reverse domain switching in the former (Fig. 5e).
After poling, the irreversibly switched fraction of the tetragonal
domains is 0.50 (Fig. 5¢), which is significantly larger than that in
BF-PT45:La(y=0.30) (7=0.10). This considerably lessens the scope
for additional domain switching on the application of a field in the
same direction, as evident from Fig. 5e. Note, in passing, that thelarge
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Fig. 5 | Comparison with PT-BNZ. a,b, XRD reflections of the pseudocubic
{200}, of unpoled (a) and of poled (b) PT-BNZ powder. ¢, Pseudocubic
{113, and {200},. NPD Bragg profiles of unpoled PT-BNZ powder. d, The
unipolar strain in the corresponding sample. e, The domain switching in
PT-BNZ from poled powder to poled pellet and then under a 35kV cm™
field and after removal of the field. In contrast to the situation in BF-
PT45:La(y=0.30) (Fig. 4a), the poled specimen of PT-BNZ is heavily
textured (n ~ 0.5). Further domain switching in the same direction is not
significantly noticeable.

difference in the electrostrains of BF-PT:La and PT-BNZ cannot be
attributed to the difference in the grain size of the specimens, as both
specimens exhibit grain size in the range 6-8 um (Supplementary
Fig. 10). The low symmetry (Cc) of the ferroelectric phase may aid to
the efficient domain switching in BF-PT45:La(y=0.30) as it allows
more domain variants to appear, which in turn increases the prob-
ability of finding compatible variants across neighbouring grains
for an efficient collective switching to take place across the piezo-
ceramic body”. In contrast, the ferroelectric phase of PT-BNZ has a
higher symmetry (P4mm), and there was no evidence of superlattice
reflections that corresponded to octahedral tilt in the NPD pattern
(Fig. 5¢). We also found that the large reverse switching in BF-PT:La
is robust as the electrostrain did not decrease after repeated cycling
in excess of 10. In contrast, the electrostrain of PT-BNZ decreased
after 100 cycles (Supplementary Fig. 11).

Unique structural features of the critical composition

Next we discuss the factors that make BF-PT45:La(y=0.30)
unique as compared to other compositions in the large composi-
tion space (x,y) of (1-x)Bi,_La FeO,~(x)PbTiO,. Figure 6a shows
the evolution of the XRPD pattern of 0.60Bi,_La FeO,-0.40PbTiO,
(BF-PT40:La(y)) as a function of La concentration. Here the struc-
ture evolves from tetragonal (y=0) to rhombohedral (y=0.20), as
confirmed by the splitting of {111},.. We found that all BF-PT:La
with x<0.45 showed the same structural evolution with La con-
centration. In contrast, for all x>0.45, the tetragonal structure
transforms to CL with increasing La concentration (Fig. 1c). The
second important difference is that, after poling, the rhombohe-
dral composition BF-PT40:La(y=0.20) exhibits no further change
in structure on the global scale (Fig. 6b), whereas the CL phase of
BF-PT45:La(y=0.30) transforms to a tetragonal majority (Fig. 2a).
Thus, all La-modified (1-x)BF-(x)PT with x<0.45 behave like a
normal ferroelectric that exhibits a large irreversible domain switch-
ing (less reverse switching) after poling. It is therefore not surpris-
ing that BF-PT40:La(y=0.20) shows an electrostrain of ~0.22% at
80kV cm™ (Fig. 6¢). Other groups have also reported electrostrain
values in the same range on similar compositions>*.
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Methods

Piezoceramics of (1-x)Bi,_,La FeO,-xPbTiO, were prepared by a conventional
solid-state sintering technique using analytical grade high-purity powders of
Bi,0;, PbO, Fe,0;, TiO, and La,O; (Alfa Aesar, purity >99.5%). We also added
0.2wt% of MnO, to reduce the leakage current. After calcination at 800 °C for

2h, the uniaxially pressed pellets were sintered in the range (depending on

the composition) 950-1,100°C for 2h amid a sacrificial powder of the same
composition to minimize the volatilization of PbO and Bi,O,. Similarly, a series

of (x)BNZ-(1-x)PT was prepared in the composition range 0.38 <x<0.44 by a
conventional solid-state synthesis technique. Dried reagent grade oxides of Bi,O;,
PbO, NiO, ZrO, and TiO, (Alfa Aesar, purity >99.5%) were mixed according to
stoichiometric formulas of each composition. The pellets were sintered in the range
1,100-1,150°C for 3h. XRPD studies were performed with a Rigaku (SmartLab)
rotating-anode-based diffractometer with Cu Ko radiation working in the Bragg-
Brentano reflection geometry. The diffraction patterns of ‘unpoled specimens’
were obtained by grinding the sintered pellets to powder and subsequent
annealing at ~700°C for 1h to remove stress-induced ferroelastic changes in the
specimens, if any, incurred during the grinding process. The XRD patterns of the
poled specimens were collected after grinding the poled pellets to powder. XRD
experiments in situ with an electric field were carried out on pellets. Very thin gold
electrodes were sputter deposited across the opposite faces of a circular pellet and
XRD data were collected from one face while the field was held constant. In this
geometry, the planes that contributed to the observed Bragg peaks were those ones
parallel to the pellet surface (or nearly perpendicular to the applied field). NPD

experiments were carried out at the SPODI diffractometer at FRM II, Germany,
using a wavelength of 1.548 A. Rietveld refinement was carried out using the
program FULLPROF?. Microstructural features of the pellets were examined by
scanning electron microscopy (FEI, Quanta 200). Ferroelectric and electrostrain
measurements were carried out with a Radiant Precision Premier II loop tracer
and an MTI photonic sensor, respectively. Dielectric measurements were carried
out on fired-on silver-electroded circular discs of ~1 mm thickness and ~10 mm
diameter. High-resolution transmission electron microscopy (HRTEM) on a C;-
corrected Titan G2 microscope operated at 200kV. Electron-transparent samples
were prepared both in the unpoled and poled states via conventional mechanical
polishing followed by ion milling. Reciprocal space analysis was performed by
obtaining selected area electron diffraction patterns of regions (~100 nm diameter)
along various zones. Real-space analysis was performed on atomic resolution
images obtained via HAADF-STEM. Chemical maps were obtained using energy
dispersive spectroscopy in a ChemiSTEM set-up (four solid-state detectors placed
symmetrically about the optical axis) with simultaneous HAADF-STEM imaging.

Data availability. All data generated and analysed during this study are available in
the paper and its Supplementary Information. Extra data can be obtained from the
corresponding authors on request.
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