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Synergistic role of poling in enhancing structural heterogeneity in perovskite piezoelectrics
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Local structural heterogeneity is known to enhance the piezoelectric response of perovskite-based ferro-
electrics. Here we investigate how this heterogeneity is affected by strong electric fields using dilute doped
Eu+3 ions as local structural probes. We make use of the extreme sensitivity of the 5D0 → 7F2 hypersensitive
transition of Eu+3 vis-à-vis the asymmetric distribution of the ligand field around the doped ion to demonstrate
that a strong electric field (poling) increases the overall low-symmetry regions on the local length scale in a
BaTiO3-based lead-free piezoceramic near the P 4mm-Amm2 polymorphic phase boundary (PPB). Our study
suggests that the mandatory treatment of poling given to a ceramic to make it piezoactive also contributes to the
microscopic mechanisms that improve the system’s piezo-response.
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I. INTRODUCTION

The compactness, energy efficiency, and large impact force
makes piezoceramics the preferred choice as pressor sensors,
actuators, ultrasound motors, and transducers in wide-ranging
applications. While the Pb(Zr, Ti)O3 (PZT)-based piezo-
electrics have been in use for more than five decades now, new
directives [1,2] have oriented the scientific community to look
for a suitable replacement of Pb-based piezoelectrics. The
discovery of extraordinary piezoelectric response in BaTiO3-
based piezoelectric is one of the major achievements [3]. In
addition to its great technological importance, this material
system also provides an opportunity for a better understand-
ing of the microscopic mechanisms that contribute to large
piezoelectricity in ferroelectrics. BaTiO3-based piezoelectrics
differ qualitatively from the conventional piezoelectrics, such
as PZT, in the following two ways: (i) the occurrence of
high piezoelectric response in BaTiO3 occurs at the tetragonal
(P 4mm)– orthorhombic (Amm2) phase boundary (instead of
the P 4mm-R3m boundary in PZT), and (ii) the proximity of
this boundary to a region in the phase diagram where four
phases (the three ferroelectric phases and the cubic (Pm3m)
paraelectric) converge [4]. Although concepts like polariza-
tion rotation/phase transformation [5,6], enhanced contribu-
tion of domain walls [7–9], and domain engineering [10,11]
have generally been invoked to explain the increase of piezo-
electricity in BaTiO3-based piezoelectrics, recent detailed in-
vestigations have also revealed the important role of large
fluctuations of the polarization in the orthorhombic phase
because of the combined effect of a flat free-energy land-
scape and a fragmented local structure [12], confirming that
structural heterogeneity is an important factor contributing to
piezoelectricity enhancement in this system. This scenario is
often associated with the piezoelectric ceramics in the unpoled
state. Real piezoceramics must be mandatorily subjected to
a strong electric field (traditionally known as poling treat-

*rajeev@iisc.ac.in

ment) to make it piezo-active. In view of the importance
of local structural heterogeneity vis-à-vis the piezoelectric
performance of piezoceramics [13,14], a relevant question is:
Does the poling affect the overall heterogeneity of the system?
From a structural perspective a heterogeneity can be treated as
a low-symmetry local distortion as compared to the average
symmetry perceived on the global scale by techniques such
as x-ray/neutron diffraction. In piezoceramics, the electric
field moves the ferroelectric-ferroelastic domain walls and/or
interphase boundaries (in case of polymorphic/morphotropic
phase boundary systems). The local low-symmetry distortions
can be expected to be centered around such interfaces (and
also around the grain boundaries). To monitor changes in the
overall fraction of the low-symmetry local regions, if any,
by the poling field requires a probe which is sensitive to the
structure on the local scale. The measured data should also be
statistically relevant in the sense of sampling the information
randomly from different spatial regions (much larger than
the correlation length which the technique probes) of the
system. While tools such as transmission electron microscopic
can give the exact nature of the local changes such as field-
driven phase changes [15], the volume under examination is
insignificantly small. Other local probes, for example, nuclear
magnetic resonance (NMR) [16] and extended x-ray fine
structure spectroscopy (EXAFS) [17], are heavily dependent
on the model used for the data analysis.

A relatively less-known technique, photoluminescence
(PL) of trivalent lanthanide ions, suits our purpose. The Stark
lines in a PL spectrum are dependent on the local structure
of the ligand environment around the lanthanide ion, making
the PL signal sensitive to the local structure [18]. Further,
lanthanides such as Dy+3, Sm+3, Eu+3, Er+3, Nd+3, Ho+3,
and Tm+3 exhibit hypersensitive transitions, i.e., the proba-
bility of some quadrupolar transitions is greatly enhanced by
increased asymmetric distribution of the ligand field around
the lanthanide ion [19]. Among them, the large difference
between the energy of the charge-transfer transition and
the 5D0 → 7F2 hypersensitive transition of Eu+3 makes the
hypersensitive transitions in Eu+3 more sensitive to the local
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environment as compared to the hypersensitive transitions
of the other trivalent lanthanide [18]. Eu+3 PL is therefore
a nice tool for determination of local symmetry in complex
structures [20,21], subtle structural changes across phase
transformations induced by composition [22], temperature
[23,24], pressure [25–28], and in monitoring the extent of
crystallization during annealing of structural glasses [29].
It may be emphasized that unlike pressure and temperature,
which are fundamental thermodynamic variables, the energy
involved with electric field commonly used in experiments
(few kV/cm in bulk piezoceramics) is insignificantly small
to drive a system (by itself) towards a crystallographic phase
transformation. However, electric field can be an influential
parameter when the system is close to an interferroelectric
instability and can make one ferroelectric phase grow at the
expense of the other by motion of the already existing inter-
phase boundaries and/or creation of new interphase bound-
aries. The change in the structural heterogeneity is therefore
expected to arise primarily from the disturbances in the atomic
arrangements in the proximity of the interfaces (domain walls
and interphase boundaries) when the poling field acts on the
system. Keeping in view the fact that the system’s weak-field
piezoelectric response (the d coefficients) is measured on a
poled state of the specimen, understanding the influence of
the poling field on the overall heterogeneity of the specimen
has great significance vis-à-vis the microscopic mechanisms
contributing to piezoelectricity enhancement. Our approach
involves randomly dispersing Eu+3 ions (in dilute concen-
tration) in the piezoelectric matrix to make them act as local
structure sensors. Their distribution throughout the sample
also assures that the information obtained is relevant in the
statistical sense and therefore representative of the behavior of
the specimen as a whole. With this as the primary motivation,
we chose to use Eu+3 PL as the local probe, and the BaTiO3-
based lead-free piezoelectric Ba(Ti1-xSnx )O3 in the vicinity of
the P 4mm-Amm2 polymorphic phase boundary (PPB) as the
piezoelectric system. Ba(Ti1-xSnx )O3 (BTS) shows high d33

at the P 4mm-Amm2 boundary at room temperature [30,31].
We doped BTS with 0.5 mol% Eu2O3 to make use of the
Eu+3 PL signal to probe the characteristics of the BTS matrix
as it changes structure with composition and electric field.

II. EXPERIMENTAL

Specimens of Ba(Ti1-xSnx )O3 (BTSx) ceramics and
Eu-doped Ba(Ti1-xSnx )O3:Eu0.005 (BTSx:Eu) ceramics
were prepared in close composition intervals x = 0, 0.02,

0.03, 0.04, 0.05, 0.06 by a conventional solid-state method
[30,31]. Stoichiometric amounts of dried high-purity (Alfa
Aesar) chemicals BaCO3, TiO2, SnO2, and Eu2O3 were
thoroughly mixed in zirconia vials and balls in acetone
medium using a planetary ball mill (P5) for 10 h. Milled
powders were dried and calcined at a temperature of 1120 °C
for 4 h in an alumina crucible. Green pellets were made by
applying uniaxial pressure in a 2% polyvinyl alcohol mixed
calcined powder. Finally, sintering was done by a two-step
process, first heating to 1350 °C for 4 h and then to 1550 °C for
6 h. Electrical poling was done by applying a dc electric field
in the range 1–2 kV/mm for 1 h on pellet samples and then
gently crushed to powder for x-ray diffraction measurements.

X-ray powder-diffraction data was collected using a Rigaku
Smart Lab x-ray diffractometer with Cu Kα1 radiation in
Bragg Brentano reflection geometry. Sintered pellets were
ground to powder and then annealed at 500 °C for 1 h to
relieve residual stress before performing x-ray diffraction
measurements of unpoled samples. Photoluminescence
(PL) spectroscopy data was collected from poled and
unpoled powder samples using a 532-nm laser attached
with LabRAM HR (HORIBA) spectrometer. A direct
piezoelectric coefficient d33 was measured on poled pellets
using a Piezotest PM300. Polarization electric-field-loop
measurements were performed on Precision Premier II tester
(Radiant Technologies, Inc.). Electrostrain was measured
using a MTI-2300 FOTONIC sensor (MIT Instruments)
attached with a Precision Premier II tester. Rietveld analysis
was done using the software FULLPROF [32].

III. RESULT

A. Piezoelectric and ferroelectric characterization

Because of the strong correlation of the P 4mm-Amm2
boundary with high piezoelectricity, we limited ourselves
to the Ba(Ti1-xSnx )O3 compositions in the vicinity of this
boundary and synthesized compositions at small concentra-
tion intervals x = 0, 0.02, 0.03, 0.04, 0.05, and 0.06 with
0.5 mol% Eu. From the plots shown in Fig. 1, although there
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FIG. 1. (a), (b) Longitudinal piezoelectric constant (d33) as a
function of composition of Ba(Ti1-xSnx )O3 in Eu-free and Eu-doped
specimens. (c), (d) Polarization-electric-field (P -E) hysteresis loop
of undoped and doped specimens of PPB compositions x = 0.03
(BTS3:Eu) and x = 0.04 (BTS4:Eu). (e), (f) Bipolar electrostrain
hysteresis of the undoped and Eu-doped PPB compositions x = 0.03
(BTS3:Eu) and x = 0.04 (BTS4:Eu).
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FIG. 2. Evolution of the pseudocubic {200}pc Bragg profiles of
Eu-doped and undoped Ba(Ti1-xSnx )O3 (x = 0−0.06). The data was
collected on powder specimens. The orthorhombic peak is shown by
arrows.

is a slight decrease in the weak-signal piezoelectric coefficient
(d33) after Eu+3 doping, the composition dependence of the
piezoelectric coefficient (d33) follows the same trend for both
the Eu+3-doped and undoped specimens. The undoped and the
Eu-doped samples exhibit almost identical polarization-field
(P -E) and strain-field (S-E) hysteresis loops, suggesting that
the 0.5 mol% of Eu doping does not interfere significantly
with the ferroelectric behavior of the host matrix BTS. At the
same time, as will be shown below, this dilute doping concen-
tration shows a sufficiently intense PL signal for meaningful
and reliable analysis.

B. Crystal structure

Figure 2 shows the x-ray powder-diffraction profiles of
the pseudocubic reflection {200}pc for both Eu undoped and
doped BTS. The complete x-ray diffraction (XRD) patterns
are shown in Fig. S1 of the Supplemental Material [33]. The
XRD pattern of x = 0.02 is similar to that of the parent
compound BaTiO3, suggesting a tetragonal (P 4mm) struc-
ture. The higher compositions x = 0.03 and x = 0.04 show
a new reflection, corresponding to the orthorhombic (Amm2)
phase, in between the (002)T and (200)T tetragonal peaks.
These compositions therefore represent the PPB. The shape
of the pseudocubic {200}pc Bragg profiles of x = 0.05 and

0.06 is akin to what has been reported for the orthorhombic
(Amm2) phase of the BaTiO3-based piezoceramics [30,31].
The XRD Bragg profiles of the Eu-doped specimens follow
the same structural evolution with composition. A slight dif-
ference is that the orthorhombic peak becomes prominently
visible at x = 0.04 in the Eu-doped specimen, whereas in the
undoped samples an orthorhombic peak can be seen even at
x = 0.03. This indirectly confirms that the doped Eu is part
of the perovskite structure, though some of them sitting on
the grain boundaries cannot be ruled out. Based on its ionic
radii (1.066 Å, for VIII coordination) [34], it is most likely
to occupy the A site of the perovskite structure. Figure 3
shows Rietveld fitted x-ray powder-diffraction data of BTSx:E
with x = 0.00, 0.03, 0.04, 0.06. We fitted all the diffrac-
tion data a with tetragonal P 4mm and orthorhombic Amm2
phase coexistence model. With increasing Sn concentration
the increasing intensity of the orthorhombic (440)O peak in
between the two tetragonal peaks (400)T and (004)T confirms
the increasing fraction of the Amm2 phase, Fig. 3(e). Rietveld
analysis of the XRD data showed that the orthorhombic phase
fraction increased from 0 to 94% on increasing x from 0 to
0.06. The refined structural parameters of the tetragonal and
orthorhombic phases for BTS3:Eu and BTS4:Eu are given in
Tables S1 and S2 of the Supplemental Material [33].

C. Eu+3 photoluminescence

Figure 4 shows the Eu3+ PL emission spectra of the
Eu-doped specimens. The spectra were collected on powder
specimens of the sintered ceramics. The emission bands in
the different wavelength ranges are categorized as 5D0 → 7F0

(570–585 nm), 5D0 → 7F1 (585–600 nm), 5D0 → 7F2 (610–
630 nm), 5D0 → 7F3 (645–660) nm [18]. We may note that
there is no noticeable emission in the same wavelength range
by the host matrix (Fig. S2, Supplemental Material [33]). For
the sake of consistency, we present all the PL spectra on a
normalized scale. All the compositions show maximum inten-
sity of the Stark line corresponding to the 5D0 → 7F1 Stark
band. The relative intensity of the 5D0 → 7F2 hypersensitive
Stark band increases gradually with increasing Sn content and
shows maximum increase at x = 0.04 [as shown in the inset
of Fig. 4], i.e., in the two-phase state. Interestingly, the same
trend is found in the weak-field piezoelectric response (d33)
Fig. 1(b), suggesting a one-to-one correspondence between
piezoelectric enhancement and the intensity enhancement of
the 5D0 → 7F2 Stark band.

We also explored the possibility of finding a correlation
between the Stark lines and global structure of the ferro-
electric phases by detailed examination of the different Stark
bands. Figure 5(a) shows a Lorentzian fitted nonhypersen-
sitive 5D0 → 7F1 Stark band for the single-phase P 4mm

(x = 0) and Amm2 (x = 0.06) compositions. A minimum of
five Lorentzian profiles were required to account for all the
features of this Stark band. To minimize the arbitrariness in
the analysis, the number of the Lorentzian profiles was kept
the same for both compositions. The details of the fitted pa-
rameters are given in Table I. For the P 4mm phase (x = 0) the
characteristic Stark lines are at 594.98 and 596.78 nm. For the
Amm2 phase (x = 0.06), these lines come closer, at 595.58
and 596.42 nm. We may mention that the shift, though small,
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FIG. 3. Rietveld fitted x-ray (Cu Kα1) powder-diffraction pat-
terns of Eu-doped BaTi1-xSnxO3 for x = (a) 0.06 (BTS5:Eu),
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istence model. Insets show {220}pc and {400}pc pseudocubic Bragg
profiles. (e) Phase fractions of the P 4mm and Amm2 with Sn
concentration.

is outside the measurement uncertainty and was reproducible.
Another notable difference, which was also reproduceable, is
that the area ratio of the two signature Stark lines is 1.8 in the
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P 4mm phase and 1.5 in the Amm2 phase. The Amm2 phase
is also marked by the two Stark lines at 594.31 and 599.78 nm
becoming relatively more intense [Fig. 5(a)]. We did a similar
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FIG. 5. (a) Lorentzian fitted nonhypersensitive Stark band
5D0-7F1 in the tetragonal (x = 0, i.e., BT:Eu) and orthorhombic
(x = 0.06, i.e., BTS6:Eu) compositions. (b) Lorentzian fitted hyper-
sensitive Stark band 5D0 → 7F2 of the tetragonal and orthorhombic
compositions. Details of fitted parameters are given in Tables I and II.
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TABLE I. Peak positions and area of Lorentzian fitted Eu3+

PL Stark lines corresponding to the 5D0 → 7F1 Stark band
in a tetragonal-dominated (BT:Eu) and orthorhombic-dominated
(BTS6:Eu) host matrix.

BT:Eu BTS6:Eu

Peak position Area Peak position Area

589.32119 0.34518 589.32171 0.23539
593.25831 0.24292 594.3106 1.01064
594.98821 0.87447 595.58225 1.11513
596.7888 1.54378 596.42136 1.70745
599.569 0.23727 599.73838 0.57184

analysis of the 5D0 → 7F2, the hypersensitive Stark band,
Fig. 5(b). This band required a minimum of nine Lorentzian
profiles to account for all the details. The details of the fitted
parameters for the P 4mm (BT:Eu) and the Amm2 (BTS6:Eu)
phase are given in Table II. An important difference noted in
this Stark band is the appearance of a Stark line at ∼614.8 nm
in the Amm2 phase.

D. Eu+3 photoluminescence: Electric-field dependence

Figure 6 shows the Eu+3 PL spectra of the different com-
positions in their unpoled and poled states. The corresponding
change in color coordinates in a Commission International
de L’Eclairage (CIE) chromaticity diagram (in the limited
wavelength range 570–650 nm) is also shown in Fig. 6. Since
poling-induced switching of the ferroelectric-ferroelastic do-
mains can also induce residual stress in the dense ceramic
body [35], we avoided this possible influence by measuring
the PL spectra on a powdered sample of the poled pellet.
The powder sample is also a better representative of the bulk
specimen and eliminates preferred-orientation-related effects
likely to be caused by the poling field in dense ferroelectric
ceramic. As has been demonstrated before [36–39], this strat-
egy can reveal the accurate nature of the irreversible structural
changes caused by the poling field, if any. As evident from
Fig. 6, poling increases the intensity of the 5D0 → 7F2 Stark
band for all compositions, including x = 0.00 (BaTiO3). The
difference in the maximum intensity in the unpoled and the
poled states for each composition is shown in Fig. 6(e). What
is most remarkable is the significantly large increase (∼100%
increase) in the intensity after poling of the polymorphic
phase boundary compositions. As a result, the color of the
emission became intense red for poled samples. Since both
x = 0.03 and x = 0.04 are compositions corresponding to
the P 4mm-Amm2 interferroelectric boundary, we anticipated
this large increase in the PL intensity of the hypersensi-
tive band to be associated with a field-induced, irreversible
P 4mm → Amm2 transformation. Such a transformation is
easy to detect in the XRD pattern, as it would manifest
as an increase in the intensity of the orthorhombic peaks
with respect to the coexisting tetragonal (P 4mm) peaks. This
strategy has been used before to ascertain the poling-induced
rhombohedral/monoclinic-to-tetragonal transformation in the
morphotropic phase boundary (MPB) compositions of the
PbTiO3-BiScO3 system [38,39]. Surprisingly, however, the x-
ray powder-diffraction patterns before and after poling of our

TABLE II. Peak positions and area of Lorentzian fitted Eu3+ PL
Stark lines corresponding to the 5D0 → 7F2 Stark band in tetragonal-
dominated (BT:Eu) and orthorhombic-dominated (BTS6:Eu) host
matrix.

BT:Eu BTS6:Eu

Peak position Area Peak position Area

605.12022 0.06236 605.40884 0.24308
611.9924 1.66161 611.91295 1.91989
613.87772 0.15542 613.87078 0.06367
615.44263 0.28963 614.8112 0.62931
617.92457 0.74654 617.92652 1.24575
619.6832 0.75779 619.66875 0.19079
622.94528 0.1575 622.68559 0.38938
626.07875 0.6924 626.07125 0.66481
633.4784 0.29932 633.47303 0.73354

BTSx composition x = 0.03 and x = 0.04 (both Eu-doped
and undoped) do not show significant change (Fig. 7). As
demonstrated below, we reconfirmed this to be the case in the
pellet specimens as well.

E. X-ray diffraction in situ with electric field

To ascertain if the poling field led to structural transfor-
mation or not in the PPB compositions, we carried out XRD
in situ with the electric field on x = 0.03. We found that the
grains near the surface of the pellets are significantly textured
and broadened even in the unpoled state (Fig. S3, Supplemen-
tal Material [33]). This would make it difficult to ascertain the
nature of field-induced structural changes, if any. The neces-
sity to examine the structural changes as a function of field on
specimen exhibiting no residual stress and texture forced us to
adopt a different strategy wherein we performed XRD in situ
with the electric field on unclamped free grains, i.e., powder
samples. We did this by hand grinding the dense ceramic
specimen to powder and annealing them to get rid of stress-
induced changes, if any, incurred during the grinding process.
The annealed powder was mixed with a soft polymer matrix,
namely, polyvinylidene fluoride (PVDF). This strategy has the
benefits of the avoiding the stress which can arise in dense
ceramic specimens during field-driven domain switching due
to mutual clamping of the grains [35]. The powder nature
of the ceramic specimen ensures that the diffraction pattern
is free of preferred orientation and residual stress before the
application of the electric field. The only drawback of our
approach is that the voltage applied on the polymer-ceramic
composite is dropped more in the polymer region due to
its relatively lower dielectric constant as compared to the
ceramic. Consequently, it is not meaningful to correlate the
changes in the XRD patterns with the magnitude of the total
electric field applied on the polymer-ceramic composite spec-
imen. Our interest is rather limited to determining the nature
of the structural changes when the grains experience enough
field for the same, irrespective of how much field we needed
to apply on the composite specimen. The polymer-ceramic
composites were made following the recent work of Mahale
et al. [40]. We started with 55 vol% ceramic content to get
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a homogeneous distribution of ceramic powder. The PVDF
solution was prepared by dissolving 18 wt% of PVDF (Kynar-
761 with Mw = 440 000 g/mol, obtained from Arkema, Inc.)
in N,N -dimethylformamide (DMF) solvent. The mixture was
constantly stirred on a magnetic stirrer at 60 °C for 30 min to
dissolve the PVDF. The predetermined amount of BTS3Eu
fine powder was then mixed with the PVDF-DMF solution,
and then it was thoroughly stirred. After some time, the slurry
was poured on a 50 °C heated glass substrate and dried in a
hot air oven at 100 °C for 1 h to evaporate the solvent. The
composite films were placed between hotplates at 170 °C and
pressed with the pressure around 800 psi to remove the voids
left over during the evaporation of the solvent and to make the
films wrinkle free. The thickness of the films was found to be
in the range of 170–250 µm.

Figure 8 shows evolution of a pseudocubic {200}pc Bragg
profile with increasing electric field. With increasing electric
field (002)T peak intensity increases due to switching of the
90° domain along the direction of electric field. At an applied

field of 25 kV/cm the intensity of the (002)T becomes greater
than that of (200)T, suggesting considerable switching of
the ferroelectric-ferroelastic domains. This ensures that the
applied field is indeed experienced by the ceramic grains
in the polymer-ceramic composite specimen. In addition to
domain switching, the appearance of a new peak (marked
with O in Fig. 8) in between (200)T and (002)T indicates
the field-induced growth of orthorhombic phase [30,41,42].
This is more clear in the evolution of the pseudocubic {400}pc

Bragg profile [Fig. 8(b)] wherein the peak corresponding to
the orthorhombic phase has relatively less overlap with the
(004)T and (400)T tetragonal peaks. The interesting feature
is that with decreasing field, not only do the domains start
reverse switching but also the intensity of the orthorhombic
peak phases starts to decrease. This confirms that the electric-
field-induced phase transformation is reversible to a very large
extent in this system. For the sake of comparison, we also
performed the in situ XRD experiment on the pellet. For this
we focused our attention only on the {400}pc peak, as the effect
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FIG. 7. Pseudocubic Bragg profiles {200}pc and {220}pc of poled
and unpoled powder specimens of (a) BTS3:Eu and (b) BTS4:Eu.
Bragg profiles showing the same global structure in poled and
unpoled specimens.

of residual surface stress and preferred orientation was less for
this peak as compared to the {200}pc (Fig. S3, Supplemental
Material [33]). This can be understood from the fact that the
grains contributing to the {400}pc profile are at more depth
from the surface of the pellet. The self-texturing due to surface
relaxation of domains and the corresponding residual stress is
less pronounced for the grains well below the surface region
since they are equally clamped from all sides. Figure 9 shows
the evolution of the pseudocubic {400}pc Bragg profile with
increasing and decreasing electric field. Like the free grains
in the polymer-ceramic composite specimens, we do see the
increase in intensity of the orthorhombic peak (marked as
O in Fig. 9), confirming the field-induced P 4mm → Amm2
transformation in the dense ceramic specimen as well. On
decreasing the field, the intensity of the orthorhombic “O”
peak also decreases, thereby confirming the reverse transfor-
mation.

IV. DISCUSSION

The 5D0 → 7F2 transitions of Eu3+ ion have been labeled
“hypersensitive,” which means its intensity is very much
sensitive to the local symmetry around the Eu3+ ion. The
theory of Jorgensen and Judd [19] attributes the increase in
the intensity of the hypersensitive Stark band to the increased
inhomogeneity in the dielectric medium surrounding the
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FIG. 8. Evolution of pseudocubic (a) {200}pc and (b) {400}pc

Bragg profile with in situ electric field in BTS3Eu/PVDF com-
posite film during increasing electric field and after the field was
switched off.

lanthanide ion. One aspect of increasing structural hetero-
geneity is local lowering of the symmetry, as seen by the Eu+3

ions embedded in the piezoelectric matrix [18]. In this context,
Fan et al. [43] have shown that the intensity of the hypersen-
sitive band of the Eu+3 PL spectrum can be tuned by varying
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FIG. 9. Evolution of the pseudocubic x-ray {400}pc Bragg profile
with electric field during increasing (left) and decreasing (right) field
on a pellet specimen of BTS3:Eu.
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the chemical composition of EuCl3 and β-diketonate codoped
gels. In the EuCl3 the singly doped gel emission intensity of
the nonhypersensitive 5D0 → 7F1 band is stronger than the
hypersensitive 5D0 → 7F2 band, whereas in the EuCl3 and
β-diketonates the codoped gel 5D0 → 7F2 intensity becomes
stronger than that of the 5D0 → 7F1 band. This enhancement
in the intensity of the hypersensitive band is due to more
Eu+3 ions experiencing lower symmetry in the codoped gel
[39]. This aspect is more convincingly demonstrated in solid
by Lourenco et al. [29] during crystallization of Eu-doped
lead borosilicate glass. The authors showed that the intensity
of the 5D0 → 7F2 hypersensitive band decreases as more and
more fraction of the amorphous region gets converted to the
crystalline region with increasing annealing temperature. The
amorphous regions being structurally disordered, the Eu+3

embedded in such a region would see lower symmetry than
those embedded in the crystalline region. With increasing the
annealing temperature, a greater fraction of the doped Eu+3

in the solid is in a higher-symmetry environment, thereby
reducing the intensity of the 5D0 → 7F2 hypersensitive band
emitted by the solid. In our case, the increase in the in-
tensity of the hypersensitive band is achieved after electric
poling (Fig. 6). The enhancement is considerably large for the
PPB compositions (x = 0.03 and x = 0.05) as compared to
the non-PPB compositions x = 0.00 (P 4mm) and x = 0.06
(Amm2). As our XRD study in situ with electric field sug-
gests, the field-induced domain switching and the concomitant
P 4mm → Amm2 is reversible to a large extent on the global
length scale. At the outset this appears to contrast with the
irreversible increase in the intensity of the hypersensitive band
after poling. However, keeping in view that XRD pattern and
the PL spectra reveals structural information on very different
length scales, our results suggest a significant increase in
the low-symmetry regions on the local scale after poling.
These local low-symmetry regions are not of enough size
to affect the global structure as seen by the XRD. From
our results, it appears that although on the global scale the
overall changes appear to be reversible, the entire process
leaves a local residue of low-symmetry regions (monoclinic
or triclinic), difficult to detect by other means. It is interesting
to note that like us, Hao et al. have reported a significant
enhancement of the hypersensitive Er+3 up-conversion Stark
band after application of strong electric field to thin Er and
Yb codoped BaTiO3 epitaxial film on (001)-oriented SrTiO3

substrate [44]. Yb was used as a sensitizer to increase the
pumping efficiency as it enhances the energy transfer from
Yb+3 to Er+3 ions when the system is pumped by infrared
light. The intensity of the up-conversion green hypersensitive
band increased by 2.7 times when an electric field of 125
kV/cm was applied to the film. Although no field-induced
structural study was reported, we anticipate the same mecha-
nism to be operative for the intensity enhancement of the Er+3

hypersensitive band. As shown in Fig. 6, to some extent our
Eu-doped BaTiO3 also shows some increase in the intensity of
the Eu+3 hypersensitive Stark band. Although, unlike the PPB
compositions (x = 0.03 and 0.04), pure BT does not explicitly
show field-induced P 4mm → Amm2 transformation on the
global scale, short-ranged monoclinic order has been reported
during the P 4mm-Amm2 transformation in BaTiO3 [45–48].

The possibility of the monoclinic phase in BaTiO3 is also
known by first-principles and phenomenological calculations
[48,49]. In view of this, although we have fitted our diffrac-
tion data with tetragonal and orthorhombic phase coexistence
models, the presence of local monoclinic distortions cannot
be ruled out [30,47]. In contrast to bulk ceramics and single
crystals, the crystal structure of epitaxial BaTiO3 films can
be more susceptible to field-induced structural changes as the
biaxial stress at the film-substrate interface can significantly
change the nature of the structural stability [50].

In another related work, Sun et al. [51] reported
PL emission of Pr+3 ions doped in 0.5Ba0.7Ca0.3TiO3-
0.5Ba(Ti0.8Zr0.2)O3 (BCTZ) polycrystalline piezoceramic.
This composition is well known for its extraordinary high
piezoelectricity (d33 ∼ 600 pC/N) [3]. The structural state of
MPB composition of BCTZ has been in controversy with the
first report suggesting the coexistence of tetragonal (P 4mm)
and rhombohedral (R3m) phases [3]. Later studies identified
a narrow orthorhombic (Amm2) region in the phase diagram
of the BCTZ system and associated the large piezoelectricity
to the P 4mm-Amm2 phase boundary [4]. Sun et al. [51]
showed that the intensity of the red emission line of Pr+3

at 650 nm decreases significantly on the first application of
strong field and related this to increased symmetry (R3m) of
the phase transformed by the electric field. In the correspond-
ing structural work, the authors showed that after sufficient
poling, the {200}pc Bragg profile appears as a singlet and
interpreted this to imply a transformation of the system to
the rhombohedral phase. This interpretation cannot be treated
as conclusive, since the orthorhombic and the rhombohedral
peaks are known to occur at almost similar 2θ positions
in BCTZ [42]. The residual stress and preferred orientation
of the poled specimen can lead to considerable broadening
of the Bragg profiles and alters the relative intensity of the
Bragg peaks, making accurate structural analysis difficult.
By circumventing these problems using a “powder poling
technique” Brajesh et al. have demonstrated that poling rather
increases the fraction of the orthorhombic phase in this system
[42]. This contrasts with the viewpoint of Sun et al. [51], who
suggested a field-induced P 4mm → R3m transformation to
rationalize the decrease in the intensity of the red emission
line of Pr+3 at 650 nm. Since this line is not part of the
hypersensitive band of Pr+3, the decrease in the intensity need
not necessarily be related to symmetry change. In view of this,
it is worthwhile to revisit the structure-PL correlation in the
BCTZ system.

V. CONCLUSIONS

In summary, we show that the 5D0 → 7F2 hypersensitive
Stark band in the Eu+3 photoluminescence spectra can be
used as a probe to examine local structural heterogeneity in
piezoelectrics. We exploit this feature to examine how the
mandatory treatment of poling a piezoceramic to make it
piezoactive influences the overall structural heterogeneity of
the lead-free piezoelectric system Ba(Ti1-xSnx )O3 as it passes
through the tetragonal (P 4mm)- orthorhombic (Amm2) phase
boundary. We found that despite the large reversibility of the
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poling-induced P 4mm-Amm2 transformation on the global
scale, the polymorphic phase boundary (PPB) compositions
shows ∼100% irreversible increase in the intensity of the
hypersensitive Stark band in the PPB compositions. This cor-
relates very well with the trend in the piezoelectric response.
Our study shows that the role of poling a piezoelectric speci-
men is not merely limited to making the ceramic piezoactive
by aligning the domains along the field direction, but it also
plays a synergistic role in enhancing the performance of the
MPB/PPB piezoceramic by increasing the overall structural-
polar heterogeneity. We hope that this insight will provide a

guideline for systematic design of high-performance piezo-
electric materials, keeping the structural heterogeneity aspect
as an important consideration.
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