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We demonstrate that the lead-free piezoelectric compound Na0.5Bi0.5TiO3 (NBT) exhibits random lattice
strain in the ferroelectric phase, and that this feature primarily dictates the way the system evolves towards
the morphotropic phase boundary in the unpoled state of NBT-based piezoelectrics. Investigations on two
different morphotropic phase boundary (MPB) systems, namely Na0.5Bi0.5TiO3 − K0.5Bi0.5TiO3 (NBT-KBT)
and Na0.5Bi0.5TiO3 − BaTiO3 (NBT-BT), revealed that the coupled structural-polar evolution towards the MPB
is primarily driven by the necessity to minimize this strain. Our study suggests that the random lattice strain
originates in the random stacking of the in-phase tilt and antiphase octahedral tilted regions, and that the system
is able to minimize it by adopting a sequential stacking of the two tilt types, leading to a long-period modulation
in the octahedral tilt configuration over large parts of the sample volume. This hinders the development of
long-range ferroelectric order as the MPB is approached. We also demonstrate that the composition showing
the maximum piezoelectric coefficient corresponds to a structural state wherein considerable polar-structural
disorder coexists with the field-stabilized long-range rhombohedral ferroelectric order after poling, and not
coexistence of two ferroelectric phases (tetragonal and rhombohedral), generally believed.

DOI: 10.1103/PhysRevB.99.174112

I. INTRODUCTION

High-performance ABO3 ferroelectric perovskites are used
as actuators, pressure sensors, and transducers in wide-
ranging applications spanning sectors like health, space,
defense, and automobiles [1,2]. For over four decades,
Pb(ZrxTi1−x )O3, commonly known as PZT, has been the
preferred choice for such applications. The composition-
temperature phase diagram of PZT exhibits a morphotropic
phase boundary (MPB) which separates ferroelectric tetrag-
onal (space group P4mm) phase field from a ferroelectric
rhombohedral (space group R3m) phase field at x = 0.52 [3].
The interferroelectric instability at the MPB enables intrinsic
and extrinsic mechanisms which enhance the electromechan-
ical response of the system [4–8]. Increased environmental
concerns and directives in the last decade and a half [9,10]
have led to a great thrust in research on developing lead-free
alternatives of PZT [11]. This endeavor has led to exten-
sive studies on BaTiO3-based [12–21], (K, Na)NbO3-based
[22–25], and Na0.5Bi0.5TiO3-based [26–31] ferroelectrics.
Guided primarily by the PZT experience, the choice of alloy-
ing element(s) in these systems was motivated by driving the
system towards an interferroelectric instability. In the case of
BaTiO3-based systems the three important alloying elements
which could do the job are Zr, Sn, and Hf [32]. The highest
piezoelectric response in BaTiO3-based systems is achieved
at the tetragonal (P4mm)-orthorhombic (Amm2) phase bound-
ary [12,13,16,17,32]. The same scenario is reported in
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KNN-based systems wherein the interferroelectric instability
is achieved at room temperature by Li, and Sb modifica-
tions [22,24,33]. The most investigated solid solutions of the
NBT-based ferroelectrics are (Na1−xKx )0.5Bi0.5TiO3 (NBT-
KBT) and (Na0.5Bi0.5)1−xBaxTiO3 (NBT-BT). Both BaTiO3

and K0.5Bi0.5TiO3 are tetragonal (P4mm) ferroelectrics which
when dissolved in the matrix of NBT are anticipated to induce
a rhombohedral-tetragonal interferroelectric instability. It is
important to note that among the three important lead-free
ferroelectric compounds BT, KNN and NBT, the first two (BT
and KNN) belong to the category of normal ferroelectrics.
NBT, on the other hand, belongs to the category of relaxor
ferroelectrics, characterized by strong structural-polar disor-
der on the nanoscale [34,35]. This disorder is expected to play
an important role in determining the structural, dielectric, and
piezoelectric properties of the NBT-based piezoelectrics as the
MPB is approached. This aspect has received less attention in
literature so far.

The first symptom of local structural disorder in NBT
was reported by Kreisel et al., who, based on a diffuse
x-ray scattering study, suggested local monoclinic displace-
ment of the A-site cations in NBT [36] in the otherwise global
rhombohedral (R3c) symmetry. Electron-diffraction studies
have revealed thin sheets of localized in-phase (+) tilted oc-
tahedral regions (Glazer’s notation: a0a0c+)—a residue of the
high-temperature P4bm phase [37]. Levin and Reaney argued
that the assemblage of the in-phase and the antiphase tilted
regions gives rise to an average monoclinic (Cc) structure
[38], reported earlier by Aksel et al. [39] and Gorfman et al.
[40]. Balagurov et al., on the other hand, have reported that the
combination of a0a0c+ and a−a−a− gives rise to a long-period
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structural modulation [41]. The signature of the long-period
modulation was observed in neutron diffuse scattering [41],
and not in the regular powder-diffraction patterns, suggesting
its short correlation length. Strong electric field (i) reorients
the A-site cations towards the rhombohedral compatible [111]
direction [35,42]; (ii) suppresses the local in-phase (a0a0c+)
tilted regions [34]; and (iii) transforms the monoclinic (Cc)
structure to rhombohedral (R3c) on the global scale [34,43].

Following the conventional approach, the first phase dia-
gram of NBT-BT by Takenaka et al. [44] shows the MPB
in NBT-BT as a boundary separating rhombohedral and
tetragonal phase regions. Later studies reported a cubiclike
phase of the MPB composition, 0.94NBT − 0.06BaTiO3 [45].
Neutron powder diffraction of this composition revealed weak
superlattice reflections which cannot be explained based on
the simple octahedral tilt models [28]. Analogous to NBT-
BT, the composition (x = 0.20) exhibiting the maximum
piezoelectric response in NBT − xKBT [46,47] has also been
reported to exhibit a cubiclike phase [26,48]. Levin et al.
have rationalized that x = 0.20 of NBT-KBT does have local
tetragonal and rhombohedral ferroelectric regions [26]. At the
same time some studies have indicated that the propensity
of the in-phase tilted regions grows considerably at the MPB
[26,29,34,38,49]. Two scenarios can be envisioned when the
volume fraction of the local in-phase tilted regions grows:
(i) the two tilt types compete and increase the structural frus-
tration of the system, or (ii) they start to collaborate/cooperate
and exhibit long-period modulation [41] throughout the sam-
ple volume. However, the fundamental question is why should
the system show enhanced propensity for in-phase tilted re-
gions, which is not conducive for the development of ferro-
electric order, as the MPB is approached?

The increased propensity for the in-phase tilt as the system
heads for an interferroelectric instability will greatly affect
its structural-polar state and thereby the weak-field properties
such as the relative permittivity (of the unpoled specimens).
Unlike the measurement of relative permittivity which can be
performed on unpoled specimens, piezoelectric measurements
necessarily involve first subjecting the system to strong elec-
tric field, i.e., poling. It is therefore important to relate the
piezoelectric response to the structural-polar states of poled
specimens, and the dielectric response of unpoled specimens
to the structural-polar state of the unpoled specimens. Struc-
tural analysis of poled specimens also helps in ascertaining the
ground-state structure of relaxor ferroelectric systems which
do not exhibit long-range structural order in the absence of
electric field. Electric field can increase the correlation length
of the ferroelectric phase and reveal the nature of the noncubic
ferroelectric ground-state structure using common techniques
such as x-ray diffraction (XRD). This was recently demon-
strated for a relaxor ferroelectric-based pseudoternary system
BiFeO3 − PbTiO3 − LaFeO3 exhibiting very large electros-
train [50] wherein the local structure of what appears to be
cubic phase on the global scale was proven to be tetragonal.
For normal MPB ferroelectric such as PbTiO3 − BiScO3 [51]
and PbTiO3 − PbZrO3 [52] this approach may not be required
since the structure of the coexisting ferroelectric phases is
easily revealed on the global scale even in the unpoled state;
poling retains the two-phase state in these systems [51].
Using x-ray total scattering, Goetzee-Barral et al. have shown

a field-driven ordering in the Bi-Ti cation-cation distances
for the MPB compositions of NBT-KBT [53]. Zeng et al.
suggested that the high piezoelectric response of perovskite
ferroelectric ceramics stems from poling field induced ordered
nanodomains for NBT-BT systems [54]. While these studies
are important indicators that poling induces structural changes
on the local and nanometer length scales, a systematic one-
to-one correspondence of the structure of the poled state
with the piezoelectric response is still missing. In this paper
we examine the coupled structural-polar evolution of the
(1 − x)NBT-(x)KBT system using a variety of complementary
techniques namely x-ray diffraction, neutron powder diffrac-
tion (NPD), Raman spectroscopy, and dielectric measure-
ments. Our study reveals: (i) the existence of random lattice
strain in the parent compound NBT in its virgin (unpoled)
state; (ii) the evolution towards the MPB is dictated by the
necessity to minimize this strain by collaborative coupling
between the antiphase and in-phase octahedral tilts; and
(iii) the composition x = 0.20 exhibiting maximum piezo-
electric response does not exhibit coexistence of two ferro-
electric phase in the poled state, but rather a coexistence of
long-range ferroelectric and disordered phases.

II. EXPERIMENTAL

Ceramic specimens (1−x)Na0.5Bi0.5TiO3 − (x)K0.5

Bi0.5TiO3 (NBT – xKBT) were prepared using the
conventional solid-state route. Dried powders of Na2CO3

(99.5%, Alfa Aesar), K2CO3 (99%, Alfa Aesar), Bi2O3

(99%, Alfa Aesar), and TiO2 (99.8%, Alfa Aesar) were taken
in stoichiometric ratios and mixed in an acetone medium
using zirconia vials and balls in a planetary ball mill at
150 rpm for 12 h. Milled powders were dried, ground, and
calcined at 900 °C for 3 h in covered alumina crucibles.
The calcined powders were remilled at 150 rpm for 8 h. The
ceramic composition of (1 − y)Na0.5Bi0.5TiO3 − (y)BaTiO3

(NBT – yBT) was also prepared following the same synthesis
route. Dried remilled powders were mixed with 5% poly vinyl
alcohol (PVA) and then pressed into pellets under uniaxial
pressure of 100 MPa followed by cold isotropic pressure of
300 MPa. Green pellets were sintered in covered alumina
crucibles at 1150 °C for 4 h in air. Density measurement of
sintered pellets carried out using liquid displacement method
showed average density ∼95% of the theoretical density. The
sintered pellets with diameters of 10–12 mm and thickness
of 0.8–1.5 mm were painted with silver paste for electrical
contact and were poled by applying a dc field in the range of
50–70 kV/cm for 30 min. Direct piezoelectric coefficient
(d33) of poled pellet was measured using Piezotest, PM300
with applied force 0.25 N and frequency 110 Hz. X-ray
powder diffraction was carried out using a Rigaku Smartlab
x-ray diffractometer with monochromatic Cu Kα1 radiation.
Raman spectra were collected from poled and unpoled
pellets using 532 nm laser attached with LabRAM HR
(HORIBA) spectrometer. X-ray powder diffraction (XRPD)
of the poled specimens was obtained after crushing the poled
pellets gently to powder. The XRPD patterns of the unpoled
specimens were collected after annealing the powder at
750 °C for 2 h obtained after crushing the sintered pellets
to remove the effect of residual stress incurred during the
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FIG. 1. Composition dependence of (a) longitudinal piezoelec-
tric coefficient (d33) and (b) dielectric constant (ε′) of both unpoled
and poled NBT − xKBT specimens.

grinding process. Neutron powder-diffraction data were
collected at the diffractometer SPODI at FRM-II, Germany
(wavelength of 1.548150 Å) [55]. Structural analysis was
performed by the Rietveld method using the FULLPROF

package [56].

III. RESULTS

A. Dielectric and piezoelectric behavior

Figure 1(a) shows the composition (x) dependence of
the weak-field longitudinal piezoelectric coefficient (d33) of
NBT − xKBT. A peak at x = 0.20 confirms this composi-
tion to be the critical MPB composition in conformity with
the earlier reports [26,46]. The composition dependence of
relative permittivity of the unpoled specimens also shows a
sharp peak at x = 0.20 [Fig. 1(b)]. The permittivity is reduced
after poling for all compositions; the maximum reduction
occurs for x = 0.20. In contrast to the unpoled specimens,
the poled specimens do not show a sharp maximum in the
composition dependence of permittivity at x = 0.20. After
a slight decrease at x = 0.22, the permittivity of the poled
compositions increases gradually with composition. For ex-
ample, the relative permittivity of x = 0.30 is slightly larger
than that of x = 0.20 although the piezoelectric constant
(d33) shows a decreasing trend [Fig. 1(a)]. This suggests a
lack of intimate correlation between the dielectric and piezo-
electric behavior in poled specimens. This result also high-
lights the importance to differentiate the structure-property
correlations between poled and unpoled specimens in such
systems.

A less-explored property is dielectric dispersion (frequency
variation of the relative permittivity) and its use as a tool to
investigate the degree of polar heterogeneity in piezoceramics.
NBT and its derivates belong to the family of relaxor ferro-
electrics and exhibit polar nanoregions (of varying sizes). This
is expected to impart a great degree of polar heterogeneity and
thereby affect the dispersion behavior of the system. A recent
report by Groszewicz et al. [57] seems to support this view-
point. Investigating the NBT-BT system, the authors show that
compositions exhibiting long-range ferroelectric order show
reduced dispersion (permittivity difference, �ε, measured at
two different frequencies) as compared to the compositions
exhibiting features of a relaxor ferroelectric [57]. The degree
of dielectric dispersion can therefore be judiciously used as
a parameter to get a sense of the degree of polar hetero-
geneity in NBT-based ferroelectrics [28]. Since long-range

ferroelectric state can also be stabilized in the nonergodic
relaxor ferroelectric state by application of strong electric
field, we anticipate the reduction in dielectric dispersion by
the poling field. A comparison of the dielectric dispersion
before and after poling for the different compositions can
shed light on the role of polar heterogeneity in influencing the
piezoelectric response of the critical composition (x = 0.20)
of the NBT-KBT system.

Figures 2(a) and 2(b) shows the frequency (on the loga-
rithmic scale) versus relative permittivity in the unpoled and
poled states of two representative compositions x = 0.00 and
x = 0.20. The linear curves allow us to use the slope (s) as a
measure of the degree of dispersion. The composition varia-
tion of the slope, shown in Fig. 2(c), reveals that for any given
composition, the permittivity dispersion is reduced after pol-
ing. Both the unpoled and poled specimens separately show
enhanced dielectric dispersion on approaching x = 0.20. This
implies that the critical composition, x = 0.20, showing max-
imum d33 retains a considerable degree of polar heterogeneity
even after poling. The difference in the slopes, �s, before and
after poling can be considered as a quantitative measure of
the suppression of the polar heterogeneity by the poling field.
Interestingly, this parameter is also considerably enhanced
on approaching the critical composition x = 0.20 [Fig. 2(d)].
That is, x = 0.20 happens to be composition which not only
shows significantly enhanced polar heterogeneity in the un-
poled state, but also its maximum suppression by the poling
field [Fig. 2(d)]. Yet, the poled x = 0.20 retains considerable
polar heterogeneity, comparable to what is present in the
unpoled compositions of x < 0.20. A correlation between
piezoelectric response and the polar heterogeneity is depicted
in Fig. 2(e).

B. Global structures in the unpoled state

Figure 3 shows the evolution of the three characteristic
pseudocubic x-ray Bragg profiles with composition of un-
poled and poled NBT-KBT. The triplet nature of the pseu-
docubic {110}pc, with the two side peaks nearly half the inten-
sity of the middle peak, suggests a monoclinic average struc-
ture of unpoled x = 0, i.e., pure NBT [39]. With increasing
x, this splitting gradually disappears. Consistent with the pre-
vious reports [34,39] the XRD patterns of unpoled x = 0.20
and x = 0.22 suggest a cubiclike structure. Concomitantly,
the superlattice reflection at 2θ = 38.46◦ characteristic of the
rhombohedral (R3c) phase becomes invisible for x � 0.20.
While the XRD pattern of unpoled x = 0 (NBT) required
monoclinic (Cc) model for a satisfactory Rietveld fitting,
it was possible to fit the XRD patterns of unpoled 0.06 �
x � 0.18 satisfactorily with R3c + Pm-3m structural model.
The XRD patterns of unpoled x = 0.20 and x = 0.22 can be
satisfactorily fit with single-phase cubic (Pm-3m) structural
model [Fig. 4(a)]. The composition dependence of the cu-
bic phase fraction shows a sharp rise just before x = 0.20
[Fig. 4(b)]. This correlates very well with the sharp maximum
at x = 0.20 in the permittivity of the unpoled specimens
[Fig. 1(b)].

We also found an interesting trend in the composition
dependence of the full width at half maximum (FWHM) of
the {200}pc. The {200}pc profile is singlet for all unpoled
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FIG. 2. Frequency dependence of dielectric constant of unpoled and poled (a) NBT and (b) NBT-0.20KBT. (c) Composition dependence
of the negative slope (s) obtained from the dielectric dispersion plots of the different compositions before and after poling. The composition
dependence of the slope difference (�s) before and after poling is shown in (d). A correlation between piezoelectric coefficient (d33) and �s
is shown in (e).

compositions x � 0.22, irrespective of whether the average
structure appears as monoclinic Cc, rhombohedral R3c, or cu-
bic. The FWHM of this peak can be seen to decrease systemat-
ically for x > 0.10 with the value reaching a minimum (close
to the experimental resolution of the diffractometer) at x =
0.20 [Fig. 4(b)]. We may clarify that this systematic decrease
in FWHM cannot be attributed to the grain-size effect as all
compositions show grains in the range of few microns (Fig. 5).
The additional broadening of the pseudocubic {200}pc of un-
poled NBT suggests the existence of inhomogeneous/random
lattice strain. KBT substitution gradually relaxes this strain
and minimizes it at x = 0.20. We also examined this phe-
nomenon in the other MPB system NBT − yBT and found
a similar trend in composition dependence of the FWHM of
{200}pc of the unpoled specimens (Fig. 6). This confirms that
the MPB in both NBT-KBT and NBT-BT is associated with
the minimization of the inhomogeneous/random lattice strain
the system inherited from its parent compound NBT.

C. Collaborative coupling of the octahedral tilts
in unpoled specimens

Very recently we have shown that the neutron powder-
diffraction pattern of the MPB composition of unpoled
NBT-KBT and NBT-BT suggests long-period modulation in
the octahedral tilt configuration [29,58]. For ready reference,
we show this feature again in Fig. 7, both for the NBT-
0.20KBT and NBT-0.06BT. In contrast to the XRD, the
NPD patterns of the MPB compositions of both the systems
show weak superlattice reflections. The weak superlattice
reflections in both the cases appear at the same d spacings
suggesting that they owe their origin to a similar structural
(octahedral) distortion. A Le Bail fit of the NPD pattern
[Fig. 7(a)] with 2 × 2 × 2 cubic supercell fails to account
accurately for the superlattice reflections. For example, a
close observation revealed that the calculated positions of
superlattice reflections are unable to match accurately the
observed peak positions. For example, the superlattice profile
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x-ray powder-diffraction Bragg profiles {110}pc, {111}pc, and {200}pc

of unpoled and poled NBT − xKBT specimens. The insets high-
light position of 1/2{311}pc superlattice reflection. The superlattice
reflection becomes visible after poling for x = 0.20 and x = 0.22.
The split pattern of the Bragg profiles of poled x = 0.20 suggests
rhombohedral (R3c) structure whereas that of x = 0.22 suggest
rhombohedral (R3c)+tetragonal (P4mm) structure.

near 2θ ∼ 51◦ exhibits a doublet with peaks at 51.2° and
51.5°, respectively. The full profile decomposition, on the

other hand, predicts a peak only at 51.2◦, corresponding to
the R3c phase. The peak at 51.5◦ remains unaccounted for.
Another example of the unsatisfactory fit can be noticed
near 2θ ∼ 72◦. Here the observed superlattice peak occurs at
72.05◦ whereas the calculated superlattice peak is at 71.8◦.
Another notable discrepancy is detected near 99.5◦ in terms
of a peak [shown by arrow in Fig. 7(a)] which is com-
pletely unaccounted for. This analysis confirms that the set
of superlattice peaks observed in the NPD of the unpoled
MPB composition is not due to simple octahedral tilts (in the
framework of Glazer’s tilt systems [59]). A bigger supercell is
needed to account for the misfits shown above. In search for
the smallest volume long-period modulated cell, we searched
for the best fit with supercells of the type

√
2a × √

2a × na
(Fig. 8) and found that the minimum value n which could
index all the peaks satisfactorily to be 10. Interestingly this
periodicity is the same as reported earlier in pure NBT by
Thomas et al. [60] and confirms that the MPB compositions
of both NBT-KBT and NBT-BT is characterized by the long-
period modulation of the octahedral tilt throughout the sample
volume. The relaxation of the inhomogeneous/random lattice
strain, shown above in Sec. III B, appears to be intimately
related to this phenomenon.

D. Global structures in the poled state

Irrespective of the structural states (cubic or mono-
clinic/rhombohedral) of the unpoled specimens, poling irre-
versibly transforms all the compositions in the range x � 0.20
to rhombohedral as evident from the characteristic splitting
of the pseudocubic {110}pc and {111}pc into two and the
singlet nature of {200}pc (Fig. 3). Keeping in view the fact
that mechanical stress also changes the average structure
of NBT-based piezoelectrics [27], the confirmation that the

32.0 32.4 32.8 39.6 40.0 40.4

{111}pc

x=0.20

{110}pc

Unpoled

(a)

x=0.10

x=0.17

0.00 0.05 0.10 0.15 0.20

0.080

0.085

0.090

0.095

0.100

0.105
(b)

Composition (x)

FW
H

M
of

{2
00

} pc
(d

eg
re

e)

(degree)

In
te

ns
ity

(a
rb

.u
ni

t)

20

30

40

50

60

70

80

90

100

110

Unpoled

C
ub

ic
fr

ac
tio

n
(%

)

FIG. 4. (a) Rietveld refinement with R3c + Pm-3m structures for 0.06 � x � 0.18 compositions and with Pm-3m structure for x = 0.20
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FIG. 5. Scanning electron microscope micrographs of x = 0.10 (a) and x = 0.20 (b) compositions of NBT − xKBT system with
histograms of grain/particle size distribution in the insets of the figure.

poling field transforms the cubiclike phase of x = 0.20 to
rhombohedral was doubly confirmed by performing XRD
measurements on a poled pellet of x = 0.20 (Fig. 9). The
splitting of {111}pc profile after poling into two confirms
the poling-induced cubic to rhombohedral transformation in
the pellet. The higher intensity ratio of the peak on the left
as compared to that on the right of the doublet is due to
poling-induced preferred orientation in the pellet specimen.
The preferred orientation is removed after the poled pellet
is ground to powder while the grains retain the structural
changes (cubic to rhombohedral) induced by the poling field
(Fig. 9). The composition x = 0.22, which similar to x = 0.20
appears cubic in the unpoled state, exhibits coexistence of
rhombohedral (R3c) and tetragonal (P4mm) phases after pol-
ing as evident from the triplet nature of the both {111}pc and
{200}pc compositions (Fig. 3). The characteristic superlattice
peak of the R3c phase which was invisible in the XRD patterns
of unpoled specimens of x = 0.20 and x = 0.22 (insets of
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glet Bragg profile {200}pc of unpoled (1 − y)NBT-y BT. (b) X-ray
powder-diffraction Bragg profile {200}pc of unpoled NBT − yBT
specimens.

Fig. 3) becomes visible after poling. Our analysis therefore
suggests that it is the poled x = 0.22 (and not poled x = 0.20)
which mimics the conventional MPB compositions, such as
that of PZT.

Based on this visual inspection, we first attempted Rietveld
fitting of poled x = 0.22 with R3c + P4mm model but the
fit was not very satisfactory. A satisfactory fit was obtained
only after considering a minor (11%) cubic phase [Fig. 10(a)].
Similarly, although the visual inspection suggests a rhom-
bohedral structure for all poled specimens with x � 0.20,
Rietveld fitting with single-phase R3c was found to be very
unsatisfactory [Fig. 10(b)]. The fit improved remarkably after
including a cubic phase in the structural model [Fig. 10(c)].
Following this, we fitted the patterns of the poled specimens
in the range 0 � x � 0.20 with R3c + Pm-3m structure model
(Fig. 11). The volume fraction of the cubic phase increased as
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FIG. 7. Le Bail fitting of the neutron powder-diffraction pattern
of two different NBT-based MPB systems (a) NBT-0.20KBT and
(b) NBT-0.06BT with 2 × 2 × 2 cubic (Pm-3m) supercell. The
insets highlight the magnified peak misfits in the superlattice peaks
(indicated by arrows).
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regions near the superlattice peaks.

with increasing KBT concentration [Fig. 12(a)]. The rhombo-
hedral lattice strain of the poled specimens measured in terms
of (90◦ − α), where α is the rhombohedral angle decrease
as the MPB is approached [Fig. 12(b)]. Interestingly, the
maximum piezoelectric coefficient (d33) at x = 0.20 is also
the composition which exhibits maximum volume fraction
(∼35%) of cubic phase [Fig. 12(c)]. As compared to the
unpoled state, the FWHM of {200}pc increased noticeably
after poling for all the compositions x � 0.20 [Fig. 12(d)],
most likely due to the enhanced strain caused by switching of
the ferroelectric-ferroelastic domains [51,61–63]. The strain
caused by the switching of domains is more for the critical
composition x = 0.20 (MPB) in comparison to the lower
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FIG. 9. XRD patterns of selected Bragg peaks for x = 0.20 in
unpoled and poled states from pellet as well as from fine powders in
NBT – xKBT.
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FIG. 10. (a) Rietveld fitted XRD pattern of poled NBT-0.22KBT
sample, fitted with the R3c (43%) + P4mm (45%) + Pm-3m
(12%) structural model. For the sake of direct comparison (b)
and (c) show Rietveld fitted XRD pattern of poled NBT-0.20KBT
with single-phase R3c and R3c + Pm-3m phases, respectively. In-
sets highlight some of the representative Bragg peaks, and arrows
indicate misfit regions in (b) when an attempt to fit was made with
single-phase R3c.

compositions [Fig. 12(d)] presumably due to enhanced
propensity for domain switching near the MPB.

The NPD pattern of poled x = 0.20 also shows remarkable
changes. Consistent with the XRD pattern, several of the
main Bragg profiles of the NPD pattern are split as per the
rhombohedral distortion. Most remarkably, the weak super-
lattice peaks corresponding to the long-period modulation
disappear after poling and are replaced by strong superlattice
peaks characteristic of the R3c phase [Fig. 13(b)]. The slightly
inferior resolution of the NPD data as compared to the XRD
data precluded the requirement for considering a cubiclike
phase, and a reasonable fit was obtained with single-phase
R3c model. The suppression of the long-period modulation
in the octahedral tilt after poling implies that poling has
suppressed the short-ranged in-phase tilted regions in favor
of the antiphase tilts. The requirement of the minor cubic
phase to fit the XRD pattern of the poled specimen therefore is
manifestation of the structural disorder the system retains after
poling, due to the remanent localized islands of in-phase tilted
regions amid the field-stabilized long-ranged R3c regions.
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FIG. 11. Rietveld fitted XRD patterns of poled NBT − xKBT
(x � 0.20) compositions with R3c + Pm-3m model. Insets show
representative Bragg profiles.

E. Local structures: Raman spectroscopy

Raman spectroscopy is a powerful tool to probe structural
features on short length scales [64]. In the present context,
wherein XRD is incapable of revealing the nature of the ferro-
electric phases accompanying the MPB in unpoled specimens,
analysis of the vibration modes in the Raman spectrum can
throw light on the structural evolution with composition on the
local scale. The Raman spectra of (1 − x) NBT-(x) KBT are
mainly centered in three regions [Fig. 14(a)]. We assign them
as A band (100−200 cm−1), B band (200−400 cm−1), and C
band (400−650 cm−1). The mode in A band is associated with
the Na/K-O vibration, in the B band with Ti-O vibration, and
in the C band with vibrations involving oxygen displacements
[65,66]. For convenience of labeling and following earlier re-
ports [67], the peak in the range ∼109 − 116 cm−1 is labeled
as E(TO1)/E(LO1) and 130 − 150 cm−1 by A1(TO1)/A1(LO1)
mode. Distinct changes with composition can be noted in
the shape of the A band (100−200 cm−1) ]Fig. 14(b)]. The
A1(TO1) mode centered at 140 cm−1 appears to be symmet-
ric in the composition range 0 � x � 0.10. At x = 0.12 an
asymmetry develops due to appearance of an E(TO1) mode
on the low-wave-number side at 112 cm−1. The intensity of
the E(TO1) mode grows with increasing KBT concentration
[Fig. 14(e)]. At x = 0.17, the intensity of the E(TO1) and the
A1(TO1) modes are comparable, making the A band appear
as a doublet [Fig. 14(b)]. For x � 0.20, the E(TO1) mode
dominates and there appears to be no further remarkable
change in the Raman spectra with increasing x. The E(TO1)
mode represents the tetragonal (P4mm) phase. Since the
tetragonal distortions are not visible in the XRD patterns
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FIG. 12. (a) Composition dependence of the cubic fraction in
the poled specimens of NBT – xKBT (x � 0.20). (b) Composition
dependence of the rhombohedral strain (90◦ − α) and rhombohedral
lattice parameter. (c) Correlation between piezoelectric coefficient
(d33) and the cubic fraction (in poled specimens). The composition
x = 0.20 exhibiting the maximum retained cubic fraction shows
the maximum piezoelectric coefficient, confirming that structural
disorder assists in the enhancement of the piezoelectric response.
(d) Composition dependence of the FWHM of the singlet Bragg
profile {200}pc of poled samples.

of the unpoled specimens, the tetragonal regions are short
ranged.

There is a concomitant change in the shape of the B
band as the MPB (x = 0.20) is approached; a distinct peak
at 322.3 cm−1 becomes visible for x � 0.20 [Fig. 14(g)].
Interestingly this composition range (0.10 < x < 0.20) is the
same in which strain relaxation occurs [Fig. 4(b)]. The Raman
spectra of unpoled x = 0.20 and x = 0.22 are nearly identical,
suggesting a similarity in their local structures. A qualitative
difference between the two compositions could be ascertained
only in their poled state [Fig. 14(d)]. For x = 0.20, poling
decreases the intensity of the E(TO1) mode noticeably with
respect to the intensity of the A1(TO1) mode [Fig. 14(f)]. This
is consistent with the XRD results which confirm rhombo-
hedral phase in poled x = 0.20. For x > 0.20, the changes
in the relative intensity of the E (TO1) and A1(TO1) modes
before and after poling are not significant. Given that the
XRD measurements suggest the structure of poled x = 0.22
to be coexistence of P4mm and R3c, it appears that poling
has merely increased the correlation lengths of both the
ferroelectric regions P4mm and R3c as compared to that in
their unpoled state. In contrast, poling has dramatically altered
the ferroelectric state (P4mm + R3c) of unpoled x = 0.20 by
suppressing the short-ranged tetragonal P4mm regions and
transforming them to R3c regions.

IV. DISCUSSION

The inherent positional disorder in NBT makes the
MPB of both NBT-KBT and NBT-BT systems qualitatively
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FIG. 13. Comparison of (a) unpoled and (b) poled neutron-
powder-diffraction patterns of NBT-0.20KBT. In the insets, arrows
indicate the superlattice peaks at the position of 1/2(310)pc and
1/2(530)pc which were prominent before poling (panel a) vanished af-
ter poling. (c) Rietveld plot of the room-temperature neutron-powder
diffraction of poled NBT-0.20KBT fitted with rhombohedral (R3c)
structural model. The opened circles correspond to the observed
pattern, the continuous (red) line between the data point is the fitted
pattern, the vertical bars represent Bragg peak positions, and the
difference plots are shown at the bottom of the figures (blue). The
insets highlight fitted regions magnified.

different from the MPBs of the normal ferroelectrics such as
the Pb(ZrTi)O3, Ba(Ti, Zr/Sn/Hf)O3, and (K, Li)(Nb, Sb)O3-
based systems in the lead-free category. One way to highlight
the difference can be from the viewpoint of how the de-
polarization temperature varies with composition. In normal
ferroelectric-based MPB systems, the depolarization temper-
ature is the Curie point itself and its exhibits a monotonous
variation with composition. For example, the Curie point
continuously decreases with increasing concentration of Zr
in Pb(Ti1−xZrx )O3. The same is true for the Ba(Ti, Zr)O3

MPB system [12].This decrease is manifestation of the grad-
ual decrease in the strength of the ferroelectric interaction
(due to gradual reduction in the covalent character of the
average B–O bond) [3,68,69]. In Fig. 15(a) we compare the
composition variation of the Curie point of the Pb(Zr, Ti)O3

and the composition dependence of the depolarization temper-
ature [Fig. 15(b)] of NBT-KBT. For reference sake we have
shown a linear line joining the Curie points/depolarization

FIG. 14. (a) Composition evolution of the Raman spectra of
unpoled NBT − xKBT. (b) Magnified profile of the A band
(100−190 cm−1). (c), (d) Corresponding spectra of poled specimens.
(e), (f) Composition dependence of the intensity of E(TO1) and
A1(TO1) modes for unpoled and poled specimens, respectively. The
frequency dependence of the Raman modes of the B band (as
determined by multiline fits of the spectra) of unpoled and poled
NBT − xKBT are shown in (g) and (h), respectively. Splitting of
B1 + E (TO2) mode starts from the composition x = 0.17 for un-
poled and starts from x = 0.20 for poled.

temperatures of the extreme compositions [70,71]. The ob-
served Curie points remain close to the linear line in the case
of PZT. In contrast, the observed depolarization temperature
is anomalously decreased (120 °C) with respect to the linearly
extrapolated value (205 °C) at x = 0.20. This sharp dip in
the depolarization temperature at the critical compositions of
both NBT-KBT and NBT-BT [71–74] suggests an onset of
another distortion near the MPB region which considerably
weakens the ferroelectric interaction. In view of our NPD
study and also the observations of others [49], it is evident that
the special weakening of the ferroelectric character near the
MPB of NBT-KBT and NBT-BT is caused by the considerably
enhanced propensity of occurrence of the local in-phase tilted
regions, which is incompatible with ferroelectric order.

de la Flor et al. have reported that the Raman mode
near 140 cm−1 softens as the depolarization temperature is
approached in NBT-based piezoelectrics [75]. The modes near
this frequency are therefore representative of the ferroelectric
distortion in the system. The fact that the mode E (TO1)
at 117 cm−1, representative of the tetragonal (P4mm) phase,
becomes noticeable in the Raman spectrum of unpoled x =
0.12 suggests that both the ferroelectric distortions, P4mm
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FIG. 15. (a) Composition dependence of the (a) Curie point of
PZT [3], (b) depolarization temperature of NBT-KBT. The linear line
joining the Curie points/depolarization temperatures of the extreme
compositions serves as a reference to show the extent of deviation of
observed values from that anticipated (based on the assumption that
the Curie point/depolarization temperature varies linearly with com-
position). Note the dramatic dip in the depolarization temperature in
NBT-KBT at x = 0.20.

and R3c, coexist in the unpoled specimens of 0.12 � x �
0.22, on the small length scale [Fig. 14(e)]. As discussed
above, the increased propensity of the local in-phase tilts
precludes the development of long-range P4mm and R3c
phases at the MPB. Previous studies have proved that NBT
exhibits nanometer-sized in-phase octahedral tilt (a0a0c+)
regions amid the relatively bigger-sized antiphase (a−a−a−)
tilt [37,38]. In most parts of the grains, the two tilt types
are randomly stacked [38]. However, the occurrence of weak
satellite peaks in diffuse scattering studies also points at the
occasional occurrence of a long-period structural modulation
(most probably sequentially stacked in-phase and antiphase
tilts regions) with a periodicity ∼40 Å [41,76,60]. We argue
that the inhomogeneous lattice strain observed by us in NBT
is caused by the random stacking of the two different tilt types.
Increased sequential ordering across the specimen volume can
reduce the strain inhomogeneity in the system. This would
require the system to have more volume fraction of the local
in-phase tilted regions. The observation of superlattice peaks
corresponding to the long-period modulation of octahedral
tilt in unpoled x = 0.20 proves that the system does prefers
to increase the propensity of local in-phase tilted regions
on approaching the MPB for minimizing the strain inhomo-
geneity the system inherited from its parent compound NBT.
Thus, the approach towards the MPB from the NBT side is
characterized by two features in NBT-based piezoelectrics:
(i) interferroelectric R3c − P4mm instability, and (ii) overall
enhancement in the in-phase tilt fraction. This explains the
considerable weakening of the ferroelectric interaction near
the MPB leading to a sharp dip in the depolarization tem-
perature [Fig. 15(b)]. It also explains the absence of long-
range P4mm and R3c correlations at the MPB in NBT-KBT
and NBT-BT. The increased propensity for nonferroelectric
(in-phase tilt) structural distortion for the sake of minimiza-
tion of the random lattice strain makes NBT-based MPB
piezoelectrics unique as compared to the classical normal
ferroelectric-based MPB piezoelectric such as the PZT. In
contrast to our case, the FWHM of the pseudocubic {200}pc

x-ray Bragg profile of PZT increases on approaching the MPB
from the rhombohedral side [77]. The same observation was
reported by other authors [78,79] confirming enhancement in

the inhomogeneous/random lattice strain as a precursor of the
two-phase state. We anticipate that the same scenario would
be applicable even in the NBT-KBT and NBT-BT had there
been no dominating influence of the tilt disorder. In our case,
the system first prefers to minimize the inhomogeneity in the
lattice strain caused by the tilt disorder, even at the cost of
inducing ferroelectric incompatible local in-phase octahedral
tilts and weakens the stability of the ferroelectric state.

Our results also provide an opportunity to scrutinize the
role of two ferroelectric phases near MPB in contributing
towards the enhancement of piezoelectric response in ferro-
electric solid solutions. The argument in support of the two-
(ferroelectric) phase model for piezoelectricity enhancement
relies on the mechanistic view that coexistence of two ferro-
electric phases provides a large number of domain variants
within and across the grains [7]. This helps in efficient pol-
ing and thereby improves the d33. Our results do not seem
to concur with this viewpoint since the poled composition
x = 0.22 which shows the coexistence of tetragonal and
rhombohedral phases exhibits lower d33 than the neighboring
poled composition of x = 0.20 (Fig. 1) which does not show
coexistence of ferroelectric phases after poling (Fig. 3). Both
Raman and XRD results demonstrate that the long-range
ferroelectric phase stabilized after poling x = 0.20 is rhom-
bohedral with some fraction of coexisting cubiclike phase.
Given the view that the cubiclike phase is representative of
polar-structural disorder present in the system, our results
indicate that coexistence of long-range ferroelectric order with
optimum disorder in poled specimens is more effective in
increasing the piezoelectric response near the critical compo-
sition. This scenario is analogous to what has recently been
reported in (1 − x) PbTiO3 − (x)Bi(Zr1/2Ni1/2)O3 (PT-BNZ)
[80]. In this case, the poled composition exhibiting the highest
piezoelectric coefficient (d33 ∼ 400 pC/N) shows coexistence
of tetragonal and cubic phases. These results indicate that
interferroelectric instability and polarization rotation mech-
anism need not necessarily be the most important guiding
factor in the rationale design of piezoelectric materials with
large electromechanical response.

V. CONCLUSIONS

We have addressed two important issues pertaining to
morphotropic phase boundaries in Na0.5Bi0.5TiO3-based
piezoelectric systems. Investigating two important solid
solutions, namely Na0.5Bi0.5TiO3 − K0.5Bi0.5TiO3 and
Na0.5Bi0.5TiO3 − BaTiO3, we show that (i) the parent
compound NBT exhibits noticeable inhomogeneous/random
lattice strain, and (ii) that the evolution of the system towards
the MPB is primarily dictated by the necessity to minimize
this strain. The system accomplishes this by increasing
the volume fraction of (nonferroelectric) local in-phase
octahedral tilt distortion and forming a sequential stack of
antiphase and in-phase tilt resulting in the MPB composition
exhibiting a long-period modulated phase on the global
scale. We also establish that the composition exhibiting
the maximum piezoelectric response is the one which shows
coexistence of positional disorder along with a field-stabilized
long-range ferroelectric order, and not the one exhibiting
coexistence of rhombohedral and tetragonal ferroelectric
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phases. Our study suggests that the increased propensity
for the nonferroelectric compatible in-phase tilt makes
NBT-based MPB systems distinctly different from the con-
ventional MPBs by precluding the stabilization of long-range
ferroelectric phases (in unpoled specimens) and anomalously
lowering the depolarization temperature at the MPB.
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