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The complex interplay of local disorder with the structure and dynamics and their role in enhancing the
electromechanical response makes relaxor ferroelectric materials fascinating both from the scientific and tech-
nological standpoints. It is generally believed that in chemically disordered ferroelectric solid solutions, the
normal ferroelectric state gradually yields to a relaxor ground state on increasing the concentration of localized
(point-defect-like) random-field centers. That a different kind of process can spontaneously stabilize a relaxor
ground state is less known, especially in the family of ferroelectric perovskites. We demonstrate the occurrence
of this less-known phenomenon in (1 − x)K0.5Bi0.5TiO3-(x)Na0.5Bi0.5TiO3[(1 − x)KBT − (x)NBT]. Unlike the
gradual evolution common to most ferroelectric solid solutions, KBT-xNBT exhibits an abrupt crossover from
a normal ferroelectric ground state to a full-blown relaxor ground state for x > 0.58. We show that this
abrupt crossover to the relaxor state is caused by stabilization of an incommensurate-like/highly disordered
M-point ferroelastic distortion in the ergodic/paraelectric temperature regime. The abrupt crossover manifests as
composition driven anomalous changes in several important properties such as dielectric response, electrome-
chanical properties, tetragonality, and coercive field, electrostrain, and mimics a scenario often encountered in
composition driven interferroelectric transformations.
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I. INTRODUCTION

Perovskite-based relaxor ferroelectric materials are inter-
esting both from the scientific and technological standpoints.
Apart from offering model systems for understanding the
underlying physics governing the complex evolution of po-
larization amid structural disorder in crystals, such materials
show giant electromechanical response [1–4] and are highly
sought after as high-performance actuators and transducers
devices. In contrast to normal ferroelectrics, which exhibit
long-range polar order below the symmetry breaking Curie
point (TC), relaxor ferroelectrics exhibit polar nano regions
(PNRs) and do not exhibit symmetry breaking on the global
scale below the dielectric maximum temperature. The dy-
namic PNRs above the dielectric maximum temperature (Tm)
gradually freeze on cooling below Tm and stabilizes a non-
ergodic relaxor ground state. There are differing viewpoints
regarding the role of the PNRs in enhancing electrome-
chanical response in ferroelectric systems [1,3,4,5–8]. From
a phenomenological thermodynamic perspective, the local
structural heterogeneities associated with PNRs contributes
to the flattening of the free energy landscape making polar-
ization rotation easier and increase the piezoelectric response
[7]. A related viewpoint attributes the giant electromechanical
response in ferroelectric relaxors to the occurrence of critical
points that define a line in the electric-field–temperature–
composition phase diagram [9]. Atomistic models, on the
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other hand, attribute the large electromechanical response to
a phase instability induced by the PNR– transverse acoustic
phonon interaction [10], and/or competing ferroelectric and
antiferroelectric interactions [11–13].

It is believed that PNRs arise because of the breaking of
the translational invariance by local random electric and/or
strain fields. The randomness is associated with two or more
cationic species occupying randomly the same crystallo-
graphic site. As such, chemical disorder in ferroelectric solid
solutions/compounds with two or more cationic species is a
necessary condition for driving a ferroelectric to a relaxor
state. In stoichiometric compounds like Pb(Mg1/3Nb2/3)O3,
the random field is also contributed by local 1:1 ordering of
Mg+2 and Nb+5 ions causing lack of charge neutrality on
the mesoscale [14–16]. That chemical disorder is important
for the relaxor state has been proven by the fact that chemi-
cal ordering of Sc and Nb (by prolonged thermal annealing)
in Pb(Sc1/2Nb1/2)O3 stabilizes the normal ferroelectric state
[17,18]. However, in most multication ferroelectric systems
chemical order is not practically feasible and makes relaxor
ferroelectricity a common occurrence in ferroelectric solid
solutions.

It may, however, be noted that chemical disorder in
ferroelectric solid solutions does not necessarily guaran-
tee a relaxor ferroelectric state such as in the classical
piezoelectric system Pb(Zr, Ti)O3 [19] and PbTiO3-BiScO3

[20–22]. Both these systems exhibit normal ferroelectric be-
havior in their respective solid solubility range and show
morphotropic phase boundaries at which the piezoelec-
tric properties are considerably enhanced [21,22]. Though
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competing ferroelectric-antiferroelectric instability [11–13]
and/or incommensurate modulations [23,24] are plausible
viewpoints to explain the loss of long-range polar order in
relaxor ferroelectrics, the corresponding signatures are not
often seen on the global scale making such a correlation
difficult to establish experimentally. An intimate correlation
between incommensurate (commensurate) structural modu-
lation and relaxor (normal) ferroelectric behavior, on the
other hand, has been demonstrated in the family of rare-earth
tetragonal tungsten bronze (TTB) structures with chemical
formula Ba4RE2Ti4Nb6O30 (RE = rare earth) [25–29]. TTB
compounds with radius of RE ions greater than 1.3 Å exhibit
incommensurate distortion and relaxor behavior, whereas
those with RE radius less than 1.3 Å show a commen-
surate phase and normal ferroelectric behavior. Zhu et al.
[30] have reconfirmed the relative importance of the incom-
mensurate/commensurate structural distortions vis-à-vis the
relaxor/ferroelectric behavior and explained the incommen-
surate/commensurate distortions in terms of crystal-chemical
concepts, such as positional disorder, ionic radius, polarizabil-
ity, and point defects.

In this paper we show that an analogous situa-
tion, like in the TTB family of ferroelectric oxides,
occurs in the perovskite-based ferroelectric solid solu-
tion K0.5Bi0.5TiO3-Na0.5Bi0.5TiO3 (KBT-NBT). Similar to
BaTiO3 (BT) and PbTiO3 the average structure of KBT is
tetragonal (P4mm). However, KBT exhibits a considerable
structural disorder [31–35] due to random occupation of
two different cations K and Bi on the A site. Despite the
disorder, KBT behaves like a normal ferroelectric [36–38].
NBT too shows structural disorder and exhibits rhombohe-
dral/monoclinic average structure [39,40] on the global scale.
NBT and KBT exhibit complete solid solubility and show
a morphotropic phase boundary (MPB) at ∼ 20 mole %
KBT [35,41–44] at which the dielectric and piezoelectric
properties are enhanced. Most studies on KBT-NBT (and its
analog NBT-BT) in the past have focused on compositions
close to the MPB. In this paper we show that the dielectric,
ferroelectric, and electromechanical properties show another
anomalous change in a narrow composition interval 0.58 <

x < 0.60 (in the tetragonal phase regime), far away from the
MPB of (1 − x)KBT-xNBT. However, unlike the interfer-
roelectric instability that characterizes MPB, we show that
the abrupt change in the polar properties for x > 0.58 is
caused by system suddenly changing its ground state from
a normal ferroelectric to a full blown relaxor state. De-
tailed investigation revealed that this abrupt crossover to the
relaxor state is caused by the system stabilizing highly dis-
ordered M-point/incommensuratelike ferroelastic distortion in
the paraelectric/ergodic temperature regime for x > 0.58.

II. EXPERIMENTAL DETAILS

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

TiO3[(1 − x)KBT-xNBT] were synthesized by a conventional
solid solution route. Dried raw powders of TiO2 (99.8%, Alfa
Aesar), K2CO3 (99%, Alfa Aesar), Bi2O3 (99%, Alfa Aesar),
Na2CO3 (99.5%, Alfa Aesar) were weighted according to sto-
ichiometric proportions. The powders were thoroughly mixed
in an ethanol medium using zirconia balls and vials in a plan-

etary ball mill with a speed of 150 rotations per minutes for 12
h. The mixed powder was calcined at 900 °C for 3 h in covered
alumina crucibles. The calcined powders were milled again
at 150 rpm for 8 h. 5% polyvinyl alcohol was added to the
dried remilled powders and then compressed into pellets un-
der uniaxial pressure of 100 MPa completed by cold isotropic
pressure of (250–300 MPa). The green pellets were sintered in
a muffle furnace at 1065–1150 °C for 4 h by placing them on
a platinum sheet and covered by alumina crucibles. A sacri-
ficial powder of similar composition was used to compensate
for the evaporation of volatile elements. The sintered pellets
show average density ∼ 95% (with respect to the theoretical
density). For electrical measurements, both the surfaces of
the sintered pellets (diameters of 10–12 mm and thickness of
0.3 mm) were painted with high temperature silver paste and
subsequently fired at 550 °C. Electrical poling was performed
for 30 min at a field of 60 kV/cm dc field. Direct piezoelectric
coefficient (d33) of poled pellet was measured using Piezotest,
PM300 with applied force 0.25 N and frequency 110 Hz.
A Precision Premier II tester (Radiant Technologies, Inc.)
was used to obtain the polarization–electric field hysteresis
and electrostrain-electric field measurements. Raman spectra
were collected from poled and unpoled pellets using 532 nm
laser attached with LabRAM HR (HORBA) spectrometer. The
dielectric measurements were carried out using a Novocon-
trol Alpha-A impedance analyzer. Neutron powder diffraction
data were collected at the diffractometer SPODI at FRM-II,
Germany (wavelength of 1.548150 Å) [45]. X-ray powder
diffraction (XRPD) was carried out using a Rigaku Smartlab
x-ray diffractometer with monochromatic Cu Kα1 radiation.
XRPD of the poled specimens were obtained after crushing
the poled pellets gently to powder. The XRPD patterns of the
unpoled specimens were collected after annealing the powder
at 700 °C for 2 h obtained after crushing the sintered pellets
to remove the effect of residual stress incurred during the
grinding process. Structural analysis was performed by the
Rietveld method using the FULLPROF software [46].

III. RESULTS

A. Anomalous change in physical properties

Figure 1(a) shows the composition (x) dependence of
the weak-field longitudinal piezoelectric coefficient (d33) of
(1 − x)KBT–(x)NBT. The piezoelectric response (d33) in-
creases very sharply from 130 pC/N at x = 0.58 to to 167
pC/N at x = 0.60. The composition dependence of relative
permittivity of the unpoled specimens also shows a sharp
increase at x = 0.60 [Fig. 1(b)]. Though the permittivity is
reduced after poling, the abrupt change in the permittivity
can still be seen at x = 0.60. Concomitantly, there is abrupt
drop in the coercive field (Ec), Fig. 1(c). The remnant po-
larization shows a peak around the same value, Fig. 1(d).
Electrostrain measurements reveal a sharp increase in the
bipolar strain from 0.10% for x = 0.58 to 0.25% for x =
0.60 (measured with field amplitude 55 kV/cm.) The cor-
responding unipolar electrostrain increased remarkably from
0.08% for x = 0.58 to 0.20% for x = 0.60, Fig. 1(e). We
also determined the depolarization temperature from the peak
in the temperature dependent of the pyro-current of poled
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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 (1 − x)KBT − xNBT specimens. (c) and (d) shows the
composition dependence of the coercive field and remnant polariza-
tion, respectively. The composition dependence of the unipolar and
bipolar electrostrain measured at 55 kV/cm (at 1 Hz) is shown in (e).
(f) shows the composition dependence of depolarization temperature
(Td).

specimens, Fig. S1 in the Supplemental Material [47]. Al-
though the anomalous change in the properties across the
narrow composition interval 0.58 < x < 0.60 mimics a sit-
uation equivalent to a composition driven interferroelectric
transformation, the abrupt decrease in the depolarization tem-
perature for x > 0.58 [Fig. 1(f)] is not consistent with a
composition driven interferroelectric instability in most fer-
roelectric solid solutions [48]. In a conventional ferroelectric
such as Pb(Zr, Ti)O3, (Ba, Ca)(Zr, Ti)O3(BZT-xBCT), the
Curie temperature, which is considered as depolarization tem-
perature, varies monotonically with composition across the
MPB, which exhibits a composition driven interferroelectric
instability [48].

B. Abrupt ferroelectric-relaxor crossover

Figure 2(a) shows the temperature dependence of real
part of relative permittivity for different compositions. Con-
sistent with the previous studies [36–38,49], KBT (x =
0.00) exhibits a broad dielectric peak at Tm ∼ 380 ◦C. The
hump at a lower temperature 319 °C is attributed to a spon-
taneous temperature driven ferroelectric-relaxor transition
(TF−R) [36–38,49]. The sharp shoulder in the temperature

permittivity plots persists until x = 0.58. For x > 0.58 it dis-
appears and is replaced by another broad dielectric maximum
[Fig. 2(a) and Supplemental Material [47] Fig. S2]. This is
more clearly manifested in the imaginary part of the permit-
tivity [Fig. 2(b). The frequency dispersion in the dielectric
maximum temperature of the imaginary part suggests that the
broad anomaly at low temperature is associated with relaxor
behavior [Figs. S3 and S4, Supplemental Material [47]). The
system has abruptly changed its ground state from a normal
ferroelectric for x � 0.58 to a relaxor state for x > 0.58. We
also found abrupt change in the high temperature properties
like the temperature of maximum relative permittivity (Tm),
the Curie-Weiss temperature (TCW), and the Burn’s tempera-
ture (TB), Fig. S5. This suggests that the abrupt transition to
the relaxor behavior is also related to a qualitative change in
the property of the lattice in the ergodic/paraelectric state for
x > 0.58.

C. Increased structural disorder for x > 0.58: XRD study

The XRPD pattern of the unpoled specimens of
(1 − x)KBT-(x)NBT suggest tetragonal (P4mm) structure for
x � 0.58 in Fig. S6. For 0.58 < x < 0.75 the XRPD patterns
could be fitted satisfactorily by considering the coexistence of
cubic and tetragonal structural model (Fig. S7, Supplemental
Material [47]). It is interesting to note a one-to-one correlation
between the abrupt decrease in the tetragonality of the tetrag-
onal phase and the onset of the cubiclike phase [Figs. 2(c) and
S7]. The cubic peaks are not clearly visible, and the structure
appears tetragonal (P4mm) for all the poled compositions
investigated here [Fig. 2(d)]. We may note that the XRPD
patterns of poled specimens were collected on ground powder
of poled pellets. This strategy allows us to get a preferred
orientation free diffraction pattern while the individual grains
retains the irreversible structural changes brought about by the
poling field [50,51]. The disappearance of the cubic peaks
in the diffraction patterns of poled specimen suggests that
the cubiclike phase seen in the unpoled x > 0.58 are volume
averaged short ranged tetragonal regions. A similar cubiclike
phase has been reported in other NBT-based piezoelectrics
and is attributed to short-range correlations of polar distortion
[52,53]. In our case, poling increases the correlation length of
the short-range tetragonal regions. This manifests as poling
induced cubic to tetragonal transformation on the global scale
[3,4,54]. Interestingly, the tetragonality (c/a) of the poled
specimens too exhibits an abrupt decrease for x > 0.58. In
view of the correlation between disorder and tetragonality ob-
served for the unpoled specimens [Fig. 2(c)], we suspected a
similar correlation in the poled specimens. This was proved by
Rietveld analysis (Fig. S8), which reveals an abrupt increase
in the volume fraction of the disordered regions (cubic phase)
for x > 0.58, Fig. 2(e).

D. Anomalous structural changes for x > 0.58: Raman study

Raman spectroscopy is a powerful tool to probe structural
features on a short length scale [55]. Figure 3(a) depicts
the Raman spectra after Bose-Einstein correction for various
compositions of (x)NBT-(1 − x)KBT in the unpoled state.
The Raman spectra of pure KBT is identical to what has been
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FIG. 2. (a) Real part of dielectric permittivity as a function of temperature measured at 10 kHz for several compositions of (1 − x)KBT −
(x)NBT system. TF−R indicates ferroelectric to relaxor transition temperature. (b) Temperature dependence of imaginary part of dielectric
permittivity at the same frequency. (c) composition dependence of tetragonality (c/a) and cubic phase fractions for unpoled (1 − x)KBT −
(x)NBT specimens. (d) Evolution of {200}pc Bragg profile of poled compositions. T and C represent tetragonal (P4mm) phase and cubic
(Pm − 3m) phase, respectively. (e) Tetragonality (c/a) of poled specimens as a function of composition.

reported earlier by Kreisel et al. [56]. The spectrum are mainly
centered in three wave-number regions. 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 displace-
ments [56,57]. For convenience of labeling and following
earlier reports [58], the peak in the range ∼109 − 116 cm−1

(ω1 − ω2) is labeled as E(TO1) and 130 − 150 cm−1 (ω3) by
A1(TO1) mode. The other peaks are assigned as E (TO2)
∼215 cm−1 (ω4), A1 (TO2) ∼280 cm−1 (ω5), [E(LO2) +
B1] ∼350 cm−1 (ω6), E (LO3) ∼510 cm−1 (ω7), E (TO3)
∼540 cm−1 (ω8), and A1(TO3) ∼ 630 cm−1 (ω9). Quantita-
tive analysis of the Raman data was carried out by fitting the
spectrum with Lorentzian functions, Figs. 3(b) and S9 in the
Supplemental Material [47]. Some of the changes that can
be identified visibly across the narrow composition interval
0.58 < x < 0.60 are (i) disappearance of the E(TO2) mode
at ∼215 cm−1; (ii) merger of the split bands centered around
315 cm−1 at x = 0.60. We noted that the frequencies of the
three modes ω4, ω5, ω6 corresponding to the Ti-O vibra-
tion drops at x = 0.60, Fig. 3(c). The integrated intensities
of these modes also exhibit anomalous change around this
composition, Fig. S10, Supplemental Material [47]. The most

notable change is the abrupt increase in the intensity of the
mode at ∼115 cm−1 in Fig. 3(a). A similar enhancement in
the intensity of this mode can be noted in the P4bm phase of
NBT at 310 °C, and for the MPB composition (x = 0.06) of
the NBT-xBT series, Fig. S11, Supplemental Material [47].
This similarity seems to suggest the possibility of stabilizing
in-phase octahedral for x > 0.58 in KBT-NBT.

E. The origin of structural-polar disorder: Neutron powder
diffraction study

While both XRPD and Raman studies indicate onset of
some kind of structural distortion which causes abrupt in-
crease in the structural-polar disorder for x > 0.58 favoring
the relaxor ground state (Fig. S12a, Supplemental Material
[47]), it failed to reveal the nature of the distortion itself.
We performed neutron powder diffraction (NPD) study of
these specimens to get better insight regarding the possible
origin of the structural-polar disorder. In contrast to XRPD,
neutron diffraction can offer structural information associated
with oxygen octahedral tilt due to comparable scattering am-
plitude of oxygen and the heavy cations. Figure 4 shows a
vertically magnified NPD patterns of (1 − x)KBT-(x)NBT in
a limited 2θ range. For x � 0.58, the diffraction pattern can be

184113-4



RELAXOR GROUND STATE FORCED BY FERROELASTIC … PHYSICAL REVIEW B 102, 184113 (2020)

FIG. 3. (a) Room temperature Raman spectra for (1 − x)KBT −
xNBT. The arrow shows the abrupt increase in the intensity of the
mode at ∼115 cm−1. (b) Raman spectrum of x = 0.00 fitted with
Lorentzian profiles. (c) Raman shift (cm−1) in the Raman spectra
of (1 − x)KBT − xNBT as a function of composition.

explained with the tetragonal (P4mm) structural model, Figs.
S13a, 13b, Supplemental Material [47]. For x � 0.60, weak
superlattice reflections become noticeable in the NPD pat-
terns. Evidently, the tetragonal P4mm model cannot account
for these superlattice reflection (Fig. S14a). These superlattice

FIG. 4. Part of the neutron powder diffraction pattern of
(1 − x)KBT − (x)NBT. The arrows indicate superlattice reflections.
The indices are labeled with respect to the pseudocubic cell.

FIG. 5. (a) Unit cell of tetragonal structure for the composition
x = 0.50. Atomic displacement of (b) A-site atoms, (c) O1 and O2
atoms, (d) Ti atoms as a function of compositions. (e) Bond lengths
of Bi/Na/K-O1, Bi/Na/K-O2, and Bi/Na/K-O3 bonds as a function of
composition. The number of each bond is 4. (f) Bond lengths of long
Ti-O1 bond (no of bond-1) and short Ti-O2 bond (no of bonds-1) as
a function of composition. Note: These structural parameters were
calculated after fitting the room temperature NPD pattern of unpoled
x � 0.58 composition and the NPD pattern of poled 0.75 � x � 0.60
compositions with P4mm structural model. The data points shown by
red star are for poled x = 0.50 composition.

reflections cannot be accounted for by the prevalent P4bm
tetragonal structural model (See Fig. S14b, Supplemental Ma-
terial [47]), which is generally invoked to explain in-phase
octahedral tilt in NBT-based systems. In fact, it was not even
possible to index them using a 2 × 2 × 2 supercell of the basic
P4mm unit cell (Fig. S14c, Supplemental Material [47]). A
possible explanation could be that the in-phase octahedral
distortion is highly disordered and the inability to account
for the superlattice peaks in the NPD is due to superposition
of the complex three-dimensional diffuse scattering signal
onto one dimension. Alternatively, it may correspond to an
incommensurate/long-period modulation of the octahedral tilt
configuration [44,59–61].

Although we could not account for the superlattice re-
flections, for the sake of a comparative understanding of the
evolution of the structural parameters, we persisted with fit-
ting the NPD patterns using P4mm structural model (Fig.
S13) for all compositions in the tetragonal regime. Since the
XRPD of poled x > 0.58 show only tetragonal peaks, for
the sake of consistency and meaningful comparison with the
refined tetragonal (P4mm) structural parameters of x � 0.58,
we carried out Rietveld analysis of x > 0.58 using NPD pat-
tern of poled specimens (Figs. 5, S13c, S13d). It is important
to note that although the superlattice peaks (which persist in
the poled specimen, though with a slightly reduced intensity)
cannot be accounted for with the P4mm model (Fig. S14d),
the main Bragg profiles fit satisfactorily for the compositions
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x = 0.60 and 0.70 (Figs. S13c, S13d). During the refinement
we noted that the isotropic displacement parameters of the
A-site cations (Na/K/Bi) was very high (>4 A2). For these
cations, we refined the anisotropic displacement parameters.
For the rest, we refined the isotropic displacement parameters
to minimize the number of independent refinable parameters.
The fact that the structural parameters of unpoled and poled
x = 0.50 show almost identical values [Figs. 5(b)–5(f)] val-
idates our strategy. The abrupt increase in the displacement
parameters of both Na/K/Bi and O for x > 0.58 [Figs. 5(b)–
5(d)] correlates perfectly well the onset of the octahedral tilt.
Concomitantly, the A-O and the Ti-O bond distances shows
an abrupt decrease for x > 0.58, Figs. 5(e) and 5(f). Both
the features are consistent with the sudden decrease in the
tetragonality of for x > 0.58, Fig. 2(c).

IV. DISCUSSION

Chemical substitutions in ferroelectric systems necessar-
ily introduce a random field by virtue of either ionic size
difference and/or local charge imbalance. In solid solutions
exhibiting morphotropic phase boundaries, chemical substitu-
tions primarily drive a structural-polar instability. In situations
wherein MPB is not possible, the primary role of chemi-
cal substitution in a ferroelectric solid solution is to create
random field centers that increasingly break the long-range
ferroelectric order and eventually impart relaxor character
to the system. In all these cases, the source of the disorder
is randomly located point defects. In the phenomenological
framework, Wang et al. have argued that the local polarization
associated with such defect dipoles breaks the symmetry of
the Landau free energy by introducing local minima [62].
At low concentration of such defects, the resistance to the
development of a long-range ferroelectric correlation is not
strong and the ferroelectric state is the ground state. For higher
defect concentration, the local polarizations overwhelm forc-
ing a relaxor ground state. This scenario allows the system to
exhibit mixed ferroelectric and relaxor states over an extended
composition region [63–65]. The abrupt ferroelectric to re-
laxor cross over at x > 0.58 in (1 − x)KBT-xNBT presents a
sharp contrast to the commonly observed gradual evolution.
This qualitative difference lies in the nature of the random
fields. Here, instead of a localized defect confined to a lattice
site, the random field causing disruptions to the long-range
ferroelectric order is associated with a ferroelectric incom-
patible in-phase octahedral tilt, which has correlation length
spanning several unit cells (as evident from the fact that they
are able diffract the incident neutron beam and show weak
superlattice reflections in the neutron powder diffraction pat-
terns). This mesoscopic size random field must be associated
with a composition driven ferroelastic instability. Our NPD
study suggests that the critical composition for this instability
to set in is x > 0.58. This explains the abrupt crossover from a
normal ferroelectric to a full-blown relaxor state for x > 0.58.

The next question is whether the in-phase tilt distortion
is coupled to the ferroelectric distortion or not. High tem-
perature NPD studies of the MPB compositions of NBT-BT
[48] and NBT-KBT [44,66] have shown that the superlattice
peaks corresponding to the in-phase tilt survives even after the
ferroelectric order disappears. This suggests that the in-phase

tilt, which is the primary source of random field in our system,
is not coupled to the ferroelectric order. Rather, this instability
sets in in the ergodic temperature regime for x > 0.58. The
abrupt decrease in the Burn’s temperature for x > 0.58 sug-
gests that the presence of the in-phase tilt causes difficulty in
the formation of the PNRs and requires more cooling vis-à-vis
the compositions (x < 0.60) that do not show the in-phase
tilt. Further, the continuity of this tilt at low temperatures
obstructs the development of a long-range ferroelectric order
and stabilizes the relaxor ground state. In the absence of this
tilt (for x < 0.60) the system could acquire a ferroelectric
ground state.

We may emphasize that the superlattice peaks correspond-
ing to the in-phase tilt cannot be indexed precisely on a
doubled pseudocubic cell. This seems to suggest that the in-
phase tilt is not highly ordered to form a long-range P4bm
phase as in the high temperature phase (say > 300 °C) of NBT.
Alternatively, the tilt might be incommensurately modulated,
which cannot be explained within the framework of simple
octahedral tilt system of Glazer [67]. Diffuse scattering stud-
ies of the classical Pb-based relaxors like Pb(Mg1/3Nb2/3)O3

(PMN) and Pb(Zn1/3Nb2/3)O3 (PZN) have confirmed that
the relaxor state is comprised of local atomic displacements
associated with the freezing of phonon mode corresponding
to the M-point (k = 1/2, 1/2, 0) of the cubic Brillouin zone
[12,68,69]. The relaxor behavior is strongly coupled to such
a nonferroelectric component of the atomic displacement pat-
tern. The visibility of the superlattice peaks corresponding to
the M-point distortion in the NPD patterns of our specimens
for x > 0.58 suggests that this distortion has relatively larger
correlation length as compared to that in the classical relaxors.
At the same time, the correlation length is not sufficiently
large to qualify this distortion as a P4bm phase. Our results
suggest that the intermediate scale order in the in-phase tilt
allows the ferroelectric correlations to develop albeit on a
smaller length scale.

Transmission electron microscopy study of KBT-NBT in
the vicinity of the critical composition reported here suggests
that the in-phase tilt axis is parallel to the nonpolar a/b axis
of the average tetragonal phase [66]. This contrasts with the
high temperature P4bm phase of NBT for which the tetrag-
onal axis is also the in-phase tilt axis. These compositions
show highly complex domain structure comprising of few
tens of nanometers thick tetragonal (P4mm)-like twin (T1)
domains within which lies nanoscale (∼5 nm) T2 domains
of least two different rotational variants [35,66]. The T2 do-
mains are associated with in-phase octahedral tilt with tilt
axes parallel to the a/b axes of the average P4mm phase.
The average symmetry of the assemblages of the in-phase
tilted nanodomains has been proposed to be I4mm or Imm2.
However, as demonstrated in Fig. S14c, the superlattice peaks
cannot be accurately modeled with an average structure within
the framework of a 2 × 2 × 2 pseudocubic cell, suggesting
the plausibility of an incommensuratelike modulation in the
octahedral tilt configuration. Further investigation is required
to throw light on the details of this complex structural state.
From the ferroelectric perspective, such regions and the neigh-
borhoods around them are structural disorder, which manifests
as cubiclike phase in the XRPD study. That even after pol-
ing, the disorder regions though significantly reduced, still
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survive for x > 0.58 is consistent with the persistence of the
in-phase tilted regions. The noticeable softening of the lattice
on approaching x = 0.60 [Fig. 3(c)] as revealed in the Raman
study, suggests a correlation of the lattice softening with the
disordered/incommensurate in-phase tilt distortion. This soft-
ening is likely to contribute to the abrupt enhancement of the
dielectric and electromechanical properties for x > 0.58.

V. CONCLUSIONS

In summary, in contrast to most ferroelectric perovskite
solid solution systems wherein the ferroelectric ground state
gives way to a relaxor ground state in a gradual man-
ner with increasing concentration of random-field centers,
this crossover is shown to occur abruptly at x > 0.58 in
(1 − x)K0.5Bi05TiO3-(x)Na0.5Bi0.5TiO3. The dramatic change
in the polar character at this composition manifests as
anomalous change in several physical properties (dielectric,
electromechanical, and ferroelectric properties, Burn’s tem-
perature) and mimics a scenario often reported for MPB

ferroelectric solid solutions. In the present case it is rather
associated with an abrupt increase in the structural disorder
while the system still retains an average tetragonal ferroelec-
tric distortion on the global scale. We show that this disorder
is caused by the onset of a ferroelastic distortion comprised
of disordered/incommensuratelike in-phase octahedral tilt in
the paraelectric/ergodic relaxor state and its persistence at
low temperatures. Our study widens the understanding of the
fundamental factors that induce a relaxor state in ferroelectric
perovskites, and its direct bearing on the physical properties.
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