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KosNagsNbO; (KNN)-modified morphotropic phase boundary (MPB) compositions of the two
NaysBipsTiOs;-based lead-free piezoelectrics, namely, 0.94Na;sBigsTiO;3-0.06BaTiO; (NBT-6BT) and
0.80Nay 5Big 5TiO3-0.20K 5Big s TiO3 (NBT-20KBT) are model systems exhibiting large (>0.4%) electric-field-
driven strain. There is a general perception that (i) increasing KNN concentration monotonically weakens the
direct piezoelectric response (ds3), and (ii) maximum electrostrain occurs when KNN pushes the system in the
fully ergodic relaxor state. We have examined these issues using various complementary techniques involv-
ing electrostrain, piezoelectric coefficient (ds3), ferroelectric switching-current measurements, and field-driven
structural studies on the global and local scales using laboratory and synchrotron x-ray diffraction, neutron
powder diffraction, and Eu*? photoluminescence techniques. Our investigations revealed the following important
features: (i) In the low-concentration regime, KNN induces a tetragonal ferroelectric distortion, which improves
the weak signal piezoresponse. (ii) Beyond a threshold concentration, in-phase octahedral tilt sets in and weakens
the long-range ferroelectric order to partially stabilize an ergodic state. (iii) The maximum electrostrain (~0.6%)
is achieved in the mixed (nonergodic + ergodic) state. (iv) The mixed state invariably exhibits a less-known
phenomenon of field-driven ferroelectric-to-relaxor transformation during bipolar field cycling. (v) The enhanced
electrostrain in the mixed state is associated with the electric field increasing the correlation lengths of the
short-ranged tetragonal and rhombohedral ferroelectric regions without overall transformation of one phase to
the other. We summarize the findings of this work in a comprehensive electric field composition (E-x) phase

diagram. The findings reported here are likely to be true for other NBT-based MPB systems.

DOLI: 10.1103/PhysRevB.107.134108

I. INTRODUCTION

For over a decade and a half, increased environmental
and health concerns associated with the toxicity of Pb in
commercial lead-zirconate-titanate—based piezoelectric ma-
terials have motivated the scientific community to explore
Pb-free alternatives [1-8]. The emphasis has been to improve
the electromechanical responses of the few Pb-free ferro-
electric compounds available in the oxide perovskite family
like BaTiOs; (BT), (K, Na)NbOs3, KosBipsTiO3 (KBT),
Na5Big5TiO3 (NBT), and BiFeOs; by chemical modifica-
tions. While over the years these efforts have led to a re-
markable improvement in the direct piezoelectric coefficients
(d33) of BT-based [9-16] and K s5NagsNbO3; (KNN)-based
systems [17-19] (d33) ~ 500-600 pC/N), there has been no
similar progress in improving dz; of the NBT- and KBT-
based systems. The maximum d33 of NBT-based systems is
~200 pC/N [7,20]. However, the discovery of a relatively
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high unipolar electrostrain (>0.4%) in the KNN-modified
compositions of the morphotropic phase boundary (MPB)
system 0.94Nag 5Big5TiO3-0.06BaTiO3 [21] has given NBT-
based piezoelectrics a unique identity as large-strain actuator
materials.

NBT belongs to the family of relaxor ferroelectrics [20,22—
24]. Although it exhibits a long-range rhombohedral fer-
roelectric structural distortion [25], the relaxor ferroelectric
behavior is caused by the inherent tendency of the system to
develop structural disorder caused by the local displacement
of Na/Bi which is incompatible with the average rhombohe-
dral symmetry [26]. The displacement disorder is also found
on the oxygen sublattice due to presence of a’a’c™-tilted
octahedral regions on the nanoscale [27]. Following Jones
and Thomas [28], the a®a’c*-tilted octahedral region is gen-
erally referred to as the P4bm phase. The interaction of the
short-ranged a’a’c* regions with the relatively long-ranged
a~a~a -tilted rhombohedral regions [29] makes the average
structure appear as monoclinic (Cc) [30,31]. The nano-
sized a’a®c*-tilted regions observed at room temperature
in NBT are considered the residue of the high-temperature

©2023 American Physical Society
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nonferroelectric tetragonal (P4/mbm) phase [32] and can
be suppressed by the application of a strong electric field
[33-35]. On the global scale, this manifests as a field-
driven irreversible Cc-to-rhombohedral (R3c¢) transformation
[33,34]. The two important solid solutions of NBT which have
attracted considerable attention over the years are the ones
with the tetragonal (P4mm) ferroelectric perovskites such as
KBT and BT. Both (1-x)NBT-(x)KBT and (1-y)NBT-(y)BT
exhibit MPBs at x = 0.20 [36-38] and y = 0.06 [35,39,40],
respectively, at which the piezoelectric coefficient (ds3) is
maximum. In a recent study, Adhikary et al. [41] have shown
that, in addition to the interferroelectric R3c-P4mm struc-
tural instability, the MPB in NBT-based piezoelectrics is
also characterized by the ordered-P4bm and disordered-P4bm
boundaries. One of the peculiar features of the NBT-based
MPB systems is the anomalous decrease in the depolarization
temperature as the MPB composition is approached [42,43].
Ever since the discovery of unipolar electrostrain >0.4%
in KNN-modified MPB composition of the NBT-BT [(0.94-
y)NBT-0.06BT-yKNN] by Zhang et al. [21], there has
been continuous effort to increase the electrostrain level
in other derivatives of NBT-based piezoelectrics. A similar
level of electrostrain has been reported in KNN-modified
NBT-KBT [(0.80-x)NBT-0.20KBT-xKNN] [44-47] and other
modifications like SrTiO;z [48], LiNbO5; [49], and BiAlOj3
[50]. The large electrostrain in different derivatives of
NBT-BT/NBT-KBT has been variously explained as field-
driven antiferroelectric-to-ferroelectric transformation [51],
reversible field-driven nonpolar (ergodic)-to-ferroelectric
transformation [52,53], a combination of electrostrictive and
converse piezoelectric effects [46], large reversible switching
of tetragonal domains [54], breaking of the Bi-O hybridiza-
tion [55], etc. For the KNN-modified MPB compositions
of NBT-BT and NBT-KBT, it is generally reported that
KNN monotonically weakens the piezoelectric response (ds3)
[21,56,57]. Further, some studies reported that the large elec-
trostrain in KNN-modified NBT-BT occurs when the system
is entirely in the ergodic relaxor (ER) state [45,52,53]. The
relaxor state has generally been attributed to the P4bm phase
and the ferroelectric state to the R3¢ phase [58,59]. Given that
the critical compositions of NBT-KBT and NBT-BT also rep-
resent a R3c-P4mm interferroelectric instability [41,60,61],
the possibility of stabilizing ferroelectric P4mm distortion
cannot be ruled out. For a better appreciation of the mecha-
nism governing strain enhancement in KNN-modified MPB
compositions of NBT-BT and NBT-KBT, it is important to
understand the subtlety of the structural states and how they
evolve with composition and electric field. In this paper, we
have attempted to resolve this issue using a series of struc-
tural and physical property measurements on KNN-modified
MPB compositions 0.80NBT-0.20KBT (NBT-20KBT) and
0.94NBT-0.06BT (NBT-6BT). While we prove that the large
electrostrain occurs when the system happens to be in the
ergodic + nonergodic mixed states and not in the fully ergodic
state, we employed a series of complementary tools to probe
the nature of structural changes, both on the local and global
scales, accompanying the strain enhancement. The structure
on the global scale was investigated using a combination of
laboratory x-ray, synchrotron x-ray, and neutron diffraction
techniques. The average structural information on the local

scale was inferred using an Eu™ photoluminescence (PL)
technique [38,61-64]. We also found that, in the presence of
the ER state, the field-stabilized long-range ferroelectric order
can transform to a nonergodic relaxor (NER) state during field
reversal.

II. EXPERIMENTAL

KNN-modified MPB compositions of NBT-BT and NBT-
KBT were synthesized as per the chemical formulas (0.80-
x)NBT-0.20KBT-(x)KNN [NBT-20KBT-xKNN] and (0.94-
y)NBT-0.06BT-yKNN [NBT-6BT-yKNN] using the conven-
tional solid-state reaction method [42]. Electrical properties
were measured on pellets of an average density ~95%. The
sintered pellets with diameters of 10-12 mm and thickness
of ~0.4 mm were painted with high-temperature silver paste
for electrical contact and were poled by applying a dc field
of 60 kV/cm for 20 min. The direct longitudinal piezoelec-
tric coefficient (ds3) of the poled pellet was measured using
Piezotest, PM300 with applied force 0.25 N and frequency
110 Hz. A Precision Premier II tester (Radiant Technolo-
gies, Inc.) was used to obtain the polarization—electric field
(P-E) hysteresis measurements and current density (J) vs
electric field measurements at 1 Hz. Electrostrain vs electric
field (S-E) measurement was carried out using an MTI-
2100 photonic sensor attached to the Radiant setup. Thermal
depoling current measurements were carried out using an
Electrometer (Keithley, 6514) by heating poled pellets at
3°C/min. Eu™ PL spectra were collected from poled and
unpoled pellets using a 532-nm laser attached to a LabRAM
HR (HORIBA) spectrometer. Dielectric measurements were
carried out with a Novocontrol Alpha-A impedance ana-
lyzer. Neutron powder diffraction (NPD) data were collected
at SPODI, FRM-II, Germany (wavelength of 1.54815 A)
[65]. X-ray powder diffraction (XRPD) studies were car-
ried out with a Rigaku Smartlab x-ray diffractometer with
monochromatic Cu K« radiation in reflection geometry. The
diffractometer is equipped with a Johansson monochromator
in the incident beam, which results in pure Cu-K«, radiation.
For comparison, we also carried out x-ray diffraction (XRD)
measurements on dense pellet specimens in the transmission
geometry using high-energy synchrotron x rays (wavelength
0.207308 A) at the P02.1 diffractometer at Petra, DESY.
XRPD patterns of the unpoled specimens were collected after
annealing the powder at 700°C for 2 h and obtained after
crushing the sintered pellets to remove the effect of residual
stress incurred during the grinding process. XRPD patterns of
the poled specimens were obtained after crushing the poled
pellets to powder. Structural analysis was carried out using
the FULLPROF package [66].

III. RESULTS

A. Physical properties

Figures 1(a) and 1(b) show the longitudinal weak-signal
piezoelectric coefficient (d33) as a function of composition for
NBT-20KBT-xKNN and NBT-6BT-yKNN, respectively. For
the NBT-20KBT-xKNN series, d33 improves from 160 pC/N
for x =0.00 to ~210 pC/N for x = 0.015. Following the
same trend, ds3 improves from 150 to 200 pC/N on increasing
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FIG. 1. Composition dependence of the piezoelectric coefficient (ds3) of (a) (0.80-x)NajsBigsTiO3-0.20K 5Big s TiO3-xKg sNag sNbO3
[NBT-20KBT-xKNN] and (b) (0.94-y)NajsBij5Ti03-0.06BaTiO3-yK¢ sNagsNbO; [NBT-6BT-yKNN]. (c¢) and (d) Unipolar strain and (e)
and (f) polarization-electric field (P-E) hysteresis loops for different compositions. (g) and (h) Composition dependence of the remanent
polarization of NBT-20KBT-xKNN and (h) NBT-6BT-yKNN, respectively.

the KNN concentration to y = 0.02 for the NBT-6BT-yKNN
series [Fig. 1(b)]. Beyond these critical compositions, d33
decreases monotonically. The composition x = 0.03, on the
other hand, shows the maximum electrostrain values (~0.62%
bipolar and 0.55% unipolar at 60 kV/cm) for NBT-20KBT-
xKNN (Figs. 1(c) and S1(a) in the Supplemental Material
[67]). NBT-6BT-yKNN exhibits maximum electrostrain at
y = 0.05 (bipolar 0.53% and unipolar 0.5%, Figs. 1(d) and
S1(b) in the Supplemental Material [67]). The depolarization
temperature (7;), measured from the peak in the depoling
current vs the temperature of poled pellets (Fig. S2(a) in

the Supplemental Material [67]), suggests that T; decreases
monotonically with increasing x, Fig. S2(b) in the Supplemen-
tal Material [67]. For x = 0.03, the composition exhibiting
maximum electrostrain is Ty ~ 60 °C. This, together with the
fact that d33 of this composition is still ~105 pC/N [Fig. 1(a)],
confirms that the composition exhibiting the maximum elec-
trostrain in the series is not fully in the ER state but also has
field-stabilized long-range ferroelectric order. An important
point to note is that the remanent polarization (P,) shows
abrupt decreases at two compositions, namely, x = 0.02 and
0.04 for NBT-20KBT-xKNN [Figs. 1(e) and 1(g)] and at
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FIG. 2. X-ray powder diffraction Bragg profiles of pseudocubic {111},. and {200}, of (a) unpoled and (b) poled NBT-20KBT-xKNN for

different KNN concentration.

y = 0.04 and 0.06 for NBT-6BT-yKNN [Figs. 1(f) and 1(h)].
A careful observation suggests that these abrupt drops are due
to a qualitative change in the shape of the P-E loops, the
details of which can be found in Sec. III G.

B. Average global structure: XRD

Figures 2 and 3 show the composition evolution of the
x-ray Bragg profiles of {111}, and {200},. pseudocubic
reflections of NBT-20KBT-xKNN and NBT-6BT-yKNN, re-
spectively, in their unpoled and poled states. Following our
previous strategy [42,63,68,69], the diffraction patterns of
the poled specimens were collected after grinding poled pel-
lets to powder. The powdered poled pellet yields a preferred
orientation-free diffraction pattern while retaining the irre-
versible structural changes brought about by the poling field.
For systems in the NER ferroelectric state, poling stabilizes
a long-range ferroelectric order, the structure of which can
be determined by examining the nature of splitting of the
characteristic x-ray Bragg profiles. The ergodic state, on the
other hand, is not expected to show long-range ferroelectric
order after poling and is expected to exhibit a cubiclike (CL)
average structure on the global scale even after experiencing
strong field. The XRPD patterns of the unpoled specimens
were obtained after thermal annealing the ground powder at
~T700°C. The patterns of the unpoled specimens for both
series (NBT-20KBT-xKNN and NBT-6BT-yKNN) suggest a
CL average structure [70], Fig. 2(a). The XRPD patterns

of the poled specimens, on the other hand, suggest distinct
ferroelectric structural distortions, Fig. 2(b). Consistent with
the previous studies [35,40—42], the diffraction patterns of the
poled KNN-free compositions (x = 0, y = 0) exhibit rhom-
bohedral average structure (the pseudocubic {111}, profile
is a doublet, and the {200}, profile is a singlet). The XRD
pattern of poled NBT-20KBT-xXKNN with x = 0.01, on the
other hand, shows an additional small hump in the {200},
pseudocubic Bragg profile [shown with arrows in Fig. 2(b)],
suggesting a field-stabilized long-range-ordered ferroelectric
tetragonal distortion. For x = 0.015, the intensity of the
tetragonal Bragg peaks increased considerably, while that of
the rhombohedral peaks decreased. The peaks correspond-
ing to the long-range rhombohedral ferroelectric distortion
become invisible for x = 0.02. The XRPD pattern of poled
x = 0.02 can be explained in terms of the mixture of CL
and tetragonal P4mm phases, Fig. S3(b) in the Supplemental
Material [67]. For x = 0.03, the composition exhibiting max-
imum electrostrain, even the long-range tetragonal P4mm is
barely visible. A careful observation, however, reveals that a
small fraction of the long-range tetragonal ferroelectric order
could still be stabilized for this composition, Fig. S4 in the
Supplemental Material [67]. For x > 0.04, there is no de-
tectable difference between the XRD patterns of poled and
unpoled specimens, Fig. S4 in the Supplemental Material
[67]. This composition is therefore in the full ER state. The
same sequence of structural evolution can be seen in the
NBT-6BT-yKNN series, Fig. 3. For this case, the complete
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FIG. 3. X-ray powder diffraction Bragg profiles of pseudocubic {110}, {I11},, and {200},. of (a) unpoled and (b) poled NBT-6BT-

(y)KNN.

ergodic state sets in at a relatively higher KNN concentration,
y = 0.06 [Fig. 3(b)].

C. Average global structure: Neutron diffraction

Figures 4(a) and 4(b) shows the NPD patterns of selected
compositions of unpoled NBT-20KBT-xKNN and NBT-6BT-
yKNN. For the sake of clarity, only limited 26 regions are
shown to highlight the superlattice peaks corresponding to
in-phase octahedral tilt (0.5{ooe},,. pseudocubic indices where
o and e represent odd and even integers, respectively) and
superlattice peaks corresponding to the antiphase octahedral
tilt (with pseudocubic indices 0.5{000},.). The composition
x = 0.00 shows superlattice peaks with pseudocubic indices
0.5{310},. and 0.5{311},, suggesting the presence of both
R3c and P4bm phases. The intensity of 0.5{310} . superlattice
reflection grows with the increasing concentration of KNN.
This is accompanied by a concomitant decrease in the inten-
sity of the 0.5{311},,. superlattice peak corresponding to the
R3c phase, Fig. 4(a). For x = 0.03, the 0.5{311}, superlattice
peak is no longer visible. The NPD pattern of this (and higher)
composition shows superlattice reflections corresponding to
the in-phase octahedral tilt, suggesting that the unpoled spec-
imens of these compositions exhibit only P4bm phase on the
global scale. The same trend can be seen in the NPD patterns
of the unpoled NBT-6BT-yKNN series, Fig. 4(b). On poling
the compositions x < 0.03, the intensity of the 0.5{311},,
superlattice peak is significantly enhanced, and the intensity
of the 0.5{310},,. superlattice peak is reduced, Figs. 4(c) and
4(d). This suggests a field-driven irreversible P4bm-to-R3c
transformation. In contrast, no visible effect on the intensity
of the 0.5{310},,. superlattice peak can be seen for x > 0.03.

D. Average local structure: Eut® PL

For a better appreciation of the nature of the CL phase, we
carried out local structural analysis using Eu*® PL [61-64].
This technique exploits the sensitivity of the Stark bands in
the PL emission spectrum on the local environment around
the active emitting center (the doped rare-earth cation). In
brief, while the f-f electronic transitions in isolated rare-earth
elements/ions are parity forbidden, such transitions become
possible when the ions are perturbed by the crystal field of the
surrounding ligand. The subtler details of a given Stark band
in the PL spectrum are sensitive to the strength and symmetry
of the crystal field of the ligand/host matrix. This aspect makes
it possible to use the doped rare-earth ions in a given host to
act as probes to monitor structural changes on the local scale
caused by changes in the chemical composition, temperature,
and pressure [71-73]. Because of the relative simplicity of in-
terpreting the emission spectra of Eu*? PL, we chose to dope
our systems with a dilute concentration of Eu*? as per the
nominal formula Nag sBig.49sEug 005 TiO3. Such a small Eut?
concentration is sufficient to give a good PL signal without
noticeably affecting the structural and physical properties of
the original (undoped) composition [38,62].

The different Stark bands of the Eu*® PL spectrum
correspond to the different (J) Dy — 'F, radiative elec-
tronic transitions: Dy — 'Fy (570-585 nm), °Dy — ’F,
(585-600 nm), Dy — "F, (610-630 nm), Dy — "F3 (640
660 nm), and Dy — 'F4 (680-710 nm), Fig. S5 in the
Supplemental Material [67]. Since the multiplicity of the ’F;
level increases with increasing J, the Stark band correspond-
ing to a higher J shows overlap of several peaks. To minimize
ambiguity in the interpretation of the data, we prefer to use
the Stark band corresponding to J = 0 (expected to be a
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FIG. 4. Neutron powder diffraction (NPD) patterns of select unpoled specimens of (a) NBT-20KBT-xKNN and (b) NBT-6BT-yKNN. The
superlattice peaks are shown with half-integer pseudocubic indices. Superlattice peaks of the type %{odd odd even},,. correspond to in-phase
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poled x = 0.00, 0.015, and 0.03 of NBT-20KBT-xKNN. Note that the electric field completely suppresses superlattice reflections corresponding
to the in-phase tilts for x = 0.00, but these reflections are unaffected after poling for x > 0.03. (d) Composition dependence of the integrated
intensity of the 0.5{310},,. superlattice peak in the unpoled and poled states of NBT-20KBT-xKNN.

singlet). As shown in Fig. 5(a), the "Fy Stark band of unpoled
x =0.00 is a doublet (peak-1 at ~578.9 nm and peak-2 at
~579.71 nm). Poling suppresses peak-1 and retains peak-2.
Given that the average structure of the poled x = 0.00 is R3c,
Fig. 2(b), peak-2 of the "Fy doublet is representative of the
rhombohedral structure [Fig. 5(a)]. Peak-1 is attributed to
the P4mm distortion [38,41,62]. Like x = 0.00, the "F, Stark
band of unpoled x = 0.015 is also a doublet. However, for this
composition, peak-1 is partially suppressed after poling. The
extent of suppression of peak-1 after poling is significantly
reduced for x = 0.02, Fig. 5(c). For x > 0.02, poling did not
change the shape of the "F, Stark profile, Fig. 5(d).

E. Eu™? PL and XRD in situ with field

To appreciate the field-driven structural changes on both
the local and global scales, we carried out XRD and Eut?
PL studies in situ with an electric field on a representa-
tive composition x = 0.03. It is interesting to note that the
shape of the "F, Stark profile did not change even while a
field of 50 kV/cm was applied, Fig. 6(a). This may seem to

suggest that the structural state of the system is insensitive
to the applied field for this composition. We performed field-
dependent XRD measurements in reflection geometry using
a laboratory x-ray diffractometer. We noted that, in contrast
to the diffraction patterns obtained from an unpoled powder
specimen of the same composition, diffraction patterns ob-
tained from the unpoled pellets show additional broad humps
[marked with arrows in Fig. 6(b)] on the left of both {111},
and {200}, CL Bragg profiles. To ascertain the origin of these
additional peaks, we carried out diffraction measurements in
transmission geometry using high-energy synchrotron x rays
(wavelength 0.207308 A). It is evident from Fig. S6(b) in the
Supplemental Material [67] that the diffraction pattern ob-
tained in transmission geometry from the unpoled disc mimics
the diffraction pattern of the powder specimen. Since the
synchrotron x-ray beam (~1 x 1 mm cross-section) passes
through a ~0.7-mm-thick disc, the synchrotron XRD pattern
is averaged over the entire volume of the pellet specimen. The
penetration depth of the Cu K« (the laboratory x-ray source),
on the other hand, is only a few microns beneath the surface.
This experiment confirms that the additional reflections seen
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FIG. 5. (a)~(d) °Dy — "F, (570-585 nm) Stark profiles of the
Eu™? photoluminescence spectra obtained from unpoled and poled
specimens of Eu-doped NBT-20KBT-xKNN. The ’F, Stark band
of unpoled x = 0.00 is a doublet (peak-1 at ~578.9 nm and peak-
2 at ~579.71 nm are the fingerprints of P4mm and R3c phases,
respectively).

in the laboratory XRD patterns of the pellets are from the
grains near the surface region of the pellets. Such differences
in the diffraction patterns from surface and bulk regions have
also been reported for NBT-based system [74,75]. For the
sake of consistency with the field-dependent Eu™ PL mea-
surements (the Eu™ PL signals are also from the surface
grains), we performed XRD measurements in situ with an
electric field in reflection geometry using the laboratory XRD.
In contrast to the field-dependent Eu™® PL measurements
which show no effect of the electric field on the PL spectrum,
we found dramatic changes in the shapes of the x-ray Bragg
profiles on the application of the electric field, Fig. 6(b). Both
{111}, and {200}, profiles developed considerable asymme-
try when a field of 50 kV/cm was applied [Fig. 6(b)]. This
suggests a field-driven CL — R3¢ + P4mm transformation.
On switching off the field, the asymmetry in both {111},. and
{200}, profiles reduced considerably. A careful observation,
however, reveals some remanence of the long-range tetragonal
order (Fig. S6(a) in the Supplemental Material [67]). This is
consistent with the fact that ds3 of this composition is still
~105 pC N [Fig. 1(a)], and the depolarization temperature
is above room temperature (~60°C). Since the Eu*? PL of
unpoled x = 0.03 confirms the coexistence of R3¢ and P4mm
distortions on the local scale [Fig. 5(d)], the absence of a no-
ticeable change in the relative intensities of peak-1 and peak-2
of the "F, Stark profile even when a field 50 kV /cm is applied
can be rationalized by arguing that the electric field does not
alter the relative fractions of the P4mm and R3c distortions.
In view of this, the CL — R3¢ + P4mm transformation on

the global scale is merely a manifestation of the increase in
the correlation lengths of the short-range rhombohedral and
tetragonal regions without noticeably altering their relative
volume fractions.

F. Lattice strain and macroscopic electrostrain

Having shown above that the compositions showing large
electrostrain are those exhibiting field-driven transformation
of the short-ranged R3¢ and P4mm domains to long-ranged
R3c and P4mm domains, we sought a correspondence be-
tween the degree of reversibility of these structural processes
with the unipolar electrostrain measured across the different
compositions of the NBT-20KBT-xKNN series. Because of
the severe overlap of the Bragg profiles corresponding to the
tetragonal, rhombohedral, and CL phases, we did not attempt
to deconvolute the individual Bragg profiles and calculate
their integrated intensities for estimating the domain switch-
ing fraction [76]. We instead sought to estimate the degree
of reversibility of the multiple interlinked structural processes
occurring simultaneously by monitoring the relative shift in
the peak position of the CL Bragg profile 200¢;, Figs. 6(b),
S7, and S8 in the Supplemental Material [67]. Accordingly,
we calculated the strain &S5 developed in the 200y, plane as
a function of the applied field for the different compositions
of NBT-20KBT-xKNN, Figs. 7(a)-7(f). The remanent &5 is
maximum for the KNN-free composition (x = 0). It decreases
systematically with increasing x and is zero for x = 0.04,
the composition in the fully ER state. It is important to note
that the reversible lattice strain, defined as the difference be-
tween &5 (max) and &5, (remanent), exhibits a maximum
at x = 0.03, the composition which exhibits the maximum
macroscopic electrostrain/d; in this series, Fig. 7(g).

G. Field-driven ferroelectric-to-relaxor transition
and E-x phase diagram

In Sec. IIT A, we highlighted that the remanent polarization
drops abruptly at x = 0.02 and 0.04 [Figs. 1(e) and 1(g)] for
the NBT-20KBT-xKNN series and at y = 0.04 and 0.06 for
the NBT-6BT-yKNN series [Figs. 1(f) and 1(h)]. A careful
observation reveals that these abrupt drops are manifestations
of a qualitative change in the shape of the bipolar P-E curves.
This is more clearly revealed in the bipolar switching current
(D) vs field (E) measurements, Figs. 8(a)-8(c) and S9(a)-S9(f)
in the Supplemental Material [67]). While the compositions
x < 0.02 exhibit two current peaks at Er; and Epp, typical of
domain switching events in normal ferroelectrics during bipo-
lar cycling [Figs. 8(b) and 8(c)], the compositions x = 0.02
and 0.03 exhibit four current peaks (two current peaks in the
positive cycle and two in the negative cycle) during bipo-
lar cycling. For x > 0.04, the current peaks are significantly
broadened. To appreciate the significance of the two current
peaks in the positive cycle and two in the negative cycle,
we carried out XRD (in reflection geometry) in situ with the
electric field by applying the field in the positive and negative
directions on the representative composition x = 0.03. The
experiment involved collecting diffraction patterns on a virgin
circular disc and subsequently after poling the disc with a field
of 50 kV/cm. The difference in the XRD pattern of the poled
and unpoled represents the irreversible changes induced by
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FIG. 6. (a) Evolution of the Dy — F, Stark profiles of Eu-doped NBT-20KBT-(x)KNN: x = 0.03 as a function of unipolar electric field.
(b) Evolution of the x-ray diffraction (XRD) Bragg profiles of {111},. and {200},. pseudocubic reflections in the unpoled, at 50 kV/cm,
and after switching off the field. The arrows in (b) indicate peak positions of different phases where R, CL, and T are rhombohedral (R3c),

cubiclike, and tetragonal P4mm phases, respectively.

the poling field. When the field direction was reversed and
gradually increased (in the negative direction), we found that
there exists a critical field at which the diffraction pattern
exactly matched the diffraction pattern of the unpoled state.
On increasing the field further in the negative direction, the
difference in the diffraction pattern with respect to the unpoled
state increases again. This interesting behavior is quantita-
tively shown in Fig. 9(d) in terms of the field dependence
of &5p during bipolar cycling of the different compositions
of the NBT-20KBT-xKNN series. It is evident that, for com-
positions in the fully nonergodic state, it is not possible to
return to £S5 = 0 during the field reversal. For x = 0.03, a
composition exhibiting a nonergodic + ergodic mixed state,
&St =0 at —16 kV/cm. This is true for all compositions
exhibiting mixed (ergodic 4+ nonergodic) state 0.02 < x <
0.03. In view of these observations, the current peak labeled
Er1 in the negative cycle of Fig. 8(d) is attributed to the
field-driven ferroelectric-to—NER + ER transformation. The
second peak Ep; at higher field is attributed to the switching of
the ferroelectric domains. Correspondingly, the current peak
at Eg, in the positive cycle is attributed to the field-driven
ferroelectric—to—-NER + ER, and the peak at Ef, is attributed
to the switching of the ferroelectric domains. We used this
structural understanding of the bipolar /-E plots to draw an
E-x phase diagram, Fig. 8(d). This phase diagram shows
the variation of the polar states (with respect to the polar
states of the poled specimen) when the field is applied in the
opposite direction. The diagram clearly shows three distinct
compositional ranges: (i) ferroelectric for the compositions
(x = 0.00—0.015), (ii) a mixture of ER and ferroelectric states

for 0.015 < x < 0.04, and (iii) the ER state for x > 0.04.
Based on our field-driven Eu™® PL and XRD studies, the
ergodic state is designated as a mixture of R3¢ and P4mm
short-range orders. We show the corresponding E-y phase
diagram of the NBT-6BT-yKNN system in Fig. S9(g) in the
Supplemental Material [67].

IV. DISCUSSION

In this paper, we clearly show that KNN modification
introduces two important structural features: (i) ferroelec-
tric tetragonal distortion and (ii) increased propensity for
in-phase octahedral tilt in both 0.94NBT-6BT-yKNN and
0.80NBT-0.20KBT-xKNN. While the onset of the long-range
tetragonal phase creates coexistence of ferroelectric phases
(P4mm and R3c) and improves the weak-signal piezoelectric
response (the best dz3 is obtained for x = 0.015 for NBT-
KBT-xKNN and y = 0.02 for NBT-BT-KNN), the increased
propensity of the in-phase octahedral tilt completely alters
the ferroelectric switching behavior and enhances the elec-
tromechanical response. As the in-phase octahedral tilt is not
compatible with the long-range P4mm and R3c ferroelec-
tric orders, it increasingly destabilizes them. The long-range
rhombohedral ferroelectric order ceases at x = 0.025, while
the tetragonal long-range order persists to some extent un-
til x = 0.03. For x > 0.04, even the long-range tetragonal
ferroelectric order vanishes, and the system is completely
in the ER state. The mixed (coexistence of nonergodic and
ergodic) state lies in the composition range 0.02 < x < 0.04
and is most neatly and convincingly characterized by two

134108-8



STRUCTURAL INSIGHTS INTO ELECTRIC FIELD ...

PHYSICAL REVIEW B 107, 134108 (2023)

0.20
0.16 .(b) X=0.01r 1.7!
- 0.15F .‘/.’
0.10
0.08 [ [ /'
0.04 [ 0051~ 4
2 0.00 |- 000 =" i1
& 020 Hc) x=0.015 | 0.20 [(d) x=0.025
— i
o 015} S 015 <
“ e " e
£ 010 )" 0.10F /
£ oo / 005l /
(7] - N
— /.
80'00-T|||||||||| 0'001_1.|||1|1|||
£ 0.3 He) x=0.03 pV. 0.08}|-(f) x=0.04
o i i
02 ﬁ 0.06 - /
- . ./ 0.04 n
o1r - gt 0.02|- j/
0.0 ==, 1. 1. 1.1 ooofbe® 110
0 1020 30 40 50 0 10 20 30 40 50
E (kV/icm)
:\; 0.30 -— (g) — d —900
o = 33 .
o o0.25 -
2 S i — 750’2‘
£ o020} .
e % | M\ 6005
:‘: 2 0.15 - 3
- —
g s 010 a n 450 °
[) (7] 9
0.05m
> g Y 300
L2 AR RS B
A = 0.00
E 0.00 0.02 0.04 0.06

Composition (x)

FIG. 7. (a)—(f) Field dependence of the 200¢ lattice strain of
different compositions of NBT-20KBT-xKNN during increasing and
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the reversible 200 strain, As® [=e$}; (max) — 55 (Rem)] and large
field effective converse piezoelectric coefficient d3;. Note the one-to-
one correspondence between AgCl and d;.

positive current peaks in the positive cycle and two neg-
ative current peaks in the negative cycle of the bipolar
field switching measurements, Fig. 8(d). The two peaks in
the positive cycle correspond to ferroelectric (| )-to-relaxor
and then relaxor-to-ferroelectric (1) transformations, respec-
tively. This phenomenon was highlighted by Guo et al. [77]
in [(Na1/2B11/2)0_95Ba0_05]0.98La0,02TiO3, wherein the relaxor
state was attributed to the P4bm phase and the ferroelec-
tric state to the R3c phase. Our combination of Eut PL
and XRD studies in situ with the electric field have, on
the other hand, revealed that the ER + NER states in

NBT-20KBT-KNN are a mixture of R3¢ and P4mm distor-
tions on a smaller length scale. For compositions exhibiting a
mixed (ergodic 4+ nonergodic) state, the electric field merely
increases the correlation length of these ferroelectric distor-
tions simultaneously without changing the overall volume
fractions of the P4mm and R3c distortions. Our observation
is consistent with Kling et al. [58] on 0.91NBT-0.06BT-
0.03KNN, who reported that, although the electric field
significantly changed the domain morphology, the diffrac-
tion patterns remained unchanged. Hinterstein er al. [59]
investigated a composition with slightly lower KNN con-
centration (0.92NBT-0.06BT-0.02KNN) and reported a field-
driven aa’c*-to-a~a~a" tilt transition. A similar field-driven
P4bm-to-R3c transformation has also been reported by Liu
and Tan [78] in their transmission electron microscopy study
of [(Nag84Ko.16)0.5B10.510.96570.04(Ti0.975Nbp.025)03.  How-
ever, in all these studies, the ferroelectric phase has been
identified with the R3c distortion, and the tetragonal phase
is attributed to the P4bm distortion comprising a’a’c™ oc-
tahedral tilt. If the tetragonal phase in the system were only
to be attributed to the P4bm structure, then the splitting of
the CL {200}, Bragg profile on the application of an elec-
tric field (Figs. 6(b) and S7(b) in the Supplemental Material
[67]) would imply that the electric field promotes the P4bm
phase along with the R3c phase. However, this interpretation
would be inconsistent with the fact that the %{ooe} super-
lattice reflections, characteristic of the P4bm phase, weaken
with increasing field [58]. The signature of the tetragonal
distortion seen in the XRD measurements in situ with the
electric field (Figs. 6(b) and Fig. S7(b) in the Supplemental
Material [67]) is therefore characteristic of the development
of the long-range tetragonal P4mm ferroelectric phase. Levin
et al. [37] and, more recently, Adhikary et al. [41] have shown
that the ferroelectric P4mm and the a’a’c™ tilt distortions are
not coupled in NBT-based solid solutions, as they appear at
different temperatures on cooling from the cubic phase; the
in-phase tilt sets in well above the temperature corresponding
to the onset of the ferroelectric P4mm distortion [38,41,79].
It is worth highlighting that, while the onset of tetrago-
nal P4mm distortion in KNN-free NBT-BT and NBT-KBT
increases the depolarization temperature [42,43,79], the de-
polarization temperature of NBT-20KBT-KNN continues to
decrease even while the P4mm distortion sets in (Fig. S2(c)
in the Supplemental Material [67]). For example, the depo-
larization temperature of NBT-6BT (which stabilizes only the
R3c phase in the poled specimen) is 100 °C. It increases to
140 °C for NBT-0.07BT, a composition that shows long-range
tetragonal ferroelectric distortion [80]. In contrast, although
KNN also induces a long-range P4mm ferroelectric distortion,
it fails to increase the depolarization temperature in both NBT-
20KBT-xKNN and NBT-6BT-yKNN series, Fig. S2(c) in the
Supplemental Material [67]. The continuous decrease in 7 in
the KNN-modified compositions can be rationalized from two
factors: (i) the tetragonality (c/a—1) of the P4mm distortion
in the KNN-modified NBT-0.20KBT-1.5KNN is 1.15%, Fig.
S10 in the Supplemental Material [67]. This value is no-
tably smaller than the tetragonality of 1.4% in the KNN-free
tetragonal composition 0.7SNBT-0.25KBT [79]. (i) KNN
also furthers the propensity for the in-phase octahedral tilt
[Fig. 4(a)], which helps in suppressing the long-range ferro-
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FIG. 8. Field dependence of the switching current (/) and P-E loops of NBT-20KBT-xKNN (a) x = 0.00, (b) x = 0.03, and (c) x = 0.04.
(d) Electric field composition phase diagram derived from the switching current and field-dependent x-ray diffraction (XRD) measurements.
In this diagram, up to x = 0.04, the zero-field state corresponds to the poled state with polarization | or 1. For x < 0.02, the field stabilized
long-range ferroelectric order is preserved, and changing the direction of the field merely changes the orientation of the polarization. In the
composition range 0.02 < x < 0.04, the system exhibits field-driven ferroelectric—to—nonergodic relaxor (NER) + ergodic (ER) transformation
at lower fields and NER + ER—to—ferroelectric transformation at higher fields. Black and red arrows indicate the direction of electric field and

the orientation of polarization, respectively.

electric order and promotes the onset of the ergodic state. In
contrast, despite the persistence of the in-phase tilted octahe-
dral regions, the ergodic state does not exist in the KNN-free
compositions of both series.

V. CONCLUSIONS

In summary, our detailed scrutiny of the KNN-modified
MPB compositions of NBT-based lead-free piezoelectrics
(NBT-KBT and NBT-BT) as a function of composition and
electric field revealed fresh structural insights regarding the
microscopic mechanisms governing the electric-field-driven
strain and polarization switching behavior of these systems.
We show that KNN modification brings in two important
structural distortions: (i) the ferroelectric tetragonal (P4mm)

phase and (ii) increased propensity for in-phase octahedral tilt.
While the P4mm distortion takes the system in a two-phase
ferroelectric state and notably improves the weak-field piezo-
electric response, the increased propensity for the in-phase
octahedral tilt gradually overwhelms the system and promotes
an ER state comprising short-range R3c and P4mm ferroelec-
tric regions. In contrast to the common perception, we show
that the highest electrostrain is achieved when the system is in
the mixed (ergodic + nonergodic) state, wherein the electric
field increases the correlation lengths of the short-ranged R3¢
and P4mm regions without inducing any noticeable inter-
ferroelectric transformation. We also show that the onset of
the ER state dramatically changes the polarization switching
behavior, and the system exhibits a relatively less-known phe-
nomenon of long-range ferroelectric order transforming to a
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FIG. 9. X-ray diffraction (XRD) Bragg profiles of unpoled, positively poled, and during application of field in the negative direction on
NBT-20KBT-xKNN with (a) x = 0.00 and (b) x = 0.03. (c) XRD patterns of unpoled and poled x = 0.04. Note that, in (b), the diffraction
pattern of the unpoled state can be exactly reproduced after application of a critical field (—13 kV/cm) in the negative direction. (d)—(f)
Variation of the 200 lattice strain under bipolar cycling of x = 0.00, 0.03, and 0.04.

NER state during field reversal during bipolar cycling. We
summarize these findings in the form of a comprehensive elec-
tric field composition phase diagram of both systems. Though
this paper is focused on KNN-modified MPB compositions of
NBT-KBT and NBT-BT, the general features highlighted here
are likely to be true for other NBT-based MPB systems.
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