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Tailoring the electromechanical properties of a material without altering the original composition is an
emerging phenomenon for the optimization of functional properties. Post-sintering annealing with
varying maximum temperatures, cooling rates, and atmospheres can influence the crystallographic
phases, domain structures, conductivity, mechanical properties, and the temperature stability of the
electromechanical properties. Ky,,Biy,»TiO3 (KBT) is a high-temperature stable >280 °C A-site complex
perovskite piezoelectric and is critical for high-temperature applications. However, the influence of
annealing conditions on crystal structure, domain structure, and functional properties is not well-known.
This work demonstrates the effect of annealing cooling rate and maximum temperature on the
macroscopic electromechanical response as well as the crystal and domain structure. It is shown that
the room-temperature state of KBT can be reversibly switched between the ferroelectric and relaxor
state, where the slow cooling from 900 °C favors the stabilization of the relaxor state and quenching
induces the ferroelectric state. Importantly, the quenched sample showed a stable piezoelectric
coefficient up to 368 °C in the depolarization temperature, an increase of 78 °C. The origin of
ferroelectric-relaxor state change is proposed to be related to the A-site cation redistribution and the
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presence of d, cations on the B-site, e.g., Ti*', Nb°*, and Ta®",
and/or lone-pair cations on the A-site, e.g., Pb>" and Bi’**, are
Chemical arrangement of A- and/or B-site mixed-metal cations principal criteria to the existence of polar nature in perovskite
in (A'; ,A"))(B;_,B",)O; perovskite oxides plays a significant oxides. As such, from the crystal engineering point of view,

1. Introduction

role in realizing crystal structure and functional properties,
including colossal magnetoresistance, superconductivity, mul-
tiferroicity, ionic conductivity, piezoelectricity."™ Generally,
second-order Jahn-Teller distortions® associated with the
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using an optimal combination of mixed-metal cations on the A-
and/or B-sites is critical for enhanced functional properties. In
addition to compositions with mixed-metal cations both on the
A- and B-sites, a significant number of lead-based and lead-free
polar perovskite oxides with only B-site complex structure
A(B'1_,B"))0;, e.g., Pb(Mg1/3ND,/3)03, Pb(Mg1/3Tas/3)03, Pb(Iny,
»ND4/,)03, Pb(Scy/5Ta1,,)03, and Ba(Zn,,3Ta,/3)03, are known to
exhibit excellent functional properties.**® Importantly, the
chemical ordering of the B-site mixed-metal cations plays
a crucial role in the observed functional response through the
stabilization of the relaxor (RE) or ferroelectric (FE) states.>® The
cation ordering is driven by the extent of differences between
the ionic size and formal charge, where compositions with large
cation size mismatch favor long-range cation ordering, and
compositions with closely matched cation size tend to be
disordered.® Although there have been several critical studies of
the B-site complex polar perovskites and the influence of B-site
cation arrangement, very few experimental studies on the A-site
complex (A’; _,A”,)BO; polar perovskite oxides are known.*4 By
using X-ray and neutron total scattering data and selected area
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electron diffraction patterns, these studies have highlighted the
lack of long-range A-site cation ordering. It is important to note
that despite the absence of long-range A-site cation ordering,
changes in local scale cation arrangements can induce signifi-
cant changes in functional properties.®

Bismuth potassium titanate K;,,Bi;;,TiO; (KBT)" is one of
the few lead-free polar dielectric perovskite oxides with an A-site
complex (A’;_,A”,)BO; structure. It is attractive for device
applications because of the demonstrated oxide ion conduc-
tivity suitable for intermediate temperature solid-oxide fuel
cell'* and relatively high (=300 °C) temperature-stable piezo-
electric properties promising for sensors.'” Importantly, KBT is
also an end member in several application-relevant high-
temperature stable piezoelectric compositions, such as solid-
solutions of BiFeO;-PbTiO;-K;/,Bi;,»,TiO; and Nay/,Bi;/,TiO3-
K1/,Bi;,TiO3-Kg 5Nay sNbO;."* Interestingly, similar to Na,,
»Bi;,TiO3 (NBT), KBT shows temperature-dependent dielectric
responses that are not entirely typical of pure ferroelectric or
relaxor, and instead exhibits a mixed ferroelectric-relaxor state
at room temperature.*** The presence of a relaxor state in KBT
and NBT at room temperature can be related to the local
structural distortion driven by the displacement of Bi along the
(111). direction.*? It is important to note that the appearance of
a RE state in macroscopic measurements, such as temperature-
dependent dielectric properties, in Bi-based compositions
depends significantly on minor variations in stoichiometry,
oxygen vacancies, processing conditions, grain size, etc.>*”*® For
example, grain sizes below 0.18 um were found to stabilize the
relaxor state in KBT at the room temperature® and to influence
the electric-field induced macroscopic functional properties.
Moreover, the A-site non-stoichiometry, i.e., a deviation of K*/
Bi** ratio from 1, decreases the tetragonal distortion of the
KBT.*®

The dielectric response of the as-processed KBT shows
a ferroelectric-like response up to approximately 300 °C without
any significant frequency-dependent variation.® Above this,
a transition from FE to RE state (Tg.r) occurs and the temper-
ature of the maximum of permittivity (Ty,) shifts to a higher
temperature with increased measurement frequencies.”® The
relaxation observed above the Try in the frequency-dependent
dielectric response of KBT is often attributed to random
fields®®** created by the presence of the disordered A-site Bi**
and K' cations.’>* Local structural analysis using total scat-
tering and density functional theory calculations reported that
long-range ordering of A-site cations in KBT is unfavorable.*>**
It is important to note, unlike displacive ferroelectrics where B-
site cation off-centering is the major contributor to the polari-
zation, the increased tetragonal distortion associated with the
A-site cation ordering is critical for the polarization in KBT."
These earlier works have highlighted critical structural aspects
of KBT ceramics. However, experimental studies on tailoring
the A-site cation ordering/disordering in KBT and their rela-
tionship with functional properties is not established. Impor-
tantly, controlling the ordering/disordering of A-site cations can
be crucial in stabilizing the ferroelectric or relaxor state at room
temperature in A-site complex perovskite oxides.

8286 | J Mater. Chem. A, 2023, 11, 8285-8298

View Article Online

Paper

Although the field-induced ferroelectric ordering in relaxors
is important for functional applications, the thermal stability of
the induced FE state is limited by the depolarization tempera-
ture (Tg4), which typically lies between 100 °C to 150 °C for NBT-
based systems.*' Understanding the parameters influencing the
structure, microstructure, and/or chemical homogeneity is
essential to tune the T, in A-site complex oxide ceramics. Several
works have focused on stabilizing the ferroelectric state in Bi-
based lead-free relaxors.**** For example, Muramatsu et al.*>*
reported an increase in T4 by 50 °C in thermally quenched NBT,
which has been attributed to the quenching-induced enhance-
ment of lattice distortion and increased long-range ordering. An
enhancement in Ty after rapid cooling to room temperature
from temperatures ranging between 700 °C and 1100 °C was
also reported for the relaxor Na, ,Bi; ,TiO3-BaTiO; and BiFeO3-
BaTiO;.°"%**” An increase in the defect concentration with
quenching, typically understood to be oxygen vacancies, is also
considered crucial in stabilizing the FE state.** Despite this, an
oxygen tracer diffusion study of as-processed and quenched
NBT did not reveal any significant variation in oxygen vacancy
concentration due to the quenching.®® Although quenching has
been found to increase the stability range of the field-induced
ferroelectric state in different compositions, their underlying
mechanism is not well-established.** Studies on the influence of
rapid cooling/quenching on A-site complex KBT are lacking.
The slow cooling at a rate of 0.1 K min~" from 900 °C or
annealing for 24 h at 1000 °C, which is 50 °C lower than the
sintering temperature, were found to establish relaxor and
ferroelectric state, respectively.'®** Interestingly, annealing for
24 h at 800 °C was found to establish relaxor state for the same
composition. From these previous studies, it can be inferred
that slow cooling at rates of 0.1 K min~" favors the RE state,
whereas rapid cooling, i.e., quenching from temperatures above
ranging between 700 °C to 1100 °C, favors the FE state in Bi-
based A-site complex perovskites. However, the origin of the
thermal-treatment-dependent change in the FE/RE state and
their correlation with crystal structure, oxygen vacancies, and
residual stresses are not well understood. For example,
quenching in NBT was found to increase the rhombohedral
distortion;** however, in the case of BiFeO; with the same R3¢
crystal structure, quenching did not alter the structural distor-
tion significantly.*® This further highlights that the microscopic
origin of the shift in depolarization temperature differs
depending on the chemical compositions. Therefore, to
understand the influence of A-site cation ordering, change in
crystal structure, and/or internal stress, the A-site complex
tetragonal KBT has been investigated with varying cooling rates
and maximum temperatures up to 900 °C. The thermal history-
dependent crystal structure and domain structure have been
studied and correlated to their functional electromechanical
responses. While slow cooling leads to a decrease in Ty,
quenching resulted in the opposite effect with increased depo-
larization temperature. Moreover, the FE-RE state change can
be controlled repeatedly by changing the cooling rate. It is also
found that a temperature higher than 800 °C is necessary to
initiate significant change and induce a state change in KBT by
the heat-treatment process.

This journal is © The Royal Society of Chemistry 2023
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2. Experimental methodology

Ky/,Bi;,TiO; ceramic powder was synthesized by the conven-
tional solid-state reaction route. The constituent elements
K,COj; (99.9%, Alfa Aesar, Germany), Bi,O; (99.9%, Alfa Aesar,
Germany), and TiO, (99.6%, Alfa Aesar, Germany) were weighed
in stoichiometric amounts and ball milled in absolute ethanol
for 24 h with 5 mm zirconia milling balls. The mixture obtained
after removing the ethanol in a rotary evaporator was calcined
using a two-step calcination procedure at 750 °C for 5 h and
900 °C for 3 h to ensure phase pure KBT.*" Calcinated powders
were uniaxially pressed at =60 MPa to form pellets with
a diameter of 10.2 mm and then cold isostatically pressed at
180 MPa. The green bodies were sintered in a closed alumina
crucible at 1060 °C for 40 h.* Sintered KBT ceramics were
subsequently ground for electromechanical characterization by
a surface grinder to a final thickness of 0.5 mm. It is important
to note before the annealing experiment, the as-sintered
samples were treated at 600 °C for 1 h followed by cooling to
room temperature to remove the internal stress due to the
machining and to establish identical sample history.

The KBT samples were subjected to different heating/cooling
profiles in ambient air atmosphere to thermally treat the
sample; the annealing profile of KBT ceramics is shown in
Fig. 1. In the first case (Fig. 1a), the samples were heated to Tpax
=900 °C with a heating rate of 5 K min~" and dwelling time of
1 h and then cooled down to 500 °C with different cooling rates
between 5 K min " to 0.1 K min~". Below this temperature the
samples were furnace cooled, as it was not possible to control
the cooling rate below this temperature due to the lack of active
cooling capabiltiy of the furnace. To investigate the influence of
rapid cooling, quenching in air was also performed for four
different Ty, values of 900 °C, 800 °C, 700 °C, and 600 °C. In
the case of quenching, after heating to the targeted T, With
a dwelling time of 1 h, the samples were removed from the
furnace at the Th,.x and exposed to air. Moreover, to investigate
the temperature range at which the RE-FE state change is
inhibited, Tp,,x was varied between 900 °C to 600 °C with the
slowest cooling rate of 0.1 K min~ . For clarity, the 5 K min™"
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Journal of Materials Chemistry A

cooling rate, 0.1 K min~ " cooling rate, and quenching will be
termed normal cooling (NC), slow cooling (SC), and quenched
(Q) throughout the manuscript.

The surface crystal structure of all KBT samples was inves-
tigated using a Bruker D8 Advance eco XRD diffractometer
equipped with CuKa (wavelength, A = 1.5406 A) radiation in
Bragg-Brentano geometry. For surface sensitive XRD measure-
ments, differently treated circular disks with =8 mm diameter
and 1 mm thickness were used. Before the surface-sensitive
XRD measurements, the machined samples were annealed at
600 °C for 1 h. To evaluate the crystal structure from the bulk of
the sample, the high energy X-ray measurement was conducted
at the European Synchrotron (ESRF), beamline ID15A," in
transmission geometry with a beam energy of 87 kev (A =
0.1425 13) and beam dimensions of 150 um x 50 pm. The
thermally treated samples with dimensions of 1 mm x 5 mm x
1 mm (thickness x length x width) were used for high-energy
XRD experiments.

47497 golid-state NMR spectra were recorded on a Bruker
Avance III 600 MHz spectrometer using a carrier frequency of
33.81 MHz. The samples were spun at 8 kHz in a 4 mm rotor. A
Hahn echo pulse sequence was employed with a pulse length of
3.8 ps (1), a Hahn echo delay of 122 ps, a recycle delay of 0.05 s,
and a dwell time of 0.2 ps. Shift of free induction decay to the
echo maximum prior to Fourier transformation ensured
cancellation of spurious signals from probe ringing, a common
artefact encountered at these low NMR frequencies.”” Spectra
are simulated using the program DMfit.**

A scanning electron microscope (SEM) (Helios NanoLab 600i
Dual Beam, FEI Company, USA) was used to observe the
difference in microstructure of the thermally treated KBT
samples. For microstructure investigation, normal cooled (NC),
slow cooled (SC) and quenched (Q) samples were prepared with
subsequent polishing steps down to 1 pm using diamond paste
followed by a final polishing step with silica oxide polishing
suspension (OPS). The average grain size of thermally treated
KBT were calculated using Image]J software. A total of 5 images
of respective samples, where at least 100 grains were measured.

(a (b
Cooling rate (K/min) = 5
Tmax = 4
900°¢] __1h ; Tmax
) 1
%) : 0.5
g ] 03 s00°C 500 °C
Q ' '
3 [
5 2
[ : é Furnace cooling Furnace cooling
g— 1 5 (K/min) (K/min)
1>
R ;0
/I/I /I/I
Time Time

Fig.1 Annealing profile for KBT as a function of (a) cooling rate from the T, of 900 °C and (b) different T,,a for the cooling rate of 0.1 Kmin™".
The red dashed line in (a) indicates the profile for air quenching from the T,hax of 900 °C. In all cases, the heating rate was 5 K min™".
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Samples were sputtered with Pt electrodes on the two
opposing 8 mm surfaces for electromechanical characteriza-
tion. The temperature-dependent dielectric permittivity and
loss were characterized at frequencies between 1 kHz to 1 MHz
from room temperature to 600 °C in a modified furnace (LE6/
11/3216, Nabertherm, Germany) outfitted with an LCR meter
(E4980AL, Keysight, USA). A heating and cooling rate of 2
K min~" was used while the temperature-dependent data were
collected using a custom-built LabView program for every 0.5 °C
temperature change. For small-signal piezoelectric measure-
ments, the thermally treated samples (NCqg9, SCo00, and Qggo)
were electrically poled at 90 °C in an oil bath with an applied
electric field of 6 kv mm ™" for 15 min followed by field-cooling
to room temperature. Temperature-dependent d;; measure-
ments were conducted from room temperature to 400 °C using
a custom-built setup. To minimize the influence of contact
stress on the sample, a cylindrical sample with a diameter of
5.8 mm diameter and height of 6 mm is ideal for our
measurement setup. However, because of the large coercive
field of =6 kv mm ™" of the KBT, it was not possible to pole such
a thick sample. Therefore, for the temperature-dependent ds3
measurements, the poled circular disk of KBT with a thickness
of 0.5 mm and diameter of 5.8 mm was placed between two end
pieces of Pt-sputtered KBT ceramics with thickness of 2.75 mm
and diameter of 5.8 mm, i.e., the whole assembly was of 6 mm
height and 5.8 mm of diameter. The end pieces were made with
KBT ceramics to ensure mechanical compatibility with the
sample of interest. The sample assembly was then placed
between two polished tungsten carbide bearings enabling
electrical contact. Details of the measurement setup and
custom-built LabView program can be found in previous
works.***

Piezo-response force microscopy (PFM) analysis was per-
formed using Jupiter XR and MFP-3D atomic force microscopes
(Asylum Research, Santa Barbara, California, USA). Conductive
tips with a radius of approximately 15 nm made of platinum-
coated Si (AC240TM-R3, Olympus, Taiwan) were used for PFM
scanning. An electrical voltage of 2-8 V and a frequency of ~350
kHz was applied during PFM scanning in the dual AC resonance
tracking mode. The PFM phase hysteresis loops were measured
in the off-electric-field switching spectroscopy mode with the
pulsed DC step signal and the superimposed AC drive signal as
explained in.** The waveform parameters were: the sequence of
the rising DC step signal was driven at 20 Hz; the frequency of
the triangular envelope was 0.2 Hz; a superimposed sinusoidal
AC signal with an amplitude of 10-20 V and a frequency of ~300
kHz was used. Three cycles were measured.

3. Results and discussion

3.1 Influence of cooling rate and maximum temperature on
the annealing of KBT

To understand the influence of cooling rate on the spontaneous
RE-FE state change in KBT, the temperature-dependent dielec-
tric response was characterized for samples cooled at various
cooling rates from the annealing temperature of 900 °C (Fig. 2).
The temperature-dependent dielectric permittivity and tané of
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all annealed samples were measured between 20 °C to 600 °C at
measurement frequencies between 1 kHz to 1 MHz. The
dielectric response of the sample cooled with 5 K min~" rate
(NCggo) (Fig. 2a) matches well with that of previously reported
as-processed KBT ceramics,”**® indicating 5 K min~" cooling
from 900 °C does not significantly influence the dielectric
response of KBT. The NCyo sample exhibits a relatively high
maximum dielectric permittivity of 4500 at the temperature of
maximum permittivity, T,,, of 378 °C at 1 MHz, where T, varies
with measurement frequency. Moreover, the KBT sample
exhibits a dielectric anomaly during heating at approximately
304 °C (indicated as Tg.y in Fig. 2a), with a significant thermal
hysteresis. The Trr was extracted from the reciprocal of
permittivity (see ESI Fig. S3f), where the temperature of
permittivity deviation from the linearity was determined.”
Previous works on KBT? and other B-site complex materials,
such as Pb(Sc,/,Ta;/,)03,” suggest this kind of response as the
spontaneous relaxor-to-ferroelectric state change upon cooling.
As such, the existence of Ty and any variation in related
dielectric anomaly can be considered as an indication of
a difference in the spontaneous FE-RE state change of KBT.
Importantly, the room-temperature permittivity value tends to
increase with a decrease in cooling rate and is maximum for the
sample cooled with 0.1 K min~" (see ESI Fig. S1f). Such an
increased permittivity of relaxors is argued to be due to the
higher number of interfaces or domain wall density.*®

The frequency-dependent variation of T;, also highlights the
relaxor nature of KBT. From Fig. 2, it is evident that with
a decreasing cooling rate, Ty shifts to a lower temperature, and
the thermal hysteresis around Ty decreases before becoming
almost non-existent for the cooling rate of 0.1 K min~" (SCoqo).
Considering the disappearance of Tgy, it can be argued that
cooling from the Ty.x of 900 °C at a rate of 0.1 K min !
suppresses the spontaneous RE-FE transition during cooling
down to room temperature and results in a room-temperature
stable RE state. This result is consistent with previous reports
of post-sintering annealing dependent studies of KBT.' The
suppression of spontaneous RE-FE transition can be attributed
to the different extent of local-scale distribution of Bi** and K*
cations without any long-range A-site cation ordering.'™
Moreover, Jiang et al.*® by PDF analysis of synchrotron and
neutron total scattering data reported the presence of Bi**-rich
polar clusters associated to the disordered A-site cation
configurations in the as-processed KBT (NCqy,) even at the room
temperature. As such, controlling the mobility and distribution
of A-site cations by varying the temperature and cooling rate can
be effective in controlling the functional properties of KBT and
Bi-based oxide perovskites, in general. To highlight the
minimum temperature required to suppress the spontaneous
RE-FE state change, we also varied T for the 0.1 K min™*
cooling rate, and the permittivity measurements were per-
formed (see ESI Fig. S27). These data show the formation of an
enhanced dielectric anomaly with decreasing annealing
temperature, consistent with a spontaneous RE-FE transition.

To highlight the influence of the varying cooling rate and
Tmax ON the slowest cooling rate, Ty.r, Ty, during heating, and
the width of the thermal hysteresis at Tr (ATg.r) are shown in

This journal is © The Royal Society of Chemistry 2023
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Fig.2 Variation in temperature-dependent dielectric permittivity and tan é for KBT ceramics annealed from T, of 900 °C with different cooling
rates (a—f). The vertical line around 304 °C indicates the ferroelectric-relaxor state change temperature T¢_g of the as-processed KBT ceramic is
shown for reference. T, indicates the temperature of maximum permittivity.

Fig. 3. It should be noted here that the ATgr = 0 can be taken as
an indicator for the stabilization of RE state at the room
temperature (Fig. 2f). Although T, and Ty both displayed
a decrease with slower cooling rates, a significant reduction in
Trr Was observed below the cooling rate of 0.3 K min™".
Moreover, samples cooled with the 0.3 K min ™" rate showed the
highest ATy before becoming negligible for the 0.1 K min™*
cooling rate, indicating that a cooling rate below approximately
0.3 K min~" is critical to suppress the spontaneous RE-FE state
in KBT ceramics. On the other hand, the ATy (Fig. 3b) seems to
increase with increasing Tp,,x up to 800 °C of the annealing
temperature before becoming indistinguishable for 900 °C
annealed samples. This trend is similar to a decrease in cooling
rate (Fig. 3a). Within the cooling rate used in this work, the
maximum ATy value possibly indicates the increased presence
of relaxor state in ferroelectric KBT before transitioning to

dominant relaxor state at the room temperature. Moreover, the
Tm decreases with decreasing cooling rate (Fig. 3a) as well as
with increased T« (Fig. 3b). The lower temperature shift in
dielectric anomaly related to the Ty, can be attributed to several
parameters, such as grain size, conductivity, internal stress,
etc.*™ For example, oxygen vacancy and associated reduced
local distortion have been found to shift T,,, to lower tempera-
ture.” Interestingly, a significant decrease in Ty and ATgy is
observed for samples slow-cooled from above 800 °C. From the
cooling rate-dependent and Ty.x-dependent analysis of the
dielectric permittivity data, it can be argued that a cooling rate
below 0.3 K min " for Ty, of 900 °C is effective in suppressing
the spontaneous RE-FE transition, whereas slow cooling with
0.1 K min~" from 700 °C already initiates change in sponta-
neous RE-FE transition. However, a temperature above 800 °C

400
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0 1

2 3 45678 2 3
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Fig.3 Variationin T, Tr-r. and ATr_g (difference between heating and cooling cycle) depending on (a) the cooling rates from the T,,,5, of 900 °C

and (b) the Trmay Of the slowest cooling rate of 0.1 K min~1,
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with a cooling rate of 0.1 K min ™" is the most effective condition
to stabilize the RE state.

The air quenching of KBT ceramics was performed with
varying maximum temperature between 600 °C and 900 °C. The
temperature-dependent dielectric data (see ESI Fig. S 4f) of
900 °C, 800 °C, and 600 °C quenched samples indicate that to
induce any significant change in dielectric permittivity
response, such as a higher temperature shift of Tr.r of the as-
processed KBT, a quenching temperature higher than 800 °C
is required. Interestingly, quenching-induced effect, e.g,
increased lattice distortion and shift in 7Ty in NBT was also
evident only above 800 °C.* This suggests that a temperature
higher than 800 °C is essential to effectively rearrange the
cations or defects in Bi-based perovskite oxides. It should be
noted here that annealing of perovskite oxides at higher
temperature can induce A-site cation deficiency through vola-
tilization and associated oxygen vacancies. For example, Guo
et al.** reported that post-sintering annealing of KBT at 1000 °C
for 24 h changed the ratio of A/B cations from 1.040 to 1.035.*
As such, it can be argued that in the present case, annealing at
900 °C for 1 h did not change the A/B ratio significantly. The
influence of cooling rate, i.e., slow cooling (0.1 K min "), normal
cooling (5 K min '), and air quenching, on the crystal structure,
domain structure, and piezoelectric response was investigated
for Tp,ax of 900 °C.

3.2 Temperature-dependent dielectric properties

In order to directly compare the effect of different cooling
profiles, i.e., slow cooling, normal cooling, and quenching on
KBT, temperature-dependent dielectric permittivity and tand for
differently annealed samples measured during heating and
cooling are shown in Fig. 4. A heating and cooling rate of 2
K min~" was used for the temperature-dependent permittivity
measurements. As previously noted, the sharpness of the
dielectric anomaly at the Ty and thermal hysteresis indicates
a RE-FE state change, whereas the absence of dielectric anomaly
and thermal hysteresis suggests the stabilization of the RE state
at room temperature.® The Qqo, sample (Fig. 4c) displays
a higher permittivity value at the T}, and a sharp transition at
the Tr.g, indicating the FE-RE state change similar to the NCggo
sample. Importantly, the Tr g was found to shift to 336 °C for the
quenched sample, which is 32 °C higher than the as-processed
and NCgygo KBT ceramics. This result suggests an increase in the
stability range of the FE state in KBT due to quenching, a result
that is consistent with other Bi-based perovskite oxide
ceramics.’ In addition, the thermal hysteresis in tand above the
Trr for Qoo sample is significantly higher, which is possibly
related to increased presence of high-temperature active
charged species. Nevertheless, the dielectric loss between room-
temperature and Tg.r of Qggo is similar to NCgyo9 KBT. On the
other hand, the SCyy, (0.1 K min~") sample does not exhibit any
significant anomaly that resembles Tg.r or any thermal hyster-
esis, indicating an absence of spontaneous RE-FE state change,
unlike the as-processed and quenched samples.*®

These results suggest that controlling the cooling rate from
900 °C is efficient in changing the room temperature state of the
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tan ¢ for (@) SCqgo. (b) NCggg, and (c) Qgoo KBT ceramics. The vertical
dashed line indicates the FE-RE state change temperature, T_g of the
NCgoo and Qggo KBT.

KBT as well as the temperature stability range. It is important to
note that the annealing condition-dependent change in KBT is
reversible. For example, the SCooo sample can be reverted to the
as-processed state by cooling from 900 °C at a rate of 5 K min ™"
(see ESI Fig. S5T), where no significant difference in macro-
scopic response, average crystal structure, and microstructure
was observed. The reversibility of the state change indicates that
the annealing up to 900 °C with a dwell time of 1 h did not
induce any remanent change in the stoichiometry, and, there-
fore, volatilization of the chemical elements for the given
annealing condition can be considered negligible.

3.3 Structural variation due to the thermal treatment

Data presented in the previous sections comprehensively
demonstrates the influence of heat treatment on the functional
response of KBT. In the following, the microstructure and
surface domain structures are investigated to elucidate the
origin of thermal treatment-induced changes in KBT. Full
diffraction patterns (Fig. 5) of SCop9, NCooo, and Qoo were
collected using a high-energy X-ray source. The SCyq9 KBT
shows a significantly different crystal structure than that of the
NCygp and the Qgg9 samples. The NCyo and Qggo samples show
a tetragonal structure with split 700, reflections, whereas the

This journal is © The Royal Society of Chemistry 2023
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SCogo sample displays (Fig. 5a) single symmetric reflections
without evidence of tetragonal distortion. Importantly,
quenching or slow cooling did not induce any secondary phases
in the as-processed KBT. Nevertheless, within the resolution
limit of the measurement technique used here, it is considered
that the slow cooling of KBT from 900 °C transforms the average
crystal structure from a tetragonal to a pseudocubic state. It
should be noted here that the XRD data presented here is from
the bulk of the thermally treated ceramic body. Previous high-
energy XRD data of NBT-based relaxors also showed a similar
average cubic structure.* Considering the SCq¢o sample exhibits
electromechanical properties (Fig. 11a), it can be stated that
although the average structure is cubic, there remain local scale
distortions. Previous temperature-dependent TEM analysis of
the domain structure of as-processed KBT has revealed the
existence of mixed local scale tetragonal and cubic phases at
temperatures between 280 °C and 450 °C.>* As such, it can be
argued that the slow cooling of KBT stabilizes the local scale
tetragonal and cubic phases, resulting in the observed pseu-
docubic structure at room temperature. Such observations
match well with the previously reported diffraction data and
electrical properties of NBT-based relaxors.***® The SCgygq
sample can be considered a relaxor at room temperature and

This journal is © The Royal Society of Chemistry 2023
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exhibits electric-field (poling) induced macroscopic remanent
polarization. The XRD data further highlights the observation of
dielectric permittivity data presented in Fig. 3, i.e., suppression
of spontaneous RE-FE state change in KBT and the associated
change in the crystal structure.

We also investigated the surface structure of the thermally
treated KBT ceramics using laboratory XRD in reflection
geometry. Fig. 6 shows the 200, reflection of SCqq9, NCoo, and
Qqoo from the surface and the bulk. Interestingly, the surface
diffraction pattern of the SCq¢o sample is significantly different,
showing a low-intensity reflection on the left of the 200,
reflection, which is absent in the case of bulk XRD (Fig. 6a).
Previous works on NBT-based relaxors showed a difference in
surface and bulk crystal structures, possibly due to the oxygen
vacancy and associated variation in chemical pressure between
the surface and bulk.”” It was also highlighted that the thickness
of the surface layer depends on the extent of oxygen vacancies.
However, in our study, the surface crystal structure of the SCqgo
KBT can be reverted to its original state by heating up to 900 °C
in an ambient air atmosphere, i.e., no increased partial pressure
of O, is needed. As such, the variation in the surface structure of
the SCygo KBT is likely not due to the creation of increased
oxygen vacancies during slow cooling but the change in the
arrangement of cations and already existing oxygen vacancies
and the associated change in lattice parameter at the surface.

Nevertheless, the surface and bulk XRD data also indicate
that the tetragonal distortion for the ferroelectric NCyoo and
Qoo is different. Noticeably, the c/a ratio is higher for the Qg0

Bulk XRD
L v

T

Surface XRD
5 T L

312 316 320 324
Scattering vector,q (/3(1)

Intensity (arb. units)

312 316 320 324
Scattering vector,q (/3(1)

Fig. 6 Variation 002/200 reflections collected from the surface and
bulk of (@) SCgogg. (B)INCggo, and (c) Qggo KBT. The red vertical lines
indicate the position of 002 and 200 reflections of the NCgp sample.
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samples than that of the NCyy, sample. Additionally, the devi-
ation angle, 6 = 90° — 2 tan~ '(c/a),® i.e., the angle between two
adjacent domains at the surface and the bulk, was estimated as
~1.28° and ~1.16° for NCqqg, While ~1.33° and ~1.32° for Qqgq
KBT. It is important to note that the extent of lattice distortion
influences both the deviation angle and the stress at the domain
wall junction and generally increases with increasing tetragonal
distortion.> Another critical aspect of the Qg9 sample is that
difference in surface and bulk c/a ratio and deviation angle is
negligible, i.e., the structural distortion is more homogeneous
for this sample despite the increased c/a due to the quenching.
Jiang et al.** reported the relation between increased tetragonal
distortion and increased local A-site cation ordering in KBT by
PDF analysis and DFT calculation. As such, our experimental
data highlights that the quenching induces a higher tetragonal
distortion due to more ordered local A-site cation arrange-
ments, and similarly, the decrease in tetragonal distortion in
the SCyoo sample is possibly related to the decreased local A-site
cation ordering. The analysis of surface and bulk X-ray diffrac-
tion data reveals higher tetragonal distortion and more homo-
geneous distribution of the distorted structure for Qg9 KBT
than that of the NCy(o KBT.

To further confirm the relaxor state of the SCqy, KBT, the
47497 MAS NMR spectra for SCogo and NCygo samples were
collected. *”**Ti MAS NMR spectra for the SCogo and NCqoo Show
two peaks (Fig. 7) with their maxima at —948 ppm and
—1290 ppm. These maxima are interpreted as the presence of
both *°Ti and *’Ti isotopes, respectively. The NMR frequency of
both Ti isotopes lies in the same range, hence lines from both
are usually observed. This can be better illustrated by the NMR
spectrum of TiO, (anatase) as a reference,” displayed in Fig. 7
(blue). Their width difference stems from the larger quad-
rupolar moment of the *’Ti isotope. Albeit less intense, its
signal is more sensitive to changes in the local structure. The
quadrupolar coupling constant (Cq), a NMR parameter related
to the local structure,® can be determine from the signal width.
However, for *”*°Ti NMR it can be also estimated from the
separation of the lines from its two isotopes, due to the second
order quadrupolar-induced shift. A simulation of the NMR
spectrum for TiO, (see ESI Fig. S6at) results in a Cq value of
approximately 4.4 MHz, which matches reported values.**

Intensity (arb. units)

0 -400 -800 -1200 -1600 -2000 -2400
7497} chemical shift (ppm)

Fig. 7 **9Ti MAS NMR spectra of KBT NCggg and SCoqo.
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KBT exhibits a*”**Ti NMR spectrum that contrasts to one
from the TiO, reference material. Instead of a clear distinction
between the resonances from both isotopes, as observed in
TiO,, these peaks are smeared out and mingled into one single
broad signal for KBT (Fig. 7). This is a trait of disorder of the
local structure, but often encountered in perovskite oxides
based on solid solutions, especially for relaxor ferroelectrics.®
Despite that, the center band for each isotope can still be
resolved as marked in Fig. 7. Their separation may provide
a hint on the magnitude of the quadrupolar coupling constant,
if a single, well-defined Cq, value is considered, and the local
structure disorder is accounted for with convolution of the
simulated line with a window function (see ESI Fig. S6b¥). This
approach results in a Cq value around 3.1 MHz, with an
uncertainty of less than +0.3 MHz by visual inspection of the
position of peak maxima.

Despite that, the flanks of the main signal are not well
reproduced by this model, nor the considerable signal intensity
on both sides of the main resonances. Instead, the peak for the
“9Ti resonance exhibits a triangular shape, characteristic of
a distribution of EFG tensor components and often encoun-
tered for solids with marked disorder in the local structure.
Such disorder and its effect on NMR lines of quadrupolar nuclei
can be well described by the Czjzek model.** By considering the
distribution of Cq values in the framework of the Czjzek model,
both the shape of the center band from the *°Ti resonance and
the overall peak shape for the complete *”*°Ti NMR spectrum as
well as the presence of spinning sidebands can be described
(ESI Fig. Séc and dt). This analysis results in a mean Cq of
approximately 3.7 MHz for the NCyq0. Such a value for the mean
Cq parameter is reasonable, and compares well to C, observed
for the Ti site of analogous perovskite oxides, for example
BaTiO;.*

Next, we compare these features to the line of slow cooled
KBT (SCog)- The overall line shape is similar, as expected from
both samples exhibiting the same composition and average
structure. Despite that, the *’Ti line is more pronounced and
slightly broader for the slow cooled sample than in the normal
cooled sample. This is a noteworthy change given that it is
caused only by the cooling rate after annealing equivalent KBT
ceramic samples. Broader NMR lines in the context of the
Czjzek model can be interpreted as consequence of higher
degree of structural disorder, and the *’Ti is a more sensitive
probe to minute changes in the local structure than the *°Ti,
hence the additional broadening is detected only for the
former. A simulation of the spectrum for SCyo KBT with the
same parameters found for NCgo, does not adequately repro-
duce the line shape and width. However, an increase of the
mean Cq value to 4.0 MHz results in a better match to the
experimental line for SCq¢ (see ESI Fig. S6df). While these
changes are on the limit of resolution and detectability, they
corroborate the increase of local structure disorder as conse-
quence of slower cooling rates for KBT. *”*°Ti NMR offers
a unique vantage point to analyze K* and Bi** disorder, as its
local environment is immediately determined by the situation
on the A-site.

This journal is © The Royal Society of Chemistry 2023
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3.4 Influence on the microstructure and domain structure

The microstructure images of the SCgp9, NCooo, and Qogo
samples collected with SEM are presented in Fig. 8. No signifi-
cant change in grain size or size distribution was evident due to
the thermal treatment, and the average grain size of the KBT
sample was ~540 + 0.6 nm.*’ Interestingly, a lamellar domain
structure-like feature is visible for NCooo and Qgoo samples.
Otonicar et al.*® reported similar lamellar domain structures of
as-processed KBT at room temperature, which are associated
with the 90° domains and (011)/(101) twin boundaries. In
contrast, no such features were observed for the SCoo sample,
hinting at the cooling rate-dependent variation in a domain
structure. Moreover, the density of lamellar domains seems

Fig. 8 Microstructure of (a) SCogo, (b) NCggo, and (d) Qoo KBT
ceramics.
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higher while width is smaller for Qgoo KBT than that of NCg,
KBT. Previous work on La-doped PbTiO; ceramics has shown
a significant increase in 90° domain density or a decrease in
domain width with an increasing c/a ratio.®® As such the varia-
tion in domain wall density observed in NCqgo and Qgoo KBT can
be attributed to the difference in the cooling-rate-dependent
tetragonal distortion.

PFM measurements were used to observe the local domain
structure in SCygg, NCogo, and Qqoo KBT ceramics. As can be seen
in Fig. 9, the domain structure differs as a function of annealing
conditions. The NCgo and Qqoo KBT exhibited large regular
lamellar ferroelectric domains ranging in size from a few
hundred nanometers to micrometers, in agreement with the
SEM analysis (Fig. 8). Red open arrows indicate representative
examples of these domains in Fig. 9. In the SCooo KBT, the
domain structure varies from grain-to-grain. In some grains,
there is no evidence of long-range domain structure, where
these grains exhibit monotonic contrast in the amplitude and
phase images (marked by dashed white arrows Fig. 9) that is
typical of relaxors, since the resolution of PFM is insufficient to
detect nanoscale domains. In other grains, some examples of
irregularly shaped domains of several hundred nanometers in
size are observed, indicated by a solid blue arrow in Fig. 9.

The local scale switching response also supports differences
in the relaxor-like and ferroelectric-like behavior noticed in
SCo00, NCog9, and Qqo9 KBT ceramics due to differences in
annealing conditions (Fig. 10). The most pronounced ferro-
electric behavior is observed in Qqy KBT ceramics (Fig. 10e and
f). For NCqy, ceramics, pronounced ferroelectric behavior is
observed at some measurement points (Fig. 10c), while no
ferroelectric PFM hysteresis loops are observed at other points
(Fig. 10d). On the other hand, no ferroelectric PFM hysteresis
loops are observed in SCyg, ceramics, indicating relaxor-like
behavior (Fig. 10b). In Fig. 10a, a slight evolution of hysteretic
behavior can be seen, indicating a trace of ferroelectricity in this
sample as well. As such, the PFM image and local hysteresis
response further confirm the influence of annealing conditions
on the domain structure and local scale heterogeneity, where
the Qgoo sample shows the homogenous distribution of grains
with lamellar domains and more pronounced local ferroelectric
behavior.

3.5 Temperature-dependent piezoelectric properties

Previous data clearly demonstrates the importance of thermal
treatment in changing the local disorder in KBT, which is ex-
pected to also affect the macroscopic electromechanical
response. Despite this, there is a lack of any report of quenching
and/or slow cooling-induced changes in piezoelectric properties
of KBT. As such, the SCqg9, NCog9, and Qqgo samples were elec-
trically poled to investigate the temperature-dependent small-
signal piezoelectric coefficient, dz;, from 20 °C to 400 °C at
different frequencies, demonstrating the temperature stability
of the induced ferroelectric order (Fig. 11). All the samples show
a similar room temperature ds; value of approximately 76 + 3
pC N ! without any significant variation depending on the
measurement frequencies. Importantly, the room temperature
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arrows, respectively.

ds; is stable up to approximately 210 °C for all samples.
However, above this temperature, the d;; value of SCqgo sSamples
begins to decrease and becomes negligible above 250 °C.
Generally, the temperature at which the d3; starts to drop due to
the increasing decay of macroscopic remanent polarization is
considered the depolarization temperature,® which limits the
operating temperature range of a piezoelectric material. The Ty
of SCop9, NCooo, and Qqgp samples was found to be approxi-
mately 231 °C, 290 °C, and 368 °C, respectively. As such, slow
cooling (0.1 K min~") from 900 °C decreases the T, of the as-
processed KBT by nearly 59 °C, whereas quenching from the
same maximum temperature increases the T4 by 78 °C. Similar
to previously reported quenching studies of NBT-based and
BiFeO;-BaTiO; compositions, it is evident that the Ty of KBT
can also be shifted to higher temperatures without sacrificing
the dj; value. It is important to note that although an increase
in dz3 around 125 °C for the Qyo, Was observed, no dielectric
anomaly, crystallographic phase change, or enhanced conduc-
tivity was found in this temperature range (Fig. 4c). Therefore,
the origin of such an increase is not known; however, a relative
change in structure distortion and extrinsic domain wall
contributions could play a role here. Our previous work*® on the
stress-amplitude-dependent Rayleigh analysis of KBT revealed

8294 | J Mater. Chem. A, 2023, 11, 8285-8298

that the temperature-dependent relative change of intrinsic and
extrinsic contributions to the overall piezoelectric coefficient
can differ depending on the variation in tetragonal distortion of
the as-processed sample. Nevertheless, further investigation of
the variation in tetragonal distortion by in situ temperature-
dependent diffraction measurement will be required to under-
stand this. Importantly, the cooling rate-induced state change
in KBT is stable at least up to 800 °C, which is much higher than
their depolarization temperature and Curie point.
Interestingly, temperature-dependent d;; data for all
samples showed no significant variation with the measurement
frequencies. Generally, the frequency dispersion of dz; with
increasing temperature is related to the higher mobility of
defects, such as space charge and/or structural defects.®”*® The
lack of frequency dispersion for all three cases of KBT indicates
that thermal treatment did not induce any significant defects
that are mobile within the measurement range of 400 °C.
Although the quenching-induced increase in T4 has been re-
ported for different piezoelectric compositions, their underlying
mechanisms are not well understood. For example, a study on
NBT-7BT reported quenching induced spontaneous tetragonal-
to-rhombohedral phase transition and built-in electric bias field
due to increased defects are the origin of increased T4.* On the

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Local PFM phase hysteresis loops measured at two different spots in (a, b) SCggo, (¢, d) NCgoo, and (e, f) Qggo KBT ceramics.

contrary, quenching-induced increased structure distortion has
been argued to be the origin of increased T4 in NBT.*® The
variation in structural distortion could play a crucial role in the
temperature stability of the field-induced piezoelectric
response.®> Previous works have shown that higher tetragonal
distortion can shift the ferroelectric-paraelectric phase transi-
tion temperature to a higher temperature due to the increased ¢/
a ratio® and internal residual stress associated with the inter-
granular coupling.”®”>

Our experimental data comprehensively demonstrated the
influence of annealing temperature and cooling rate on the
macroscopic piezoelectric response and their stability range.
Moreover, the annealing cooling rate has a pronounced effect
on the room-temperature stabilization of FE and RE state in
KBT. Considering that the Bi-based A-site complex perovskite
oxide ceramics, among others, possess local scale intrinsic
disorder, for example, related to the heterogeneous distribu-
tions of A-site cations and their polar displacements,'"">'*
controlling the degree of this local disorder with post-sintering
annealing is critical to tuning the functional response. It has
been reported that the microscopic origin of relaxor nature at
room temperature in the as-processed KBT is related to the
existence of Bi**-rich polar clusters,* which intrinsically stabi-
lizes during the cooling step of the sintering process.

This journal is © The Royal Society of Chemistry 2023

Interestingly, at the higher symmetry cubic phase, the preferred
displacement of Bi*" is the (100). directions; however, during
the transition to the tetragonal phase with cooling, the local Bi-
displacement branch off to (111). directions and induces local
scale structural heterogeneity.> Kim et al.”® has attributed such
local scale heterogeneity of Bi** cation as the origin of nano-
domains in Bi-based compositions. It is important to mention
that existence of nano-domains does not necessarily indicate
the presence of PNRs. In fact, no direct experimental evidence
of PNRs in KBT using PDFs analysis has been found.* Never-
theless, the post-sintering annealing at a sufficiently high
temperature but below the sintering temperature with varying
cooling rates can alter the degree of local displacement of Bi**
cation, i.e., local scale structural heterogeneity. In the case of
thermal quenching of KBT from 900 °C, a more homogeneous
distribution (less clustering) of Bi** is established as quenching
from high temperature did not provide the time necessary to
form a significant degree of the Bi**-rich clusters, ie., Bi-
displacement along the (111). is suppressed, and associated
local structural heterogeneity is decreased. Yin et al.”* using
first-principles calculation reported that there is a small energy
gap, AE = 16.7 meV, between [111]. and [001]. displacement
directions of Bi*" cation. The more homogeneous distribution
or more ordered A-site cation arrangement due to the
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Fig. 11 Temperature-dependent dsz of (a) SCogo, (b) NCgygp, and (c)
Qgoo KBT measured between 10 to 140 Hz.

quenching can be further rationalized from the fact that
a significant increase in tetragonal distortion and domain wall
density was observed. Previous works have reported the relation
between increased tetragonal distortion and increased local A-
site cation ordering in KBT by PDF analysis and DFT calcula-
tion."™ As such, it can be argued that in KBT, the more homo-
geneously distributed A-site cations with less Bi**-displacement
along the (111). can be established after quenching. On the
contrary, the slow cooling (0.1 K min~') from 900 °C provides
sufficient time to form a significantly higher degree of local Bi**-
rich polar clusters than that of the normally cooled and
quenched KBT. However, within the scope of the current work,
the driving force for the formation of Bi**-rich clustering*® or
local displacement of Bi along (111). directions'” in average
tetragonal structured KBT cannot be determined.

The influence of internal residual (local) stress with different
annealing conditions has also been considered to explain the
variation in functional properties and state change in KBT. One
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can argue that cooling slowly forms high temperatures, allow-
ing the internal stresses to relax and the RE state to persist,
whereas cooling quickly increases internal stresses that can
drive a stress-induced FE order. For example, externally applied
stress-induced relaxor to ferroelectric state change has been
observed in NBT-BT composition.** However, diffraction studies
using synchrotron radiation source (see ESI Fig. S71) did not
reveal any significant differences in internal residual stress state
due to the annealing process. Moreover, Zhang et al.”® reported
the quenching-induced residual stress of approximately 15 MPa
and —8 MPa on the surface and core of NBT-BT, respectively.
This quenching-induced stress is far below their coercive stress,
implying that the residual stress due to quenching is insuffi-
cient to induce RE-FE state change in this case. Nevertheless,
our analysis also highlights that the required threshold
temperature and cooling rate to significantly alter the A-site
cation arrangements for KBT are >800° and <0.3 K min ',
respectively.

4. Conclusions

Post-sintering thermal treatment is a critical tool to tailor
electromechanical properties without requiring the modifica-
tion of chemical composition. For the A-site complex KBT
ceramics, it was shown that the cooling rate and the maximum
temperature of the annealing condition play a crucial role in
stabilizing the FE and RE state at room temperature. Rapid
cooling stabilizes the FE state, whereas slow cooling stabilizes
the RE state. The FE and RE state KBT showed similar small-
signal piezoelectric coefficients at the room-temperature after
electrical poling. However, the depolarization temperature, i.e.,
loss of macroscopic polarization, is significantly different. For
the KBT, it was found that the T4 of the slow-cooled sample is
approximately 70 °C lower than the as-processed sample,
whereas, for the quenched sample, it was increased by 56 °C.
The origin of the difference in depolarization temperature is
related to the annealing condition-dependent variation in A-site
cation arrangement and the associated change in the crystal
structure (tetragonal distortion) and domain structure. The
opposite effect of slow cooling and quenching on the depolar-
ization temperature KBT further highlights that rapid cooling
hinders the rearrangement of the A-site cations by inhibiting
the local Bi*"-rich clustering and enhancing the ferroelectric
state and depolarization temperature. This work highlights that
change in A-site cation arrangement is crucial for the observed
annealing condition-dependent variation in functional
properties.
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