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A B S T R A C T

Developing high-performance lead-free piezoceramics, such as (K,Na)NbO3 (KNN) material, is critical to 
achieving environmental sustainability in next-generation electromechanical devices. Although substantial ad
vancements have been made in KNN-based ceramics, a general coherent framework is lacking that links 
microscopic structure to the enhancement of macroscopic properties. Our findings indicate that the enhanced 
performance of KNN-based ceramics in multiphase coexistence boundaries can be attributed to the formation of 
self-adjusting nanodomains in response to strong local structural heterogeneity. The self-adjusting behavior of 
domain structure is an outcome of minimizing the local stress generated by the lattice mismatch within KNN- 
based ceramics, which conforms to the thermodynamic principles that favor minimizing total free energy. 
Guided by this strategy, the present work achieves a significant improvement of electromechanical properties, 
including a piezoelectric coefficient (d33) of ~585 pC N− 1, an electromechanical coupling factor (kp) of ~62 %, 
and a figure of merit (d33 × g33) of ~12.78 ×10− 12 m2 N− 1. This study offers a new strategy for developing lead- 
free piezoceramics through dedicated design of novel phase boundaries.   

1. Introduction

Piezoceramic materials are essential for electromechanical conver
sion in various devices including actuators, sensors, ultrasonic trans
ducers, and energy harvesters [1–3]. Since the 1960s, Pb(Zr,Ti)O3 
(PZT)-based ceramics have been the primary choice in the commercial 
piezoceramics market because of their superior piezoelectric properties 
and well established massive manufacturing process [4,5]. However, the 
environmental and health risks associated with their toxic lead content, 
exceeding 60 % by weight, have prompted intensive research efforts into 
lead-free alternatives [6,7]. Among lead-free piezoceramics including 
BaTiO3 (BT), BiFeO3 (BFO), (Bi,Na)TiO3 (BNT), and (K,Na)NbO3 (KNN) 
ceramics, KNN ceramics are regarded as a promising lead-free option 
despite inferior to PZT in terms of electromechanical performance 
[8–12]. 

Over the past two decades, strategies to enhance the 

electromechanical properties of KNN ceramics have included advanced 
sintering techniques, A/B-site doping, multilayer approaches, polar 
nanoregions (PNRs) and polymorphic phase boundaries (PPB) [13–19]. 
In 2004, a work from Saito et al. significantly enhanced the performance 
of KNN ceramics by structural texturing and the construction of 
orthorhombic-tetragonal (O-T) phase boundaries, achieving a piezo
electric coefficient (d33) of ~416 pC N− 1 and improved temperature 
stability [11]. In 2014, Wu et al. developed KNN ceramics with a d33 of 
~490 pC N− 1 by creating a rhombohedral-tetragonal (R-T) phase 
structure [12]. Similarly, Li et al. used lattice softening and reduced 
distortion within R-T structure to achieve a d33 of ~500 pC N− 1 and an 
electromechanical coupling factor (kp) of ~54 % [20]. Through the 
construction of PPB, significant progress has been made in improving 
the electromechanical properties of KNN-based ceramics. 

Recently, the strategy of constructing tricritical phase (R-O-T) 
coexistence, has emerged as a groundbreaking strategy to enhance the 
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electromechanical properties of KNN-based ceramics [21]. Tao et al. 
achieved a d33 of ~650 pC N− 1 with a composition of (K,Na)NbSbO3-Bi 
(Na,K)ZrO3-Fe2O3-AgSbO3 (KNNS-BNKZ-Fe-AS) by engineering this 
novel phase boundary (NPB), a specific subclass of PPB [22]. The 
concept of NPB, especially its realization through R-O-T phase coexis
tence, is not well accepted and has generated considerable debate due to 
its complexity and lack of solid understanding of its underlying mech
anisms. The superior performance of ceramics with PPB is thought to 
result from a combination of many co-related factors, including a flat
tened energy landscape, local structural heterogeneity, complex domain 
configuration, and low polarization anisotropy [23–26]. Despite these 

advances, the field still lacks a coherent framework to explain how these 
microscopic characteristics affect the enhancement of macroscopic 
properties. 

In this work, the typical 0.96 K0.48Na0.52Nb0.96Sb0.04O3- 
0.04Bi0.5Na0.5ZrO3 ceramic of PPB is selected as the research subject 
[27]. The incorporation of BaZrO3 regulates the formation of R-O-T 
phase coexistence in samples, hereinafter referred to as KNN-BZ ce
ramics. The electromechanical properties of d33 ~ 585 pC N− 1 and kp ~ 
62 % are obtained in KNN-BZ ceramics. Our research describes the 
interplay between structure and performance, revealing the complex 
relationships among factors driving the high performance. This study 

Fig. 1. (a) XRD patterns of KNN-BZ ceramics. (b) Expanded XRD patterns with 2θ = 44.5◦ ~ 46.5◦. (c) Rietveld refinement of the ceramic with x = 0.005. (d) Phase 
percentages of KNN-BZ ceramics. (e) Schematic of various lattice structures and the corresponding polarization orientation. (f) α angle of R phase and FWHM for the 
(111) and (001)/(010) diffraction peaks with variations of the BZ content.
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offers an insight for supporting the development of lead-free piezocer
amics from the perspective of phase boundary engineering. 

2. Results and discussion

2.1. Crystal structure

To reveal the phase structure of KNN-BZ ceramics, X-ray diffraction 

(XRD) patterns are shown in Fig. 1a. The KNN-BZ ceramics with a dense 
grain microstructure (Figure S1-S2) exhibit pure perovskite structure 
without second phase, demonstrating the effective incorporation of BZ 
into the KNN matrix. The {200}pc diffraction peak around 45◦ is crucial 
for identifying the phase structure of perovskite ferroelectrics, as shown 
in Fig. 1b. For a pure R phase (space group: R3m) structure, a single 
{200}pc peak can be observed. As for a pure O phase (space group:
Amm2) structure, the intensity of the (002)pc peak exhibits twice that of 

Fig. 2. (a-b) ε′-T and ε″-T curves of KNN-BZ ceramics measured over the temperature range of − 100 ◦C to 100 ◦C. (c) ε′-T curves of KNN-BZ ceramics measured from 
150 ◦C to 350 ◦C. (d) Relationship between T and 1/ε×10− 4. (e) Linear fitting between lg(T-Tm) and lg(1/ε-1/εm). (f) Comparison of γ and △T with varying x 
content. (g) Temperature dependence of Raman spectra for the ceramic with x = 0.005. (h) FWHM, peak shift, and intensity of ν1 mode as a function of temperature 
for the ceramic with x = 0.005. 
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the (020)pc peak, while for a pure T phase (space group: P4mm) structure 
both peaks exhibit opposite patterns [28]. In the present cases, the de
viation in the relative intensity ratio of peaks around 45◦ from the 
established norm indicates the presence of multiphase coexistence 
within the KNN-BZ ceramics. The results from XRD Rietveld refinement 
of the ceramic with x = 0.005 (Fig. 1c) indicate that the diffraction peaks 
can be well fitted with the R-O-T phase, with an error factor of Rp (3.70). 
The Rietveld refinement results for other KNN-BZ ceramics are displayed 
in Figure S3-S10. 

In Fig. 1d, it is observed that the ceramic with x = 0.000 exhibits a 
multiphase state, characterized by the R-T coexistence phase, with a 
dominant T phase. As the BZ content increases to x = 0.001, there is a 
marked increase in the proportion of the R phase. For ceramics with x =
0.004 ~ 0.006, the structure transitions to a complex R-O-T phase, with 
an increasing proportion of the O phase. The schematic of various lattice 
structures and the corresponding polarization orientation of R, O, and T 
phase structures are shown in Fig. 1e. The evolution of phase structure 
can be attributed to ionic substitutions of Ba2+ for original A-site cations 
and Zr4+ for original B-site cations. This substitution is driven by dif
ferences between the introduced additives and the original ions in terms 
of ionic size, valence, and electronegativity. Similar phenomena have 
been reported in several studies concerning KNN-based ceramics [29, 
30]. Fig. 1f shows the evolution of α angle in the R phase and the full 
width at half maximum (FWHM) of (111) and (001)/(010) diffraction 
peaks, further confirming the phase transition process in KNN-BZ 
ceramics. 

2.2. Dielectric property 

Analyzing the temperature dependence of dielectric constant (ε′-T) is 
an effective method to identify the phase transition process of KNN- 
based ceramics. In Fig. 2a, all ε′-T curves exhibit a single dielectric 
anomaly between − 100 ◦C and 100 ◦C, corresponding to the 
ferroelectric-ferroelectric phase transition. To further obtain phase 
transition information within KNN-BZ ceramics, the temperature 
dependence imaginary part of dielectric constants (ε″-T) is shown in 
Fig. 2b. For ceramics with x = 0.004 ~ 0.006, TR-O and TO-T transition 
temperatures identified by abnormal peaks in the ε″-T curves, are − 10 
◦C, − 17 ◦C, − 20 ◦C and 14 ◦C, 15 ◦C, 14 ◦C, respectively. The increasing
temperature difference from TR-O to TO-T indicates that the O phase in
the matrix gradually increases, which is consistent with results from the
refined XRD data. The dielectric anomaly observed in the ε′-T curves at
higher temperature corresponds to the ferroelectric-paraelectric phase
transition at Curie temperature (TC), as shown in Fig. 2c and Figure S11.
Moreover, the increase of BZ content has no obvious effect on TC, thus
ensuring the practicability of KNN-BZ ceramics in applications.

The analysis of ε′-T curves for KNN-BZ ceramics shows that there is 
an obvious diffuse phase transition (DPT) around TC. This observation 
indicates an inherent structural heterogeneity in the samples that dis
tinguishes them from normal perovskite ferroelectrics. As shown in 
Fig. 2d-e, the structure heterogeneity hinders the obey of DPT-type 
ferroelectrics to the Curie-Weiss law (Equation S1). The offset repre
sented by ΔT (Equation S2) denotes the DPT behavior [31]. A modified 
Curie-Weiss law (Equation S3) is employed to show a linear fitting of the 
inverse dielectric constant (1/ε)-temperature spectra above Tm (the 
temperature where the ε reaches the maximum) [32]. Within this 
framework, the larger slope (γ) value, the stronger DPT behavior. Fig. 2f 
shows that both γ and ΔT increase as a function of BZ content, suggesting 
that the increase of BZ content enhances the DPT behavior induced by 
strong structural heterogeneity [33]. To further confirm the complexity 
of phase transitions in R-O-T phase samples, temperature dependence 
Raman spectra are utilized. In Fig. 2g-h, the anomalies observed in 
ceramic with x = 0.005 near − 15 ◦C and 30 ◦C confirm the occurrence of 
R-O and O-T phase transitions. The above results show that by regulating
the BZ content, a “new phase boundary (NPB)” with x values ranging
from 0.004 to 0.006 is found in KNN-BZ ceramics, which is characterized

by the R-O-T phase coexistence. 

2.3. Macroscopic electromechanical property 

Fig. 3a shows the polarization-electric field (P-E) hysteresis loop and 
current-electric field (J-E) curve of KNN-BZ ceramics. The sample ex
hibits a saturated P-E loop with a high rectangularity degree, whereas 
the J-E curve presents a double current peak at coercive fields (EC), 
which is caused by an electric field driven polarization switching process 
[34]. In Fig. 3b, under different BZ content, maximum polarization 
(Pmax) remains relatively constant. In contrast, in the samples with NPB, 
remnant polarization (Pr) maintains a high value, peaking at x = 0.005, 
while EC decreases slightly upon the introduction of BZ content. Fig. 3c 
shows the strain-electric field (S-E) curve of KNN-BZ ceramics. All 
samples exhibit standard S-E curves with low strain hysteresis. Fig. 3d 
displays the maximum strain (Smax) and inverse piezoelectric coefficient 
(d33* = Smax/Emax) as a function of BZ content, indicating that ceramics 
with NPB exhibit increased Smax and d33* values. When the sample with 
x = 0.005, the maximum values of Smax and d33* are 0.108 % and 
720 pm V− 1, respectively. 

For the ceramic with x = 0.000 containing R and T phases, the d33 
and kp values are 391 pC N− 1 and 46 %, respectively (Fig. 3e). The 
addition of BZ content results in a significant increase in d33 and kp, 
reaching their maximum for the ceramic with x = 0.005 (composed of R- 
O-T phase), with d33 and kp reaching 585 pC N− 1 and 62 %, respectively. 
The introduction of BZ content increases εr, reaching the value of 3004 
at x = 0.005 (Fig. 3f). Meanwhile, all samples maintain a relatively low 
tan δ of about 0.04. The impedance-frequency resonance spectrum with 
a high phase angle shown in Fig. 3g, implies a high degree of ordered 
polarization arrangement in poled KNN-BZ ceramics [35]. These in
vestigations show that the trend of dielectric and electromechanical 
properties with BZ content are consistent with the classical thermody
namic relationship of d = k

̅̅̅̅
sε

√
, wherein s represents the elastic

compliance constant [36].
In the field of practical electromechanical applications, the ideal 

piezoceramics are those that offer both large d33 and high TC. However, 
within perovskite ferroelectrics, there typically exists an inverse rela
tionship between d33 and TC. Fig. 4a summarizes the correlation be
tween d33 and TC across various piezoceramics [20,22,25,37–40]. The 
overall piezoelectric performance of KNN-BZ ceramics is superior to the 
general trend of reported KNN-based ceramics. Compared to commer
cial PZT-5 H ceramics, KNN-BZ ceramics not only maintain comparable 
d33 but also exhibit enhanced TC. The k is a key factor influencing the 
bandwidth and sensitivity of piezoelectric transducers [41]. As far as we 
know, among the current non-textured KNN-based ceramics, KNN-BZ (x 
= 0.005) ceramics have the highest kp (Fig. 4b) [38,40]. Compared with 
other KNN-based ceramics reported, KNN-BZ ceramics are more favor
able candidates for ultrasonic transducers. In cases involving 
off-resonance piezoelectric devices, such as energy harvesters, the 
piezoelectric voltage coefficient (g = d/ε) represents another crucial 
parameter [42]. This importance is attributed to the fact that the energy 
density depends on the figure of merit (d33 × g33). Fig. 4c shows that 
KNN-BZ (x = 0.005) ceramics exhibit excellent d33 × g33 (12.78 ×10− 12 

m2 N− 1) values, even better than most PZT-based ceramics [27,42]. This 
indicates that KNN-BZ ceramics have great potential for lead-free energy 
harvesting applications. 

2.4. Mesoscopic domain morphology 

In Fig. 5a, piezoelectric force microscopy (PFM) amplitude and phase 
images reveal variations in the domain structure of KNN-BZ ceramics, 
particularly in response to changes in BZ content. For ceramics with x =
0.000 and x =0.001, irregular lamellar domains with sizes ranging from 
tens of nanometers to micron-scale can be observed. Such domain 
configuration is similar to typical lead-based relaxor ferroelectrics with 
strong local structural heterogeneity [43]. This contrasts significantly 
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with the domain morphology of pure KNN ceramics, which are defined 
by large-scale domain structures featuring as “herringbone” and 
“watermark” patterns [44]. An increase in BZ content to x = 0.004 re
sults in the fragmentation of micron-sized domains into nano-sized do
mains in ceramics with NPB. Upon increasing the BZ content to x =
0.005, the ceramics uniformly display ultra-small nanodomains. When 

the BZ content exceeds x = 0.005, there is a gradual reappearance of 
micro-scale lamellar domains. Obviously, NPB ceramics containing the 
R-O-T phase have a finer domain structure. This observation is consis
tent with previous studies of KNN-based ceramics with NPB [21,44].
According to classical theory, a decrease in domain size reduces domain
wall energy, which promotes the domain wall motion [45].

Fig. 3. (a) P-E loop and J-E curve of KNN-BZ ceramics measured at 1 Hz; the corresponding EC, Pmax, and Pr are shown in (b). (c) S-E curve of KNN-BZ ceramics 
measured at 1 Hz; the corresponding d33* and strain are summarized in (d). (e) d33 and kp of KNN-BZ ceramics. (f) εr and tanδ of KNN-BZ ceramics. (g) log |Z| and 
phase angle as a function of frequency for ceramic with x = 0.005. 

Fig. 4. (a) Comparison of d33 and TC/Td (Td: depolarization temperature) in lead-free piezoceramics based on KNN, BNT and BT. (b) Comparison of kp and TC in KNN- 
based piezoceramics. (c) Comparison of d33 × g33 with representative commercial PZT and lead-free ceramics. 
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Furthermore, these miniaturized domains can effectively reduce the 
energy barrier during the polarization switching process, acting as "ac
celerators". The domain size of KNN-BZ ceramics is quantitatively 
evaluated by the autocorrelation functional method. Parameter <ξ>
represents the short-range correlation length, indicating the size of the 
domain. Autocorrelation images and the corresponding fitting results of 
KNN-BZ ceramics with x = 0.000, 0.001, 0.004, 0.005, 0.006 and 0.010, 
shown in Fig. 5b-d and Figure S12, determine the average domain sizes 
<ξ> to be 135, 175, 102, 63, 170 and 205 nm, respectively. The fitting 
results verify the presence of a finer domain structure in NPB samples 
with the R-O-T phase. 

Based on the research results, NPB-incorporated KNN-BZ ceramics 
can be classified as “adaptive ferroelectric states”. The adaptive state, 
stemming from multi-domain martensite of metal material, is described 
as “an adaptive state being constituted of self-assembled microdomains 
with small domain wall energy, as an outcome to minimize stress 
induced by structural transitions” [46]. The evolution of this typical 
martensitic stress-adaptive domain structure also occurs in other 
displacement transformation [47]. The characteristics of adaptive 
martensites demonstrate significant potential applicability to KNN-BZ 
ceramics with NPB. The relationship between structure and properties 
of ferroelectric domains is established by studying the domain structure: 
(i) Along with the phase structure changes caused by BZ modification,
ferroelectric domains exhibit self-adjusting characteristics; (ii)
Self-adjusting miniaturized nanodomains contribute to the excellent
electromechanical properties of NPB ceramics.

2.5. Microscopic lattice structure 

To explore the potential physical origin of miniaturized domains,  
Fig. 6a shows the domain structure of ceramic with x = 0.005, as 
characterized by transmission electron microscopy (TEM), revealing a 
complex, hierarchical arrangement of domains. It includes striped 

domains with widths of hundreds of nanometers, watermark-like do
mains with widths of tens of nanometers, and ultra-small nanodomains. 
Of particular importance, the ultra-small nanodomains play a crucial 
role in contributing to the DPT around TC and the superior electrome
chanical properties of NPB samples. Microscopic high-angle-annular- 
dark-field (STEM-HAADF) technique can provide detailed information 
on the local lattice structure and symmetry of ferroelectric materials. 
According to the theoretical models of respective center atom dis
placements under various zone axes (Fig. 6d), the disordered polar state 
composed of R-O-T phase can be identified in Fig. 6b-c. It is evident that 
the R-O-T phase shows interlocked and disordered lattice distribution, 
accompanied by a gradual transformation of the polarization vectors, 
resulting in a “slush nano-polar state” [22]. These nano-polar states 
constitute the source of ultra-small nanodomains within 
NPB-incorporated KNN-BZ ceramics. Moreover, disordered lattice dis
tributions usually indicate local structure heterogeneity in multiphase 
perovskite structure [48,49]. Fig. 6e-g shows the polarization length, 
normalized intensity of A-site ions, and c/a ratio of unit cells, respec
tively. Through the visual comparison of these corresponding physical 
parameters, it is further confirmed that the NPB-incorporated KNN-BZ 
ceramics have strong local structural heterogeneity. Therefore, the 
origin of the miniaturized nanodomains in this ceramics can be attrib
uted to strong structural heterogeneity at the nanometer scale. 

2.6. Adaptive ferroelectric states and structure-performance relationship 

According to classical thermodynamic theory, the formation of stable 
ferroelectric domains arises from competition and balance among 
various energies including bulk energy, domain wall energy, electro
static energy and elastic energy, aiming to minimize the total free energy 
[43,50]. Based on Geometrical Phase Analysis (GPA), in this case of 
KNN-BZ ceramics with multiphase structure, the interlocked and 
disordered lattice distributions may result in lattice mismatch during 

Fig. 5. (a) PFM amplitude and phase images of KNN-BZ ceramics. (b-c) Average autocorrelation function <C(r)> and autocorrelation images of the ceramic with 
0.000 and 0.005. (d) The short-range correlation length (ξ) as a function of x content. 
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structural transformation, subsequently resulting in the appearance of 
local stress field, as shown in Fig. 6h. The self-adjusting behavior of the 
domain structure is the outcome to minimize the local stress fields 
generated by the lattice mismatch within KNN-BZ ceramics. In Fig. 6i, 
the quantitative theoretical analysis reveals that the local strain Sxx 
(~2 %) in the ceramic with x = 0.005 is significantly lower than in the 
ceramic with x = 0.000 (~7 %), suggesting that the ultra-small nano
domains structure tends to release local stress in KNN-based ceramics. 
Generally, domain walls, which separate regions of differing polariza
tion directions, play a crucial role in lowering strain and electrostatic 
energy by inducing adjacent domains to arrange in a “head-to-tail” 
pattern [46,51]. In response to lattice mismatch induced by local 
structure heterogeneity, the domains of KNN-BZ ceramics with NPB will 
self-adjust to form finer nanodomains. These miniaturized domains 
exhibit lower domain wall energy, following the classical relationship 
where domain wall energy is proportional to domain size. Based on the 
analysis of macroscopic electromechanical properties, mesoscopic 
domain morphology, and microscopic lattice structure, 

NPB-incorporated KNN-BZ ceramics exhibit excellent electromechanical 
properties due to the formation of self-adjusting nanodomains in 
response to strong local structural heterogeneity. 

3. Conclusions

In this work, by engineering a "new phase boundary (NPB)" char
acterized by the R-O-T phase coexistence and refined domain structure, 
outstanding electromechanical performances (d33 ~ 585 pC N− 1, kp ~ 
62 %, εr ~ 3004, d33 × g33 ~ 12.78 ×10− 12 m2 N− 1 and TC ~ 235 ◦C) are 
obtained in KNN-BZ ceramic. Through systematic analyses of electrical 
properties, domain morphologies, and lattice structures, our research 
reveals the origins of the enhanced electromechanical properties in 
KNN-BZ ceramics with NPB, framing it as "adaptive ferroelectric states", 
characterized by the formation of self-adjusting nanodomains. The self- 
adjusting nanodomains and corresponding local structural heterogene
ity are formed as an outcome of minimizing the local stress generated by 
the lattice mismatch within KNN-based ceramics. These insights 

Fig. 6. (a) Bright-field TEM image of domain structures for the ceramic with x = 0.005. (b-c) Atomic-resolution polarization vector image. (d) Schematic projection 
of the unit cell along [100] and [110]. (e) Length of spontaneous polarization (Ps). (f) Normalized intensities of the A-site sublattice. (g) Unit cell c/a ratio. (h) Local 
strain Sxx mapping via GPA. (i) Quantitative Sxx analysis of the white dotted lines extracted in (h). 
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significantly contribute to understanding the relationship between 
structure and property in ferroelectrics that incorporate novel phase 
boundaries. 

4. Experimental

Ceramics with the composition (0.96-x)K0.48Na0.52Nb0.96Sb0.04O3-
0.04Bi0.5Na0.5ZrO3-xBaZrO3 (x = 0.000 ~ 0.010) were synthesized by 
the solid-state method. High-purity raw materials, including K2CO3, 
Na2CO3, Nb2O5, Sb2O3, Bi2O3, ZrO2 and BaCO3, were selected. These 
materials were ball-milled in absolute ethanol for 24 h, then the milled 
slurry was dried at 120 ◦C and calcined at 850 ◦C for 6 h. Following a 
second round of ball milling and drying, the powder was mixed with 
7 wt% polyvinyl alcohol and pressed into disks (10 mm diameter; 1 mm 
thickness) at 10 MPa. The green bodied were then calcined at 750 ◦C for 
2 h to eliminate organic substances and sintered at 1095 ◦C ~ 1100 ◦C 
for 8 h. After sintering, ceramics were polished with Al2O3 powders, 
coated with silver, and heated at 650 ◦C for 30 min to form Ag 
electrodes. 

The phase structure of the samples was characterized by XRD (Aeris, 
Malvern Panalytical). The surface structure was examined using scan
ning electron microscopy (SEM, Quanta 200FEG, FEI). Domain structure 
was observed using a PFM (MFP-3D, Asylum Research). To determine 
the relative size of the nanodomains, the average autocorrelation func
tion <C(r)> was calculated using formula < C(r) >=

σ2exp[− (r/ < ξ >)
2b
]. The short-range correlation length <ξ> was 

related to the degree of polarization correlation and represents the 
average relative size of the nanodomains. The variables r and b (0 < b <
1) correspond to the distance from any point to the midpoint in the
autocorrelation plot and the roughness of the interface at the polariza
tion points, respectively. A higher degree of polarization correlation 
results in larger domain sizes and more ordered structures. Raman mi
croscopy (HR800, Horiba) with a temperature control system (TMS94, 
Linkam) was used to obtain the excited Raman spectra at 532 nm. TEM 
(Talos F200, FEI) was employed to examine the nanoscale structure of 
the KNN system. For the preparation of the ceramics for STEM-HAADF 
imaging (Titan G2, FEI), the ceramics underwent mechanical thinning 
and were subsequently refined by argon ion beam milling. SuperX EDS 
systems were used to obtain the elemental distribution. To reduce noise, 
STEM images were processed using Fourier filtering with a lattice mask. 
The position vector for each unit cell was calculated using two- 
dimensional Gaussian fitting. This allowed for the determination of 
the polarization vector, A-site intensity, and the c/a ratio, using 
specially developed scripts. For electrical property evaluation, the bulk 
ceramic was poled at 20 kV cm− 1 in silicone oil for 20 min, followed by 
a 24 h aging. Dielectric properties of the ceramics were measured using 
an impedance analyzer (Agilent, E4294 A). The d33 was determined by a 
quasi-static d33-meter (ZJ-4A, Institute of Acoustics). P-E loops and S-E 
curves were recorded at 1 Hz using a ferroelectric analyzer (TF Analyzer 
2000, aix-ACCT) equipped with a laser interferometer vibrometer (SPeS 
120, SIOS). 
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