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Abstract: To relieve the sensitivity of piezoelectric coefficient (d33) to composition and strengthen 

temperature stability of strain in potassium sodium niobate {(K, Na)NbO3, KNN} ceramics, we 

proposed a new concept, tuning the trade-off between long-range ordering (LRO) and polar 

nanoregions (PNRs), and realized it by tailoring the content of bismuth (Bi) in an already-constructed 

multiphase coexistence, namely, 0.96(K0.48Na0.52)(Nb0.955Sb0.045)O3-0.04(BixNa4-3x)0.5ZrO3-

0.3mol%Fe2O3 ceramics. We obtained not only the high retention of >83% at x=0.80-1.10 in d33 but 

also higher d33 at x=0.90-0.95, relieving the sensitivity of d33 to composition. We also obtained not 

only the enhanced strain but also the high retention of ≥79% over a wide temperature range of 20-180 

oC at x=1.10, irrespective of the electric field, strengthening the temperature stability. We demonstrated 

that high d33 values hinge on the trade-off between LRO and PNRs, and the enhanced temperature 

stability of strain originates from the diffused multiphase coexistence and the reduced contribution of 

domain switching. Therefore, the new concept helps further design high-performance KNN-based 

ceramics for practical application.  
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1. Introduction 

Lead-free piezoelectric materials are more important than ever because of the demand for sustainable 

development [1-8]. As one of the promising lead-free candidates, KNN ceramics gain its popularity 

because its state-of-the-art d33 values are even comparable to those of some commercial lead-based 

counterparts [2, 6]. The high d33 values hinge on the multiphase coexistence constructed by shifting 

phase transition temperatures (e.g., rhombohedral-orthorhombic TR-O and/or orthorhombic-tetragonal 

TO-T) to room temperature [2, 9]. In particular, most researchers have obtained high d33 values by 

simultaneously shifting TR-O and TO-T to room temperature [2, 6, 10].  

 

(Bi, Na)0.5ZrO3 (shorted as BNZ) has been widely adopted to reduce TO-T, through which different 

groups reported high d33 values [11-14]. However, d33 reached the high values only at a very particular 

composition and then decreased rapidly when deviating from that composition (even within ± 1% 

molar ratio), indicating the high sensitivity to the BNZ content (Figure 1(a)) [11, 15-17]. Meanwhile, 

the multiphase coexistence also enhances the strain because of the enhancement in lattice distortion 

and domain switching [5, 18]. However, the polymorphic phase boundary (PPB) characteristics make 

the strain strongly depend on temperature because the phase structure and the domains are closely 

related to temperature (Figure 1(b)) [19-21]. Furthermore, the applied electric field also determines the 

temperature stability of strain because the domains are destroyed at high temperatures (Figure 1(b)) 

[19, 22]. Therefore, relieving the sensitivity of d33 to composition and strengthening temperature 

stability of strain are the most cutting-edge challenges for KNN-based ceramics’ practical application.        
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The composition sensitivity is induced by BNZ that not only reduces TO-T but also destroys long-range 

ordering (LRO) and thus leads to the occurrence of polar nanoregions (PNRs) [22, 23]. Therefore, 

simultaneously repairing LRO and remaining TO-T near room temperature not only remain high d33 

values but also relieve its sensitivity to composition. Since the reduced strain at high temperatures 

originates from the changed phase structure and the decreased domain switching [24], the temperature 

stability can be strengthened if simultaneously constructing a diffused multiphase coexistence and 

reducing the contribution of domain switching to the initial strain (i.e., room-temperature strain) [25, 

26]. Recently, we have demonstrated Bi is crucial in BNZ for reducing TO-T and increasing PNRs 

because of its high electronegativity and aliovalent substitutions on A-site (K+/Na+) (Figure 1(c)) [27, 

28]. Inspired by the foregoing analysis, we proposed a new concept, that is, tuning the relationship 

between LRO and PNRs by changing the Bi content in an already-constructed multiphase coexistence, 

as illuminated in Figure 1(c). Situation II represents the typical already-constructed multiphase 

coexistence largely reported in the literature [2, 9, 10]. Slightly reducing Bi content comes to the 

situation I, where TO-T is still near room temperature, LRO is slightly repaired, and the PNRs content 

decreases, indicating the retention of high d33. By contrast, slightly increasing Bi content brings in the 

situation III, where TO-T is also close to room temperature, LRO is further reduced to some degree, and 

the PNRs content increases, suggesting the diffused multiphase coexistence. In particular, in situation 

III the contribution of domain switching to strain is reduced because of the decrease in grain size [29, 

30]. 

 

To realize the concept, we prepared 0.96(K0.48Na0.52)(Nb0.955Sb0.045)O3-0.04(BixNa4-3x)0.5ZrO3-
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0.3mol%Fe2O3 ceramics. Our experimental results have demonstrated the validity of the concept. We 

obtained not only the high retention of >83% at x=0.80-1.10 in d33 but also higher d33 at x=0.90-0.95, 

relieving the sensitivity of d33 to composition. We also obtained high retention of ≥79% in strain over 

a wide temperature range of 20-180 oC at x=1.10, irrespective of the electric field, strengthening the 

temperature stability. We then revealed the underlying physical mechanisms by discussing the trade-

off between LRO and PNRs and the diffused multiphase coexistence.       

 

Figure 1. (a) Ratio of d33 values to their highest one in BNZ-modified KNN-based ceramics [11, 15-17]. The molar 

percentage of “0” represents the optimized composition where the highest d33 was obtained. Positive (negative) molar 
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percentages mean the higher (lower) BNZ content than the optimized one; (b) normalized unipolar strain (Suni) of 

KNNS-BNMZ ceramics varying with temperature and electric field [19]; (c) our new concept to relive the sensitivity 

of d33 to composition and weaken the dependency of strain on temperature. C, T, and E represent the composition, 

temperature, and electric field, respectively. The quantity and the size of red arrows indicate the quantity and the size 

of ferroelectric domains with the variations of Bi content, and increasing Bi content gradually destroys LRO and thus 

reduces the quantity and the size of ferroelectric domains.          

 

2. Experimental procedure 

The material preparation and the measurements for phase structure, microstructure, ferroelectric 

domains, and electrical properties are described in the Electronic Supplementary Material (ESM).  

 

3. Results and discussion 

3.1 Phase structure  

We first checked whether the multiphase coexistence remains because it is essential for high d33 [2, 

18]. X-ray diffraction (XRD) patterns show a pure perovskite structure in all compositions (Figure S1, 

ESM), indicating the additives have entered into KNN ceramics’ lattice. Then, we further enlarged 

{200}pc diffractions to see variations of phase structure (Figure 2(a)). With increasing x, {200}pc 

diffractions shift to lower angle and the intensity of (002)pc and (200)pc diffractions also changes. We 

then quantified {200}pc diffractions’ variations (Figures 1(b-d)). The intensity ratio between (200)pc 

and (002)pc diffractions (abbreviated as I200/I002) first increases from 1.6 (at x=0.80) to 2.2 (at x=1.10) 

and then remains unchanged at x=1.20 (Figure 2(b)). Generally, an O phase has a I200/I002 of 0.5 

whereas a I200/I002 of 2 for a T phase [31, 32]. Therefore, the content of the T phase increases with x. 
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Then, 2θ values of (200)pc and (002)pc diffractions first decrease at x=0.80-1.10 and then slightly 

increase at x=1.20. The variations of 2θ are attributed to the substitution on K+/Na+ with Bi3+ [28]. The 

difference of 2θ between (200)pc and (002)pc diffractions (abbreviated as Δ2θ) first increases from 

0.296 (at x=0.80) to 0.335 (at x=0.90) and then monotonously decreases to 0.276 (at x=1.20). The 

reduction in Δ2θ at x=0.90-1.20 suggests the increase in macro symmetry of phase structure, which is 

caused by the gradually destroyed LRO [33, 34].  

 

We then utilized temperature-dependent dielectric properties (i.e., the real part of permittivity 𝜀′, the 

imaginary part of permittivity 𝜀′′, and loss factor tan δ) to further identify the phase structure (Figures 

2(e-j)). All samples show only one anomaly in 𝜀′-T curves (Figure 2(e)), which was generally regarded 

as an R-T or R-O-T phase coexistence [35, 36]. Consistent with the concept, the anomaly at x=1.0 

locates at room temperature, and increasing (decreasing) x results in the anomaly lower (higher) than 

room temperature. Besides, 𝜀′′-T curves further demonstrate the shifting of the anomaly (Figure 2(f)). 

A weak TR-O at ~-29 oC and a sharp TO-T at ~40 oC are observed at x=0.80. With increasing x, TO-T 

decreases and TR-O becomes indistinguishable, resulting in only one anomaly at ~-10 oC at x=1.0. Then, 

the single anomaly further shifts to lower temperatures with x. Therefore, we assigned samples with 

x=0.80 to possess an O-T phase coexistence and other compositions to possess an R-O-T phase 

coexistence. Besides, the decreased TO-T suggests an increasing T phase content at room temperature, 

which coincides with the increased tetragonality and I200/I002 in room-temperature XRD patterns 

(Figures 2(b, d)). Therefore, tailoring the Bi content remains the multiphase coexistence (e.g., O-T and 

R-O-T) at x=0.80-1.20, providing the essential requirement for obtaining high d33 values [2, 9, 10].    
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Figure 2. (a) Composition-dependent XRD patterns with 2θ=45-46o; (b) ratio of intensity between (200)pc and (002)pc 

diffractions; (c) 2θ of (200)pc and (002)pc diffractions; (d) difference of 2θ between (200)pc and (002)pc diffractions; 

(e-g) temperature-dependent 𝜀′, 𝜀′′, and tan δ curves, measured at -150~150 oC. (200)pc and (002)pc diffractions’ 

intensity and 2θ are obtained by the Lorentz fitting [37, 38].   

 

To further support the identifications of phase structure, we conducted the Rietveld refinement for 

powder XRD of samples with x=0.90-1.10 by using different modes (i.e., T, O+T, R+T, and R+O+T 

modes) (Figures S3-S5, ESM). For three compositions, the Rietveld refinements using R+O+T mode 

make the fitted data best close to the raw ones, showing the fewest misfit regions (Figures 3) and 

lowest goodness-of-fit indicator (sig≤1.45) and reliability factor (Rwp≤4.4%) (Table 1) [39]. 

Furthermore, refinement results demonstrate an increasing T phase content and decreasing R and O 

phase contents (Figure 3(d)). However, the O and T phases still share the major percentage (>76%) of 

the R-O-T phase coexistence in three compositions, which explains why the O+T mode also shows a 
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good fit (Figures S3-S5, ESM). Besides, lattice parameters (i.e., a, b, and c) of R and T phases slightly 

increase with increasing x, which coincides with the decrease in 2θ (Figure 2(c)). Therefore, the 

Rietveld refinements further demonstrate the R-O-T phase coexistence at x=0.90-1.10.        

 

Figure 3. Rietveld refinements for powder XRD of unpoled samples with x=0.90 (a1-a4), 1.00 (b1-b4), and 1.10 (c1-

c4) via R+O+T mode; (d) phase content of R, O, and T phases. 

 

Table 1. Results of the Rietveld refinement by using R+O+T model. 

x phase a (Å) b (Å) c (Å) α (o) content (%) c/a sig Rwp (%) 

0.90 R 3.9703 3.9703 3.9703 89.87 22.8  1.42 4.23 

 O 3.9816 5.6029 5.6668 90 40.1    

 T 3.9711 3.9711 3.9943 90 36.1 1.00584   

1.00 R 3.9763 3.9763 3.9763 89.91 21.5  1.33 4.03 

 O 3.9733 5.6388 5.6675 90 36.3    

 T 3.9735 3.9735 3.9991 90 42.2 1.00644   

1.10 R 3.9771 3.9771 3.9771 89.82 9.60  1.39 4.18 

 O 3.9736 5.6201 5.6608 90 37.8    

 T 3.9735 3.9735 3.9997 90 52.6 1.00659   

 

3.2 Relaxor characteristics 

To demonstrate the construction of diffused multiphase coexistence, we then investigated the relaxor 
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characteristics varying with the Bi content (Figure S6, ESM). Here we exampled unpoled samples with 

x=1.20 (Figures 4(a-c)). 𝜀′-T curves show a strong frequency dependence at T = -100 oC – 100 oC, 

which is absent at Tm (temperature of maximum 𝜀′) (Figure 4(a)). In particular, 𝜀′′-T and tan δ-T 

curves at T = -100 oC – 100 oC show the analogous relaxor characteristics to typical relaxors including 

Pb(Mg1/3Nb2/3)O3 (PMN) and Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) materials, that is, the maximum 

𝜀′′ and tan δ increase and shift to higher temperatures with increasing frequency (Figures 4(b, c)) [40, 

41]. The similar relaxor characteristics are also observed at x=0.90-1.10 but are absent at x=0.80 

(Figure S6, ESM). We then utilized a modified Curie-Weiss law to evaluate the diffuseness degree, as 

shown in Equation (1): 

1

𝜀(𝑇)
′ −

1

𝜀𝑚
′ =

(𝑇−𝑇𝑚)𝛾

𝐶
 (1) 

where 𝜀𝑚
′  is the maximum 𝜀′, γ is the diffuseness degree, and C is the Curie-like constant. γ is 1 for 

a classical ferroelectric whereas 2 for ideal relaxors [42]. Thus, γ is the slope of the linear fitting 

between ln(T-Tm) and ln(1/𝜀′ − 1/𝜀𝑚
′  ) (Figures 4(d, e)). γ first decreases at x=0.80-1.00 and then 

increases at x=1.00-1.20, resulting in a γ of 1.44-1.6 for x=0.80-1.10 and 1.7 for x=1.20 (Figure 4(e)). 

These γ values are comparable to those of canonical PMN-PT, Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT), 

and (Ba, Ca)(Ti, Zr)O3 (BCTZ) relaxors [42, 43].  

 

Considering the high γ values, we then utilized the Vogel-Fulcher and Arrhenius laws to characterize 

the relaxor characteristics at 𝜀𝑚
′ , as respectively shown in Equations (2, 3) [41, 44]: 

𝑓 = 𝑓0𝑒𝑥𝑝
(−

𝐸𝑎
𝑘∙(𝑇𝑚−𝑇𝑉𝐹)

)
 (2) 

𝑓 = 𝑓0𝑒𝑥𝑝
(−

𝐸𝑎
(𝑘∙𝑇𝑚)

)
 (3) 

where f is the measurement frequency, Ea is the activation energy, k is the Boltzmann constant, TVF is 
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the frozen temperature, and f0 is the attempt frequency [41, 44]. However, both laws fail to evaluate 

the relaxor characteristics at 𝜀𝑚
′   (Figure S7, ESM), further indicating no distinguishable relaxor 

characteristics at Tm. Surprisingly, the relaxor characteristics of 𝜀′′ at T = -100 oC – 100 oC are well 

fitted by the Vogel-Fulcher law (Figure 4(g)). Furthermore, increasing x reduces the applicable 

frequency for fitting (Figure 4(g)), suggesting the enhanced relaxor characteristics, which is further 

demonstrated by the decrease in f0 and Ea (Figure 4(h)). The decreased TVF suggests that the relaxor 

characteristics shift to lower temperatures, which coincides with the decreased TO-T. Furthermore, f0 is 

in the range of 108-1010 Hz and lower than those of PMN-PT and PZN-PT single crystals [41]. Ea is 

within 0.02-0.04 eV and comparable to those of representative relaxors, such as PMN and PMN-PT 

materials [41, 44]. Furthermore, the decreased Ea values suggest that the coupling between PNRs 

becomes stronger, which is due to the reduced domains and the increased PNRs [45]. Therefore, the 

relaxor characteristics only occur at T<<Tm together with the ferroelectric-ferroelectric phase transition 

(marked as RE+FE in Figures 4(a, b)) and belongs to the re-entrant relaxor behavior, differing from 

typical lead-based relaxors [41, 44, 46, 47].  

 

According to the concept, increasing Bi content shall enhance the relaxor characteristics because of 

the increased PNRs. Thus, the concept is seemly supported only by f0 (and Ea), not by γ. The 

discrepancy is caused by the ratio of Bi and Na in (BixNa4-3x)ZrO3. When x deviates from 1.00, the 

substitutions on (K, Na)(Nb, Sb)O3 ceramic with (BixNa4-3x)0.5ZrO3 (x=0.80-1.20) will generate more 

defects (Equations (3-5), ESM), which attribute to the increased γ values. By contrast, f0 and Ea are 

obtained in the multiphase coexistence region where the lattice is susceptible. In this case, the relaxor 

characteristics are dominated by the lattice, and increasing Bi content destroys LRO, resulting in the 
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monotonous decrease in f0 and Ea. Thus, in the measurement frequency range, the relaxor 

characteristics of 𝜀′′ at x=0.80 cannot be fitted because of the well remained LRO. Therefore, the 

relaxor characteristics are enhanced as slightly increasing Bi content [48], suggesting the diffused 

multiphase coexistence.                           

 

Figure 4. Temperature-dependent (a) 𝜀′, (b) 𝜀′′, and (c) tan δ of sample with x=1.20; (d) linear fitting between ln(T-

Tm) and ln(1/𝜀′ − 1/𝜀𝑚
′ ) and (e) γ values, measured at f=9997 Hz; (f) Vogel-Fulcher fitting between Tm and ln(f); (g) 

f0, (h) Ea, and (i) TVF values. RE and FE respectively represent the relaxor and ferroelectric. 

 

3.3 Domain structure 

We next detected domains using the out-of-plane piezoresponse force microscopy (OP-PFM) (Figure 

5). The low roughness in topography (<10 nm) manifests the good polishing process (Figures 5(a1-

c1)). The topography also shows some remarkable scratches, which help differentiate domains and the 
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topography. All OP-PFM images in amplitude and phase show no similar patterns to those of the 

topography (Figures 5(a2-c2, a3-c3)), demonstrating the true detection. All samples exhibit irregular 

domains and the distinct phase contrast. Samples with x=0.90 show a bimodal distribution that contains 

small and large domains, as respectively marked by “I” and “II” (Figures 5(a2, a3)). Small domains 

exhibit a size of 100-200 nm whereas 0.5-1 μm for large ones (Figures 5(a2, a3)). Samples with x=1.00 

show a relatively uniform domain size of 200-300 nm (Figures 5(a2, a3)). However, the domains of 

samples with x=1.10 show a substantial decrease in quantity and size compared to those of the first 

two compositions (Figures 5(c2, c3)). The major domains show a size of 100-200 nm, while some fine 

domains have a size of 50-100 nm, as marked by “III”. Therefore, increasing Bi content monotonously 

reduces domains in quantity and size, demonstrating the concept in Figure 1(c).      

 

Figure 5. OP-PFM measurements for unpoled samples with x=0.90-1.10; (a1-c1) topography, (a2-c2) amplitude; (a3-
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c3) phase.  

 

We then measured the switching spectroscopy PFM (SS-PFM) loops to reveal the local piezoelectric 

response (Figures 6(a1-c1, a2-c2)). Samples with x=0.90 and 1.00 exhibit a low amplitude (< 500 pm) 

at 10 V but a phase contrast near 180o (Figures 6(a1, b1, a2, b2)), demonstrating the complete domain 

switching but the weak piezoelectric response [8]. However, a voltage of 15 V largely rises the 

amplitude of both samples to near 1500 pm and remains the phase contrast near 180o. Then, further 

increasing voltage gradually increases amplitude, resulting in the amplitude near 2000 pm for x=0.90 

and near 2000-2500 pm for x=1.00 at 30 V. Therefore, 15 V is a critical voltage for samples with 

x=0.90-1.00 to induce the largely local piezoelectric response. However, a different tendency is 

observed in samples with x=1.10, which show the high amplitude (>1000 pm) and the phase contrast 

of 180o at 10 V (Figures 6(c1, c2)), demonstrating the complete domain switching and sufficiently 

local piezoelectric response. In particular, the voltage of 15 V rapidly rises the amplitude to higher 

than 2000 pm, 80% of that at 30 V that induces the amplitude higher than 2500 pm. Therefore, the 

critical voltage for samples with x=1.10 is much smaller than 15 V. To exclude the accidental errors, 

we measured SS-PFM loops at different points for each sample (Figure S8, ESM). For each sample, 

SS-PFM loops at different points are analogous to each other. We then collected the amplitude varying 

with the voltage (Figures 6(a3-c3)). Samples with x=0.90-1.00 have a critical voltage of 15 V whereas 

a smaller one than 15 V for samples with x=1.10. Furthermore, the amplitude increases as x increases 

for a given voltage, resulting in the amplitude near 2000 pm for x=0.90, near 2000-2500 pm for x=1.00, 

and higher than 2500 pm for x=1.10 at 30 V. Therefore, although domains decrease in quantity and 

size, the local piezoelectric response is enhanced with increasing Bi content.                      
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Figure 6. SS-PFM loops of unpoled samples with x=0.90-1.10 in (a1-c1) amplitude and (a2-c2) phase; (a3-c3) 

amplitude measured at different points. 

 

3.4 Piezoelectric and strain properties 

We then investigated whether high d33 values remain when slightly decreasing Bi content (Figure 7(a)). 

d33 at x=1.0 is 450 pC/N, coinciding with the previously reported results [11]. Interestingly, d33 

increases from 450 pC/N at x=1.0 to 475 pC/N at x=0.90 and then decreases to 375 pC/N at x=0.80. 

Conversely, d33 gradually decreases as x exceeds 1.0. In particular, high retention of >83% is found at 

x=0.80-1.10 and surpasses that of the conventional method that changed the entire BNZ content. A 

similar tendency is also observed in d33 values extracted from d33-E loops (Figure S9, ESM). Therefore, 
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the concept not only relieves the sensitivity of d33 to composition but also further increases d33. Besides, 

the concept is also supported by the planar electromechanical coupling coefficient (kp). Similar to the 

tendency of d33, kp increases (decreases) as x decreases (increases) from 1.0 and reaches the maximum 

at x=0.90 (Figure 7(b)). In particular, kp has higher retention of >95% at x=0.80-1.10 than d33, further 

demonstrating the validity of the concept. 

 

Figure 7. (a) d33 and its ratio to d33 of x=1.0 (d33/d33(1.0)) of poled samples; (b) kp and its ratio to kp of x=1.0 (kp/kp(1.0)) 

of poled samples. 

 

We next examined the variations of ferroelectric and strain properties (Figures 8(a-c)). All 

compositions show the typical ferroelectric hysteresis (P-E) loops, butterfly-shaped bipolar strain 

curves, and unipolar strain curves, indicating that LRO is still preserved to a great extent [49]. The 

maximum polarization (Pmax) and the remanent polarization (Pr) decrease with increasing x (Figure 

8(d)), indicating the deteriorative ferroelectricity and reduced domains with the same (or similar) 

direction to the applied electric field after poling [49]. The decrease in Pmax and Pr is ascribed to the 

gradually destroyed LRO by the increased Bi content. However, the coercive field (Ec) first decreases 

at x=0.80-0.90 but increases at x=0.90-1.20 (Figure 8(d)). Ec is determined by the phase structure and 

the microstructure [29, 30, 38, 49]. Increasing x from 0.80 to 0.90 shifts TO-T closer to room 

temperature, and samples with x=0.90 have many large grains, both of which promote the domain 
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switching and thus result in the reduced Ec at x=0.90. However, further increasing x from 0.90 increases 

the T phase content and the tetragonality (c/a) (Table 1), and reduces the grain size (Figure S10, ESM), 

which impedes the domain switching and thus increases Ec [29, 30, 38].    

 

Since the domain switching is impeded at x≥1.0, we then investigated whether its contribution to the 

initial strain reduces. The poling strain (Spol) and the negative strain (Sneg) increase at x=0.80-0.90 and 

then decrease at x=0.90-1.20 (Figure 8(e)). However, the positive strain (Spos) first rapidly increases at 

x=0.80-0.90, then slightly increases at x=0.90-1.10, and finally slightly reduces at x=1.10-1.20 (Figure 

8(e)). Besides, the unipolar strain (Suni) also shows an analogous tendency to Spos (Figure 8(f)). 

Generally, Spos and Suni mainly originate from the converse piezoelectric effect and the domain 

switching, and Sneg hinges on the non-180o domain switching [18, 50]. The converse piezoelectric 

effect is determined by the lattice distortion and enhanced in the multiphase coexistence region because 

of the susceptible lattice [18, 22]. As discussed above, increasing x from 0.80 to 0.90 shifts TO-T closer 

to room temperature, indicating the lattice is more susceptible. Combined with the promoted domain 

switching, Spol, Sneg, and Suni thus increase at x=0.90. Therefore, the decrease in Sneg and Spol at x=1.00-

1.20 is ascribed to the reduced domain switching, particularly non-180o domain switching [22]. 

However, the still increased Spos and Suni at x=1.00-1.20 indicates the enhanced converse piezoelectric 

effect, which is also supported by the enhanced local piezoelectric effect. Therefore, we not only 

reduced the contribution from domain switching to the initial strain but also remained the high initial 

strain at x=1.00-1.20.           
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Figure 8. (a) P-E loops, (b) bipolar strain curves, and (c) unipolar strain curves; (d) Pmax, Pr, Ec, (e) Spol, Spos, Sneg, and 

(f) Suni varying with x. 

 

3.5 Temperature stability  

Since the constructed diffused multiphase coexistence and the reduced domain switching at x≥1.0, we 

then measured temperature-dependent unipolar strain curves for samples with x=0.90-1.10 under 

different electric fields to see whether the temperature stability of strain is enhanced (Figure S11, ESM). 

Normalized Suni of samples with x=0.90 and 1.00 shows the strong dependencies on temperature and 

electric field, but that of samples with x=1.10 shows the reduced dependency on temperature and the 

negligible dependency on electric field (Figures 9(a-c)). Samples with x=0.90 show an abrupt increase 

in normalized Suni near 40 oC because of approaching to its TO-T (Figure 9(a)). The abrupt increase is 

absent in samples with x=1.00-1.10 because TO-T is at room temperature or lower than it (Figures 9(b, 

c)). Besides, the higher electric field induces better temperature stability, well coinciding with previous 

reports [19, 22, 51]. In particular, samples with x=1.10 show the high retention of ≥79% at T=180 oC, 

irrespective of electric fields (Figure 9(c)). Furthermore, samples with x=1.10 show better temperature 
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stability than samples with x=0.90-1.00 under the same electric field (Figure S12, ESM). We then 

compared the temperature stability of this work with others (Figures 9(d-g)). Samples with x=1.10 

show superior temperature stability compared to others under different electric fields [19, 24, 52-57]. 

To our best knowledge, this is the first report in KNN-based ceramics that the temperature stability of 

Suni shows weak dependencies on both temperature and electric field over the wide temperature range 

of 20-180 oC. Therefore, the concept not only enhances Suni but also strengthens its temperature 

stability, benefiting for practical application.                   

 

Figure 9. Normalized Suni of samples with x=0.90 (a), x=1.00 (b), and x=1.10 (c); comparison of normalized Suni 

among representative KNN-based ceramics, measured at (d) E=20 kV/cm, (e) E=30 kV/cm, and (f) E=40 kV/cm; (g) 
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S(180 oC)/S(RT) of KNNS-xBNMZ (x=0.0475) ceramics and samples with x=1.10, measured at different electric fields 

[19]. Normalized Suni is extracted from temperature-dependent Suni curves (Figure S11, ESM). The color bar indicates 

the amplitude of normalized Suni. Here we only selected the temperature-dependent Suni of KNN-based ceramics with 

TO-T near or lower than room temperature because the abrupt increase in Suni at TO-T goes against for comparison.  

 

3.6 Physical mechanisms 

Here we first discussed the physical mechanism of the increased d33. Generally, the piezoelectricity of 

ferroelectrics is evaluated by Equation (4) [58]: 

d33=2QεrPr (4) 

where Q is the electrostrictive coefficient and depends on the arrangement of B-site cation [59]. Here 

the B-site environment almost remains unchanged because Bi3+ substitutes on A-site (Figure S2, ESM). 

Therefore, d33 hinges on εrPr, leading to a similar change in d33 and εrPr at x=0.90-1.10 (Figure 10(c)). 

The variation of εrPr is, in fact, a direct reflection of the trade-off between LRO and PNRs. Pr hinges 

on LRO [49]. Increasing Bi content gradually destroys LRO and thus leads to a decrease in Pr. εr is 

determined by the phase structure and PNRs [2, 41]. The multiphase coexistence enhances εr because 

of the susceptible lattice [2], and PNRs also contribute to the increase in εr because of its easy response 

to stimuli [41]. Therefore, combined effects from the reduced Pr and increased εr lead to the inverted 

“V” variation of εrPr. Specifically, slightly decreasing Bi content increases Pr and remains a relatively 

high εr, and slightly increasing Bi content decreases Pr and increases εr, thus resulting in the high 

retention of >85% in d33 at x=0.90-1.10. Besides, the rapidly decreased d33 at x=1.10-1.20 is due to the 

increased PNRs that make the full re-orientation of domains more and more difficult, resulting in the 

reduced degree of poling, as demonstrated by the rapid reduction in phase angle (θ) (Figure 10(b)) [30, 
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60]. 

 

Furthermore, the trade-off between LRO and PNRs is also revealed by the relaxor characteristics. 

Generally, part PNRs are re-orientated after the poling process and become collinear with domains 

(i.e., C-PNRs), and others remain non-collinear (i.e., N-PNRs) (Figure 10(c)) [41]. However, C-PNRs 

readily return to the initial state because of the local random fields, which has been widely observed 

in the electric-induced reversible ferroelectric-relaxor phase transition [61]. We illuminated this by 

using Landau theory (Figure 10(d)) [41, 62]. After poling, the Landau energy of PNRs becomes 

flattened but that of LRO is tilted, leading to the enhanced difference between them (Figure 10(d)). 

The enhanced energy difference suggests the easier back-switching of C-PNRs. Therefore, the relaxor 

characteristics in unpoled and poled samples are expected to be different. In the case of low Bi content, 

LRO well remains and the content of PNRs is relatively low. Thus, the poling process largely re-

orientates domains and PNRs, and thus reduces the degree of relaxor characteristics. Conversely, in 

the case of high Bi content, the poling process cannot largely re-orientate PNRs because of the partly 

destroyed LRO and the high PNRs content. Thus, the degree of relaxor characteristics is enhanced 

because of the high content of N-PNRs and the large energy difference between C-PNRs and LRO. 

The former is demonstrated in samples with x=0.80-0.90 that show the decrease in the maximum 𝜀′′ 

after poling (Figure 10(e)), and the latter is demonstrated in samples with x=1.10-1.20 that show the 

increase in the maximum 𝜀′′ after poling (Figure 10(f)).     
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Figure 10. (a) d33, εrPr, and (b) phase angle (θ) of poled samples; (c) distribution of domains and PNRs in poled 

samples; (d) Landau energy profile of LRO and PNRs in unpoled and poled samples; 𝜀′′-T curves of unpoled and 

poled samples with x=0.80-1.0 (e) and x=1.0-1.20 (f). Phase angle (θ) is extracted from Figure S13, ESM. The Landau 

theory of PNRs is adopted from Ref. [41]. 𝜀′′ -T curves are measured by the heating process to avoid the 

depolarization. 

 

Since we have demonstrated the enhanced relaxor characteristics and the reduced contribution of 

domain switching to the initial strain with increasing Bi content, we thus focused on the temperature 

range of the relaxor characteristics. Because of the reduced domain switching at x≥1.0, Suni thus hinges 

on the converse piezoelectric effect and thus is highly associated with the phase structure [22]. We 

demonstrated the association by 𝜀′-T curves and temperature-dependent Suni (Figures 11(a1-c1, a2-

c2)). 𝜀′ and Suni of samples with x=0.90 show an abrupt increase near 40 oC that is close to TO-T 

(Figures 11(a1, a2)). However, TO-T of samples with x=1.00-1.10 is at room temperature or lower than 

it, leading to a monotonous decrease in Suni. Finally, samples with x=1.10 show a more flattened 𝜀′ at 

20-180 oC than samples with x=0.90 and 1.00, which is responsible for the weaker temperature 
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dependency of Suni in samples with x=1.10. Besides, the temperature range of the diffused phase 

transition is also revealed by the temperature-dependent Ec. It has been demonstrated that Ec first 

increases and then decreases when the phase structure transforms from an O phase or a multiphase 

coexistence to a T phase because of the high tetragonality (c/a) (Figures 11(a3-c3)) [22, 63, 64]. Here, 

the increment of Ec reduces from 9.3% (at x=0.90) to 6.1% (at x=1.00), and finally to 0.67% (at x=1.10), 

demonstrating that the phase transition becomes more and more diffused. Therefore, the improved 

temperature stability of Suni at x=1.10 originates from the reduced contribution from domain switching 

and the enhanced diffused phase transition, demonstrating the validity of the concept.   

 

Figure 11. Temperature-dependent 𝜀′, normalized Suni, and normalized Ec of samples with x=0.90 (a1-a3), 1.00 (b1-

b3), and 1.10 (c1-c3). The insets to (a3-c3) show the phase transition from the R-O-T multiphase coexistence to the 

T phase. The red, blue, and green arrows respectively represent the spontaneous polarization of T, O, and R phases. 

The variations of Ec with temperature are extracted from Figure S14, ESM. 
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4. Conclusions 

Here we propose a new concept, tuning the trade-off between long-range ordering (LRO) and polar 

nanoregions (PNRs), to relieve the sensitivity of d33 to composition and strengthen temperature 

stability of strain in KNN-based ceramics with an already-constructed multiphase coexistence. We 

realized it by tailoring the Bi content in 0.96(K0.48Na0.52)(Nb0.955Sb0.045)O3-0.04(BixNa4-3x)0.5ZrO3-

0.3mol%Fe2O3 ceramics. Through the combined tools (i.e., XRD patterns, temperature-dependent 

dielectric properties, and Rietveld refinements), we demonstrated an O-T phase coexistence for x=0.80 

and an R-O-T phase coexistence for x=0.90-1.20 and the enhanced relaxor characteristics with 

increasing Bi content. Increasing Bi content gradually reduces the domains in quantity and size but 

enhances the local piezoelectric response. We obtained not only the high retention of >83% at x=0.80-

1.10 in d33 but also higher d33 at x=0.90-0.95, relieving the sensitivity of d33 to composition. We also 

obtained not only the enhanced strain but also the high retention of ≥79% over a wide temperature 

range of 20-180 oC at x=1.10, irrespective of electric fields, strengthening the temperature stability. 

We demonstrated that high d33 hinges on the trade-off between LRO and PNRs; the enhanced Suni at 

x=1.00-1.20 is ascribed to the enhanced converse piezoelectric effect, as demonstrated by the enhanced 

local piezoelectric response; and the enhanced stability of Suni originates from the reduced contribution 

from domain switching and the enhanced diffused phase transition. Therefore, the new concept 

weakens the degree of the polymorphic phase transition characteristic to some degree and helps further 

design high-performance KNN-based ceramics for practical application. 
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