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1. Methods 

Preparation of materials: (1-x)(K0.48Na0.52)(Nb0.955Sb0.045)O3-x(Bi0.5Ag0.5)ZrO3-0.2wt%Fe2O3 

(abbreviated as KNNS-xBAZ-Fe, x=0-0.08) ceramics were fabricated by the solid-state method. 

K2CO3 (99%), Na2CO3 (99.8%), Nb2O5 (99.5%), Bi2O3 (99.999%), Sb2O3 (99.99%), Fe2O3 (99%), 

Ag2O (99.7%) and ZrO2 (99.5%) (Sinopharm Chemical Reagent Co., Ltd, China) were selected as raw 

materials. 0.2wt% Fe2O3 was doped to promote the sinterability of KNN-based ceramics.1 All raw 

materials were dried at 180 oC for 3 h due to the hygroscopicity. Mixed raw materials were ball-milled 

for 24 h with zirconia ball media and alcohol in plastic jars. Then, the dried slurry was calcined at 850 

oC for 6 h. The calcined powder was pressed into disks of 10 mm diameter and 1 mm thickness under 
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10 MPa using PVA as a binder. After burning off the PVA at 500 oC for 5 h, the green disks were 

sintered at 1060-1120 oC for 3 h under a corundum crucible in air. To characterize the electric 

properties of ceramics, the silver paste was printed on both sides of the as-sintered disks, which were 

then baked at 600 oC for 30 min to form electrodes. Finally, the coated-samples were poled under a 

direct current (DC) electric field of 4 kV/cm for 30 min in a silicone oil bath at room temperature.

Characterization: The crystal information was collected by an X-ray diffraction (XRD) instrument 

(Bruker D8 Advance XRD, BrukerAXS Inc., Madison, WI, Cu-Kα). To carry out the Rietveld 

refinement, the as-sintered samples with x=0.04 were ground into powder and then annealed at 600 oC 

for 30 min to eliminate internal stress. The powder XRD data was collected using a high-resolution 

XRD apparatus (X’ Pert Pro MPD, DY 120 PANalytical, Netherlands). Maud software package was 

used to conduct the Rietveld refinement.2, 3 in situ temperature-dependent Raman spectra were 

measured by a Raman equipment (Horiba Aramis, Horiba Scientific, Japan) with the excitation source 

of 473 nm radiation, in connection with external temperature controller (HFS600E-PB4/PB2, Linkam 

Scientific Instruments, UK). To measure the powder XRD pattern and Raman spectra of poled samples, 

the as-sintered samples were painted by the conductive silver adhesives (TED PELLA, Leitsilber 200 

Silver Paint, USA) and then poled at a DC electric field of 4 kV/cm for 30 min in a silicone oil bath at 

room temperature. After poling, the samples were immersed into the acetone to remove the conductive 

silver adhesives. The samples for transmission electron microscopy (TEM) measurements were 

prepared by a focused ion beam (FIB, Helios G4, Thermo Fisher Scientific, USA). The domain 

structures were collected by an FEI Titan 80-300 electron microscope (Thermo Fisher Scientific, USA) 

with an accelerating voltage of 300 kV. 

The direct piezoelectric coefficient (d33) of the poled samples was measured by a quasi-static d33 meter 

(ZJ-3 A, China) after aging for 24 hours. Temperature-dependent dielectric properties (i.e., relative 
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permittivity εr, real part of permittivity , imaginary part of permittivity , and dielectric loss tan δ) 𝜀′ 𝜀′′

were measured by a broadband dielectric spectrometer (Novocontrol Concept 80, Novocontrol, 

Germany). The room-temperature dielectric properties (e.g., εr and tan δ) were measured by an LCR 

analyzer (HP 4980, Agilent, USA). The polarization-electric field (P-E) loops, bipolar strain-electric 

field (S-E) curves, and unipolar curves were measured via a ferroelectric analyzer (aixACCT TF 

Analyzer 2000, Germany) with a laser interferometer vibrometer (SP-S120/500, SIOS Meßtechnik 

GmbH, Germany), at a frequency of 1 Hz. 

Phenomenological theory: Based on Landau-Ginsburg-Devonshire phenomenological model, the 

density of Gibbs free energy for stress-free ferroelectric can be expressed as4:
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where Pi (i=1, 2, 3) is the polarization. α1, α11, α12, α111, α112 and α123 are Landau energy coefficients, 

whose values determine the thermodynamic behavior of ferroelectric phases, ferroelectric transition 

temperature and the stability of ferroelectric phases. According to dielectric properties and phase 

transition temperature of 0.96(K0.48Na0.52)(Nb0.955Sb0.045)O3-0.04(Bi0.5Ag0.5)ZrO3-0.2wt%Fe2O3, the 

Landau coefficients are set to be:

α1 = 2.273×106×(tem-498) C-2m2N,

α11 = 2.647×106×(tem-508) C-4m6N,

α12 = 9.66×108 C-4m6N,

α111 = (-5.86×107(tem-508)-2.81×109) C-6m10N,

α112 =-1.99×109 C-6m10N,
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α123 =1.55×1010 C-6m10N.

2. Supporting materials

We first measured the room-temperature XRD patterns of KNNS-xBAZ-Fe ceramics (Figure S1(a)). 

All samples exhibit a pure perovskite structure without other secondary phases, indicating all additives 

effectively diffused into KNN ceramics’ lattice. {100}pc and {200}pc diffractions are enlarged to show 

the variations of XRD patterns (Figure S1(b)). Two diffractions monotonously shift to a lower angle 

with increasing x. Substituting on Nb5+ (CN=6, ion radii=0.64 Å) with Zr4+ (CN=6, ion radii=0.72 Å) 

expands the interplanar spacing (d), resulting in a decrease in 2θ.5    

Figure S1. (a) Room-temperature XRD patterns of KNNS-xBAZ-Fe ceramics with 2θ = 20-70o; (b) enlarged XRD 

patterns with 2θ = 22-23o and 45-46o. {100}pc and {200}pc diffractions are respectively XRD patterns with 2θ = 22-

23o and 2θ = 45-46o. 

To further identify the room-temperature phase structure, we then measured the temperature-

dependent dielectric properties (i.e., , , and tan δ) for unpoled and poled samples (Figures S2-S3). 𝜀′ 𝜀′′
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-T curves show clearer dielectric anomalies at TR-O and TO-T than -T curves and thus are suitable 𝜀′′ 𝜀′

for analyzing the composition-dependent phase structure (Figures S2-S3).6-8 In unpoled samples, 

increasing x markedly reduces TO-T but slightly increases TR-O (Figures S2(a-j)). TO-T completely 

coalesces with TR-O at x=0.04 and becomes a TR-O&O-T (Figure S2(e)). At x=0.045-0.06, TR-O&O-T 

reduces to below room temperature (Figures S2(f-h)). Eventually, TR-O&O-T is absent below Tc at 

x=0.07-0.08 (Figures S2(i, j)). After poling, dielectric anomalies at TR-O and TO-T are sharpened 

(Figures S3(a-j)). Similarly, TO-T remarkably reduces and TR-O slightly increases. Therefore, the poling 

process slightly influences the values of TO-T and TR-O but substantially sharpens their dielectric 

anomalies. In particular, TR-O at x=0.04 becomes evident after poling (Figure S3(e)). A weak shoulder 

occurs on the left side of TR-O&O-T at x=0.045 (see red arrow in Figure S3(f)), whose TR-O&O-T is 

symmetric before poling (Figure S2(e)). Besides, an anomaly occurs below Tc at x=0.07 (Figure S3(i)), 

which exhibits no discernable anomaly before poling (Figure S2(i)). Therefore, the poling process does 

change the phase structure, of which the analysis is crucial to understand the physical origin of the 

piezoelectricity enhancement.                  
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Figure S2. (a-j) -T, -T, and tan δ-T curves of unpoled KNNS-xBAZ-Fe ceramics, measured at 10 kHz.   𝜀′ 𝜀′′

Figure S3. (a-j) -T, -T, and tan δ-T curves of poled KNNS-xBAZ-Fe ceramics, measured at 10 kHz.𝜀′ 𝜀′′
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By reading TO-T and TR-O from Figures S2-S3, we depicted the phase diagram to identify the room-

temperature phase structure with the help of {200}pc diffractions (Figures S4(a, b)). At x=0-0.02, TO-T 

(TR-O) is much higher (lower) than room temperature (Figure S4(a)), indicating an O phase. This is 

also supported by their {200}pc diffractions, in which (002)pc shows a double intensity than (200)pc 

(Figure S4(b)). At x=0.03, although TO-T and TO-R are not close to the room temperature (Figure S4(a)), 

(002)pc and (200)pc exhibit the comparable intensity (Figure S4(b)), indicating an O-T phase 

coexistence. Thus, the O-T phase transition spreads to the room temperature, which was also observed 

in other PBE-modified KNN-based ceramics.9 At x=0.035, TO-T is close to the room temperature, and 

TR-O becomes diffused towards the room temperature (Figure S2(d)). Also, (200)pc shows a double 

intensity than (002)pc (Figure S4(b)), indicating the increased T phase content. The similar {200}pc 

diffractions are also observed at x=0.04, which shows a TR-O&O-T near room temperature (Figures S2(e) 

and S4(b)). Therefore, it is reasonable to deduce an R-O-T multi-phase coexistence at x=0.035-0.04. 

At x=0.045-0.06, the T phase featured {200}pc diffractions remain, and TR-O&O-T shifts to near 0 oC 

(Figures S2(f-h) and S4(b)), manifesting that the T phase dominates in the R-O-T multi-phase 

coexistence. Besides, (200)pc and (002)pc get closer to each other at x=0.045-0.06, indicating the 

degraded tetragonality (c/a) and reduced ferroelectric phase (Figure S4(b)). Finally, unpoled samples 

with x=0.07-0.08 have no anomalies below Tc and no splitting in {200}pc diffractions, demonstrating 

a pseudo-cubic (PC) phase (Figures S2(i, j) and S4(b)). However, the poling process induces an 

anomaly at x=0.07 below Tc (Figure S3(i)), indicating the occurrence of the ferroelectric phase (or 

polar regions).10 Therefore, unpoled samples with x=0.07-0.08 possess the PC phase in macroscopic 

but have the ferroelectric phase (or polar regions) in local symmetry (Figure S4(a)). A similar 
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phenomenon was also observed in KNN-BT relaxors.10 These local ferroelectric phases (or polar 

regions) are reinforced by the electric field and then contribute to the occurrence of an anomaly below 

Tc in -T curves. However, the local ferroelectric phase (or polar regions) further reduces with 𝜀′′

increasing x, which explains why no enhanced anomaly occurs below Tc at x=0.08 after poling (Figure 

S3(j)). 

Figure S4. (a) TR-O and TO-T of unpoled (solid line) and poled (dashed line) KNNS-xBAZ-Fe ceramics; (b) XRD 

patterns with 2θ = 45-46o of unpoled KNNS-xBAZ-Fe ceramics.

We then measured Raman spectra to further confirm the identification for phase structure (Figure 

S5(a)). v1 mode is the doubly degenerated stretching mode of O-Nb-O (Figure S5(d)) and was used to 

identify the phase transition of KNN-based ceramics.11, 12 v1 mode shows the anomaly at x=0.02, 0.03, 

0.035, 0.045, and 0.0.6 (see the black arrows in Figure S5(b)). Then, the Lorentz fitting is carried out 

to extract the Raman shifting of v1 mode (Figure S5(c)). The position of v1 mode exhibits a “W”-shaped 

variation, reaching two minimum values at x=0.02 and 0.06 as well as one maximum value at x=0.045 
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(Figure S5(e)). The anomalies are also observed in the full width at half maximum (FWHM) and 

intensity of v1 mode (Figures S5(f, g)). v1 mode shifting to a higher (lower) wavelength manifests the 

increase (decrease) of Nb-O bond energy, which is caused by the elongation (contraction) of Nb-O 

bond length.11, 12 The lattice volume is expanded by adding (Bi0.5Ag0.5)ZrO3, indicating the elongation 

of Nb-O bond length (Figure S1). Thus, v1 mode shall monotonously shift to the lower wavelength if 

no phase transitions occur (Figure S5(d)). However, the situation only occurs at x=0-0.02 and x=0.045-

0.06 (Figures S5(e-g)), which respectively possess a single O phase and an R-O-T multi-phase 

coexistence dominated by T phase (Figure S4(a)). Therefore, the inflection points at x=0.02 and x=0.06 

are ascribed to the phase transitions, namely, from O phase to O-T phase coexistence and from 

predominating T phase to PC phase. v1 mode shifts to the higher wavelength at x=0.02-0.04 because 

of involving R and T phases that have a shorter Nb-O bond length (Table S1). The phase transition 

from the O-T phase coexistence to the R-O-T phase coexistence is a very gradual process, which even 

isn’t reflected by v1 mode’s position but is revealed by the FWHM and intensity of v1 mode (Figures 

S5(f, g)). v1 mode shifts to the higher wavelength at x=0.07-0.08 because of the increased PC phase 

that has the highly symmetric NbO6 octahedron and the strong Nb-O bond energy. Therefore, Raman 

spectra further support the room-temperature phase structure deduced by -T curves and {200}pc 𝜀′′

diffractions.                     
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Figure S5. Raman spectra of KNNS-xBAZ-Fe ceramics with the wavelength range of (a) 100-1000 cm-1 and (b) 500-

700 cm-1; (c) Lorentz fitting for the Raman spectrum of KNNS-xBAZ-Fe (x=0) ceramics with the wavelength range 

of 500-700 cm-1; (d) Structural models of KNNS ceramics, KNNS-xBAZ-Fe ceramics, and v1 mode; variations of v1 

mode in the (e) position, (f) FWHM, and (g) intensity. The structural model of v1 mode is depicted from the 3-

dimension (3D) view and front view. The blue arrows indicate the direction of stretching vibration. The cyan double-

headed arrows indicating the elongation of Nb-O bond length after doping (Bi0.5Ag0.5)ZrO3.

Since the controversy of phase structure still exists in PBE-modified KNN-based ceramics, the 

Rietveld refinements for unpoled and poled KNNS-xBAZ-Fe (x=0.04) ceramics are carried out by 

using three possible combinations, i.e., R+O+T, O+T, and R+T (Figures S6-S9). Figures S6(a-f) show 

the full view of Rietveld refinement for unpoled and poled powder XRD patterns of KNNS-xBAZ-Fe 

(x=0.04) ceramics with three possible combinations, that is, R+O+T, O+T, and R+T. The detailed 
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analysis is shown in Figures S7-S9.

Figure S6. Rietveld refinement for unpoled and poled powder XRD patterns of KNNS-xBAZ-Fe (x=0.04) ceramics 

with the combinations of (a, d) R+O+T, (b, e) O+T, and (c, f) R+T.

Figures S7(a-c) show the enlarged view of Rietveld refinement for unpoled powder XRD patterns of 

KNNS-xBAZ-Fe (x=0.04) ceramics with three combinations. Clearly, the R+O+T combination shows 

the best matching between the raw data and fitting one, which is manifested by the fewest misfit 

regions and the flattened blue line, indicating the existence of R-O-T multi-phase coexistence. 
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Figure S7. Enlarged view of Rietveld refinement for unpoled powder XRD patterns of KNNS-xBAZ-Fe (x=0.04) 

ceramics with the combination of (a) R+O+T, (b) O+T, and (c) R+T. The black dots, red line, blue line, and green 

arrows are the raw data, fitting data, difference between raw and fitting data, and misfit regions, respectively.

Figures S8(a-c) show the enlarged view of Rietveld refinement for poled powder XRD patterns of 

KNNS-xBAZ-Fe (x=0.04) ceramics with three combinations. Similarly, the R+O+T combination still 

shows the best matching between the raw data and fitting one, which is manifested by the fewest misfit 

regions and the flattened blue line, indicating the existence of R-O-T multi-phase coexistence. 

Therefore, the R-O-T multi-phase coexistence is preserved after poling. 
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Figure S8. Enlarged view of Rietveld refinement for poled powder XRD patterns of KNNS-xBAZ-Fe (x=0.04) 

ceramics with the combination of (a) R+O+T, (b) O+T, and (c) R+T. The black dots, red line, blue line, and green 

arrows are the raw data, fitting data, difference between raw and fitting data, and misfit regions, respectively.

Rietveld refinements with 2θ = 45-46o are further enlarged to show the matching degree of different 

combinations. Before poling, the best matching between the raw data and the fitting one is found to be 

the R+O+T combination, as manifested by the fewest misfit regions (Figures S9(a, e, i)) and lowest 

Sig (and Rw) value (Table S1). Note that the combinations of O+T and R+T still show the acceptable 

Sig and Rw values (Table S1), further indicating the existence of R and O phases. After poling, the 

R+O+T combination still displays the best matching (Figures S9(b, f, j)). While the R+T combination 

shows the improved matching ability (Figures S9(j)), indicating the enhanced content of the R phase. 

Therefore, Rietveld refinements also support the R-O-T multi-phase coexistence. Considering the R-

O-T multi-phase coexistence in both unpoled and poled KNNS-xBAZ-Fe (x=0.04) ceramics, it is 

important to see variations of the phase fraction. Before poling, the O phase is predominating within 

the R-O-T multi-phase coexistence because TO-T is close to the room temperature and TR-O becomes 
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diffused (Figures S2(e)). The O+T combination also supports this (Figures S9(g)). After poling, R and 

T phase fractions increase at the expense of O phase fraction, yet the O phase still occupies the majority 

(Figures S9(d, h, l)). Thus, the poling process slightly transforms the O phase into R and T phases, 

which is consistent with the sharpened TR-O and TO-T (Figure S3(e)). Besides, the increased T and R 

phase fractions are also found in the O+T and R+T combinations (Figures S9(h, l)). A similar 

phenomenon was also reported in BCTZ ceramics. Brajesh et al. confirmed the diffused R+O+T phase 

coexistence in both unpoled and poled BCTZ ceramics and observed the increased R phase content in 

poled BCTZ ceramics.13

Figure S9. Phase fraction of refinement for (a, e, i) unpoled and (b, f, j) poled powder XRD data of KNNS-xBAZ-Fe 

(x=0.04) ceramics; (c, d, g, h, k, l) the phase fraction of the corresponding refinement.

After clarifying the composition-dependent phase structure, we then analyzed the structural softening 

by considering the crystal structure and the macro performance. Figure S10 shows the structural 
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softening analysis for KNNS-xBAZ-Fe (x=0) ceramics. Generally, v1 mode monotonously shifts to the 

lower wavelength with increasing temperature if no phase transitions occur, due to the steady phonon 

softening.14 However, in the case of KNNS-xBAZ-Fe (x=0) ceramics, two anomalies are visible at -50 

oC and 135 oC (Figures S10(a, b)), corresponding to TR-O and TO-T in -T, -T, and tan δ-T curves 𝜀′ 𝜀′′

(Figures S10(c-e)). After poling, the anomalies at TR-O and TO-T are sharpened, and  (tan δ) at TO-T 𝜀′

increases (decreases) (Figures S10(f-h)), which are ascribed to the re-orientation of ferroelectric 

domains. The re-orientated domains remain before TO-T but suddenly disrupted at TO-T, resulting in the 

sharp domain wall motion and then the enhanced dielectric response.15 The more sharpened anomalies 

at TR-O and TO-T were observed in highly-orientated KNN-based single crystals.15 Then, the diffuseness 

degree (γ) is calculated by using a modified Curie-Weiss law

                           (1)
1

𝜀(𝑇) ―
1

𝜀𝑚
=

(𝑇 ― 𝑇𝑚)𝛾

𝐶

where εm is the maximum permittivity at Tm, and C is the Curie-like constant. Generally, γ is within 

1~2, in which 1 represents a classical ferroelectric and 2 indicates a typical relaxor ferroelectric.16 Both 

poled and unpoled samples show a γ of 1.27 (Figures S10(i-k)), indicating a classical ferroelectric with 

dominating long-range ordered ferroelectric domains. Finally, the temperature-dependent remanent 

polarization (Pr), maximum polarization (Pmax), and coercive field (Ec) also demonstrate the sharpened 

TO-T (Figures S10(l, m)). Pr and Pmax sharply reduce at TO-T, at which Ec sharply increases (Figures 

S10(l, m)). The sharp decrease of Pr and Pmax is due to the gradually destroyed long-range ordered 

ferroelectric domains, and the sharp increase of Ec is caused by the large tetragonality and difficult 

domain wall motion of the T phase.15 Therefore, the lattice arrangement and long-range ordered 

ferroelectric domains of KNNS-xBAZ-Fe (x=0) ceramics are not significantly destroyed due to the 

only slight addition of Sb5+.   
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Figure S10. Structural softening analysis for KNNS-xBAZ-Fe (x=0) ceramics. (a) Temperature-dependent Raman 

spectra of the unpoled sample; (b) position of v1 mode varying with temperature; (c) -T, (d) -T, and (e) tan δ-T 𝜀′ 𝜀′′

curves of the unpoled sample; (f) -T, (g) -T, and (h) tan δ-T curves of the poled sample; (i) εr-T curves of unpoled 𝜀′ 𝜀′′

and poled samples; linear fitting between ln (T-Tm) and ln (1/εr-1/εm) of (j) unpoled and (k) poled samples; variations 

of (l) Pr and Pmax, as well as (m) Ec of the poled sample. Pr, Pmax, and Ec are extracted from Figure S13.

Figure S11(a) shows the εr-T curves of poled KNNS-xBAZ-Fe ceramics. Increasing x gradually shifts 

the Curie temperature (Tc) to the lower temperature and broadens the dielectric anomaly at Tc, 

indicating the reduced Tc and the increased diffuseness degree. Figure S11(b) shows the Tc values of 

poled KNNS-xBAZ-Fe ceramics. Tc monotonously reduces with increasing x, resulting in a slope of -

23.73 oC/(1%mol). The decreased Tc was also widely reported in other phase boundary engineered 

(PBE)-modified KNN-based ceramics because of adding the additives.8, 17, 18 Though the decreased Tc, 

a relatively high Tc of 220 oC is found in the sample with x=0.04, which also exhibits the highest d33 

value of 555 pC/N. Then, the linear fitting between ln (T-Tm) and ln (1/εr-1/εm) is carried out to show 
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the variation of diffuseness degree (γ) (Figures S11(c, d)). γ gradually increases from 1.27 (at x=0) to 

1.93 (at x=0.08), indicating the progressive phase transition from ferroelectric to relaxor.16      

Figure S11. (a) εr-T curves of poled KNNS-xBAZ-Fe ceramics, measured at f=10 kHz; (b) Tc value varying with x; 

(c) linear fitting between ln (T-Tm) and ln (1/εr-1/εm); (d) relaxor degree (γ) varying with x.

Figures S12(a-c) show the composition-dependent P-E loops, bipolar strain curves, and unipolar strain 

curves of KNNS-xBAZ-Fe ceramics. The variations of remanent polarization (Pr), maximum 

polarization (Pmax), coercive field (Ec), positive strain (Spos), poling strain (Spol), negative (Sneg), 

unipolar strain (Suni), and Suni/Emax (d33
*) are listed in Figures S12(d-f). Pr, Pmax, and Ec gradually reduce 

with increasing x, indicating the deterioration of ferroelectricity (Figure S8(d)). The deteriorative 

ferroelectricity is ascribed to the gradually destroyed long-range ordered ferroelectric domains and the 

increased polar nanoregions (PNRs), which are caused by the addition of additives (i.e., Sb5+ and 
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(Bi0.5Ag0.5)ZrO3 in this work). 

Conversely, the positive strain (Spos), negative strain (Sneg), poling strain (Spol = Spos + Sneg), unipolar 

strain (Suni), and Suni/Emax (d33
*) first increase and the reduce, reaching their maximum values in the 

multi-phase coexistence region (Figures S12(e, f)). The enhanced strain properties are attributed to the 

improved converse piezoelectric response and enhanced non-180o domain wall motion in the multi-

phase coexistence region.19 Besides, the sample with x=0.08 exhibits a sprout-shaped bipolar strain 

curve without the Sneg, indicating the typical electrostriction effect. In particular, a pure electrostriction 

strain of 0.084% is observed, 10 times larger than that of morphotropic relaxor boundary (MRB)-

modified KNN-BT ceramics measured at a higher electric field.10 Therefore, the obtained high 

electrostriction strain is promising for the precise displacement control application.20      
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Figure S12. (a) P-E loops, (b) bipolar strain curves, and (c) unipolar strain curves of KNNS-xBAZ-Fe ceramics; 

variations of (d) Pr, Pmax, Ec, (e) Spos, Spol, Sneg, (f) Suni, and d33
*.  

Figures S13(a-f) show the temperature-dependent P-E loops, bipolar strain curves, and unipolar strain 

curves KNNS-xBAZ-Fe ceramics with x=0 and 0.04. P-E loops gradually become slim with increasing 

temperature because of the gradually destroyed ferroelectric domains (Figures S13(a, b)). Sneg of the 

sample with x=0.04 gradually reduces with increasing temperature (Figure S13(d)), indicating the 

reduction of non-180o domain switching.21 Conversely, Sneg of the sample with x=0 first increases and 

then reduces, reaching the maximum near TO-T (Figure S13(c)). A similar tendency is also observed in 
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its Suni (Figure S13(e)). The increase of Suni and Sneg at TO-T is attributed to the O-T phase coexistence, 

more non-180o domain switching, and easier domain wall motion.19, 21 Besides, Suni of the sample with 

x=0.04 first slightly increases and then slightly reduces with the increasing temperature (Figure S13(f)), 

indicating the improved temperature stability of electric-induced strain.     

Figure S13. Temperature-dependent P-E loops, bipolar strain curves, and unipolar strain curves KNNS-xBAZ-Fe 

ceramics with (a, c, e) x=0 and (b, d, f) x=0.04.

As we know, the strain properties are closely related to the phase structure and non-180o domain 
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switching.21 Therefore, their variations with temperature are also suitable for analyzing the structural 

softening (Figure S14). As expected, Sneg, Suni, and Spol reach their maximum values in the multi-phase 

coexistence region, that is, the O-T phase coexistence region for x=0 and the R-O-T phase coexistence 

region for x=0.04 (Figures S14(a-f)). When deviating from the multi-phase coexistence, a more rapid 

decrease in Spol and Suni is observed at x=0. Thus, the relieved temperature dependence of Spol and Suni 

at x=0.04 further confirms the structural softening of the R-O-T phase coexistence.         

Figure 14. , Sneg, Spol, and Suni of the samples with (a, c, e) x=0 and (b, d, f) x=0.04 varying with temperature. Sneg, 𝜀′

Spol, and Suni are extracted from Fig. S8.

Figures S15(a-d) show the ferroelectric domains of unpoled KNNS-xBAZ-Fe (x=0) ceramics. These 

domains exhibit the alternative lamellar domains with a width of 70-170 nm and 300-500 nm, 

respectively (Figures S15(e, g, i, j)). Moreover, each side of the alternative domains is comprised of 
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the hierarchical domains with a scale of 355-415 nm (Figures S15(f, h)). These domains were also 

reported in KNN ceramics with an O phase and were believed to be associated with the herringbone 

90o domains.22-26 Therefore, the submicron domains are observed in unpoled KNNS-xBAZ-Fe (x=0) 

ceramics because of an O phase structure at room temperature.

Figure S15. Domain structure of unpoled KNNS-xBAZ-Fe (x=0) ceramics. (a, b) TEM image and (c, d) 

corresponding colored image of two representative domains; (e-j) statistics of domain width of representative 
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domains marked in (c, d).

Figures S16(a, c) are the high-resolution TEM (HR-TEM) images of KNNS-xBAZ-Fe (x=0.04) 

ceramics before and after poling. After poling, the lattice parameter is slightly increased from 0.3895 

nm to 0.3900 nm, which is probably due to the survived elongation after removing the electric field. 

The expansion of the lattice parameter was more evidently observed by in situ electric-dependent XRD 

patterns.27 Besides, the lattice parameter observed in HR-TEM images well coincides with the results 

of Rietveld refinements (Table S1).   

Figure S16. HR-TEM image of KNNS-xBAZ-Fe (x=0.04) ceramics (a) before and (c) after poling; statistics of lattice 

parameter marked in (a, c).
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Figures S17(a-f) show the impedance (Ω) and phase angle (θ) of poled samples with x=0-0.06. 

Increasing x gradually reduces θ, indicating the decreased degree of poling (i.e., the decreased degree 

of the domain re-orientation).28

Figure 17. (a-g) Impedance |Z| (Ω) and phase angle (θ) of poled samples with x=0-0.06. 

Raman shift of v1 mode not only depends on the phase structure but also the domain orientation.12 

Figures S18-S19 show the Raman spectra of unpoled and poled KNNS-xBAZ-Fe (x=0 and 0.04) 

ceramics. Then, Raman spectra with the wavelength range of 500-700 cm-1 are fitted via the Lorentz 

fitting. After poling, v1 of two samples shifts to a lower wavelength, indicating the decrease of Nb-O 

bond energy that is caused by the elongation of Nb-O bond length.29-31 This result is consistent with 

the elongation of the lattice parameter observed by HR-TEM images (Figure S16). More importantly, 

samples with x=0 show a much larger shifting compared to samples with x=0.04, that is, 6.7-11.3 for 

x=0 whereas 2.3-3.2 for x=0.04. Therefore, samples with x=0 possess a higher degree of domain re-

orientation during the poling process compared to samples with x=0.04.       
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Figure S18. Raman spectra and shifting of v1 mode in unpoled and poled KNNS-xBAZ-Fe (x=0) ceramics. For both 

unpoled and poled samples, five points in different areas are measured.

Figure S19. Raman spectra and shifting of v1 mode in unpoled and poled KNNS-xBAZ-Fe (x=0.04) ceramics. For 

both unpoled and poled samples, five points in different areas are measured.
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Table S1. Refinements results of KNNS-xBAZ-Fe (x=0.04) ceramics’ powder XRD data 

Unpoled Lattice parameter
Combination Phase a (Å) b (Å) c (Å) α (o) c/a

Sig Rw (%)

O 3.9742 5.6253 5.6726 - -
O+T

T 3.9733 3.9733 3.9949 - 1.0054
1.62 3.57

R 3.9880 3.9880 3.9880 89.81 -
R+T

T 3.9716 3.9716 3.9949 - 1.0058
2.01 4.44

R 3.9851 3.9851 3.9851 90.03 -
O 3.9835 5.6021 5.7443 - -R+O+T
T 3.9742 3.9742 3.9965 - 1.0056

1.51 3.34

Poled a (Å) b (Å) c (Å) α (o) c/a
O 3.9743 5.6325 5.6710 - -

O+T
T 3.9730 3.9730 3.9942 - 1.0053

1.63 3.56

R 3.9906 3.9906 3.9906 89.71 -
R+T

T 3.9724 3.9724 3.9954 - 1.0058
1.71 3.74

R 3.9867 3.9867 3.9867 90.11 -
O 3.9698 5.6106 5.6842 - -R+O+T
T 3.9726 3.9726 3.9952 - 1.0057

1.55 3.38
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