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Abstract: High piezoelectric properties and low strain hysteresis (H) are both equally necessary 
for practical applications in precisely controlled piezoelectric devices and systems. Unlike most 
of previous reports, where enhanced piezoelectric performance is typically accompanied by large 
hysteresis in lead-/lead-free-based ceramics, in this work, we report a reconstructed relaxor 
ferroelectric composition in 0.68Pb(Mg1/3Nb2/3)O3–0.32PbTiO3 (0.68PMN–0.32PT) ceramics 
through the introduction of (Bi0.5Na0.5)ZrO3 (BNZ) to simultaneously achieve low strain 
hysteresis (~7.68%), superior piezoelectricity (~1040 pC·N−1), and an electric field induced strain 
of 0.175%. Our work not only paves the way to simultaneously large piezoelectricity and 
negligible strain hysteresis in ceramic systems, but also lays the foundation for the further 
development of novel functional materials. 
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1  Introduction 

Piezoelectric ceramics have historically played important 
roles in medical ultrasonic probes, high-density capacitors, 
underwater acoustic imaging systems, and micro electro 
mechanical systems due to their superior dielectric, 
ferroelectric, and piezoelectric properties [1–6]. High 
performance coupled with high reliability of the 
piezoelectric ceramics results in high demand for their 
use in a host of high-tech industrial applications. 

Lead-based relaxor ferroelectric ceramics possess 
excellent electrical properties due to their compatibility  
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of the structure, diversity of the composition, and 
nonuniformity of the microdomain composition, and 
have thus become a hotspot in condensed matter physics 
and material science studies. Among the relaxor 
ferroelectrics, Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) is 
one of the most interesting candidates owing to the 
maturity of its preparation technology and its overall 
excellent performance [7–12]. As a PT end member 
content is increased, the density of irregular 
nanodomains in the ceramics also increases with the 
microdomains gradually merging into ferroelectric 
macrodomains, which shows a transition of a 
rhombohedral (R) relaxor ferroelectric phase to a 
tetragonal (T) ferroelectric phase [13]. In the proximity 
to R–T coexistence morphotropic phase boundary 
(MPB), different ferroelectric phases possess similar 
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energy, leading to a facilitated variation of polarization 
under an external stimulus, which gives rise to 
enhancing piezoelectric response of perovskite 
ferroelectrics [14,15]. 

The properties of the PMN–PT have been greatly 
improved by rare-earth element doping recently [9–11], 
leading to its versatile application. However, the low 
Curie temperature (TC), low mechanical quality factor 
(Qm), and low coercive field (Ec) reduce the 
temperature and electric field stability, thereby 
significantly limiting the use of the PMN–PT materials 
in high-performance piezoelectric devices. Along with 
high piezoelectric coefficient (d33), large strain (S) and 
low strain hysteresis (H) are of equal importance in 
many piezoelectric actuator applications. One critical 
technical challenge is to decouple the strain and 
hysteresis arising from extrinsic contribution of 
irreversible domain wall motions [16,17]. Most 
ceramics or crystals possess large H in strain–electric 
field (S–E) curves. Although large strain (~> 0.2%) can 
be achieved, there is the strain hysteresis of > 25% in 
Bi0.5Na0.5TiO3-based ceramics [18–20] and also > 15% 
in K0.5Na0.5NbO3-based ceramics [21–23], restricting 
their applications in precisely controlled devices and 
systems [24,25]. Compared with the lead-free ceramics, 
the lead-based ceramics have much smaller strain 
hysteresis. In Ref. [26], La-substituted lead zirconate 
titanate (PZT) was investigated, and the strain 
hysteresis as low as ~4% was obtained. A texture 
strategy can also make the strain hysteresis lower than 
12% with ~0.2% strain [27,28]. The strain hysteresis is 
essentially caused by domain reorientation, where 
kinetics of an electric field-induced domain motion 
lags an input voltage. In addition to a reduction in 
displacement accuracy, the strain hysteresis also leads 
to heat and energy loss due to abrasion on domain 
walls [29]. Therefore, it is urgent to develop the 
piezoelectric ceramics with high piezoelectric properties 
and low-strain hysteresis simultaneously. 

Heterovalent doping including both “hard” and 
“soft” doping to form solid solution and construct an 
MPB region is one of the effective methods to improve 
the electrical properties of the PMN–PT ceramics. 
References [7,9] demonstrate a progress in enhancing 
piezoelectric properties through the introduction of 
rare-earth elements into the PMN–PT ceramics, while 
these results are obtained at the expense of a further 
reduced TC (nearly 50%). The “soft” doping promotes 
the domain wall movement, and the “hard” doping 

plays a reverse effect [30,31]. In the lead-free piezoelectric 
ceramic systems, (Bi0.5Na0.5)ZrO3 (BNZ) has been 
widely adopted to regulate the MPB. Lv et al. [32] 
have introduced the BNZ into (K0.5Na0.5)NbO3-based 
ceramics and obtained a superior d33 of 475 pC·N−1. 
Tao et al. [33] have reported an ultrahigh d33 of 
650 pC·N−1 in a (0.96−x)K0.48Na0.52Nb0.95Sb0.05O3– 
0.04Bi0.5(Na0.82K0.18)0.5ZrO3–0.4%Fe2O3–xAgSbO3 system. 
These progresses revealed that the BNZ doping 
supports multiphase coexistence and enhances the 
strain through the promotion of domain switching and 
lattice distortion. 

In this work, we report on a ternary system 
composed of a MPB composition, i.e., 
0.68Pb(Mg1/3Nb2/3)O3–0.32PbTiO3 (0.68PMN–0.32PT), 
doped with the BNZ. A large d33 of 1040 pC·N−1 is 
obtained without a significant reduction in TC (nearly 
12%). The microstructure and dielectric response were 
researched, and the ferroelectric properties were also 
investigated. Furthermore, a large effective piezoelectric 
coefficient *

33d  along with a low H (~7.68%) were 
achieved, and the underlying mechanism for the 
superior performance were also addressed. 

2  Experimental  

(1−x)(0.68Pb(Mg1/3Nb2/3)O3–0.32PbTiO3)–x(Bi0.5Na0.5) 
ZrO3 (PMN–PT–xBNZ) ceramics (x = 0.00, 0.01, 0.03, 
0.05, and 0.07) were prepared by the modified 
columbite precursor method. PbO (99.9%), MgO 
(99.9%), Nb2O5 (99.9%), TiO2 (99.99%), Bi2O3 (99.9%), 
Na2CO3 (99.99%), and ZrO2 (99.99%) powders were 
dried at 120 ℃ for 12 h. A MgNb2O6 precursor was 
synthesized by milling for 24 h in ethanol and calcined 
at 1100 ℃ for 5 h. Then, PbO, MgNb2O6, and TiO2 
were weighed according to the stoichiometric ratio and 
mixed in ethanol for 24 h. The dried powders 
(PMN–PT) were sintered at 1100 ℃ for 2 h in air. 
Next, the PMN–PT, Bi2O3, Na2CO3, and ZrO2 were 
weighed and milled again for 24 h. 7% polyvinyl 
alcohol was added as a binder into the dried slurry and 
pressed into green compacts (10 mm in diameter, 
1 mm in thickness) under 10 MPa, and then heated at 
600 ℃ for 2 h at a heating rate of 1.5 ℃·min−1. 
Finally, the compacts were sintered at 1150–1200 ℃ 
for 2 h in air. To enable electrical characterization, the 
samples were sputtered with a gold film and poled 
under 15 kV·cm−1 for 20 min at 120 ℃ in oil. 
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Phase structures of the samples were analyzed by an 
X-ray diffractometer with Cu Kα radiation (D8, Bruker, 
Germany). The microstructure was measured by a scanning 
electron microscope (SEM; JSM-6700F, JEOL, Japan), 
and grain sizes were evaluated by the Nano Measurer 
software (Zhimikeji, Shanghai, China). The dielectric 
constant (εr) and dielectric loss (tanδ) were measured 
by an impedance analyzer (HP4294A, Agilent Technologies, 
USA) connected to a furnace (HF-Kejing, Hefei, 
China). The d33 was measured by a quasi-static meter 
(ZJ-3A, Chinese Academy of Sciences, China). A 
polarization–electric field (P–E) hysteresis loop and 
S–E curves were obtained by a ferroelectric analyzer 
(TF Analyzer 2000, aixACCT, Germany) at 1 Hz. 

3  Results and discussion 

Figure 1(a) shows X-ray diffraction (XRD) patterns of  
 

the PMN–PT–xBNZ ceramics at room temperature, 
and Fig. 1(b) shows enlarged XRD patterns in the 
region of 2θ = 63°–67°. It is observed that all the 
samples have a pure perovskite structure without any 
second phase, which displays a well-solid solution 
reaction. Obviously, split diffraction peaks of x = 0, 
e.g., the (200) peak around 2θ ≈ 45°, tend to merge 
into one peak, suggesting a structure transition as the 
addition of the BNZ. To accurately determine the effect 
of the BNZ doping on the phase structure evolution of 
the PMN–PT ceramics, Rietveld refinement with a 
peak profile fitted to the XRD patterns was conducted, 
as shown in Figs. 1(d)–1(h). For better overall 
refinement, the space groups of rhombohedral R3m, 
monoclinic Pm, and tetragonal P4mm were used in the 
calculated patterns, and the difference of the patterns 
showed that this matches the experimental data closely. 
Table 1 lists lattice parameters of the PMN–PT–xBNZ  

 
 

Fig. 1  (a) XRD patterns of PMN–PT–xBNZ ceramics measured at room temperature, (b) corresponding enlarged XRD 
patterns in region of 2θ = 63°–67°, (c) schematic illustrations of various polymorphs, (d–h) results of Rietveld structure 
refinement of ceramics, and (i) corresponding phase fractions of all ceramic samples. 
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Table 1  Lattice parameters of PMN–PT–xBNZ ceramics 

Composition Phase a (Å) b (Å) c (Å) V (Å3) 

0.00 Pm 4.02714 4.01265 4.03600 65.220 

0.00 P4mm 4.01836 4.01836 4.04598 65.331 

0.01 Pm 4.02404 4.01277 4.04143 65.259 

0.03 Pm 4.02921 4.02159 4.04177 65.492 

0.05 Pm 4.02796 4.02172 4.04102 65.462 

0.05 R3m 5.69881 5.69881 6.97917 196.6809 

0.07 R3m 5.70724 5.70724 6.99028 197.187 

0.07 Pm 4.01630 4.02056 4.05102 65.41 

 
ceramics, and the larger variation in cell volume leads 
to the XRD peaks shifting to lower diffraction angles, 
as shown in Fig. 1(b). It is well known that the MPB 
composition of the PMN–yPT system has been 
reported around y = 28–39 with a T phase fraction 
increasing with y, and with P4mm and Pm coexistent 
in the PMN–32PT [12,34]. The Rietveld refinement 
results revealed that the Pm phase is predominant 
(92.6%), another being the P4mm phase for the 
PMN–PT ceramics (7.4%), as shown in Fig. 1(i), and 
the lattice parameters are a = 4.027 Å, b = 4.013 Å, 
and c = 4.036 Å, which are consistent with those 
reported by other literature. With the addition of the BNZ, 
the phase structure tends to evolve from Pm–P4mm 
MPB for x = 0.00 to a single Pm phase for x = 0.01 and 
0.03. With the continuous increase of the BNZ content, 
the single Pm phase is transformed into R3m–Pm MPB 
for x = 0.05 and 0.07. It is apparent that the overall  
 

crystal structure presents a trend of the transformation 
from Pm to R3m with the introduction of the BNZ. 
Especially, the ceramics of x = 0.05 achieve relative 
trade-off phase coexistence of 38.55% R3m and 
61.45% Pm with enhanced lattice parameters of      
a = 4.028 Å, b = 4.022 Å, and c = 4.041 Å. The reason 
can be attributed to that ionic substitutions of 
(Bi0.5Na0.5)

2+ (~1.175 Å) for the A-site Pb2+ (~1.29 Å) 
and Zr4+ (~0.72 Å) for the B-site Mg2+ (~0.72 Å), Nb5+ 
(~0.64 Å), and Ti4+ (~0.61 Å) occur during the 
formation of the solid solution; furthermore, the size 
mismatch could give rise to random strain, and the 
valence mismatch could generate local electric fields, 
which lead to obvious lattice distortion and structural 
phase transition. It is reported that the Pm phase 
possesses only six spontaneous polarization directions 
along the [100] direction, while the R3m phase 
possesses eight spontaneous polarization directions 
along the [111] direction [35]; hence, the increase in 
the number of the polarization directions caused by the 
addition of the BNZ facilitates the reduction of a 
polarization barrier, which is expected to improve the 
dielectric and piezoelectric properties. Therefore, it is 
reasonable to anticipate high piezoelectric response in 
the PMN–PT–xBNZ by introducing an adequate 
content of the BNZ to tune the R3m–Pm phase 
transition temperature close to ambient environment. 

Figure 2 demonstrates surface morphology images 
of the PMN–PT–xBNZ ceramics after polishing and  

 

 
 

Fig. 2  SEM micrographs of PMN–PT–xBNZ ceramics; the insets show grain size distributions (calculated by Nano Measurer 
software) with Gaussian fitting: (a) x = 0.00, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05, and (e) x = 0.07. (f) Grain size distributions 
of samples. 
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thermal etching. The insets of Figs. 2(a)–2(e) correspond 
to the grain size distribution as evaluated by the Nano 
Measurer software using a population of about 300 
grains in SEM micrographs. All the samples show a 
dense, uniform microstructure with no obvious pores. 
With the addition of the BNZ, the average grain size 
shows a significant increasing trend, with a significant 
increase in the average grain size with the BNZ content 
increasing, and then keeps stable approximately with a 
higher dopant level. In particular, the ceramics with x = 
0.05 show better-developed grains, as expressed by 
clearer grain boundaries and more uniform grain size 
distributions. It can be confirmed from these results 
that the introduction of the BNZ content into the 
PMN–PT can promote grain growth. 

A phase transformation can be observed in 
temperature-dependent dielectric properties. Dielectric 
permittivity and loss factor of the PMN–PT–xBNZ 
ceramics at different frequencies and temperatures 
were measured and are presented in Figs. 3(a)–3(e) for 
various BNZ contents. The insets in Fig. 3 are linear  

 

fits between ln(1/ε − 1/εm) and ln(T − Tm), where γ is 
the slope of the fitting curves, as calculated by Eq. (1): 

 m

T m

( )1 1 T T

C


 

ε ε  
(1) 

where εm is the maximum dielectric constant at Tm, and C 
is the Curie-like constant. The γ can be used to determine 
a diffuseness degree, which is 1 for classical ferroelectrics 
and 2 for ideal relaxors [36]. The phase transition of the 
relaxor ferroelectrics occurs over a wide temperature 
range rather than a more precise TC, as compared to 
that of normal ferroelectrics. For the relaxor ferroelectrics, 
the temperature where εr reaches the maximum is named 
Tm as an analog to TC. The Tm and γ of the PMN– 
PT–xBNZ samples are summarized in Fig. 3(f). Relaxor 
nature of the dielectric curves is evidenced in the broad 
peak with respect to the temperature. The Tm of all the 
ceramics shift slightly higher, and the dielectric 
maxima broadens with the increasing frequency, 
consistent with γ nearly approaching 2. With the BNZ 
content increasing, Tm shows a decreasing trend from  

 
 

Fig. 3  (a–e) Temperature dependence of εr and tanδ of PMN–PT–xBNZ ceramics; the insets are graphs of ln(1/ε − 1/εm) vs. 
ln(T − Tm) for ceramics at 1 kHz. (f) Tm and γ of samples. All measured ceramics were poled. 
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158 ℃ for x = 0.00 to 99 ℃ for x = 0.05. According 
to Landau theory, TC is directly proportional to the 
spontaneous polarization at 0 K (Ps) followed by Eq. (2) 
(α is a constant) [37,38]. In this work, Bi3+ and Na+ 
enter the A site of the lead-based perovskites, which 
lower lead concentration and weaken Pb–O hybridization, 
leading to the decreased polarization and Tm. Meanwhile, 
the temperature of the R–T phase transition (TR–T) 
broadens with the BNZ content increasing until 
virtually disappears. The reason may be that the phase 
structure is dominated by monoclinic symmetry with 
the space group of Pm and the rhombohedral with R3m, 
as suggested by the XRD data (Fig. 1). 

 
2

C sT P  (2) 

To explore the ferroelectric properties, the P–E loops 
and current–electric field (J–E) curves of the 
PMN–PT–xBNZ ceramics were measured at room 
temperature and are shown in Figs. 4(a) and 4(b), 
respectively. The key specifications, including remnant 
polarization (Pr), maximum polarization (Pmax), 
coercive field (Ec), total strain (St), and unipolar strain 
(Su), are summarized in Fig. 4(e). It can be seen clearly 
that all the ceramics exhibit typical ferroelectric 
behaviors with the saturated polarization hysteresis, 
while the ceramics with 0.00 ≤ x ≤ 0.05 are closed 
to rectangular, and the ceramics with x = 0.07 tend to 
be thinner, indicating that the ceramics transform from 
the ferroelectrics to the relaxor ferroelectrics with the 
BNZ content increasing. The Pr and Ec values both 
show a downward trend by a small amount as the BNZ  
 

content increases. This result may be contributed to 
more spontaneous polarization directions in a monoclinic 
phase than those in the T ones, and those of the R phase 
are between them [39]. In addition, the unit-cell distortion 
of the R phase would decrease due to intergranular 
stress constraint, which leads to the decreae of Pr, as 
reflected in Fig. 4(e). With the BNZ content increasing, 
Jmax, corresponding to the current peak in the first 
quadrant, moves toward a lower electric field, which is 
accompanied by a decreased Ec. This indicates that it is 
easier to reverse the spontaneous polarization for the 
BNZ-modified PMN–PT ceramics. Electric field-induced 
strain is a crucial indicator for piezoelectric actuators 

[40]. The strain hysteresis properties, including Su and 
bipolar strain, are characterized in Figs. 4(c) and 4(d), 
respectively. The St values of the ceramics initially 
decrease with the x increasing, with a local maximum 
at x = 0.05. The Ec value in the P–E loop is consistent 
with the minimum value in the bipolar strain. 
Reference [41] indicates that the T phase and R phase 
respond differently to an applied electric field, with 
high domain switching strain for the T phase and high 
lattice strain for the R phase. 

The detailed electromechanical properties of the 
PMN–PT–xBNZ ceramics are listed in Table 2 wherein 
kp is the planar electromechanical coupling. We can notice 
that the piezoelectric properties are much improved by 
the BNZ doping compared with those of the undoped 
ceramics. This result is consistent with the empirical 
equation (Eq. (3)), where Q33 is the electrostrictive  

 
 

Fig. 4  Polarization and current density vs. electric field: (a) P–E loops and (b) J–E curves of PMN–PT–xBNZ ceramics.     
(c) Unipolar S and (d) bipolar S curves at 20 kV·cm−1 of samples. (e) Variation of Pr, Pmax, Ec, St, and Su as a function of BNZ content. 
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Table 2  Piezoelectric and dielectric properties of 
PMN–PT–xBNZ ceramics 

x 
d33  

(pC·N−1) 

*
33d   

(pm·V−1) 
H (%) kp εr tanδ Tm (℃)

0.00 580 701 12.92 0.57 3057 0.027 158 

0.01 640 712 8.56 0.58 4038 0.033 149 

0.03 870 774 8.29 0.63 6559 0.042 131 

0.05 1040 873 7.68 0.57 6884 0.042 123 

0.07 670 716 17.55 0.38 5948 0.058 99 

 
coefficient, which is insensitive to the phase structure 
of the perovskite materials [42], and ε33 is the dielectric 
permittivity. 

 33 33 r 332d Q P  (3) 

To further understand the origin of the superior 
electrical performance of the PMN–PT–xBNZ 
ceramics, the dielectric properties and loss factors at 
the cryogenic temperature for the unmodified 
PMN–PT (the MPB region) and PMN–PT–0.05BNZ 
(located at the MPB, which is reconstructed and takes 
the highest electrical properties in this system) were 
measured, as shown in Figs. 5(a) and 5(b), respectively. 
With the temperature increasing, a large εr of 15,062 
is observed in the PMN–PT–0.05BNZ ceramics, which  
 

is much higher than that of the undoped composition 
(εr = 9067) over the measuring temperature range. 
For the PMN–PT–0.05BNZ, a dielectric loss peak is 
found though no obvious fluctuations appear in the 
pure PMN–PT ceramics within the same temperature 
range. Also, the maximum tanδ of the PMN–PT– 
0.05BNZ (~0.060) is much larger than that of the pure 
PMN–PT (~0.027). We presume that the dielectric loss 
peak and tanδ differences are due to the induced BNZ 
enhancing dynamics of local structure heterogeneity, 
and a similar phenomenon has been reported in Refs. 
[34,43,44] on Sm modification. An imaginary part of 
the dielectric permittivity (ε''/ε0) measured within the 
frequency range from 1 to 30 kHz as a function of the 
temperature is displayed in Figs. 5(c) and 5(d). A 
strong dielectric relaxation behavior is observed for the 
doped ceramics, where Tm of ε''/ε0 shifts upward by 
roughly 10 ℃ with the frequency increasing. This 
behavior is not displayed in the undoped counterpart 
under the same test conditions. Obviously, the addition 
of aliovalent BNZ will lead to the dielectric relaxor 
behavior of the ceramics, which could introduce 
random fields and enhance the structural and chemical 
heterogeneity on the nanoscale. 

 
 

Fig. 5  Cryogenic dielectric permittivity and tanδ of (a) unmodified PMN–PT and (b) PMN–PT–0.05BNZ ceramic at 1 kHz. 
ε''/ε0 as a function of temperature and frequency for (c) unmodified PMN–PT and (d) PMN–PT–0.05BNZ ceramic; the inset in 
(d) is variation of lnf vs. 1000/Tm for PMN–PT–0.05BNZ ceramic. Note: f is the measurement frequency. 
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To further explore the relaxor response of the BNZ- 
doped PMN–PT ceramics, Tm of ε''/ε0 and the 
corresponding frequency are extracted, and the 
relationship between lnf and 1000/Tm is shown in the 
inset of Fig. 5(d). They follow a linear relationship and 
are in good agreement with Arrhenius law [45]. 

 0 aexp(f f E  / B m( ))k T  (4) 

where f0 is the attempt frequency, and kB is the 
Boltzmann constant. Ea is the activation energy [13], 
which is related to the volume of the local structural 
heterogeneity (V) and reorientating energy barrier density 
(G, in the range of 105–107 J·m−3) [46], and it is 
similar to those reported in Refs. [47,48], being associated 
with a switching energy barrier of polar nano regions 
(PNRs). By fitting Eq. (4), the value of Ea is calculated 
to be on the order of 5.84×10−19 J, and 3 V , the size of the 
local structural heterogeneity, is then calculated and found 
to be in the range of 3.88–18 nm. References [13,49–51] 
confirm that the local structure heterogeneity on the 
nanoscale could flatten a local thermodynamic energy 
landscape and enhance the dielectric/piezoelectric 
response. Therefore, compared with the undoped 
PMN–PT ceramics, the BNZ-modified samples possess 
larger dielectric permittivity together with the pronounced 
dielectric relaxor-like behavior, which provides an 
evidence of the significantly enhanced piezoelectric 
response by the local structural heterogeneity. 
 

Achieving high piezoelectric strain and low H are 
simultaneous benchmarks of high-quality materials. 
Figure 6(a) shows the composition dependence of *

33d , 
d33, and H. The H is calculated by Eq. (5): 

 max /2EH S  / maxS
 

(5) 

where Smax is the maximum strain. 
We compare the electric field-induced strain with 

the commercially used PZT ceramics. Figure 6(b) 
shows that Smax of ~0.175% is higher than those of the 
reported PZT-based ceramics [64]. In addition, the S 
and d33 values between different lead-based systems 
have been compared and are shown in Figs. 6(c) and 6(d), 
respectively. In contrast, we balance the paradox 
between the high d33 (~1040 pC·N−1) and the low H 
(~7.68%). This work provides an appropriate 
compositional design for large strain with small strain 
hysteresis. 

It states that the MPB can significantly improve the 
piezoelectric properties and reduce the strain hysteresis 
of the ceramics, which become critical factors to 
determine the performance of actuator devices. It has 
been known that the electrostrain of the piezoelectric 
ceramics exhibits the high strain hysteresis under a 
relatively high electric field due to the extrinsic 
contribution of the irreversible domain wall motions [17]. 
The dopant of the BNZ can enhance the relaxor 
properties by introducing the nanodomains or local 

 
 

Fig. 6  (a) Composition dependence of *
33d , d33, and H. (b) S–E behavior compared between this work and commercial PZT  

ceramics. Comparison of this work and other well-known perovskite-structured piezoceramic systems against their (c) H and S 
and (d) H and d33. These systems are compiled from Refs. [9,17,26,39,43,52–63]. 
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heterogeneity, indicated by the dielectric performance 
(Fig. 3), which has been previously reported in the 
PMN–PT system. The improvement of the relaxor 
nature or local heterogeneity based on the dielectric 
performance agreed with neutron diffuse scattering [65]. 
According to Landau phenomenological theory [66], a 
high d33 can be achieved by a large value of the 
dielectric permittivity (ε33/ε0), corresponding to a flat 
Gibbs free energy profile with respect to the 
polarization. The free energy profile of the 
ferroelectrics can be flattened by the ferroelectric 
phase macroscopically [67,68] or the local structure 
microscopically [69,70]. As a result, the emergence of 
the nanodomains will reduce the irreversible domain 
wall motions and eventually lead to the low-strain 
hysteresis and high piezoelectricity. 

4  Conclusions 

In summary, the MPB in the PMN–PT ceramics is 
successfully reconstructed by doping 5% BNZ. At this 
composition, the electrostrain-hysteresis trade-off is 
achieved with the simultaneously enhanced electric 
field strain (~0.175%) and reduced strain hysteresis 
(~7.68%) while retaining the high piezoelectric 
property (~1040 pC·N−1). Through the measurements of 
the phase structure, microstructure, and a series of 
electrical properties, we analyze the impact of dopants 
on the local structural heterogeneity for the relaxor 
ferroelectric ceramics. This study provides a referential 
method to achieve both piezoelectricity superior and 
excellent strain characteristics in the lead-based 
ceramics and paves a new pathway for promising 
application sin high-performance capacitors and 
high-precision actuators. 
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