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a b s t r a c t 

Polarization configuration engineering by compositional and structural tuning in piezoelectrics holds 

great promise for high piezoelectricity that benefits wide electromechanical applications. Here, a novel 

flexible polarization configuration is achieved in high-entropy Pb-based perovskites, which contributes 

to superior piezoelectricity of d 33 ∼1200 pC/N. Emergent characteristics and behaviors of such a flexi- 

ble polarization configuration are thoroughly investigated by the combination of atomic-scale scanning 

transmission electron microscopy, in-situ high-energy synchrotron X-ray diffraction, and first-principles 

calculations. The multiple interactions among the A and B -site atoms, originating from the increase of the 

species of B -site elements as well as the enhanced entropy of the system, weaken the long-range polar- 

ization order, enhance the flexibility of the polarization under the external field, and eventually result in 

the high piezoelectric performance. This work demonstrates that polarization configuration engineering 

through the high-entropy method would be an effective strategy for obtaining outstanding piezoelectric 

properties, which provides new opportunities for the design and discovery of high-performance piezo- 

electrics. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

As an important kind of functional material, piezoelectric ce- 

amics have been extensively applied in various electromechani- 

al fields, such as sensors and actuators, where high piezoelec- 

ricity is the key to high-efficient energy conversation or detec- 

ion. From the microscopic aspect, the piezoelectric performance 

 d 33 ) essentially depends on the characteristics of the polariza- 

ion. This, therefore, makes the adjustment of polarization an ef- 

ective path for achieving high performance [1–4] . To realize the 

ppropriate adjustment of polarization, one of the most represen- 

ative strategies should belong to the construction of phase bound- 
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ries that include the morphotropic phase boundary (MPB) and 

he polymorphic phase boundary (PPB) [ 1 , 5 ]. This is because, at 

he MPB or PPB, the phase structure is considered as the coexis- 

ence of different f erroelectric phases [ 2 , 3 ] or the appearance of

 monoclinic phase [11–13] . Multiple phases coexisting with di- 

ersity in polarization can smooth the free energy profile and the 

onoclinic phase can be the “bridge” among polarizations during 

he reorientation process due to its special polarization orienta- 

ion [ 14 , 15 ]. Both factors can enhance the mobility of polarization

nd lead to high piezoelectric performance. For example, many 

lassic piezoelectrics, such as Pb(Zr,Ti)O 3 (PZT) [1] , Pb(Mg,Nb)O 3 - 

bTiO 3 [5] , (Bi,Na)TiO 3 -BaTiO 3 [6] , and BiFeO 3 -PbTiO 3 [7] , were 

riginally designed according to constructing MPB [ 1 , 8 ]. As to the

onstruction of PPB, the enhancement of piezoelectric properties 

s generally contributed by the shift of the phase transition tem- 

eratures to room temperature [9] . Typical examples include the 

hombohedral-orthorhombic-tetragonal ( R - O - T ) phase boundary in 
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Fig. 1. Schematic of the concept of high-entropy piezoelectrics (HEPs), showing the influence of B -site element diversity on the polarization distribution (indicated by arrows 

in the lower panel) of Pb B O 3 -based solid solutions. 
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otassium sodium niobate-based piezoelectrics [10] and the triple 

oint in Ba(Zr,Ti)O 3 -(Ba,Ca)TiO 3 [2] . Moreover, recent studies re- 

orted that by constructing local structural heterogeneity in re- 

axor ferroelectrics the ultra-high piezoelectricity [ 4 , 16 ] could also 

e achieved due to the significant increase in the polarization mo- 

ility, which was induced by the similar-sized polar nano regions 

nd high-density randomly distributed nano domain walls. In this 

ense, one can notice that no matter the strategies of phase bound- 

ry, monoclinic phase, or local structural heterogeneity, the key 

ssence is alike, that is, modulating the local behavior of the polar- 

zation, including its diversity, flexibility, and mobility. This essen- 

ially underscores the critical role of the configuration of polariza- 

ion and implies that appropriately modulated polarization config- 

rations through new design ideas can promisingly yield superior 

iezoelectric properties. 

To achieve a high flexible polarization configuration, the long- 

ang ordering of polarization should be broken, and the local po- 

arization ordering should be perturbed as much as possible, for 

xample, by enhancing the contributions from nano domain walls 

n the polarization configuration at MPB. Generally, the unary sys- 

ems of perovskite ( AB O 3 ) with a single element at the A and B

ite, respectively, such as PbTiO 3 (PT) [17] , BaTiO 3 [18] , or BiFeO 3 

19] , possess a high crystallographic symmetry structure ( P4mm or 

3c ) and ordered polarization in a long range, as shown on the 

eft of Fig. 1 . Ceramics with this kind of polarization configuration 

sually show quite a poor piezoresponse due to the limited rota- 

ion of polarization. When one or two other elements are added 

y chemical substitution, like PZT or PNN-PT, the symmetry of the 

ystem lowers and the constrain for some stable polarizations can 

e removed, leading to deviation of some polarizations away from 

he direction of high crystallographic symmetry, along with the en- 

anced piezoelectric response [ 11 , 15 ], as shown in the middle of

ig. 1 . In this sense, when further increasing the types of the ele-

ents at the B site, the substitution atoms would certainly increase 

he distortions of Pb or other cations and modify the local polariza- 

ion configuration correspondingly. This could further decrease the 

onstrain of crystallographic symmetry, allowing the polarization 

o be aligned in diverse directions and resulting in a flexible polar- 

zation configuration, as shown on the right of Fig. 1 . This concept 

hares more or less similar characteristics with the second genera- 
2 
ion high-entropy alloys, where more than four principal elements 

eside at one Wyckoff position in a system to increase the degree 

f randomness of the solid solution [20–22] . Noteworthily, the po- 

arization orientation on the right of Fig. 1 is similar to that of the 

onoclinic phase, which has been proven to possess high flexibil- 

ty [ 23 , 24 ]. Thus, via the multi-element substitution, a highly flex- 

ble polarization configuration that benefits the high piezoelectric- 

ty can be expected. Furthermore, it is worth mentioning that, due 

o the complex interaction among the A, B -site, and oxygen atoms 

n a perovskite structure, the polarization configuration of the Pb- 

ased multi-element piezoelectrics remains elusive. Demonstrating 

he polarization configuration of high-performance multi-element 

iezoelectrics at the atomic scale is also of great scientific impor- 

ance, which could boost the discovery and development of high- 

erformance piezoelectrics. 

Herein, via the design method called high-entropy piezo- 

lectrics (HEPs), we systematically designed eleven kinds of new 

b-based high-performance piezoelectrics with highly flexible po- 

arization configurations, in which the highest d 33 of 1210 pC/N 

as been achieved. The structure and behavior of the special flex- 

ble polarization configuration were unambiguously revealed by 

he combination of in-situ high-energy synchrotron X-ray diffrac- 

ion (SXRD), spherical aberration-corrected scanning transmission 

lectron microscope ( C s -corrected STEM), and first-principles den- 

ity functional theory (DFT) calculations. Based on systematic ex- 

erimental and theoretical studies, we revealed the origin of this 

nique flexible polarization configuration and its critical role in 

mproving the piezoelectric properties and built up connections 

mong the number of B -site cations, polarization configuration, 

nd piezoelectric performance in multi-element piezoelectric sys- 

ems. The strategy developed in this work could be widely appli- 

able for the design of numerous functional materials that have 

 strong structure-to-property correlation, which would boost the 

iscovery and development of high-performance materials. 

. Experimental 

The ceramics were prepared by conventional solid-state reac- 

ion [ 16 , 25 ]. The raw powders are high-purity PbO (99.9%), NiO 

99.9%), Nb O (99.9%), In O (99.9%), Sc O (99.9%) Yb O (99.9%), 
2 5 2 3 2 3 2 3 
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Fig. 2. Crystal structure of PNIZTN. (a) XRD pattern of the x %Pb(Ni 0.33 Nb 0.67 )O 3 - y %Pb(In 0.5 Nb 0.5 )O 3 - z %Pb(Zr 0.1 Ti 0.9 )O 3 system, indicating the variation from T to R phase. (b) 

Relevant position in a ternary phase diagram. 
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rO 2 (99.9%), HfO 2 (99.9%), and TiO 2 (99%) powders. These oxide 

owders were weighed according to the stoichiometric ratio of the 

elevant designed materials. It should be noted that the PbO was 

eighted stoichiometrically with an excess of 1 wt% to compen- 

ate for the volatilization of PbO. For the simple piezoelectrics, the 

recursors are needed, such as Pb(In,Nb)O 3 -PbTiO 3 (PIN-PT). The 

recursors, NiNb 2 O 6 , InNbO 3 , ScNbO 3 , and YbNbO 3 were prepared 

t 10 0 0 ∼110 0 °C for 6 h. Then, weighed powders were ball milled

n a teflon can for 24 h with alcohol. The mixed slurry was dried

n a drying oven for 4 h and put in an Al 2 O 3 crucible. The cru-

ible was then calcined at 850 °C for 5 h. Subsequently, the cal- 

ined powder was ball milled again same as the first ball milling 

nd the slurry was also dried again. The dried powder was ground 

ith 5 wt% polyvinyl alcohol (PVA) and then pressed into pellets 

ith a diameter of 10 mm and thickness of 1.2 mm. The pellets 

re buried with the remanent powders in an Al 2 O 3 crucible. The 

ellets were first sintered at 550 °C for 3 h to eliminate the PVA 

nd then sintered at 1150 ∼1250 °C for 2 h to acquire the compact 

ellets. The fine sintered pellets were polished and sputtered with 

he gold electrode for performance measurement. 

The phase structure of obtained ceramic powder was identi- 

ed by laboratory X-ray diffraction (XRD, PANalytical, X ́Pert PRO, 

etherlands). The dielectric curves as a function of temperature 

ere measured with a multi-frequency inductance capacitance re- 

istance (LCR) meter (E4980, Agilent, Santa Clara, CA) at 0.5 V. 

he polarization-electric field ( P - E ) loops and strain-electric field 

 S - E ) curves were measured with a ferroelectric analyzer (TF An- 

lyzer 10 0 0, aixACCT Systems GmbH, Germany) under the cyclic 

lectric field of 1 Hz. For the measurement of piezoelectric prop- 

rty, the gold electrode sputtered pellets were first poled under 

 unidirectional electric field of 3 kV/mm, and then the small- 

ignal d 33 was measured with a quasi-static d 33 meter (ZJ-3, China 

cademy of Acoustics). Atomic-scale high angle annular dark-field 

HAADF)-STEM imaging was carried out on a 300 kV aberration- 

orrected FEI Titan Themis G2 microscope equipped with an X-FEG 

un, monochromator, and double aberration correctors. The con- 

ergent semi-angle is 25 mrad for STEM. The collection angle is 

8 to 200 mrad for HAADF and 12 to 45 mrad for ABF, respec-

ively. In-situ electric field SXRD was performed at 11-ID-C beam- 

ine ( λ= 0.1173 Å, 105.9 keV) of the Advanced Photon Source (APS), 

nd the 2D diffraction data were recorded by the PerkinElmer 

morphous silicon area detector. 

p

3 
. Results and discussion 

.1. Design of high-performance piezoelectrics 

To achieve as high piezoelectricity as possible, the design of the 

ulti-element piezoelectrics generally follows two rules. Firstly, 

he A -site atoms remain unchanged (Pb atom) for the controlling 

ariable and the B -site atoms are chosen from those commonly 

sed ones in piezoelectrics, such as Ni, Mg, Sc , Yb, In, Zr, Hf, Ti, and

b. Secondly, the B -site atoms are chosen to contain as more as 

ossible of the valence state and radius of cations. Considering that 

he number of possible compositions increases exponentially with 

he increase of B -site atoms kinds, the types of B -site atoms are 

hosen as four and five types. After choosing the element types, 

he composition is carefully optimized. Taking Pb(Ni,In,Zr,Ti,Nb)O 3 

s an example, a series of components are synthesized and exam- 

ned by XRD. As shown in Fig. 2 a, all studied samples show a pure

erovskite structure, indicating that the various B -site elements 

nter into the perovskite lattice. The characteristic {200} peaks 

f various components indicate an R - T phase boundary ( Fig. 2 a),

he position of which is shown in a ternary phase diagram in 

ig. 2 b. The optimized nominal composition is marked as a red 

tar in Fig. 2 b. Thus, one kind of high-performance multi-element 

iezoelectrics is designed and the specifically optimized nomi- 

al composition of Pb(Ni,In,Zr,Ti,Nb)O 3 systems is determined as 

b(Ni 0.173 In 0.07 Zr 0.034 Ti 0.306 Nb 0.417 )O 3 . Hereafter, we use PNIZTN to 

epresent this specific composition. 

.2. Enhanced piezoelectric performance by enhancing entropy 

Followed by the design method, eleven kinds of new high- 

erformance piezoelectrics systems are systematically designed, 

nd the relevant optimized compositions of each system are listed 

n Table S1. Noteworthily, all the optimized compositions of de- 

igned piezoelectrics possess high piezoelectric performance with 

 33 > 800 pC/N, among which ultrahigh d 33 can reach ∼1200 pC/N 

n PNIZTN and ∼1210 pC/N in Pb(Ni 0.177 Sc 0.015 In 0.06 Ti 0.32 Nb 0.428 )O 3 

PNSITN) after the hot pressing sintering process. The d 33 values of 

hese newly designed quaternary ( n B = 4, n B is the number of B -

ite elements types) and quinary ( n B = 5) HEPs together with typ- 

cal Pb-based piezoelectrics investigated previously (specific com- 

ositions see Table S1 in Supplementary materials) are summa- 
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Fig. 3. Piezoelectric performance of designed materials. (a) Strong correlation between the piezoelectric performance ( d 33 ) and the number of B -site element types ( n B ) for 

a series of Pb B O 3 -based solid solutions. Details of d 33 and compositions are listed in Table S1 and Fig. S1. (b) Piezoelectric properties ( d 33 ) as a function of the relevant 

configurational entropy ( �S conf ). 

Fig. 4. Strain and dielectric properties of PNIZTN HEPs. (a) P - E and S - E curves of PNIZTN HEPs. (b) Temperature-dependent relative permittivity of the poled PNIZTN HEPs. 

The relevant depolarization and dielectric peak temperatures are 82 °C and 98 °C, respectively. 
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ized and drawn as a function of n B in Fig. 3 a. It is found that

he average d 33 values of each n B system are gradually enhanced 

y increasing varieties of B -site elements, as expected. This ten- 

ency is consistent with our design idea shown in the schematic 

n Fig. 1 , that is, the more types of B -site elements, the higher the

iezoelectric performance. 

Following the practice in the second generation high-entropy 

lloys [20–22] , we refer to this concept of increasing the diver- 

ity of constituent elements of piezoelectrics for the design of 

igh-performance piezoelectrics as the HEPs strategy. Therefore, 

he configurational entropy of materials in Fig. 3 a is also calcu- 

ated in Fig. 3 b (see details in Supplementary materials). It can be 

een that with the increase in the configurational entropy piezo- 

lectric coefficient increases, manifesting an evident positive cor- 

elation. Note that the configurational entropy also shows depen- 

ence on the composition since for the same n B the configura- 

ional entropy can be different. This suggests a strong correlation 

etween the configurational entropy and the piezoelectric perfor- 

ance, confirming the reasonability of the concept of HEPs. 

Generally, high-performance piezoelectrics also show good fer- 

oelectric and dielectric properties. Thus, we also investigated the 

erroelectric and dielectric properties of the PNIZTN ceramic in 

ig. 4 . The small negative strain in strain versus electric field ( S -

 ) curve ( Fig. 4 a) demonstrates that there is a little macro domain

witching during the cyclic electric field applying process, suggest- 

ng the small size of domains. This is double confirmed by the fre- 

s

4 
uency dispersion of the temperature dependence relative permit- 

ivity curve shown in Fig. 4 b. These results indicate that PNIZTN is 

 classical relaxor ferroelectric with the small size domains. The T m 

alue under the 0.1 kHz measurement voltage is 98 ºC. This low T m 

alue indicates the small lattice parameters anisotropy and weak 

ong-range ferroelectric order, which is commonly accompanied by 

he high flexible polarizations. The relative permittivity at room 

emperature is above 90 0 0 under the 0.1 kHz measurement volt- 

ge. The high relative permittivity indicates that the polarization 

an be easily switched by a small stimulated electric field. These 

henomena suggest that the domains of PNIZTN are small in size 

nd the polarization possesses relatively high flexibility. 

.3. Local polarization configurations 

To look into the structure of the polarization configuration of 

NIZTN and the microscopic origin of this high piezoelectricity, the 

olarization distributions of PNIZTN HEPs were investigated at the 

tomic scale by C s -corrected STEM. Atomically resolved HAADF- 

TEM images were acquired at 〈 100 〉 zone axis and quantitatively 

nalyzed in Fig. 5 . Fig. 5 a shows a typical HAADF-STEM image, 

n which atomic columns were fitted to get their intensities and 

tomic positions (Figs. S2 and S3) [26] . Based on fitted positions, 

tomic polarization displacements were calculated and mapped 

Fig. S3). The polarization configuration can be clearly seen by the 

mooth color transition in the contour map of the polarization an- 
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Fig. 5. Atomic resolution polarization distribution of PNIZTN HEPs. (a) HAADF-STEM image of PNIZTN HEPs at the 〈 100 〉 zone axis overlaid with polarization displacement 

vectors (yellow arrows). (b) Contour map of the distribution of polarization angle ( θ ) in (a). (c) Schematic of the distribution of θ in a pseudocubic unit cell and relevant 

projection plane. (d) Enlargements of the marked regions in (a), showing continuous evolution of polarization vectors. 
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le ( θ ) ( Fig. 5 b). It should be noted that to highlight the evolu-

ion characteristics of vectors, θ has been converted into the range 

rom 0 ° ( T phase) to 45 ° ( R phase) according to the symmetry of

he unit cell and the projection direction of the image ( Fig. 5 c).

s shown in the enlargements of selected regions ( Fig. 5 b), polar- 

zation vectors characterize a continuous evolution between 〈 001 〉 
nd 〈 111 〉 directions, manifesting the significantly lowered local 
5 
rystallographic symmetry and high flexibility. Hence, the large 

cale of transitional regions (green color) that spread out over the 

hole area in Fig. 5 b indicates the flexibility of this unique polar- 

zation configuration. 

This scenario is markedly different from that in classic piezo- 

lectrics at MPB, where the polarizations are confined in limited 

irections, like 〈 100 〉 and 〈 111 〉 , within isolated nanodomains of 
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Fig. 6. Statistics of the distribution of θ in the range of 0 °−45 °, extracted from over 30,0 0 0 polarization vectors. The red dashed curve indicates the even distribution of θ

over the whole angle range. Inset shows the conversion from 0 °–90 ° to 0 °–45 °. 

T  

t

g

T

l

q

a

t  

m

i

r

3

a

l

t

u

p

l

d

t

F

i

v

e

(

d

P

t

 

fl

w

p

p

i

g  

fi

t

c

o

a

m

s

Fig. 7. Schematic of in-situ high-energy synchrotron X-ray diffraction (SXRD) and 

relevant azimuthal angle setting. 
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 and R phases [ 3 , 4 , 27 ]. The continuously transitional polariza-

ion configuration in this work breaks the constrain of crystallo- 

raphic symmetry, which benefits the rotation of the polarization. 

he more transitional regions in material, the more easily the po- 

arizations can rotate. Statistically, over 30 thousand vectors were 

uantitatively analyzed to acquire the distributions of polarization 

ngles. The results show an almost even distribution of angles in 

he whole range of 0–45 °, as demonstrated in Fig. 6 . It is worth

entioning that the monoclinic phase with a fixed polarization θ
n the range of 0–45 ° has been determined by synchrotron XRD 

esults around phase boundaries in many previous studies [ 24 , 28- 

0 ], which is considered the bridge for polarization reorientation 

nd the primary origin of high piezoelectric effect. The unique po- 

arization configuration found in this work can be considered as 

he coexistence of many monoclinic phases with different θ val- 

es at the atomic scale, suggesting the enhanced flexibility of the 

olarization response under an external field. Such a flexible po- 

arization configuration should originate from the local structural 

istortions introduced by the disparate ion radiuses and ferroelec- 

ricity activities of different B -site cations in HEPs, as shown in 

ig. 1 . This eventually results in the significantly enhanced flexibil- 

ty of polarization in our case, as demonstrated above, which pro- 

ides a basis for the higher piezoelectric response of HEPs. These 

xperimental observations are well consistent with our design idea 

 Fig. 1 ) and previous theoretical studies that the increased disorder 

egree of the B site would construct multi-type local distortions of 

b cations, thus leading to a more chaotic state of local ferroelec- 

ric polarization [ 31 , 32 ]. 

Using in - situ high-energy SXRD ( Fig. 7 ), the behavior of this

exible polarization configuration under external electric fields 

as investigated to directly correlate it with the macroscopic 

iezoelectric property. Commonly, the one-dimension (1D) XRD 

atterns are integrated from the diffraction pattern sectors of 15 °
n two-dimension (2D) XRD patterns [33] , and the azimuthal an- 

les of each sector are shown in Fig. 7 . Fig. 8 a shows the electric

eld dependence of the {111} and {200} peaks at the 0 ° sector for 

he poled PNIZTN HEPs. During the whole loading-unloading pro- 

ess, the {111} and {200} peaks remain almost a single peak with- 

ut detectable splitting, as shown in Fig. 8 a. Besides, the full width 

t half maximums (HWHM) of the integrated {200} peaks is al- 

ost the same over all azimuthal angles for both unpoled and E max 

tates ( Fig. 8 b). These indicate the tiny anisotropy of the crystal 
6 
tructure, which is consistent with the flexible nature of polariza- 

ions ( Fig. 6 ). By carefully fitting the {200} peak, the electric field

ependence of lattice strain can be acquired ( Fig. 8 c). 

Generally, the piezoelectric performance arises from the fac- 

ors such as intrinsic lattice strain, domain switching, and phase 

ransition [34–36] . To reveal the dominant factor for this flexi- 

le polarization configuration in HEPs, the lattice strain of {200} 

s compared with the measured bipolar macro strain. As shown 

n Fig. 8 c, the intrinsic lattice strain is nearly the same as the 

acro strain, suggesting that the high piezoelectric performance 

hould mainly originate from the intrinsic lattice strain. This can 

e further confirmed in Fig. 8 d by checking the electric field- 

ependent behaviors of asymmetry parameter [37] and HWHM of 

200} peak, which change sensitively with domain switch or phase 

ransition [ 38 , 39 ]. Being almost invariable of both profile parame- 

ers for {200} peak with electric fields suggests the dominative role 

f intrinsic lattice strain in the high piezoelectricity of HEPs. This 

esult is similar to the one of the monoclinic phase, in which the 

ntrinsic lattice strain plays the primary role in the high piezoelec- 

ricity [ 33 , 40 ]. This suggests the polarization in the transition re- 

ions is responsible for the high performance of HEPs. Combining 

n - situ SXRD results with microscopy observations, a clear picture 
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Fig. 8. In-situ high-energy synchrotron X-ray diffraction of PNIZTN HEPs. (a) Evolution of {111} and {200} peaks at 0 ° sector as a function of electric field. {111} and {200} 

peaks shift to a higher angle without peak splitting upon unloading the electric field. Arrows indicate the direction of the unloading electric field. (b) FWHM of {200} peaks 

as a function of azimuthal angle under the state of E max (upper) and unpoled (lower). (c) Comparison of bipolar macro strain and {200} lattice strain. (d) Evolution of FWHM 

and asymmetry for the {200} peak as a function of the electric field. 
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f how the flexible polarization configuration can introduce high 

iezoelectricity can be acquired in HEPs. Due to the tiny anisotropy 

f lattice and little constraint from the neighbors, local polariza- 

ions in various directions can rotate easily and flexibly upon load- 

ng external electric fields. The simultaneous and synergistic rota- 

ion of the evenly distributed polarizations will enhance the in- 

rinsic lattice strain and eventually lead to high piezoelectricity in 

EPs. 

To understand the intrinsic origin of this unusual flexible po- 

arization configuration, we further performed DFT calculations on 

EPs. To get statistically meaningful descriptions of local structural 

eatures, we consider 30 different arrangements of B -site cations 

n a 3 × 3 supercell ( Fig. 9 a) for the systems of PZT, PITN, PNIZTN

see calculation details in Supplementary materials). The angles be- 

ween the projective components of local displacement and the 

elevant coordinate axes ( Fig. 9 b) are counted for comparison with 

he observed statistical result of polarization angles. As shown in 

igs. 9 c and 9 d, with the increase of the species of B -site cations,

istributions of local displacement magnitudes of A -site Pb cations 

nd B -site cations become more and more randomly. Meanwhile, 

ocal displacement angles ( θ ’ ) become more and more evenly dis- 

ributed with the increase of the species of B -site cations, as indi- 

ated in Fig. 9 e, showing good consistency with the experimental 

tatistic results in Fig. 6 . These calculation results verify that multi- 

le B -site atoms can indeed enhance the flexibility of polarizations. 

Furthermore, the distribution of the local displacement mag- 

itude is qualified and correlated with d 33 in Fig. 10 . Following 

he “3 σ rule” (see detailed definition in Supplementary materi- 

ls), quantitative parameters of the characteristic width ( �Pb for 

b, �B for B -site cations) are defined and drawn in Fig. 10 . Overall,

oth characteristic widths show a positive correlation with n , ex- 
B 

7 
ept for a slight decrease of �B in the PNIZTN. This indicates that 

he magnitudes of local displacements of both A -site and B -site 

ons become increasingly dispersive with increasing n B in piezo- 

lectrics. The large local displacement offers large polarization, and 

he small displacement possesses high flexibility, eventually lead- 

ng to the high piezoelectric performance. The “softness” of local 

otential energy around each Pb atom ( 〈 k 〉 ) is also quantified by

omputing the change in energy with respect to small perturba- 

ions (the definition is described in Methods). 〈 k 〉 represents the 

asiness of Pb movement in response to external stimuli such as 

lectric/stress fields. That is, smaller 〈 k 〉 corresponds to the higher 

ntrinsic lattice response and larger d 33 . As shown in Fig. 10 , 〈 k 〉
rops with the increase of n B . This suggests that the lattice can 

espond easier to the electric field with increasing n B , which also 

ndicates the enhanced flexibility of polarizations. 

Why the flexible polarization configuration is beneficial for 

igh piezoelectricity can also be understood from the thermody- 

amic perspective. Since polarizations are evenly distributed and 

he anisotropy of lattice is tiny in the polarization configuration, 

he free energies of polarizations with different angles are quite 

imilar. That the disordered B -site atoms result in a flatted free 

nergy profile has also been reported in Pb(Sc 0.5 Nb 0.5 )O 3 systems 

41] . Therefore, according to the reported thermodynamic calcula- 

ion the flat Gibbs free energy profile is generally preferred for the 

mprovement of piezoelectric response [42] , the flat Gibbs free en- 

rgy profile in the flexible polarization configuration benefits the 

olarization rotation leading to high piezoelectric performance. 

Additionally, in terms of the design of new HEPs, plenty of po- 

ential high-performance systems are available since the number of 

ossible compositions increases exponentially with increasing n B . 

n future studies, the high-throughput screening method can be 
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Fig. 9. Origin of flexible polarization configuration by first principles calculation. (a) 

Representative 3 × 3 supercells of PNIZTN for the first-principles calculation model- 

ing. (b) Schematic of the projection of the local displacement vector. Displacement 

vector angle is defined as the one between the coordinate axis and the relevant 

projective component. (c, d, e) Statistics of magnitudes (c, d) and angles (e) of local 

polarization displacements of Pb and B -site cations in PZT, PITN, PNIZTN consider- 

ing thirty kinds of arrangements of B -site atoms in a 3 × 3 supercell. 

Fig. 10. Correlation between d 33 and the degree of disordering represented by the 

local displacement of ions ( �) and susceptibility ( 〈 k 〉 ). 
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8 
eveloped to boost the exploration of high-performance HEPs. It 

s worth mentioning that since we only roughly explore the phase 

iagram of each system, higher piezoelectric performance could be 

xpected in the HEPs if the optimization of chemical composition 

an be fully carried out. 

. Conclusions 

The present work systematically designs and synthesizes three 

ew kinds of quaternary HEPs and eight new kinds of quinary 

EPs with ultrahigh piezoelectricity through increasing the diver- 

ities of B -site elements in piezoelectrics. A giant d 33 of 1200 

C/N has been achieved, which has unique continuously orien- 

ated polarizations. This polarization configuration is highly flexi- 

le and has been proven to benefit the high piezoelectric perfor- 

ance. Then, the DFT calculations further clarify the intrinsic ori- 

in of this unique flexible polarization configuration and large lat- 

ice response, in which the increased elemental diversity can re- 

ult in the dispersive distribution of local A - and B -site atoms and 

he softness of each Pb atom. Thus, with these experimental and 

heoretical results, the unique polarization configuration of multi- 

lement Pb-based piezoelectric is clearly illustrated and the ap- 

roach to design these high-performance piezoelectrics could offer 

uidance and new opportunities for further enhancing the piezo- 

lectric properties based on the present piezoelectrics, as well as 

ther functional materials. 
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