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1. Electric field induced phase transition

Fig. S1 The piezoelectric coefficients d33 as a function of the poling electric field for 

(a) [100]-, (b) [110]- and (c) [111]-oriented PLZST single crystals. The 

corresponding dielectric constant as a function of the poling electric field for (d) 

[100]-, (e) [110]- and (f) [111]-oriented PLZST single crystals. The AFE phase is a 
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nonpolar state, so that no piezoelectric coefficient can be detected.1 However, the 

FE phase is a polar state and the piezoelectric coefficient can be measured. The 

dielectric constant decreases sharply at the tetragonal AFE to rhombohedral FE 

phase transition critical electric field. The piezoelectric and dielectric properties 

also confirm the tetragonal AFE to rhombohedral FE phase transition during the 

poling process.

Fig. S2 The engineered domain configurations of the rhombohedral FE phase. 

Different engineered domain configurations 1R, 2R and 4R can be realized by 

poling the crystals along [111], [110] and [001] crystallographic directions. The 

solid arrow is the applied electric field direction. 
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2. Temperature driven phase transition
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Fig. S3 Current response to electric field stimulus at room temperature for (a) [100]-, 

(b) [110]-, (c) [111]-oriented PLZST crystals, respectively. The inset shows the 

corresponding P–E loop. 
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Fig. S4 Current response to electric field stimulus at 150 °C for (a) [100]-, (b) [110]-, 

(c) [111]-oriented PLZST crystals, respectively. The inset shows the corresponding P–

E loop. 
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Fig. S5 Current response to electric field stimulus at 180 °C for (a) [100]-, (b) [110]-, 

(c) [111]-oriented PLZST crystals, respectively. The inset shows the corresponding P–
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E loop. 

    At room temperature, typical FE polarization switching behaviors are observed, as 

shown in Fig. S3. It can be seen that the electric field induced FE phase is similar to 

normal or relaxor ferroelectrics.2-4 When temperature is above Td, typical AFE 

polarization switching processes are found. As shown in Fig. S4, all samples display 

typical AFE double P–E loop with four current peaks in the current–time curves per 

cycle. With further increasing the temperature, typical PE current–time curves are 

obtained (see Fig. S5). The current response to electric field stimulus at selected 

temperatures also reveals the FEin–AFE–PE phase transitions sequence.

3. Ferroelectric and antiferroelectric phase structure.

Fig. S6 Schematic plot of the one-dimensional (1D) and three-dimensional (3D) AFE 
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and FE phases. Note that the PLZST crystal is divided into two sublattices, 1 and 2, 

associated with polarizations P1 and P2, respectively. If P1 and P2 are antiparallel to 

each other, the system exhibits the AFE phase.5,6 On the other hand, it is the FE phase 

if P1 and P2 are parallel to each other. 

 

4. Anisotropy of energy harvesting and electrocaloric effect 

In order to understand the anisotropy of ECE behaviors, the T for the PLZST 

crystal with [100] orientation can be given as 
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For the PLZST crystal with [110] orientation, we have
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For the PLZST crystal with [111] orientation, we obtain
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According to Eq. (16), we have
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Then, we have
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In order to understand the anisotropy of pyroelectric energy harvesting behaviors, the 

energy density for PLZST crystal can be given as7
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where T1 is the low temperature and T2 is the high temperature, respectively. Then, we 

can write Eq. (S10) into Eq. (S11) as

        (S11)( ) { ( , )( ) ( )}H L H L sW E E E T E E P T        

For the present PLZST system, it is assumed that the dielectric contribution Wε =

is isotropy. Then, we give2 2( , )( )H LE T E E  

              (S12)[100] [100], ( )sW W P T E    

              (S13)[110] [110], ( )sW W P T E    

              (S14)[111] [111], ( )sW W P T E    

According to engineered domain configuration and measured temperature dependent 

P–E loops, we can deduce that (see Fig. 6). Therefore, the [100], [110], [111],s s sP P P    

energy harvesting density has a relationship followed by . [100] [110] [111]W W W 

Actually, a large polarization change usually leads to a large entropy change, i.e.
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                      (S16)2
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                      (S17)2
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Then, we have

                     (S18)[100] [100]W S 
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                     (S19)[110] [110]W S 

                     (S20)[111] [111]W S 
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