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Microstructures

Supplementary Material: An intriguing canting dipole configuration1

and its evolution under an electric field in La-doped Pb(Zr,Sn,Ti)O3 perovskites2

MAIN TEXT (optional)3

3D electron diffraction data solution. The data were processed using the program4

REDp written by Wei Wan and Junliang Sun[1]. Using the program REDp, the5

diffraction peaks can be almost all indexed by the unit cell of a = 5.79221 Å, b =6

5.79221 Å, c = 8.28519 Å, α = 90°, β = 90°, γ = 90°. It is worth noting that the 3D-ED7

is not completely kinematic, so the precise cell parameters and the atomic position need8

refinement by neutron diffraction.9

10

Structure resolution using HR-NPD and HR-SXRD. The initial atomic positions11

were obtained by the Charge flipping algorithm[2] on Jana2006 software[3]. The precise12

crystallographic parameters were obtained by Rietveld refinement on Jana200613

software.14

15

High-energy in situ synchrotron X-ray diffraction. In situ data were collected at16

11-ID-C beamline at Advanced Photon Source, Argonne National Laboratory, USA,17

and the wavelength of X-ray is 0.1173 Å. The sample was a 5 mm × 1.2 mm × 0.6 mm18

bar cut from a ceramic disk. The schematic of experiment measurement can refer to our19

previous studies[4]. The precise crystallographic parameters were obtained by Rietveld20

refinement on GSAS-Ⅱ software[5].21

22

Phase-field simulation. Phase-field simulation was performed to reveal the23

polarization switching in ferroelectric/antiferroelectric materials. Pb(Zr,Ti)O3 single24

crystal was taken as an example by solving the time-dependent Ginzburg-Landau25

equation for the temporal evolution of the polarization vector field,26
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where ����� �t is polarization, L is the kinetic coefficient, and F is the total free energy27

of the system, which is expressed as,28

F � ��th� � ��hh� � ��h�� � ���h⹉ ⹉t�

where V is the system volume. The bulk energy density fbulk can be calculated by,29
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where P1, P2, P3 are polarization components. α1, α11, α12, α111, α112 and α123 are Landau30

coefficients. The elastic energy density can be expressed as,31

��hh� � ��t�h ��t � ��t
� ��h � ��h

�

where Cijkl is the elastic stiffness tensor, ��t and ��t
� are the total local strain, and the32

spontaneous strain, respectively. The gradient energy density can be expressed as,33
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where Gij is the gradient energy coefficients, ���h⹉ is given in terms of the34

second-order derivative of the polarization[6], g11 and g12 are positive constants.35

The electric energy density ��h�� is given by,36

��h�� ��
�
� ��

��t���t � ����

where Ei is the electric field component, which includes both the applied electric field37

and the depolarization field, �� and ��t are the vaccum permittivity and dielectric38

constant, respectively.39

The equation was solved by a semi-implicit Fourier spectral method[7] and the40

simulation size is 256 Δx × 256 Δx × 1Δx (Δx is the number of grid points and equals to41

1 nm in this work) with the periodic boundary conditions in x, y, and z axes.42

43

Supplementary Table 1. The orthorhombic cell parameters and R factors of44
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structure refinements using Ima2 as models45

HR-XRD HR-NPD

Wavelength

(Å)
0.4499 0.6225

a(Å) 5.77245(8)

b(Å) 5.77524(8)

c(Å) 8.14033(6)

V(Å3) 271.376(4)

RP(%) 5.35 7.29

Rwp(%) 5.71 7.64

HR-XRD: High-resolution X-ray diffraction; HR-NPD: high-resolution neutron powder46

diffraction.47

48

Supplementary Table 2. The crystallographic parameters in Rietveld analysis of49

HR-SXRD and HR-NPD data for Ima2 PLZST were taken at room temperature50

(@ 0 kV/mm)51

Atom site x y z Uiso(Å�)

Pb/La 4b 0.75 0.2497(8) 0.2903(16) 0.032(2)

Zr/Sn/Ti 4b 0.25 0.25374 0.04132 0.005(2)

O1 4a 0 0.5 0.0658(16) 0.023

O2 4a 0 0 0.0380(18) 0.023

O3 4b 0.25 0.1964(77) 0.2910(41) 0.023

HR-SXRD: High-resolution synchrotron X-ray diffraction; HR-NPD: high-resolution52

neutron powder diffraction; PLZST: (Pb0.91La0.06)(Zr0.42Sn0.40Ti0.18)O3.53

54

Supplementary Table 3. The crystallographic parameters in Rietveld analysis for55

SXRD at 3 kV/mm56

Atom site x y z Uiso(Å�)

Pb/La 4b 0.75 0.2494(8) 0.286(16) 0.031(2)

Zr/Sn/Ti 4b 0.25 0.247 0.035 0.005(2)

O1 4a 0 0.5 0.0649(16) 0.022
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O2 4a 0 0 0.0383(18) 0.022

O3 4b 0.25 0.1964(17) 0.2913(1) 0.022

a = 5.7764(4) Å, b = 5.7729(4) Å, c = 8.1444(1) Å, Rwp= 3.55%

SXRD: Synchrotron X-ray diffraction.57

58

Supplementary Table 4. The crystallographic parameters in Rietveld analysis for59

SXRD at 6 kV/mm60

Atom site x y z Uiso(Å�)

Pb/La 4b 0.75 0.2501(8) 0.283(2) 0.030(2)

Zr/Sn/Ti 4b 0.25 0.251 0.027 0.005(2)

O1 4a 0 0.5 0.0649(2) 0.023

O2 4a 0 0 0.0383(20) 0.023

O3 4b 0.25 0.196(5) 0.2913(41) 0.023

a = 5.7766(4) Å, b = 5.7716(3) Å, c = 8.1471(2) Å, Rwp= 3.6%

SXRD: Synchrotron X-ray diffraction.61

62

Supplementary Table 5. The Landau coefficients for the calculation of PZT[8]63

Coefficient Formula

α1(C-2 m2 N) (T-T0)/(2�0C0)

T0 (℃)
189.48 + 843.40x - 2105.5x2 + 4041.8x3 - 3828.3x4 +

1337.8x5

η1

η2

α11(C-4 m6 N)

α12(C-4 m6 N) η1/3.0-α11

α111(C-6 m10 N)

α112(C-6 m10 N)
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α123(C-6 m10 N) η2-3.0×α111-6.0×α112

Q11(C-2 m2)

Q12(C-2 m2)

Q44(C-2 m2)

64

65

Supplementary Figure 1. The conventional TEM of PLZST. The diffraction reflection66

indicated by yellow arrows is produced by a commensurate structure, which is caused67

by the tilting of the oxygen octahedra. TEM: Transmission electron microscopy;68

PLZST: (Pb0.91La0.06)(Zr0.42Sn0.40Ti0.18)O3.69

70
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71

Supplementary Figure 2. Full-profile Rietveld refinement of orthorhombic phase of72

PLZST. Violet circle: observed data; Magenta line: calculate profile; Green line: the73

difference between the observed and calculated patterns; Blue bar: reflections of Bragg74

peak positions. The inset shows details of superlattice reflections (marked by a black75

arrow). HR-SXRD: High-resolution synchrotron X-ray diffraction; HR-NPD:76

high-resolution neutron powder diffraction.77

78
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79

Supplementary Figure 3. (A) The polar displacement and (B) the polarization along80

the [110]P and the [001]P directions. The horizontal coordinate “N” represents the81

perovskite cell sequence. The polar displacement of A-site along the [110]P direction is82

zero in figure (a).83

84

85

Supplementary Figure 4. The schematic of electric dipoles map of PbZrO3[9].86
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87

Supplementary Figure 5. Diffraction peak profiles and contour plots of {200}P as a88

function of the electric field at the 0° sector.89

90

91

Supplementary Figure 6. The P-E loops of Pb1-1.5xLaxZr0.42Sn0.40Ti0.18O3(x = 0.03, 0.04,92

0.05 and 0.06).93
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