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Phase Field Modeling 

 

This study employed the phase field modeling of BTO-based solid solutions to explore defect-

induced domain evolution, strain response, and underlying mechanisms. The spatial 

distribution of the spontaneous polarization vector P (with components P1, P2, and P3) was 

used to characterize the domain structures. In contrast, the temporal dynamics of polarization 

were governed by the time-dependent Ginzburg–Landau (TDGL) equation. Additionally, the 

displacement field u was determined using the stress equilibrium equation.1  
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Here, L is a kinetic coefficient related to the domain wall mobility, F is the system’s total free 

energy, i.e., the thermodynamic driving force for polarization evolution, σij is the stress tensor, 

and r and t are the spatial coordinate and time, respectively. The total free energy of a bulk 

system can be defined as follows: 

 ( ) ( ) ( ) ( , )land grad elastic elecF F F F F= + + +P P P P E  (2) 

Here, F includes the bulk free energy ( )landF P , domain wall energy ( )gradF P , elastic energy 

( )elasticF P , and electrostatic energy ( )elecF ，P E , where E is the applied static electric field. 

The bulk free energy density can be expanded in terms of its polarization components: 
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where 𝑎1 − 𝑎1123 are the Landau coefficients. The gradient energy density in an anisotropic 

system can be calculated by 

    𝑓𝑔𝑟𝑎𝑑 =
1

2
𝑔𝑖𝑗𝑘𝑙𝑃𝑖,𝑗𝑃𝑘,𝑙      (4) 

where 𝑔𝑖𝑗𝑘𝑙 is the gradient energy coefficient and 𝑃𝑖,𝑗 =
𝜕𝑃𝑖

𝜕𝑥𝑗
. The elastic energy density can 

be described as: 
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where 𝐜𝐢𝐣𝐤𝐥 is the stiffness tensor, 𝐞𝐢𝐣 is the elastic strain tensor, 𝛆𝐢𝐣 is the total strain tensor, 

and 𝜺𝒊𝒋
𝟎  is the eigenstrain. The eigenstrain can be divided into two parts: the defect-induced 

strain 𝜺𝑪𝒊𝒋
𝟎  originated from the defect dipole, and the eigenstrain from the spontaneous 

polarization,  

    𝜀𝑖𝑗
0 = 𝜀𝐷𝑖𝑗

0 + 𝜀𝑃𝑖𝑗
0 = 𝜀𝐶𝑖𝑗

0 + 𝑄𝑖𝑗𝑘𝑙𝑃𝐿𝑘𝑃𝐿𝑙   (6) 

where 𝜺𝑷𝒊𝒋
𝟎  is the eigenstrain for the spontaneous polarization, and 𝐐𝐢𝐣𝐤𝐥 is the electrostrictive 

coefficient tensor. Here in our phase field simulation, a simple electro-strain model to account 

for the defect dipole was introduced: 

    𝜀𝐶𝑖𝑗
0 = 𝑄ijkl

𝑑 𝑃𝑑k𝑃𝑑l     (7) 

where 𝑷𝒅 is the defect polarization, and 𝐐𝐢𝐣𝐤𝐥
𝐝  is the corresponding electrostrictive tensor. 

Thus, the total strain 𝜺𝟑𝟑  can be divided into two parts, i.e., one is from spontaneous 

polarization 𝑷𝒔 and the other is from the defect polarization 𝑷𝒅: 

    𝜀33 ≈ 𝑄11 𝑃𝑠
2 + 𝑄11

𝑑 (𝑃𝑑0 + ∆𝑃𝑑)2  (8) 

where 𝑸𝟏𝟏  and 𝑸𝟏𝟏
𝒅  are the electrostriction coefficients correlated with the spontaneous 

polarization and defect polarization, respectively. 𝑷𝒅𝟎  is the aligned defect dipole 

polarization introduced by the aligned defect dipoles, and ∆𝑷𝒅  is the change in defect 

polarization under the measurement electric field.  



The electrostatic energy density 𝑓𝑒𝑙𝑒𝑐 of the system is given by, 

   𝑓𝑒𝑙𝑒𝑐 = −𝑃𝑖(𝑟)(𝐸𝑖(𝑟) + 𝐸𝑅𝐹(r)) −
1

2
𝑃𝑖(𝑟)𝐸𝑖

𝑖𝑛(𝑟)   (9) 

where 𝑬𝒊
𝒊𝒏(𝒓) is the E-field induced by the dipole moments, 𝑬𝒊(𝒓) is the applied electric 

field, and 𝑬𝑹𝑭 is the local electric field caused by random point defects. 

 

The electrostatic energy density 𝑓𝑒𝑙𝑒𝑐 = −𝐸𝑖𝑃𝑖 −
1

2
𝐸𝑖

𝑑𝑃𝑖, where Ei is the applied electric field 

and 𝐸𝑖
𝑑 is the depolarizing electric field.  

The Landau parameters of the BTO system are2 a1 = 4.125105(T−388) C−2 m2 N, where T 

is temperature in K, a11 = −2.097108 C−4 m6 N, a12 = 7.974108 C−4 m6 N, a111 = 1.294109 C−6 

m10 N, a112 = −1.95109 C−6 m10 N, a123 = −2.5109 C−6 m10 N, a1111 = 3.8631010 C−8 m14 N, 

a1112 = 2.5291010 C−8 m14 N, a1122 = 1.6371010 C−8 m14 N, a1123 = 1.3671010 C−8 m14 N, Q11 

= 0.1 C−2 m4, Q12 = −0.034 C−2 m4, Q44 = 0.029 C−2 m4, c11 = 3.021011 N m−2, c12 = 1.621011 

N m−2, c44 = 0.681011 N m−2, and P0 = |P|T=25 °C = 0.26 C m−2 is selected as the reduced unit 

spontaneous polarization. For defect-induced strain, a simple form of 𝑄11
𝑑 𝑃𝑑0∆𝑃𝑑  is used, 

where 𝑃𝑑0 is assumed to be the same as the spontaneous polarization, ∆𝑃𝑑 was the linearity 

correlated with the 𝑃𝑑0, 𝑄11
𝑑 = 0.15. The simulation scale is 256 dx × 256 dz, and the grid 

scales dx and dz are 1 nm. The Fourier method was used for solving the equations. 

  



Table S1. Comparison of materials, property changes, and aging conditions related to thermal 

aging effects in ferroelectric materials.3-14 

Materials 
Unaged Aged Aging 

Condition 
Reference 

P-E S-E P-E S-E 

0.3 mol% Mn-doped BaTiO3 single crystal 
Single

a) 

0.2%  

(10 kV cm−1) 

Double 

b) 

0.4%  

(10 kV cm−1) 

80 °C, 

2 weeks 
[3] 

Aged 0.5 mol% Mn-doped BaTiO3 single 

crystal 
Single 

0.03%  

(7 kV cm−1) 
Double 

0.12%  

(13 kV cm−1) 

25 °C, 

134 days 
[4] 

Fe-doped BaTiO3 single crystal Single - Double 
0.75%  

(2 kV cm−1) 

80 °C, 

5 days 
[5] 

0.2 mol% Fe-doped  

0.62Pb(Mg1/3Nb2/3)O3-0.38PbTiO3 single 

crystal 

Single 

0.05%  

(12.5 kV 

cm−1) 

Double 

0.8%  

(12.5 kV 

cm−1) 

140 °C, 

1 week 
[6] 

1.0 mol% Mn-doped  

(Ba0.95Sr0.05)TiO3 ceramic 
Single 

0.06%  

(30 kV cm−1) 
Double 

0.12% 

(30 kV cm−1) 

25 °C, 

4 weeks 
[7] 

K[(Nb0.9Ta0.1)0.99Mn0.01]O3 ceramic Single 
0.06%  

(50 kV cm−1) 
Double 

0.16% 

(50 kV cm−1) 

130 °C, 

5 days 
[8] 

0.6(BaTi0.8Ca0.2O3)-0.4(Ba0.7Ca0.3TiO3) 

ceramic 
Single 

0.125%  

(30 kV cm−1) 
Double 

0.175% 

(30 kV cm−1) 

22 °C, 

4 weeks 
[9] 

1.0 mol% Cu-doped (K0.5Na0.5)NbO3 ceramic Single 
0.15%  

(60 kV cm−1) 
Double 

0.25% 

(60 kV 

cm−1 kV 

cm−1) 

25 °C, 

1 year 
[10] 

1.5 mol% Fe-doped  

(Pb0.95Ba0.025Sr0.025)(Zr0.53Ti0.47)O3 ceramic 
Single 

0.075%  

(30 kV cm−1) 
Double 

0.325% 

(30 kV cm−1) 

25 °C, 

3 months 
[11] 

(Bi0.5Na0.5)0.852(Bo0.5K0.5)0.11Ba0.038Ti0.9875Nb0.0

125O3 ceramic 
Single 

0.38%  

(60 kV cm−1) 
Double 

0.41% 

(60 kV cm−1) 

80 °C, 

2 weeks 
[12] 

K0.5Na0.5NbO3-K5.4Ci1.3Ta10O9 ceramic Single - Double - 
80 °C, 

70 days 
[13] 

Ba(Ti0.99Mn0.01)O3 ceramic Single - Double - 
80 °C, 

37 days 
[14] 

a) Single: Single hysteresis loop  

b) Double: Double hysteresis loop 

  



Figure S1. Dependence of the dielectric constant on temperature in Fe-doped BaTiO3 

single crystal (Fe-BTO). Temperature dependence of dielectric constant in unaged (red 

line) and aged (black line) Fe-BTO. Significant variations in dielectric constant at 20 °C 

is for the temperature for phase transition from orthorhombic to tetragonal; TO→T and 

130 °C is for the temperature for phase transition from tetragonal to cubic phase; TC. 

  



Figure S2. Impedance spectra of the aged (red) and unaged (black) Fe-BTO. Impedance 

spectra of aged Fe-BTO and unaged Fe-BTO confirmed that a resonance spectrum appears in 

the 0.5–1 MHz band at inset graph and in the 3–4 MHz band after aging. Based on these 

resonance spectrum peaks, self-poling is assumed to have occurred due to the defect dipoles. 



 

Figure S3. Evolution of P-E and S-E hysteresis over time after an AC electric field is applied 

for activation. The results of P-E and S-E when an electric field (10 Hz, 3 kV mm-1) is applied 

(a)–(b) at 1 hour intervals and (c)–(d) at 5 minute intervals. According to the results, the more 

times the AC electric field is applied within the same time, the faster the aging phenomenon 

becomes.  



Figure S4. Schematic and results for thermally stimulated depolarization current (TSD

C) measurement. (a) Schematic of TSDC measurement setup and (b) temperature and 

electrical process curves showing polarization and depolarization during the TSDC me

asurement. (c) TSDC results for the Fe-BTO and BTO. The sharp peaks observed at 20°

C and 130°C are confirmed to be due to changes in the crystal structure, as compare

d with Figure SI in the SI. The broad variation in Fe-BTO from approximately 50°C 

to 200°C is presumed to result from current peaks caused by the de-poling of oxygen



 vacancies that were displaced during poling and were subsequently depolarized as the

 temperature increased. The calculated oxygen vacancy concentrations in Fe-BTO and 

BTO are approximately 6.27 ⨉ 1014 cm−3 and 1.1 ⨉ 1013 cm−3, respectively.15 

  



Figure S5. Comparison of electro-strain characteristics between reported lead piezoelectric 

single crystals and aged Fe-BTO. The red line in the graph represents the gigantic deformation 

of Fe-BTO after aging.16 

  



 

Figure S6. Schematic of potential energy of defect polarization according to the locati

on of oxygen vacancies in tetragonal perovskite-structured ferroelectric unit cell.17,18 

  



Figure S7. Phase field simulation of P-E loop and S-E loop with unaged and aged F

e-BTO single crystals. 

  



 

 

 

 

 

Figure S8. Evolution of S-E hysteresis loops for aged Fe-BTO during 104 AC electric field 

cycles (10 Hz, 3 kV mm⁻¹) 
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