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1. Computational details

The electronic, magnetic, and crystal structures of LaMO3 (M = Sc - Cu) perovskites used in the 

calculation are summarized in Table S1.

Table S1. Electronic, magnetic, and crystal structures of LaMO3 (M = Sc - Cu) perovskites.

Perovskite PAW potential
Ueff in 

PBE+U

Ueff in 

BEEF-vdW+U

Magnetic 

structure

Crystal structure 

(Orthorhombic & 

Rhombohedral)

LaScO3 Sc_sv 0 0 NMa Pbnm

LaTiO3 Ti_pv 1.3 0.6 GAFMb Pbnm

LaVO3 V_sv 3.0 2.5 CAFMc Pbnm

LaCrO3 Cr_pv 3.0 2.5 GAFM Pbnm

LaMnO3 Mn_pv 4.7 3.5 AAFMd Pbnm

LaFeO3 Fe_pv 4.8 2.9 GAFM Pbnm

LaCoO3 Co 4.2 3.1 FMe 3R c

LaNiO3 Ni_pv 7.0 5.6 FM 3R c

LaCuO3

La O_s

Cu 4.5 2.8 NM 3R c

aNonemagnetic

bG type-antiferromagnetic

cC type-antiferromagnetic

dA type-antiferromagnetic

eFerromagnetic
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2. Determination of Ueff value

The Ueff (Ueff = U - J) values used in this work were obtained by fitting the calculated 

thermodynamic quantities, such as enthalpy and Gibbs free energy of formation of metal oxides, to 

available experimental data.

Figure S1. Derivation of the Ueff value by using the PBE and the BEEF-vdW functionals.

To ensure that the fitting to the thermodynamic properties can correctly reproduce other physical 

properties of LaMO3, we calculated the band structures, band gaps, as well as magnetic moments of 

LaMO3 (M = Sc - Cu) by using the BEEF-vdW+U method, as shown in Figs. S2 and S3, 
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respectively. Comparison between our calculated band gaps and magnetic moments with 

experimental data1-20 and theoretical results reported by using the HSE hybrid functional21-26 

indicates that our fitted Ueff values work surprisingly well when determining the physical properties 

of LaMO3, and, in some cases, BEEF-vdW+U may give even better agreement than the HSE hybrid 

functional does. The only exception occurs in LaScO3, whose band gap is considerably 

underestimated. This deviation can be traced to the underestimation of the Sc 3d unoccupied band 

energy, and the calculated error can only be corrected by using a large and unreasonable Ueff value 

because the Ueff within the GGA+U framework has a negligible effect on the energy of the 

unoccupied d state. Hence, in this work, BEEF-vdW+U was applied to the La-based perovskites 

involving 3d-block transition metals except LaScO3.

Figure S2. Calculated band structures of LaMO3 (M = Sc - Fe) by BEEF-vdW+U.
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Figure S3. Calculated (a) band gap and (b) magnetic moment of La-based perovskites LaMO3 (M = 

Sc - Fe) by BEEF-vdW+U. Experimental results reported in ref. 1-20 and theoretical data reported 

by using the HSE hybrid functional in ref. 21-26 are presented for comparison.
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3. Structure distortion

Structural determinations carried out at room temperature suggested that there are multiple ways in 

which the octahedra can tilt. Very often perovskites would undergo an a-a-a- or an a-b+a- octahedral 

tilting distortion, with the symmetry reducing from cubic to rhombohedral or to orthorhombic, which 

can be seen from Fig. S4.

Figure S4. Schematical representations of (a) ideal cubic structure, (b) pseudocubic structure 

adopting the a-b+a- tilt system, and (c) pseudocubic structure adopting the a-a-a- tilt system.
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4.Cell parameters of pseudocubic structures of LaMO3

Pseudocubic structures were obtained by imposing an a-b+a- or an a-a-a- octahedral tilting 

distortions on the cubic supercells and allowing for internal atomic relaxation. The equilibrium 

supercell parameters of the pseudocubic structures were obtained by first performing a series of 

constant-volume calculations and then fitting the energy vs. volume data to the Murnaghan equation 

of state (see Fig. S5). Our calculated results indicate that the pseudocubic model in the a-b+a- tilt 

system is energetically more favorable than that in the a-a-a- tilt system. Therefore, the a-b+a- 

octahedral tilting distortion was adopted by all the pseudocubic structures of La-based perovskites.
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Figure S5. Determination of the cell parameters of pseudocubic structures of LaMO3.
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5. O2 binding energy correction

The calculated and experimental enthalpy and Gibbs free energy of formation of 

nontransition-metal oxides are compared and presented in Fig. S6, from which the corrections to the 

O2 total energy are determined. 

Figure S6. Plots of calculated (a) enthalpy and (b) Gibbs free energy of formation of non-transition 

metal oxides (per mole O2 at 298 K) against experimental value.
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6. Variation in the M-OC-M bond angle

The octahedral rotation is commonly referred to as GdFeO3-type distortion (or simply GFO 

distortion) and would considerably decrease the M-OC-M bond angles from 180°, as summarized in 

Table S2.

Table S2. Measured M-Oc-M bond angles in LaMO3.

M-Oc-M (Å)

BEEF-vdW+U PBE+U
Perovskites

Pseudocubic
Orthorhombic & 

Rhombohedral
Pseudocubic

Orthorhombic & 

Rhombohedral

LaScO3 146.684 146.143 145.998 146.018

LaTiO3 154.357 153.828 152.486 152.018

LaVO3 151.664 152.424 151.481 151.803

LaCrO3 155.499 155.196 154.838 154.702

LaMnO3 152.155 151.241 151.983 150.840

LaFeO3 153.606 153.749 153.164 153.331

LaCoO3 157.668 159.445 157.604 159.949

LaNiO3 157.272 158.891 157.076 158.757

LaCuO3 158.206 160.384 161.816 161.640
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7. Oxygen vacancy formation energy

The calculated oxygen vacancy formation energies in the three perovskite crystal structures by 

using the BEEF-vdW+U and PBE+U methods are presented in Table S3.

Table S3. Calculated oxygen vacancy formation energies in the three perovskite crystal structures by 

using the BEEF-vdW+U and PBE+U methods.

BEEF-vdW+U PBE+U

Pseudocubic Orthorhombic & 
Rhombohedral Pseudocubic Orthorhombic & 

RhombohedralPerovskites

Oab Oc Oab Oc Oab Oc Oab Oc

LaScO3 7.07 7.08 7.10 7.10 7.10 7.11 7.12 7.13
LaTiO3 6.50 6.47 6.52 6.44 6.61 6.63 6.61 6.57
LaVO3 6.05 6.14 6.10 6.29 6.26 6.36 6.21 6.36
LaCrO3 5.49 5.51 5.42 5.48 5.61 5.62 5.54 5.59
LaMnO3 3.37 3.45 4.01 3.96 3.37 3.47 3.96 3.95
LaFeO3 4.77 4.81 4.74 4.76 4.90 4.94 4.79 4.89
LaCoO3 2.23 2.30 2.35 2.12 2.21 2.48
LaNiO3 1.54 1.59 1.49 1.50 1.55 1.44
LaCuO3 1.36 1.43 1.16 1.19 1.25 1.14

From Table S3, one can see that in the orthorhombic and pseudocubic LaMO3 the calculated 

oxygen vacancy formation energies at the Oab and Oc sites are virtually the same (the difference is 

less than 0.1 eV), implying that the oxygen vacancies are likely to be distributed uniformly in bulk 

perovskite. The only exception to this observation is LaVO3, where the energy difference could be as 

high as 0.19 eV. The origin of the energy difference probably lies in the fact that LaVO3 adopts a 

C-type antiferromagnetic structure and undergoes a significant GFO distortion in the c direction 

compared to the other perovskite materials, which is reflected in the dramatic reduction of the 

V-Oc-V bond angle from 180° (see Table S2 for details). As a consequence, the local magnetic and 

coordination environments of the Oab and Oc ions differ significantly, which in turn gives rise to the 

markedly different V-O bond strengths.
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8. Effective Bader charge on ions in stoichiometric perovskites

The calculated effective Bader charges on La (  ), M (  ), and O (  ) in the stoichiometric Laq Mq Oq

LaMO3 are presented in Table S4.

Table S4. Bader charge on different ions in stoichiometric perovskites.

BEEF-vdW+U PBE+U

Pseudocubic
Orthorhombic & 

Rhombohedral
Pseudocubic

Orthorhombic & 

Rhombohedral
Perovskites

qLa/(|e|) qM/(|e|) qO/(|e|) qLa/(|e|) qM/(|e|) qO/(|e|) qLa/(|e|) qM/(|e|) qO/(|e|) qLa/(|e|) qM/(|e|) qO/(|e|)

LaScO3 2.08+ 2.02+ 1.37- 2.08+ 2.02+ 1.36- 2.06+ 2.00+ 1.35- 2.05+ 2.00+ 1.35-

LaTiO3 2.04+ 1.95+ 1.33- 2.04+ 1.95+ 1.33- 2.03+ 1.95+ 1.33- 2.03+ 1.95+ 1.32-

LaVO3 2.09+ 1.89+ 1.33- 2.09+ 1.89+ 1.33- 2.07+ 1.88+ 1.32- 2.07+ 1.89+ 1.32-

LaCrO3 2.10+ 1.77+ 1.29- 2.10+ 1.77+ 1.29- 2.08+ 1.76+ 1.28- 2.08+ 1.76+ 1.28-

LaMnO3 2.10+ 1.72+ 1.27- 2.11+ 1.72+ 1.28- 2.08+ 1.72+ 1.27- 2.09+ 1.72+ 1.27-

LaFeO3 2.11+ 1.74+ 1.28- 2.10+ 1.74+ 1.28- 2.08+ 1.78+ 1.29- 2.08+ 1.78+ 1.29-

LaCoO3 2.12+ 1.39+ 1.17- 2.11+ 1.38+ 1.17- 2.10+ 1.37+ 1.16- 2.10+ 1.34+ 1.15-

LaNiO3 2.12+ 1.33+ 1.15- 2.12+ 1.33+ 1.15- 2.10+ 1.33+ 1.14- 2.10+ 1.33+ 1.14-

LaCuO3 2.13+ 1.18+ 1.10- 2.13+ 1.18+ 1.10- 2.11+ 1.15+ 1.09- 2.11+ 1.15+ 1.09-
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9. Charge redistribution in perovskites upon oxygen vacancy formation

The percentage of the electrons gained by each remaining ion upon oxygen vacancy formation is 

calculated by using the PBE+U method and shown in Fig. S7. The percentage of the electrons 

gained by the three elements upon oxygen removal, together with the corresponding oxygen vacancy 

formation energy, in the pseudocubic and orthorhombic & rhombohedral LaMO3 is listed in Table 

S5 and S6, respectively.

Figure S7. Percentage of the electrons gained by each remaining ion upon oxygen vacancy 

formation calculated by using the PBE+U method. The data for the nearest-neighbor transition 

metals of the oxygen vacancy are shaded in gray.
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Table S5. Percentage of the electrons gained by each element in pseudocubic LaMO3 upon oxygen 

removal.

BEEF-vdW+U PBE+U
Perovskites

La M O ΔEf,vac La M O ΔEf,vac

LaScO3 0.32 0.64 0.04 7.07 0.33 0.61 0.06 7.10

LaTiO3 0.26 0.68 0.06 6.47 0.30 0.65 0.05 6.61

LaVO3 0.23 0.73 0.04 6.05 0.24 0.72 0.04 6.26

LaCrO3 0.16 0.71 0.13 5.49 0.17 0.71 0.12 5.61

LaMnO3 0.11 0.53 0.36 3.37 0.12 0.55 0.33 3.37

LaFeO3 0.13 0.74 0.13 4.77 0.11 0.79 0.10 4.90

LaCoO3 0.11 0.34 0.55 2.23 0.13 0.14 0.73 2.12

LaNiO3 0.11 0.25 0.64 1.54 0.10 0.24 0.66 1.50

LaCuO3 0.09 0.45 0.46 1.36 0.15 0.48 0.37 1.19

Table S6. Percentage of the electrons gained by each element in orthorhombic & rhombohedral 

LaMO3 upon oxygen removal.

BEEF-vdW+U PBE+U
Perovskites

La M O ΔEf,vac La M O ΔEf,vac

LaScO3 0.32 0.63 0.05 7.09 0.34 0.61 0.05 7.12

LaTiO3 0.29 0.68 0.03 6.44 0.29 0.66 0.05 6.57

LaVO3 0.23 0.72 0.05 6.10 0.25 0.71 0.04 6.21

LaCrO3 0.16 0.71 0.13 5.42 0.16 0.71 0.13 5.54

LaMnO3 0.13 0.58 0.29 3.96 0.13 0.60 0.27 3.95

LaFeO3 0.12 0.73 0.15 4.74 0.10 0.77 0.13 4.79

LaCoO3 0.10 0.37 0.53 2.35 0.16 0.02 0.82 2.48

LaNiO3 0.14 0.25 0.61 1.49 0.12 0.23 0.65 1.44

LaCuO3 0.14 0.44 0.42 1.16 0.10 0.44 0.46 1.14
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10. Energy profiles for oxygen migration elementary steps in LaMnO3

Figure S8. Energy profiles for oxygen migration elementary steps in LaMnO3 calculated by using 

the BEEF-vdW+U method. 

Figure S9. Energy profiles for oxygen migration elementary steps in LaMnO3 calculated by using 

the PBE+U method. 
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11. Energy barriers for oxygen migration elementary steps

Figure S10. Calculated energy barriers ( ) for oxygen migration elementary steps in the (a) migE

pseudocubic and (b) orthorhombic & rhombohedral LaMO3 (M = Sc ~ Cu) by using the PBE+U 

method.
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12. Energy barriers for oxygen migration diffusion pathways

Table S7. Calculated energy barriers ( ) for the kinetically most favorable oxygen diffusion path
migE

pathways in the pseudocubic and orthorhombic & rhombohedral LaMO3 by using the PBE+U 

method.

Pseudocubic Ortho & rhomb

Perovskite Favorable
pathway

 path
migE

(eV)

Favorable
pathway

 path
migE

(eV)
LaScO3 Ⅱ 1.77 Ⅱ 1.70
LaTiO3 Ⅱ 1.65 Ⅱ 1.71
LaVO3 Ⅱ 1.26 I 1.38
LaCrO3 Ⅱ 1.76 I 1.88
LaMnO3 Ⅱ 0.56 I 0.71
LaFeO3 Ⅱ 0.53 I 0.69
LaCoO3 Ⅱ 0.45 I 0.56
LaNiO3 Ⅱ 0.61 I 0.59
LaCuO3 Ⅱ 0.49 I 0.49
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Table S8. Calculated energy barriers ( ) for oxygen diffusion pathways in the pseudocubic path
migE

LaMO3 by using the PBE+U & BEEF-vdW+U methods.

PBE+U BEEF-vdW+U
Perovskites

Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ

LaScO3 1.77 1.77 1.77 2.08 2.03 2.08 1.85 1.84 1.85 2.12 2.06 2.12
LaTiO3 1.75 1.65 1.75 1.81 1.69 1.81 1.61 1.57 1.61 1.80 1.62 1.80
LaVO3 1.39 1.26 1.39 1.58 1.49 1.58 1.26 1.15 1.26 1.43 1.30 1.43
LaCrO3 1.81 1.76 1.81 1.99 1.89 1.99 1.75 1.70 1.75 1.91 1.81 1.91
LaMnO3 0.65 0.56 0.65 0.81 0.75 0.81 0.67 0.57 0.67 0.79 0.72 0.79
LaFeO3 0.85 0.53 0.85 0.87 0.94 0.94 0.75 0.47 0.75 0.71 0.62 0.71
LaCoO3 0.45 0.45 0.45 0.52 0.76 0.76 0.52 0.49 0.52 0.87 0.74 0.87
LaNiO3 0.72 0.61 0.72 0.80 0.83 0.83 0.73 0.62 0.73 0.81 0.82 0.82
LaCuO3 0.61 0.49 0.61 0.63 0.69 0.69 0.63 0.50 0.63 0.63 0.71 0.71

Table S9. Calculated energy barriers ( ) for oxygen diffusion pathways in the orthorhombic & path
migE

rhombohedral LaMO3 by using the PBE+U & BEEF-vdW+U methods.

PBE+U BEEF-vdW+U
Perovskites

Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ

LaScO3 1.80 1.70 1.80 2.01 2.12 2.12 1.78 1.70 1.78 1.97 2.08 2.08
LaTiO3 1.84 1.71 1.84 1.76 1.95 1.81 1.71 1.67 1.71 1.69 1.86 1.86
LaVO3 1.38 1.38 1.38 1.51 1.58 1.58 1.26 1.26 1.26 1.60 1.42 1.60
LaCrO3 1.88 1.91 1.91 1.88 2.01 2.01 1.82 1.86 1.86 1.82 1.92 1.92
LaMnO3 0.71 0.71 0.71 0.88 0.70 0.88 0.71 0.71 0.71 0.72 0.88 0.88
LaFeO3 0.69 0.74 0.74 0.94 0.87 0.94 0.56 0.68 0.68 0.73 0.73 0.73
LaCoO3 0.56 0.66 0.66 0.50 0.62 0.62
LaNiO3 0.59 0.77 0.77 0.60 0.79 0.79
LaCuO3 0.49 0.68 0.68 0.49 0.67 0.67
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13. The factor determining oxygen migration barriers in LaMO3

Figure S11. (a) Schematic representation of the (002) plane (shaded in green) in the pseudocubic 

structure; two-dimensional slices displayed along the (002) plane, showing the charge density 

difference between the transition and initial state for oxygen migration in (b) LaCrO3 and (c) 

LaFeO3; (d) oxygen ion migration in the (002) plane; effective Bader charges on transition metals 

along the MEPs for oxygen migration in (e) LaCrO3 and (f) LaFeO3 calculated by using the PBE+U 

method.

Figure S12. Relationship among the energy barrier for oxygen migration, the change ( ) in the 
AMq

effective Bader charge on the central MA cation from the initial state to the transition state, and the 



S23

percentage change ( ) in the area of the “critical triangle” from the initial state to the /area areaIS

transition state during the oxygen migration by using the PBE+U method.

14. The relationship between the oxygen diffusion coefficient and  path
migE

As the other component that is used to yield the diffusivity, the oxygen migration barrier is not 

capable of describing the variation in the diffusion coefficient.

Figure S13. Dependence of the logarithm of  on .oxygenD path
migE
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