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1. Force-field parameters for molecular dynamics simulations

The Buckingham pairwise potential parameters used in MD simulations for cations and 

oxygen interactions are shown below in Table S1.

Table S1 The Buckingham pairwise potential parameters for cation and oxygen anion interaction.

Ion Pair  (eV)𝐴𝑖𝑗  (Å)𝜌𝑖𝑗  (eV Å6)𝐶𝑖𝑗

La+3-O-2 [Ref.1] 1928.62 0.3321 0.00

Pr+3-O-2 [Ref.2] 1445.20 0.3608 0.00

Nd+3-O-2 [Ref.3] 2686.60 0.3206 0.00

Gd+3-O-2 [Ref.4] 1458.38 0.3522 0.00

Ba+2-O-2 [Ref.5] 1214.40 0.3522 0.00

Sr+2-O-2 [Ref.6] 959.10 0.3721 0.00

Ca+2-O-2 [Ref.7] 1227.70 0.3372 0.00

Mn+3-O-2 [Ref.8] 8474.57 0.2392 0.00

O-2-O-2 [Ref.9–11] 22764.3 0.1490 43.00

2. Input crystal structure information

The input LMO structure is derived from a prior experimental study, and subsequent 

optimization was performed using DFT simulations. Similarly, parent Sr-doped LSM20 and 

LSM50 structures from prior experimental studies are considered and subsequently optimized 

using DFT. In the case of high entropy structures, the LMO structure is extended to a 5×2×1 

supercell. A-site is doped with five different cations to create LSBNP and LSCGP high entropy 

perovskite oxide. In order to generate randomness at the A-site, the mcsqs12 code of ATAT13–15 is 

used. A-site randomly doped structures are optimized in DFT in three steps. In the first step, only 

the atomic positions of the atoms are relaxed without relaxing the lattice parameters using the ISIF 

= 2 tag of VASP16. In the next step, both atomic positions and lattice parameters are optimized by 



keeping the volume of the cell fixed using the ISIF = 4 tag of VASP16. In the last step, both lattice 

parameters and atomic positions are fully relaxed with changes in volume using the ISIF = 3 tag 

of VASP16. Table S2 and Figure S1 represent the input crystal structure information of parent 

perovskite oxides and high entropy perovskite oxides.

Fig. S1 Unit cell structure of (a) LMO, (b) LSM20, (c) 2×2×2 supercell of LSM50, 5×2×1 

supercells of (d) LSBNP, and (e) LSCGP perovskite oxides.

Table S2 DFT optimized input crystal structure information of the parent LMO, LSM20, and 

LSM50 taken from prior experimental studies, LSBNP, and LSCGP.

Perovskite 

Oxide

Symmetry (Space 

group)

Lattice parameter (Å)

LMO17 Cubic (Pm3̅m) a = 3.94 Å

LSM2018 Trigonal (R3̅ c) a = b = 5.595 Å, and c = 13.51 Å

LSM5019 Cubic (Pm3̅m) a = 3.85 Å

a = 3.90 Å [DFT, This work], 3.878 Å20LSBNP Cubic (Pm3̅m)

Rwp Rp χ2 



8.6020 6.4720 2.7720

a = 3.87 Å [This work (Theory)]

a = 3.84 Å [This work (Experiment)]

Rwp Rp χ2

LSCGP Cubic (Pm3̅m)

6.30 6.49 2.89

3. Input parent perovskite oxides for enthalpy of mixing calculations

Crystal structure databases like Materials Project21 and OQMD22,23 were used to obtain 

information on parent perovskite oxides previously synthesized experimentally. The 

corresponding data is presented in Table S3.

Table S3 Structural information of parent perovskite oxides from literature.

Perovskit

e Oxide

Space group Lattice parameters References

LaMnO3 Pm3̅m a = b = c = 3.94 Å [Ref.17]

PrMnO3 Pm3̅m a = b = c = 3.89 Å [Ref.24]

NdMnO3 Pnma a = 5.81 Å, b = 7.61 Å, c = 5.41 Å [Ref.25]

GdMnO3 Pnma a = 5.33 Å, b = 5.64 Å, c = 7.62 Å [Ref.26]

BaMnO3 P63cm a = b = 9.84 Å, c = 4.90 Å [Ref.27]

SrMnO3 P63/mmc a = b = 5.45 Å, c = 9.09 Å [Ref.28]

CaMnO3 Pnma a = 5.33 Å, b = 5.40 Å, c = 7.57 Å [Ref.29]

4. LSBNP and LSCGP surface slabs terminated along (001) direction

For the Sr-cation segregation study from DFT, A-site cations terminating or Mn 

terminating slabs are considered in (001) direction. Figure S2 represents the surface slabs of 

LSBNP and LSCGP along the (001) direction.



Fig. S2 (a, c) A-site and (b, d) Mn-site surface terminating slabs of LSBNP and LSCGP, 

respectively.

5. Oxygen vacant structure of LSBNP and LSCGP high entropy perovskite oxides

In order to study oxygen vacancy formation energies, the 5×2×1 supercell of the high 

entropy structures is considered. Oxygen vacancies are created by removing one oxygen atom from 

the structure. High entropy structures provide a diverse environment for oxygen vacancy. Hence, 

all possible oxygen vacancy positions in the AO-plane (AMnO3-based perovskite oxides) are 

considered, as shown in Figure S3. In the case of the MnO2-plane, the oxygen vacancy position 

resulting in the lowest energy is presented.

Fig. S3 Oxygen vacant 5× 2×1 supercell of (a) LSBNP and (b) LSCGP high entropy perovskite 

oxides, where the black sphere represents the oxygen vacancy site.



6. Radial pair distribution function for Sr+2-O-2 pairs in LSM20, LSM50, LSBNP, and 

LSCGP surface slabs 

The radial pair distribution functions for Sr+2-O-2 pairs are analyzed from the MD 

trajectories plotted for Mn-terminated surface slabs of LSM20, LSM50, LSBNP, and LSCGP 

structures. The diffused RDF plots predict more cation disorder, while the ordered RDF plots 

predict less cation disorder and hence less Sr-cation segregation towards the surface. Figure S4 (a-

d) represents the RDF plots for LSM20, LSM50, LSBNP, and LSCGP structures.

Fig. S4 Radial pair distribution plot for Sr+2-O-2 pairs of (a) LSM20, (b) LSM50, (c) LSBNP, and 

(d) LSCGP.

7. Oxygen vacancy formation energy of LSCGP, LSBNP, and reference simple perovskite 

oxides

Table S4 represents the oxygen vacancy formation energy ( ) for LSCGP, LSBNP, and 𝐸𝑂𝑉

reference simple perovskite oxides from our DFT simulations and literature.



Table S4 Oxygen vacancy formation energies (kJ/mol) in various possible sites of LSM20, 
LSM50, LSBNP, and LSCGP (The A-O-B convention represents A and B ions nearest neighbor 
ion around the oxygen vacant site).

Perovskite Oxide Oxygen Vacancy Formation Energy (kJ/mol)
La-O-Pr 227.41
Pr-O-Gd 220.50
Gd-O-Sr 223.60
Sr-O-Ca 204.48
Ca-O-La 214.76

LSCGP

MnO2 166.82
La-O-Pr 246.65
Pr-O-Nd 243.58
Nd-O-Ba 244.56
Ba-O-Sr 248.30
Sr-O-La 247.34

LSBNP

MnO2 212.02
LMO 302.96 [Ref.30]

415.85 [Ref.31]
398.97 [Ref. 32]
409.10 [This work]

LSM20 362.78 [This work]
LSM25 390.77 [Ref.31]
LSM50 338.66 [Ref.31]

302.94 [This work]
CaMnO3 193.00 [Ref. 32]
BaMnO3 270.20 [Ref. 32]
SrMnO3 185.25 [Ref. 32]
PrMnO3 309.70 [Ref. 32]
GdMnO3 355.20 [Ref. 32]
NdMnO3 366.60 [Ref. 32]

8. MSD vs. time data for LSBNP and LSCGP high entropy perovskite oxides

To calculate oxygen anion diffusivities, MSD vs. time data was extracted from time dynamics of 

equilibrated structures. For this, MD simulations were performed at 773-1273 K temperatures. 

Figure S5 shows the MSD vs. time data for LSBNP and LSCGP high-entropy perovskite oxides.



Fig. S5 MSD vs. time data extracted for (a) LSBNP, (b) LSCGP high entropy perovskite oxide 

configurations using MD simulations.
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