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1. Calculation method

1.1 ABO3 perovskite semiconductors 

The geometry optimization and the electronic structure calculations of all perovskites were 

performed using the Vienna ab initio simulation package (VASP) code based on density functional 

theory (DFT).1-4 The kinetic-energy cutoff in the expansion of the electronic wave function was set 

to of 600 eV and Brillouin zone was sampled with a (18×18×18) Monkhorst−Pack k-point mesh.5 

The electronic structures were evaluated with HSE exchange-correlation functional.6 For the bulk 

geometry optimization, the absolute convergence of the total energy with respect to the structural 

degrees of freedom was less than 1meV/atom. In this work, the absolute energy (relative to the 

vacuum) of edges of conduction and valence bands (CBM and VBM) is determined by the surface 

method within the same DFT framework as our previous work.7

1.2 ZnxMg(1-x)Fe2O4 spinel semiconductors

As D. A. Anderssonthe et al. pointed out that the conventional cell containing 56 atoms is 

sufficient to imitate the spinels,8 we selected MgFe2O4 normal spinel conventional cell (space group: 

Fd-3mz) as the initio structure in which total 56 atoms were filled. There are 8 A-site Mg atoms and 

16 B-site Fe atoms in the cell.9 Then the A-site Mg atoms was partially replaced by Zn atoms 

according to the component ratio x to get the model of ZnxMg(1-x)Fe2O4 (x from 0 to 1 at an interval 

of 0.125) solid solutions. In order to characterize the random feature of the solid solution phases, 
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the special quasi-random structures (SQSs) based on the normal spinel lattice at different x values 

are generated by Alloy-Theoretic Automated Toolkiit (ATAT) package.10, 11 Among available SQS 

models for ZnxMg(1-x)Fe2O4, the cell with the lowest total energy is picked up as the equilibrium 

structure at each x value.

All the total energy and geometry optimization calculations are carried out by VASP in the 

framework of DFT.1-4 The electron structure calculations were performed with the self-consistent 

spin-polarized methods. The Perdew-Burke-Ernzerhof (PBE)12 pseudopotential was chosen as the 

exchange and correlation functional. 3s2, 3d104s2, 3d64s2, and 2s22p4 orbitals were treated as valence 

electronic states for Mg, Zn, Fe, and O elements, respectively. An expansion of the electronic wave 

functions in plane waves with a kinetic-energy cutoff of 600 eV was adopted. Brillouin-zone 

integration was performed using a 6×6×6 Monkhorst-Pack k-point mesh,5 and the convergence 

criteria for the total energy and Hellmann-Feynman force was set to 10-6 eV and 1 meV/Å, 

respectively. Due to the strong on-site Coulomb repulsion between the localized d-shell electrons, 

the Hubbard U term was added to the potential of Fe and the value of U was set to 4.5 eV.13, 14

As for the band edges, using the slab model, the absolute position of VBM/CBM at PBE+U level 

is computed with the equation:15
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Where  is the average electrostatic potential in the bulk region of the slab relative to the vacbulkV 

vacuum region.16 The slab should be sufficiently thick to mimic the bulk of the material, and the 

vacuum region should be large enough to avoid the interaction with the neighboring replica.  is bulkV

the bulk electrostatic potential averaged over the plane parallel to the specific surface of bulk 

semiconductors. EBGC is the band gap center position. According to Perdew and Levy, DFT is 

exact for calculating the band gap center (EBGC).17 Therefore we adopt PBE functional to calculate 

the bulk band gap center. Hubbard U-correction for bulk VBM (CBM) is made by subtracting 

(adding) the half of PBE+U gap. 



2. Ground state and stability of ZnxMg(1-x)Fe2O4 

To verify the equilibrium structure of normal the relation between the total energy and volume 

was checked. We found that the Mg-O and Zn-O bond become shorter with the increase of Zn .at%, 

indicating the larger electronegativity of Zn. The calculated curves of the equation of state (EOS) 

for normal spinel ZnFe2O4 and MgFe2O4 in non-magnetic (NM), ferromagnetic (FM) and anti-

ferromagnetic (AFM) phases are shown in Fig. S3. Obviously, NM-MgFe2O4 and NM-ZnFe2O4 are 

less stable compared to FM and AFM phases at ambient conditions. Although the energy difference 

is slight, it turns out that the stability of AFM phase is superior to that of FM phase (see Fig. S3), 

which is consistent with the report of S. Soliman and Q. Chen.18, 19

Based on the AFM ground state, we determined the equilibrium configuration among all 

available SQS solid solution models by the total energy calculations. As is shown in Table S5, the 

optimized equilibrium lattice parameter and lattice volume of ZnxMg(1-x)Fe2O4 decrease gradually 

with the increase of Zn content due to its relative smaller ionic radius. 

To study the thermodynamic stability and miscibility of ZnxMg(1-x)Fe2O4 at each x value, the 

formation enthalpy (Eformation) and mixing energy (Emixing) were calculated. As a function of 

compositions, Eformation is defined as the following equation.20
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Where  is the total energy of ZnxMg(1-x)Fe2O4 at a specified x.  or  is the energy of )( x
totalE Mg

solidE Zn
solidE

single Mg or Zn atom in its elemental state, and  is the half of the energy of oxygen gas. From 2O
gasE

Fig. S4 and Table S5, it is found that all the formation enthalpies of equilibrium SQS configurations 

are negative, which indicates that the normal spinels ZnxMg(1-x)Fe2O4 are thermodynamically stable.

Emixing of solutions with respect to ZnFe2O4 and MgFe2O4 is determined by eqn (S3):21
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Here  and stands for the total energy of ZnFe2O4 and MgFe2O4, respectively. 42OZnFe
totalE 42OMgFe
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Generally speaking, the negative mixing energy is contributed to the formation of stable solutions, 

while the positive value suggests a tendency for the phase separation. In Fig. S5, the curve of 

negative mixing energies of ZnxMg(1-x)Fe2O4 show a parabolic concave with a minimum at x = 0.5 

(Table S5). Thus our calculations suggest that ZnxMg(1-x)Fe2O4 are continuous solid solutions from x 

= 0 to 1 at 0 K owing to the small size-mismatch (less than 0.1%) between MgFe2O4 and ZnFe2O4 

lattices. At elevated temperatures, the effect of the mixing entropy may further stabilize these solid 

solutions. So far our thermodynamic calculations confirm the ground states ZnxMg(1-x)Fe2O4 at each 

x and support that the ZnxMg(1-x)Fe2O4 continuous solid solutions are stable and can be 

experimentally synthesized.

3. Supporting for the general anion group model

The reported values of band gaps of a series of MCSCs (as shown in Tab. S6 and Fig. S6-S10) 

are well consistent with the predictions of the anion group model, which further confirms the 

validity of the anion group model.



Table S1. Optimized lattice constants a (Å), band gaps Eg (eV) and CBM positions Ec (eV) for 

cubic titanates and zirconates.

Anion group Compounds a a(Exp.) Eg
(HSE) Eg

(Exp.) Eg
(Cal.) Ec Ec

(Ref.)

CaTiO3 3.89 3.8522 3.35 3.5023 3.2524 -2.54 -3.5825

(TiO6) SrTiO3 3.94 3.8726 3.34 3.4027 3.2028 -3.03 -3.7029

BaTiO3 4.03 3.9930 3.04 3.3027 3.1831 -4.06 -4.5827

CaZrO3 4.16 4.0232 4.80 5.7033 3.4034 -1.83 -2.4933

(ZrO6) SrZrO3 4.20 4.1035 4.79 5.5028 3.3436 -2.17 -2.6737

BaZrO3 4.26 4.1938 4.56 5.3039 3.2336 -2.28 -2.7040

Table S2. The band gap Eg
 (eV) and CBM position Ec (eV) for the selected perovskite-type 

niobates.

Anion group Compounds Eg
(HSE) Ec Eg

(Ref.) Ec
(Ref.)

NaNbO3 3.11 -2.12 3.4441 -3.2842

(NbO6)

KNbO3 2.67 -2.83 3.3043 -3.6427



Table S3. The band gap Eg
 (eV) and CBM position Ec (eV) for the selected perovskite-type 

stannates.

Anion group Compounds Eg
(HSE) Ec Eg

(Ref.) Ec
(Ref.)

CaSnO3 3.07 -2.51 4.4044 -3.0445

SrSnO3 2.67 -2.92 3.9046 -3.1345(SnO6)

BaSnO3 2.04 -3.56 3.1047 -3.8145

Table S4. The ionicity of different 'B' site cations in titanates, zirconates, niobates, and stannates.

'B' cations iconicity

Ti4+ 57.5%

Zr4+ 60.0%

Nb5+ 50.0%

Sn4+ ~100%



Table S5. The calculated lattice parameters a (Å), equilibrium volume V (Å3/unit cell), average 

bond length for Zn-O, Mg-O, and Fe-O (Å), formation energy Eformation (eV/atom), and mixing 

energy Emixing (meV/atom) for ZnxMg(1-x)Fe2O4 (x from 0 to 1 at an interval of 0.125).

x a V Mg-O Zn-O Fe-O Eformation Emixing

0 8.5057 615.34 1.9952 × 2.0416 -1.54 0

0.125 8.5062 615.46 1.9961 1.9992 2.0411 -1.50 -0.29

0.250 8.5065 615.53 1.9968 2.0003 2.0406 -1.45 -0.57

0.375 8.5069 615.60 1.9969 2.0018 2.0401 -1.40 -1.05

0.500 8.5071 615.65 1.9969 2.0031 2.0396 -1.36 -1.34

0.625 8.5075 615.75 1.9983 2.0026 2.0392 -1.31 -1.09

0.750 8.5076 615.78 1.9996 2.0028 2.0387 -1.26 -0.68

0.825 8.5078 615.81 2.0011 2.0032 2.0383 -1.21 -0.43

1.000 8.5078 615.81 × 2.0038 2.0378 -1.17 0



Table S6. Band gaps of AB2O4 spinels, including both calculations and available experiments.

Mg Ca Sr Ba Mn Fe

(eV) PBE HSE EXP PBE HSE EXP PBE HSE EXP PBE HSE EXP PBE HSE EXP PBE HSE EXP

Cr 0 4.23 0.69 0 4.38 2.4 0 4.33 0 4.12 1.6 0 3.7 0 0 1.33

Fe 0 2.95 2.08 0 2.90 0 2.87 0 2.67 0 0.89 0 0

Co 1.03 3.96 1.11 3.96 1.02 3.77 0.96 3.44 0 2.45 2.11 0

Ni 0 0 0 0 0 0 0 0 0 0 0 0

Al 5.71 6.93 7.8 4.06 5.75 3.16 4.81 2.36 3.93 0 4.52 4.1 0 0 2.7

Ga 3.14 4.82 2.67 4.29 1.99 3.58 1.36 2.87 0 2.63 0 0

In 1.85 3.35 3.4 2.01 3.41 1.81 3.18 1.51 2.92 0 2.16 0 0

Co Ni Cu Zn Cd Pd

(eV) PBE HSE EXP PBE HSE EXP PBE HSE EXP PBE HSE EXP PBE HSE EXP PBE HSE EXP

Cr 0 3.67 1.619 0 0 0 1.410 0 4.05 0 3.91 0 0

Fe 0 1.21 0.611 0 0 1.712 0 0 1.4813 0 2.75 1.9314 0 2.91 0 0.54

Co 0 2.98 0 0 0 0 0.90 3.77 2.815 0.82 3.52 0 0

Ni 0 0 0 0 0 0 0 0 0 0 0

Al 0 4.97 2.316 0 0 2.8517 0 0 1.7718 3.85 5.70 3.919 2.69 4.31 0 0.47

Ga 0 3.16 0 0 0 0 2.37 4.05 4.419 1.67 3.14 3.520 0 0

In 0 1.48 0 0 0 0 1.18 2.73 0.91 2.36 2.2321 0 0

A
B

A
B



Fig. S1 (a) HSE band structures and PDOS of ANbO3 (A = Na, K). The Fermi level is set to zero. 

(b) The CBM positions for ANbO3 (A = Na, K). The experimental values can be found in: Ref. 42 

for NaNbO3 and Ref. 27 for KNbO3.



Fig. S2 The prototype model for the AB2O4 normal spinel structure containing 56 atoms. Color 

code: green A-site atoms; blue B-site atoms; and red O atoms.



Fig. S3 The calculated EOS curves for MgFe2O4 and ZnFe2O4 of different magnetic configurations.



Fig. S4 DFT calculated formation energy Eformation and mixing energy Emixing for ZnxMg(1-x)Fe2O4 (x 

from 0 to 1 at an interval of 0.125).



Fig. S5 DFT+U calculated PDOS for ZnxMg(1-x)Fe2O4 (x from 0 to 1 at an interval of 0.125).



Fig. S6 HSE calculated band gap for AB2O4 (A = Ca, Sr, Ba; B = Al, Ga, In, Cr, Co, Fe).

Fig. S7 HSE calculated band gap for AB2O4 (A = Zn, Cd; B = Al, Ga, In).



Fig. S8 Band gap of ATaO3 (A = Na, K). The reported experimental gaps can be found in: Ref. 48 

for NaTaO3; Ref. 49 for KTaO3.

Fig. S9 Band gaps of AAl2O4 (A = Mn, Fe, Co, Ni, Cu). The reported experimental gaps can be 

found in: Ref. 50 for MnAl2O4; Ref. 51 for FeAl2O4; Ref. 52 for CoAl2O4; Ref. 53 for NiAl2O4; Ref. 

54 for CuAl2O4.



Fig. S10 Band gaps of AB2O4 (A = Mn, Fe, Co, Ni, Cu; B = Co). The reported experimental gaps 

can be found in: Ref. 55 for MnCo2O4; Ref. 56 for FeCo2O4; Ref. 57 for Co3O4; Ref. 57 for 

NiCo2O4; Ref. 58 for CuCo2O4.
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