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Table S1. Experimental III-V1-3 and II-VI4-10 room temperature single-phase alloy and multiple 
phase data, along with the ES term at 300 K, S/R, and UCV values calculated in this work, 
confirming how sorting by ES term and UCV creates a phase boundary that correctly separates 
42 out of 45 alloys by their miscibility at 300 K (incorrect alloys are in red). UCV also correlates 
well with mixing enthalpy at 300 K (Fig. S1). The III-V line is in Fig. 1; the II-VI line is at UCV 
=  0.114. 

Alloy composition ES term (kJ/mol) S/R UCV Exp. mixing 
enthalpy (kJ/mol) 

Single phase? 

Al0.5Ga0.5As0.5P0.5 -1.73 0.69 0.019 - Yes 
Al0.5In0.5As0.5P0.5 -1.73 0.69 0.038 - No 
Ga0.5In0.5As0.5P0.5 -1.73 0.69 0.038 - No 
Al0.5Ga0.5As0.5Sb0.5 -1.73 0.69 0.040 - No 
Al0.5In0.5As0.5Sb0.5 -1.73 0.69 0.048 - No 
Ga0.5In0.5As0.5Sb0.5 -1.73 0.69 0.049 - No 
Al0.5Ga0.5P0.5Sb0.5 -1.73 0.69 0.058 - No 
Ga0.5In0.5P0.5Sb0.5 -1.73 0.69 0.063 - No 
Al0.5In0.5P0.5Sb0.5 -1.73 0.69 0.063 - No 
Al0.5Ga0.5P -0.86 0.35 0 0 Yes 
Al0.5Ga0.5As -0.86 0.35 0.001 0 Yes 
Al0.5Ga0.5Sb -0.86 0.35 0.001 0 Yes 
InAs0.5P0.5 -0.86 0.35 0.014 0.42 Yes 
GaAs0.5P0.5 -0.86 0.35 0.018 0.42 Yes 
AlAs0.5P0.5 -0.86 0.35 0.019 0.42 Yes 
Al0.5In0.5Sb -0.86 0.35 0.028 0.63 Yes 
Ga0.5In0.5Sb -0.86 0.35 0.030 1.99 Yes 
Al0.5In0.5As -0.86 0.35 0.032 2.62 No 
Ga0.5In0.5As -0.86 0.35 0.033 3.14 No 
InAs0.5Sb0.5 -0.86 0.35 0.036 2.35 No 
Al0.5In0.5P -0.86 0.35 0.037 3.66 No 
Ga0.5In0.5P -0.86 0.35 0.037 3.66 No 
GaAs0.5Sb0.5 -0.86 0.35 0.040 4.71 No 
AlAs0.5Sb0.5 -0.86 0.35 0.040 - No 
InP0.5Sb0.5 -0.86 0.35 0.050 - No 
GaP0.5Sb0.5 -0.86 0.35 0.058 - No 
AlP0.5Sb0.5 -0.86 0.35 0.059 - No 
Cd0.5Hg0.5Se -0.86 0.35 0.003 - Yes 
Cd0.5Hg0.5Te -0.86 0.35 0.005 - Yes 
Cd0.5Hg0.5S -0.86 0.35 0.008 - Yes 
HgS0.5Se0.5 -0.86 0.35 0.059 - No 
CdS0.5Se0.5 -0.86 0.35 0.063 - Yes 
ZnS0.5Se0.5 -0.86 0.35 0.070 - Yes 
Hg0.5Zn0.5Te -0.86 0.35 0.085 - No 
Cd0.5Zn0.5Te -0.86 0.35 0.090 - Yes 
HgSe0.5Te0.5 -0.86 0.35 0.090 - Yes 
CdSe0.5Te0.5 -0.86 0.35 0.098 - Yes 
Cd0.5Zn0.5Se -0.86 0.35 0.102 - Yes 
Hg0.5Zn0.5Se -0.86 0.35 0.106 - No 
Cd0.5Zn0.5S -0.86 0.35 0.109 - Yes 
ZnSe0.5Te0.5 -0.86 0.35 0.110 - Yes 
Hg0.5Zn0.5S -0.86 0.35 0.117 - No 
HgS0.5Te0.5 -0.86 0.35 0.148 - No 
CdS0.5Te0.5 -0.86 0.35 0.160 5.14 No 
ZnS0.5Te0.5 -0.86 0.35 0.179 5.72 No 
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Fig. S1. Experimental III-V3 and II-VI8 enthalpy of mixing at 300 K as a function of UCV for 
single-phase alloy (pink circles) and multiple phase (gray Xs) data, showing that UCV predicts 
mixing enthalpy. 
 
 

 
Fig. S2. Experimental boride, carbide, and carbonitride single-phase alloy (pink circles) and 
multiple phase (gray Xs) data,12 confirming that plotting the ES term at 300 K (or S/R) as a 
function of UCV leads to a phase boundary (black dashed line) which correctly groups 56 of the 
64 data. 
 
 
Table S2. Ceramic unit cell volume (V): we use the median values of all Materials Project crystal 
structure entries.11 Hermann-Mauguin space group, crystal system, and space group number are 
listed. Borides use the standard P6/mmm symmetry (3 atoms/unit cell; 1 formula unit/unit cell), 
while carbides and carbonitrides use the standard Fm-3m symmetry (8 atoms/unit cell; 4 formula 
units/unit cell). 

Ceramic crystal V (Å3) Structure 
CrB2 23.50 P6/mmm, hexagonal, 191 
VB2 23.78 P6/mmm, hexagonal, 191 
MnB2 23.80 P6/mmm, hexagonal, 191 
TiB2 25.67 P6/mmm, hexagonal, 191 
WB2 26.74 P63/mmc, hexagonal, 194 
TaB2 26.79 P6/mmm, hexagonal, 191 
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MoB2 27.41 P6/mmm, hexagonal, 191 
NbB2 27.42 P6/mmm, hexagonal, 191 
HfB2 29.72 P6/mmm, hexagonal, 191 
ZrB2 30.70 P6/mmm, hexagonal, 191 
YB2 36.00 P6/mmm, hexagonal, 191 
CrC 65.21 Fm-3m, cubic, 225 
VC 72.28 Fm-3m, cubic, 225 
TiC 80.95 Fm-3m, cubic, 225 
MoC 82.34 Fm-3m, cubic, 225 
WC 83.00 P-6m2, hexagonal, 187 
TaC 88.36 Fm-3m, cubic, 225 
NbC 89.31 Fm-3m, cubic, 225 
ScC 93.31 Fm-3m, cubic, 225 
HfC 99.51 Fm-3m, cubic, 225 
ZrC 103.36 Fm-3m, cubic, 225 
CrC0.5N0.5 70.14 Fm-3m, cubic, 225 
VC0.5N0.5 70.70 Fm-3m, cubic, 225 
TiC0.5N0.5 78.37 Fm-3m, cubic, 225 
MoC0.5N0.5 81.36 P-6m2, hexagonal, 187 
WC0.5N0.5 81.99 P-6m2, hexagonal, 187 
TaC0.5N0.5 85.71 Fm-3m, cubic, 225 
NbC0.5N0.5 87.17 Fm-3m, cubic, 225 
HfC0.5N0.5 95.54 Fm-3m, cubic, 225 
ZrC0.5N0.5 99.67 Fm-3m, cubic, 225 

 
 
Table S3. Experimental boride, carbide, and carbonitride room temperature single-phase alloy 
and multiple phase data,12 along with the ES term at 300 K, S/R, and UCV values calculated in 
this work, confirming how sorting by ES term and UCV creates a phase boundary that correctly 
separates 56 of the 64 alloys by their miscibility at 300 K (incorrect alloys are in red). The line is 
in Fig. S2. 

Alloy composition ES term (kJ/mol) S/R UCV Single phase? 
Hf0.2Mo0.2Nb0.2Ta0.2W0.2C0.5N0.5 -2.87 1.15 0.062 No 
Cr0.2Mo0.2Ta0.2V0.2W0.2C0.5N0.5 -2.87 1.15 0.086 No 
Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2C0.5N0.5 -2.87 1.15 0.089 Yes 
Mo0.2Nb0.2Ta0.2Ti0.2Zr0.2C0.5N0.5 -2.87 1.15 0.090 Yes 
Mo0.2Nb0.2Ti0.2W0.2Zr0.2C0.5N0.5 -2.87 1.15 0.093 No 
Cr0.2Nb0.2Ta0.2Ti0.2V0.2C0.5N0.5 -2.87 1.15 0.097 Yes 
Hf0.2Ta0.2Ti0.2W0.2Zr0.2C0.5N0.5 -2.87 1.15 0.097 No 
Hf0.2Nb0.2Ta0.2Ti0.2V0.2C0.5N0.5 -2.87 1.15 0.107 Yes 
Cr0.2Hf0.2Nb0.2Ta0.2Ti0.2C0.5N0.5 -2.87 1.15 0.109 No 
Nb0.2Ta0.2Ti0.2V0.2Zr0.2C0.5N0.5 -2.87 1.15 0.122 Yes 
Hf0.2Nb0.2Ti0.2V0.2Zr0.2C0.5N0.5 -2.87 1.15 0.131 Yes 
Hf0.2Ta0.2Ti0.2V0.2Zr0.2C0.5N0.5 -2.87 1.15 0.132 Yes 
Cr0.2Hf0.2Nb0.2Ti0.2Zr0.2C0.5N0.5 -2.87 1.15 0.134 Yes 
Cr0.2Hf0.2Ta0.2Ti0.2Zr0.2C0.5N0.5 -2.87 1.15 0.134 Yes 
Hf0.2Ti0.2V0.2W0.2Zr0.2C0.5N0.5 -2.87 1.15 0.134 No 
Hf0.25Nb0.25Ti0.25Zr0.25C0.5N0.5 -2.59 1.04 0.098 Yes 
Hf0.33Ti0.33Zr0.33C0.5N0.5 -2.23 0.90 0.113 Yes 
Mo0.2Nb0.2Ta0.2V0.2W0.2C -2.01 0.80 0.073 Yes 
Hf0.2Nb0.2Ta0.2Ti0.2W0.2C -2.01 0.80 0.073 Yes 
Nb0.2Ta0.2Ti0.2V0.2W0.2C -2.01 0.80 0.074 Yes 
Mo0.2Nb0.2Ta0.2Ti0.2V0.2C -2.01 0.80 0.074 Yes 
Hf0.2Mo0.2Nb0.2Ta0.2Ti0.2C -2.01 0.80 0.075 Yes 
Hf0.2Sc0.2Ta0.2Ti0.2Zr0.2C -2.01 0.80 0.085 Yes 
Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2C -2.01 0.80 0.088 Yes 
Nb0.2Ta0.2Ti0.2W0.2Zr0.2C -2.01 0.80 0.088 Yes 
Cr0.2Mo0.2Ti0.2V0.2W0.2C -2.01 0.80 0.090 Yes 
Hf0.2Mo0.2Ta0.2W0.2Zr0.2C -2.01 0.80 0.094 No 
Hf0.2Ta0.2Ti0.2W0.2Zr0.2C -2.01 0.80 0.098 Yes 
Hf0.2Mo0.2Ta0.2Ti0.2Zr0.2C -2.01 0.80 0.099 Yes 
Hf0.2Nb0.2Ta0.2Ti0.2V0.2C -2.01 0.80 0.106 Yes 
Cr0.2Mo0.2Nb0.2Ta0.2W0.2C -2.01 0.80 0.106 Yes 
Cr0.2Mo0.2Ta0.2V0.2W0.2C -2.01 0.80 0.107 Yes 
Hf0.2Mo0.2Ti0.2W0.2Zr0.2C -2.01 0.80 0.107 No 
Cr0.2Mo0.2Nb0.2V0.2W0.2C -2.01 0.80 0.109 Yes 



Nb0.2Ta0.2Ti0.2V0.2Zr0.2C -2.01 0.80 0.118 Yes 
Hf0.2Nb0.2Ta0.2V0.2Zr0.2C -2.01 0.80 0.119 Yes 
Hf0.2Nb0.2Ti0.2V0.2Zr0.2C -2.01 0.80 0.129 Yes 
Hf0.2Ta0.2Ti0.2V0.2Zr0.2C -2.01 0.80 0.129 Yes 
Hf0.2Mo0.2V0.2W0.2Zr0.2C -2.01 0.80 0.132 No 
Cr0.2Hf0.2Mo0.2Ti0.2W0.2C -2.01 0.80 0.132 No 
Cr0.2Mo0.2Ti0.2W0.2Zr0.2C -2.01 0.80 0.146 No 
Cr0.2Hf0.2Ta0.2W0.2Zr0.2C -2.01 0.80 0.154 No 
Hf0.25Nb0.25Ta0.25Zr0.25C -1.73 0.69 0.068 Yes 
Hf0.25Ta0.25Ti0.25Zr0.25C -1.73 0.69 0.096 Yes 
Hf0.2Mo0.2Nb0.2Ta0.2Ti0.2B2 -1.34 0.54 0.048 Yes 
Cr0.2Mo0.2Ta0.2Ti0.2W0.2B2 -1.34 0.54 0.053 Both (Yes) 
Hf0.2Mo0.2Nb0.2Ta0.2Zr0.2B2 -1.34 0.54 0.054 Yes 
Hf0.2Nb0.2Ta0.2W0.2Zr0.2B2 -1.34 0.54 0.058 Both (Yes) 
Mo0.2Nb0.2Ta0.2Ti0.2Zr0.2B2 -1.34 0.54 0.061 Yes 
Cr0.2Mo0.2Ti0.2V0.2W0.2B2 -1.34 0.54 0.061 Yes 
Hf0.2Mo0.2Nb0.2Ti0.2Zr0.2B2 -1.34 0.54 0.064 Both (Yes) 
Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2B2 -1.34 0.54 0.067 Yes 
Hf0.2Mo0.2Ta0.2Ti0.2Zr0.2B2 -1.34 0.54 0.067 Yes 
Hf0.2Mo0.2Ti0.2W0.2Zr0.2B2 -1.34 0.54 0.067 Both (Yes) 
Hf0.2Ta0.2Ti0.2W0.2Zr0.2B2 -1.34 0.54 0.069 Yes 
Hf0.2Nb0.2Ta0.2Ti0.2V0.2B2 -1.34 0.54 0.074 Yes 
Cr0.2Hf0.2Mo0.2Ta0.2W0.2B2 -1.34 0.54 0.074 No 
Hf0.2Ta0.2Ti0.2V0.2Zr0.2B2 -1.34 0.54 0.094 Yes 
Cr0.2Hf0.2Nb0.2Ti0.2Zr0.2B2 -1.34 0.54 0.096 Yes 
Cr0.2Hf0.2Ta0.2Ti0.2Zr0.2B2 -1.34 0.54 0.097 Yes 
Hf0.2Mn0.2Ti0.2V0.2Zr0.2B2 -1.34 0.54 0.110 No 
Cr0.2Hf0.2Ti0.2Y0.2Zr0.2B2 -1.34 0.54 0.149 No 
Cr0.2Hf0.2Nb0.2V0.2Y0.2B2 -1.34 0.54 0.163 No 
Hf0.25Nb0.25Ta0.25Ti0.25B2 -1.15 0.46 0.054 Yes 

 
 
Table S4. Experimentally observed inorganic HP single-phase alloys, along with the ES term at 
300 K, S/R, and UCV values calculated in this work. 

Alloy composition ES term 
(kJ/mol) 

S/R UCV Ref. 

CsPbBrClI -1.64 0.66 0.225 13 
CsPb0.33Sn0.33Sr0.33Br1.5I1.5 -1.59 0.64 0.092 14 
CsGe0.33Pb0.33Sn0.33Br1.5I1.5 -1.59 0.64 0.103 14 
CsMn0.33Pb0.33Sn0.33Br1.5I1.5 -1.59 0.64 0.114 14 
CsPb0.33Sn0.33Zn0.33Br1.5I1.5 -1.59 0.64 - 14 
Cs0.5Rb0.5PbBr1.5Cl1.5 -1.38 0.55 0.028 15-16 
CsCa0.5Eu0.5Br1.5I1.5 -1.38 0.55 0.079 17 
CsCd0.5Mn0.5Br1.5Cl1.5 -1.38 0.55 0.081 18 
CsEu0.5Sr0.5Br1.5I1.5 -1.38 0.55 0.089 17 
Cs0.5Rb0.5PbBr1.5I1.5 -1.38 0.55 0.090 19-20 
CsPb0.5Sn0.5Br1.5I1.5 -1.38 0.55 0.094 21-26 
CsGe0.5Pb0.5Br1.5I1.5 -1.38 0.55 0.100 27 
CsFe0.5Pb0.5Br1.5Cl1.5 -1.38 0.55 0.140 28-29 
CsEu0.5Sr0.5Br1.5Cl1.5 -1.38 0.55 0.183 17 
CsPb0.5Zn0.5Br1.5Cl1.5 -1.38 0.55 - 30 
CsPb0.5Zn0.5Br1.5I1.5 -1.38 0.55 - 31 
K0.5Na0.5Co0.2Fe0.2Mg0.2Mn0.2Ni0.2F3 -1.15 0.46 0.084 32 
CsPbBr1.5Cl1.5 -1.04 0.42 0.033 33-35 
CsSnBr1.5Cl1.5 -1.04 0.42 0.044 36-39 
CsGeBr1.5Cl1.5 -1.04 0.42 0.052 40-41 
CsCdBr1.5Cl1.5 -1.04 0.42 0.064 42 
CsCaBr1.5Cl1.5 -1.04 0.42 0.081 43 
K0.5Na0.5Co0.25Mn0.25Ni0.25Zn0.25F3 -1.04 0.42 0.083 44 
CsPbBr1.5I1.5 -1.04 0.42 0.088 33-35, 39, 45-46 
CsCaBr1.5I1.5 -1.04 0.42 0.096 43 
CsSnBr1.5I1.5 -1.04 0.42 0.098 36-37, 39 
CsPbCl1.5I1.5 -1.04 0.42 0.120 33 
CsHgBr1.5Cl1.5 -1.04 0.42 0.158 47 
CsSnCl1.5I1.5 -1.04 0.42 0.165 39 
RbFeBr1.5Cl1.5 -1.04 0.42 - 48-49 
TlPbBr1.5Cl1.5 -1.04 0.42 - 50 
KCo0.17Fe0.17Mg0.17Mn0.17Ni0.17Zn0.17F3 -0.89 0.36 0.049 51 



K0.5Na0.5Co0.33Mn0.33Ni0.33F3 -0.89 0.36 0.088 52 
KCo0.2Cu0.2Mg0.2Ni0.2Zn0.2F3 -0.80 0.32 0.021 32 
NaCo0.2Fe0.2Mn0.2Ni0.2Zn0.2F3 -0.80 0.32 0.042 32 
KCo0.2Fe0.2Mn0.2Ni0.2Zn0.2F3 -0.80 0.32 0.046 32 
NaCo0.2Mg0.2Mn0.2Ni0.2Zn0.2F3 -0.80 0.32 0.047 32 
NaCo0.2Fe0.2Mg0.2Mn0.2Ni0.2F3 -0.80 0.32 0.049 32 
KCo0.2Mg0.2Mn0.2Ni0.2Zn0.2F3 -0.80 0.32 0.053 32, 51 
KCo0.2Fe0.2Mg0.2Mn0.2Ni0.2F3 -0.80 0.32 0.054 32, 53-54 
KCo0.25Mg0.25Ni0.25Zn0.25F3 -0.69 0.28 0.022 51 
KCo0.25Fe0.25Ni0.25Zn0.25F3 -0.69 0.28 0.026 51 
KCo0.25Fe0.25Mg0.25Zn0.25F3 -0.69 0.28 0.030 51 
KCo0.25Fe0.25Mg0.25Ni0.25F3 -0.69 0.28 0.032 51, 54 
KFe0.25Mg0.25Ni0.25Zn0.25F3 -0.69 0.28 0.033 51 
KCo0.25Fe0.25Mn0.25Zn0.25F3 -0.69 0.28 0.041 51 
KFe0.25Mn0.25Ni0.25Zn0.25F3 -0.69 0.28 0.048 51 
KCo0.25Fe0.25Mn0.25Ni0.25F3 -0.69 0.28 0.051 51, 54 
KCo0.25Mn0.25Ni0.25Zn0.25F3 -0.69 0.28 0.051 51 
KFe0.25Mg0.25Mn0.25Zn0.25F3 -0.69 0.28 0.052 51 
KCo0.25Mg0.25Mn0.25Zn0.25F3 -0.69 0.28 0.054 51 
KCo0.25Fe0.25Mg0.25Mn0.25F3 -0.69 0.28 0.054 51, 54 
KMg0.25Mn0.25Ni0.25Zn0.25F3 -0.69 0.28 0.058 51 
KCo0.25Mg0.25Mn0.25Ni0.25F3 -0.69 0.28 0.059 51, 54 
KFe0.25Mg0.25Mn0.25Ni0.25F3 -0.69 0.28 0.059 51, 54 
KCo0.33Ni0.33Zn0.33F3 -0.55 0.22 0.019 55 
KMn0.33Ni0.33Zn0.33F3 -0.55 0.22 0.056 56-57 
KCo0.33Mn0.33Ni0.33F3 -0.55 0.22 0.059 58-64 
CsMn0.33Ni0.33Pb0.33Br3 -0.55 0.22 0.089 65 
Cs0.5Rb0.5GeBr3 -0.35 0.14 0.001 41 
Cs0.5Rb0.5PbCl3 -0.35 0.14 0.003 15, 66-67 
CsCd0.5Mn0.5Br3 -0.35 0.14 0.004 68 
RbCa0.5Cd0.5F3 -0.35 0.14 0.005 69-70 
KCu0.5Mg0.5F3 -0.35 0.14 0.006 71-72 
KMg0.5Ni0.5F3 -0.35 0.14 0.006 32, 73 
CsPb0.5Sn0.5Br3 -0.35 0.14 0.006 74-75 
KCo0.5Zn0.5F3 -0.35 0.14 0.010 32, 55 
K0.5Tl0.5CuCl3 -0.35 0.14 0.011 76-78 
K0.5Rb0.5SrCl3 -0.35 0.14 0.011 79 
Cs0.5Rb0.5CaCl3 -0.35 0.14 0.012 80-82 
KFe0.5Zn0.5F3 -0.35 0.14 0.012 32 
Cs0.5K0.5PbBr3 -0.35 0.14 0.013 83-84 
KCo0.5Ni0.5F3 -0.35 0.14 0.013 32, 55 
CsPb0.5Sr0.5Cl3 -0.35 0.14 0.014 85 
CsCo0.5Mn0.5F3 -0.35 0.14 0.015 86 
CsMn0.5Ni0.5F3 -0.35 0.14 0.016 86 
CsPb0.5Sn0.5I3 -0.35 0.14 0.017 39, 87-89 
KCo0.5Mg0.5F3 -0.35 0.14 0.019 32 
K0.5Rb0.5MnF3 -0.35 0.14 0.020 90-92 
Cs0.5Rb0.5PbBr3 -0.35 0.14 0.021 15, 66-67, 93-94 
Cs0.5Rb0.5CaF3 -0.35 0.14 0.021 69, 95 
KNi0.5Zn0.5F3 -0.35 0.14 0.023 32, 55 
CsCa0.5Pb0.5Br3 -0.35 0.14 0.023 96 
CsPb0.5Sr0.5Br3 -0.35 0.14 0.024 85, 96-97 
K0.5Rb0.5NiCl3 -0.35 0.14 0.024 98 
KMg0.5Zn0.5F3 -0.35 0.14 0.029 32 
Cs0.5Rb0.5SnBr3 -0.35 0.14 0.031 99 
K0.5Rb0.5CaF3 -0.35 0.14 0.031 100-101 
Cs0.5Rb0.5CaBr3 -0.35 0.14 0.031 102-103 
KFe0.5Mn0.5F3 -0.35 0.14 0.032 32 
K0.5Rb0.5CdF3 -0.35 0.14 0.032 104 
CsCd0.5Mn0.5Cl3 -0.35 0.14 0.033 105-107 
CsGe0.5Mn0.5I3 -0.35 0.14 0.033 108 
K0.5Rb0.5MnF3 -0.35 0.14 0.038 90, 109 
RbCo0.5Mg0.5F3 -0.35 0.14 0.044 110 
CsGe0.5Sn0.5I3 -0.35 0.14 0.046 89, 111 
CsGe0.5Sn0.5Br3 -0.35 0.14 0.047 112 
CsGe0.5Mn0.5Br3 -0.35 0.14 0.048 108 
Cs0.5Rb0.5MnF3 -0.35 0.14 0.052 91 
CsMg0.5Pb0.5I3 -0.35 0.14 0.052 113 
Cs0.5K0.5CaCl3 -0.35 0.14 0.053 80 
KCo0.5Mn0.5F3 -0.35 0.14 0.053 114-116 



K0.5Na0.5MgF3 -0.35 0.14 0.058 117-120 
Cs0.5Rb0.5CoF3 -0.35 0.14 0.059 121 
CsMn0.5Pb0.5I3 -0.35 0.14 0.062 122 
CsCd0.5Pb0.5Br3 -0.35 0.14 0.062 123-124 
CsHg0.5Tl0.5Cl3 -0.35 0.14 0.066 125 
CsMn0.5Pb0.5Br3 -0.35 0.14 0.066 126-127 
KMn0.5Ni0.5F3 -0.35 0.14 0.067 128-130 
Cs0.5Rb0.5FeCl3 -0.35 0.14 0.070 131 
K0.5Na0.5MnF3 -0.35 0.14 0.072 132-134 
Cs0.5K0.5MnF3 -0.35 0.14 0.072 91 
KMg0.5Mn0.5F3 -0.35 0.14 0.072 135 
CsMg0.5Mn0.5F3 -0.35 0.14 0.073 86 
CsAg0.5Au0.5Cl3 -0.35 0.14 0.081 136 
KCa0.5Mg0.5Cl3 -0.35 0.14 0.082 137 
K0.5Rb0.5CaF3 -0.35 0.14 0.084 138-141 
CsPb0.5Ti0.5Br3 -0.35 0.14 0.085 142 
K0.5Rb0.5CaCl3 -0.35 0.14 0.089 137 
Cs0.5K0.5CaCl3 -0.35 0.14 0.089 137 
CsMn0.5Sn0.5Cl3 -0.35 0.14 0.097 143 
KCa0.5Mg0.5F3 -0.35 0.14 0.101 118 
CsCo0.5Mg0.5Cl3 -0.35 0.14 0.117 144-145 
CsBa0.5Pb0.5Br3 -0.35 0.14 0.117 96, 146 
Cs0.5Rb0.5CaCl3 -0.35 0.14 0.125 137 
CsMn0.5Pb0.5Cl3 -0.35 0.14 0.126 147 
Rb0.5Tl0.5PbCl3 -0.35 0.14 0.131 50 
CsEu0.5Ni0.5Cl3 -0.35 0.14 0.133 148 
CsFe0.5Pb0.5Cl3 -0.35 0.14 0.139 149 
CsCa0.5Sr0.5Cl3 -0.35 0.14 0.156 79 
RbCo0.5Ni0.5F3 -0.35 0.14 0.180 150 
CsPb0.5Zn0.5Cl3 -0.35 0.14 0.235 30, 151 
CsCo0.5Mg0.5Br3 -0.35 0.14 - 152-154 
CsPb0.5Ce0.5Br3 -0.35 0.14 - 155 
CsPb0.5Zn0.5Br3 -0.35 0.14 - 156-158 
CsPb0.5Zn0.5I3 -0.35 0.14 - 159 
KCa0.5Sr0.5I3 -0.35 0.14 - 160-161 

 
 
Table S5. Experimentally observed hybrid organic-inorganic HP single-phase alloys, along with 
the ES term at 300 K, S/R, and UCV values calculated in this work. 

Alloy composition ES term 
(kJ/mol) 

S/R UCV Ref. 

MAPbBrClI -1.64 0.66 0.134 162 
Cs0.33FA0.33Rb0.33PbBr1.5Cl1.5 -1.59 0.64 0.049 163 
Cs0.33FA0.33MA0.33PbBr1.5Cl1.5 -1.59 0.64 0.056 164 
Cs0.33FA0.33MA0.33PbBr1.5I1.5 -1.59 0.64 0.096 164-166 
ACA0.33Cs0.33FA0.33PbBr1.5I1.5 -1.59 0.64 - 167 
Cs0.33DMA0.33FA0.33PbBr1.5I1.5 -1.59 0.64 - 167 
Cs0.33GA0.33FA0.33PbBr1.5I1.5 -1.59 0.64 - 167 
Cs0.5FA0.5PbBr1.5Cl1.5 -1.38 0.55 0.051 168 
FA0.5MA0.5SnBr1.5I1.5 -1.38 0.55 0.079 169 
Cs0.5FA0.5SnBr1.5I1.5 -1.38 0.55 0.085 169 
FA0.5MA0.5PbBr1.5I1.5 -1.38 0.55 0.093 170 
Cs0.5FA0.5PbBr1.5I1.5 -1.38 0.55 0.095 171 
Cs0.5NH40.5PbBr1.5Cl1.5 -1.38 0.55 - 172 
Cs0.5NH40.5PbBr1.5I1.5 -1.38 0.55 - 173 
EA0.5MA0.5PbBr1.5I1.5 -1.38 0.55 - 174 
GA0.5MA0.5PbBr1.5I1.5 -1.38 0.55 - 175 
IM0.5MA0.5PbCl1.5I1.5 -1.38 0.55 - 176 
MACd0.5Pb0.5Br1.5I1.5 -1.38 0.55 - 177 
MACo0.5Pb0.5Br1.5Cl1.5 -1.38 0.55 - 178 
MAMn0.5Pb0.5Br1.5Cl1.5 -1.38 0.55 - 179 
MAPbBr1.5Cl1.5 -1.04 0.42 0.064 180-182 
MASnBr1.5I1.5 -1.04 0.42 0.084 183 
FAPbBr1.5I1.5 -1.04 0.42 0.088 184 
MAPbBr1.5I1.5 -1.04 0.42 0.097 183, 185 
Cs0.33FA0.33MA0.33Pb0.5Sn0.5I3 -0.89 0.36 0.024 183, 186 
Cs0.33FA0.33Rb0.33Pb0.5Sn0.5I3 -0.89 0.36 0.050 187 
Cs0.33FA0.33GA0.33Pb0.5Sn0.5I3 -0.89 0.36 - 183 



Cs0.5MA0.5Pb0.5Sn0.5I3 -0.69 0.28 0.021 183 
FA0.5MA0.5Pb0.5Sn0.5I3 -0.69 0.28 0.021 183, 188 
Cs0.5FA0.5Pb0.5Sn0.5I3 -0.69 0.28 0.025 183, 189-190 
Cs0.5GA0.5Ge0.5Pb0.5I3 -0.69 0.28 - 191 
FA0.5MA0.5Ba0.5Pb0.5I3 -0.69 0.28 - 192 
GA0.5MA0.5Pb0.5Sn0.5I3 -0.69 0.28 - 183 
Cs0.33FA0.33MA0.33PbCl3 -0.55 0.22 0.025 164 
Cs0.33FA0.33MA0.33PbBr3 -0.55 0.22 0.029 164 
Cs0.33FA0.33MA0.33PbI3 -0.55 0.22 0.030 164-165 
Cs0.33FA0.33Rb0.33PbBr3 -0.55 0.22 0.047 163 
FA0.33MA0.33Rb0.33PbI3 -0.55 0.22 0.050 193 
Cs0.33DMA0.33MA0.33PbI3 -0.55 0.22 0.050 194 
FA0.33K0.33MA0.33PbI3 -0.55 0.22 0.068 195 
EA0.33GA0.33MA0.33PbI3 -0.55 0.22 - 196 
FA0.33GA0.33MA0.33PbI3 -0.55 0.22 - 197-199 
GA0.33MA0.33Rb0.33PbI3 -0.55 0.22 - 196 
MAPb0.33Sn0.33Zn0.33I3 -0.55 0.22 - 200 
Cs0.5FA0.5SnI3 -0.35 0.14 0.007 189 
FA0.5MA0.5PbI3 -0.35 0.14 0.008 201-203 
MAPb0.5Sn0.5Br3 -0.35 0.14 0.008 183, 204 
FAPb0.5Sn0.5I3 -0.35 0.14 0.011 183, 205 
Cs0.5MA0.5GeI3 -0.35 0.14 0.012 206 
Cs0.5MA0.5PbCl3 -0.35 0.14 0.013 207 
FA0.5MA0.5PbBr3 -0.35 0.14 0.017 164 
Cs0.5MA0.5PbBr3 -0.35 0.14 0.018 207 
FAGe0.5Sn0.5I3 -0.35 0.14 0.019 208 
MAPb0.5Sn0.5I3 -0.35 0.14 0.021 183, 209-210 
Cs0.5MA0.5PbI3 -0.35 0.14 0.027 203 
K0.5MA0.5PbBr3 -0.35 0.14 0.031 211 
DMA0.5MA0.5PbI3 -0.35 0.14 0.034 212 
Cs0.5FA0.5PbI3 -0.35 0.14 0.035 203, 213 
Cs0.5FA0.5PbBr3 -0.35 0.14 0.035 214 
FA0.5MA0.5SnBr3 -0.35 0.14 0.039 215 
MAGe0.5Sn0.5I3 -0.35 0.14 0.047 216 
FA0.5Rb0.5PbI3 -0.35 0.14 0.057 193 
DMA0.5MA0.5SnBr3 -0.35 0.14 - 215 
FA0.5MA0.5GeBr3 -0.35 0.14 - 217 
FACd0.5Pb0.5Br3 -0.35 0.14 - 218 
FAGe0.5Sn0.5Br3 -0.35 0.14 - 217 
FAMn0.5Pb0.5Br3 -0.35 0.14 - 179 
GA0.5MA0.5PbI3 -0.35 0.14 - 219 
MA0.5NH40.5PbBr3 -0.35 0.14 - 220 
MACd0.5Pb0.5Br3 -0.35 0.14 - 221 
MACo0.5Pb0.5I3 -0.35 0.14 - 222 
MAFe0.5Pb0.5I3 -0.35 0.14 - 222 
MAMg0.5Pb0.5I3 -0.35 0.14 - 222 
MAMn0.5Pb0.5Br3 -0.35 0.14 - 179 
MAMn0.5Pb0.5I3 -0.35 0.14 - 222 
MANi0.5Pb0.5I3 -0.35 0.14 - 222 
MAPb0.5Sr0.5I3 -0.35 0.14 - 222 
MAPb0.5Zn0.5Br3 -0.35 0.14 - 223-224 
MAPb0.5Zn0.5I3 -0.35 0.14 - 225 
NH4Mn0.5Zn0.5F3 -0.35 0.14 - 226 

 
 
Table S6. DFT HEAHP composition, along with the ES term at 300 K, S/R, UCV from Table 
S10, UCV from DFT, mean unit cell volume from Table S10, mean unit cell volume from DFT, 
and DFT mixing enthalpy, confirming that UCV correlates with DFT mixing enthalpy for 
HEAHP. 

Alloy composition ES term 
(kJ/mol) 

S/R UCV 
(Table 
S10) 

UCV 
(DFT) 

𝑉"  (Table 
S10) (Å) 

𝑉"  (DFT) 
(Å) 

DFT 
mixing 
enthalpy 
(kJ/mol) 

Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25Br1.5Cl1.5 -2.07 0.83 0.068 0.108 729.5 729.6 3.70 
Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25Br1.5I1.5 -2.07 0.83 0.102 0.125 838.7 874.0 -2.23 
Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25Cl1.5I1.5 -2.07 0.83 0.146 0.191 804.3 819.8 15.2 
Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25I3 -1.04 0.42 0.053 0.068 913.5 964.2 -5.65 



Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25Br3 -1.04 0.42 0.040 0.075 763.9 783.8 -2.78 
Cs0.5Rb0.5Ca0.25Ge0.25Pb0.25Sn0.25Cl3 -1.04 0.42 0.057 0.081 695.2 675.4 -3.33 

 
 
Table S7. All 1,340,752 equimolar inorganic HEAHP with experimentally-observed end-
members and 5 or more components: alloy composition, ES term at 300 K (kJ/mol), UCV, mean 
unit cell volume (Å3), and mean band gap (eV). NA means not available. The table is included as 
a supplementary tab-separated value text file: “TableS7.txt”. 
 
 
Table S8. All 14,270 equimolar hybrid organic-inorganic HEAHP with experimentally-observed 
end-members and 5 or more components: alloy composition, ES term at 300 K (kJ/mol), UCV, 
mean unit cell volume (Å3), and mean band gap (eV). NA means not available. The table is 
included as a supplementary tab-separated value text file: “TableS8.txt”. 
 
 

 
Fig. S3. ES + UCVwC contours for CsPb(Br,Cl,I)3. Experimental HP single-phase alloy (pink 
circles) and multiple phase (gray Xs) data are overlaid,13 confirming that C = 40 kJ/mol leads to 
a phase boundary at GES = 2.5 kJ/mol that correctly groups 23 of the 27 data (85%). 
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Fig. S4. Entropy stabilization (ES term at 300 K) as a function of enthalpic penalty (unit cell 
volume coefficient of variation (UCV)), for equimolar inorganic HP compositions with 
experimentally observed constitutive end-members and known experimental band gaps: (a) all 
data and (b) zoomed in, with promising alloys labeled. 
 
 
Table S9. Inorganic HP compositions whose band gaps are known and end-members are all 
experimentally observed, with the maximum experimental band gap bowing (the difference 
between the linearly-interpolated-band gap and the actual band gap) and references. 

Alloy composition ES term 
(kJ/mol) 

S/R UCV Band gap (eV) Exp. bowing (eV) 

CsGe0.33Pb0.33Sn0.33BrClI -2.19 0.88 0.130 2.25 

Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Ge,Sn)Br3 ≤ 0.16112 
Cs(Pb,Sn)I3 ≤ 0.07183 
CsGe(Br,Cl)3 ≤ 0.4940 

CsGe0.5Pb0.5BrClI -1.99 0.80 0.123 2.40 CsGe(Br,Cl)3 ≤ 0.4940 

CsPb0.5Sn0.5BrClI -1.99 0.80 0.123 2.13 
Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Pb,Sn)I3 ≤ 0.07183 

CsGe0.5Sn0.5BrClI -1.99 0.80 0.140 2.22 
Cs(Ge,Sn)Br3 ≤ 0.16112 
CsGe(Br,Cl)3 ≤ 0.4940 

CsPbBrClI -1.64 0.66 0.105 2.31 - 
CsGeBrClI -1.64 0.66 0.127 2.48 CsGe(Br,Cl)3 ≤ 0.4940 
CsSnBrClI -1.64 0.66 0.138 1.95 - 

CsGe0.33Pb0.33Sn0.33Br1.5Cl1.5 -1.59 0.64 0.067 2.60 

Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Ge,Sn)Br3 ≤ 0.16112 
CsGe(Br,Cl)3 ≤ 0.4940 

CsGe0.33Pb0.33Sn0.33Br1.5I1.5 -1.59 0.64 0.103 1.86 

Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Ge,Sn)Br3 ≤ 0.16112 
Cs(Pb,Sn)I3 ≤ 0.07183 

CsGe0.33Pb0.33Sn0.33Cl1.5I1.5 -1.59 0.64 0.150 2.29 
Cs(Ge,Sn)Br3 ≤ 0.16112 
Cs(Pb,Sn)I3 ≤ 0.07183 

CsPb0.5Sn0.5Br1.5Cl1.5 -1.38 0.55 0.054 2.44 
Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Pb,Sn)I3 ≤ 0.07183 

CsGe0.5Pb0.5Br1.5Cl1.5 -1.38 0.55 0.064 2.76 CsGe(Br,Cl)3 ≤ 0.4940 

CsGe0.5Sn0.5Br1.5Cl1.5 -1.38 0.55 0.071 2.59 
Cs(Ge,Sn)Br3 ≤ 0.16112 
CsGe(Br,Cl)3 ≤ 0.4940 

CsPb0.5Sn0.5Br1.5I1.5 -1.38 0.55 0.094 1.79 
Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Pb,Sn)I3 ≤ 0.07183 

CsGe0.5Pb0.5Br1.5I1.5 -1.38 0.55 0.100 2.03 - 
CsGe0.5Sn0.5Br1.5I1.5 -1.38 0.55 0.110 1.77 Cs(Ge,Sn)Br3 ≤ 0.16112 
CsGe0.5Pb0.5Cl1.5I1.5 -1.38 0.55 0.140 2.41 - 
CsPb0.5Sn0.5Cl1.5I1.5 -1.38 0.55 0.144 2.17 Cs(Pb,Sn)I3 ≤ 0.07183 
CsGe0.5Sn0.5Cl1.5I1.5 -1.38 0.55 0.162 2.29 - 
CsCa0.17Eu0.17Ge0.17Pb0.17Sn0.17Sr0.17Cl3 -0.89 0.36 0.049 4.66 - 
CsEu0.2Ge0.2Pb0.2Sn0.2Sr0.2Cl3 -0.80 0.32 0.038 3.97 - 
CsCa0.2Eu0.2Ge0.2Sn0.2Sr0.2Cl3 -0.80 0.32 0.043 5.02 - 
CsCa0.2Eu0.2Pb0.2Sn0.2Sr0.2Cl3 -0.80 0.32 0.047 4.91 - 
CsCa0.2Eu0.2Ge0.2Pb0.2Sn0.2Cl3 -0.80 0.32 0.051 4.05 - 
CsCa0.2Ge0.2Pb0.2Sn0.2Sr0.2Cl3 -0.80 0.32 0.053 4.98 - 
CsCa0.2Eu0.2Ge0.2Pb0.2Sr0.2Cl3 -0.80 0.32 0.053 5.03 - 
CsEu0.25Pb0.25Sn0.25Sr0.25Cl3 -0.69 0.28 0.021 4.11 - 
CsEu0.25Ge0.25Sn0.25Sr0.25Cl3 -0.69 0.28 0.032 4.26 - 
CsCa0.25Eu0.25Ge0.25Sn0.25Cl3 -0.69 0.28 0.041 4.35 - 
Cs0.5Rb0.5Pb0.5Sn0.5I3 -0.69 0.28 0.041 1.67 Cs(Pb,Sn)I3 ≤ 0.07183 
CsEu0.25Ge0.25Pb0.25Sn0.25Cl3 -0.69 0.28 0.041 3.04 - 
CsEu0.25Ge0.25Pb0.25Sr0.25Cl3 -0.69 0.28 0.042 4.27 - 
CsGe0.25Pb0.25Sn0.25Sr0.25Cl3 -0.69 0.28 0.042 4.20 - 
CsAu0.25Ge0.25Pb0.25Sn0.25I3 -0.69 0.28 0.043 1.50 - 
CsCa0.25Eu0.25Sn0.25Sr0.25Cl3 -0.69 0.28 0.043 5.42 - 
CsCa0.25Ge0.25Sn0.25Sr0.25Cl3 -0.69 0.28 0.045 5.51 - 

CsGe0.25Hg0.25Pb0.25Sn0.25Br3 -0.69 0.28 0.046 2.37 
Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Ge,Sn)Br3 ≤ 0.16112 

CsCa0.25Eu0.25Ge0.25Sr0.25Cl3 -0.69 0.28 0.048 5.58 - 
CsCa0.25Eu0.25Pb0.25Sn0.25Cl3 -0.69 0.28 0.051 4.21 - 
CsCa0.25Pb0.25Sn0.25Sr0.25Cl3 -0.69 0.28 0.052 5.36 - 



CsCa0.25Eu0.25Pb0.25Sr0.25Cl3 -0.69 0.28 0.052 5.44 - 
CsCa0.25Ge0.25Pb0.25Sn0.25Cl3 -0.69 0.28 0.055 4.30 - 
CsCa0.25Eu0.25Ge0.25Pb0.25Cl3 -0.69 0.28 0.057 4.37 - 
CsCa0.25Ge0.25Pb0.25Sr0.25Cl3 -0.69 0.28 0.059 5.52 - 
CsEu0.33Sn0.33Sr0.33Cl3 -0.55 0.22 0.012 4.53 - 
CsEu0.33Pb0.33Sr0.33Cl3 -0.55 0.22 0.018 4.55 - 
CsPb0.33Sn0.33Sr0.33Cl3 -0.55 0.22 0.024 4.45 - 
CsEu0.33Pb0.33Sn0.33Cl3 -0.55 0.22 0.025 2.91 - 
CsEu0.33Ge0.33Sn0.33Cl3 -0.55 0.22 0.031 3.11 - 
CsAu0.33Ge0.33Pb0.33I3 -0.55 0.22 0.031 1.56 - 
CsCa0.33Ge0.33Sn0.33Cl3 -0.55 0.22 0.035 4.78 - 
CsGe0.33Sn0.33Sr0.33Cl3 -0.55 0.22 0.036 4.64 - 
CsEu0.33Ge0.33Sr0.33Cl3 -0.55 0.22 0.037 4.74 - 
CsGe0.33Pb0.33Sn0.33I3 -0.55 0.22 0.038 1.56 - 
Cs0.33Rb0.33Tl0.33PbI3 -0.55 0.22 0.040 1.99 - 
CsGe0.33Hg0.33Pb0.33Br3 -0.55 0.22 0.040 2.58 - 

CsGe0.33Pb0.33Sn0.33Br3 -0.55 0.22 0.041 2.16 
Cs(Pb,Sn)Br3 ≤ 0.1474 
Cs(Ge,Sn)Br3 ≤ 0.16112 

CsCa0.33Eu0.33Ge0.33Cl3 -0.55 0.22 0.042 4.87 - 
CsAu0.33Pb0.33Sn0.33I3 -0.55 0.22 0.043 1.45 Cs(Pb,Sn)I3 ≤ 0.07183 
CsCa0.33Eu0.33Sn0.33Cl3 -0.55 0.22 0.043 4.66 - 
CsHg0.33Pb0.33Sn0.33Br3 -0.55 0.22 0.043 2.37 Cs(Pb,Sn)Br3 ≤ 0.1474 
CsGe0.33Hg0.33Sn0.33Br3 -0.55 0.22 0.046 2.38 Cs(Ge,Sn)Br3 ≤ 0.16112 
CsGe0.33Pb0.33Sn0.33Cl3 -0.55 0.22 0.047 3.03 - 
CsEu0.33Ge0.33Pb0.33Cl3 -0.55 0.22 0.047 3.12 - 
CsAu0.33Ge0.33Sn0.33I3 -0.55 0.22 0.047 1.42 - 
CsCa0.33Sn0.33Sr0.33Cl3 -0.55 0.22 0.048 6.20 - 
CsGe0.33Pb0.33Sr0.33Cl3 -0.55 0.22 0.048 4.66 - 
CsCa0.33Ge0.33Sr0.33Cl3 -0.55 0.22 0.049 6.41 - 
CsCa0.33Eu0.33Sr0.33Cl3 -0.55 0.22 0.050 6.30 - 
CsCa0.33Pb0.33Sn0.33Cl3 -0.55 0.22 0.058 4.58 - 
CsCa0.33Eu0.33Pb0.33Cl3 -0.55 0.22 0.059 4.68 - 
CsCa0.33Pb0.33Sr0.33Cl3 -0.55 0.22 0.060 6.22 - 
CsCa0.33Ge0.33Pb0.33Cl3 -0.55 0.22 0.063 4.79 - 

 
 
Table S10. A-site constituent, B-site constituent, X-site constituent, Pnma unit cell volume (or 20 
atom equivalent for different symmetries; from the Materials Project11 unless noted), structure 
(Hermann-Mauguin space group, crystal system, and space group number), experimental band 
gap, and reference(s) for all of the experimentally-observed inorganic ABX3 HP. 

A-site B-site X-site V (Å3) Structure Band gap (eV) Ref. 
Li Mg F 220.48 Pm-3m, cubic, 221 - 227-228 
Rb Be F 231.25 Pm-3m, cubic, 221 - 227, 229-231 
Na Mg F 234.87 Pnma, orthorhombic, 62 - 232-233 
Na Ni F 235.03 Pnma, orthorhombic, 62 - 232, 234 
Li Mn F 241.51 Pccn, orthorhombic, 56 - 227, 235 
Na Co F 245.30 Pnma, orthorhombic, 62 - 232, 236 
Na Cu F 245.83 P-1, triclinic, 2 - 232, 237 
Na Zn F 246.26 Pnma, orthorhombic, 62 - 232, 238 
Ag Mg F 253.76 Pm-3m, cubic, 221 - 232, 239 
Na Fe F 254.63 Pnma, orthorhombic, 62 - 232, 240 
Na Cr F 255.92 P-1, triclinic, 2 - 232, 241 
Ag Ni F 256.76 Pm-3m, cubic, 221 - 232, 239 
Ag Cu F 257.64 Pm-3m, cubic, 221 - 232, 242 
Na V F 257.70 Pnma, orthorhombic, 62 - 232, 243 
Ag Co F 264.72 Pm-3m, cubic, 221 - 232, 239 
Li Ba F 266.24 Pm-3m, cubic, 221 - 227, 244 
K Mg F 266.40 Pm-3m, cubic, 221 - 232, 244 
Na Mn F 266.54 Pnma, orthorhombic, 62 - 232, 245 
K Cu F 269.40 Pm-3m, cubic, 221 - 232, 246 
K Ni F 269.52 Pm-3m, cubic, 221 - 232, 247 
Ag Zn F 270.28 Pm-3m, cubic, 221 - 232, 248 
K Co F 276.76 Pm-3m, cubic, 221 - 232, 249 
Rb Mg F 281.40 Pm-3m, cubic, 221 - 227, 250 
K Zn F 282.12 Pm-3m, cubic, 221 - 232, 251 
Rb Cu F 284.08 Pm-3m, cubic, 221 - 232, 252 
Tl Ni F 284.44 Pm-3m, cubic, 221 - 253-254 



Tl Mg F 285.24 Pm-3m, cubic, 221 - 227, 255-256 
Tl Cu F 288.96 Pm-3m, cubic, 221 - 232, 252 
K Fe F 289.08 Pm-3m, cubic, 221 - 232, 246, 257 
Tl Zn F 296.36 Pm-3m, cubic, 221 - 227, 258 
Tl Co F 296.44 Pm-3m, cubic, 221 - 232, 252 
Rb Fe F 300.76 Pm-3m, cubic, 221 - 232, 259 
K V F 301.76 Pm-3m, cubic, 221 - 232, 260 
Rb Co F 307.33 P63/mmc, hexagonal, 194 - 232, 261 
Rb Zn F 307.51 P63/mmc, hexagonal, 194 - 232, 262 
Cs Mg F 307.56 Pm-3m, cubic, 221 - 232, 263 
K Mn F 308.00 Pnma, orthorhombic, 62 - 232, 264 
Tl Fe F 308.04 Pm-3m, cubic, 221 - 232, 240 
K Cr F 308.40 P4/mmm, tetragonal, 123 - 232, 265 
Rb V F 312.48 Pm-3m, cubic, 221 - 232, 243 
Rb Cr F 319.48 P4/mmm, tetragonal, 123 - 232, 266 
K Pd F 320.08 Pm-3m, cubic, 221 - 227, 267 
Rb Mn F 320.76 Pm-3m, cubic, 221 - 232, 268 
Tl Mn F 321.64 Pm-3m, cubic, 221 - 232, 269 
Rb Pd F 328.28 Pm-3m, cubic, 221 - 227, 270 
Tl Pd F 329.52 Pm-3m, cubic, 221 - 253, 270 
K Ag F 340.09 Pnma, orthorhombic, 62 - 227, 271 
Cs Fe F 340.33 P63/mmc, hexagonal, 194 - 121, 227 
K Cd F 342.48 Pnma, orthorhombic, 62 - 232, 272 
Ag Mn F 343.04 Pm-3m, cubic, 221 - 232, 239 
Cs Pd F 344.08 Pm-3m, cubic, 221 - 227, 270 
Cs Co F 345.67 R-3m, trigonal, 166 - 227, 273 
K Ca F 346.66 Pnma, orthorhombic, 62 - 232, 274 
Rb Ag F 349.55 I4/mcm, tetragonal, 140 - 227, 271 
Rb Yb F 352.16 Pm-3m, cubic, 221 - 227, 275 
K Ge F 352.72 Pm-3m, cubic, 221 - 227, 276-277 
Cs Mn F 355.93 P63/mmc, hexagonal, 194 - 227, 254 
Tl Cd F 357.50 Pbam, orthorhombic, 55 - 232, 278 
Rb Cd F 365.20 Pm-3m, cubic, 221 - 232, 278 
Cs Yb F 366.64 Pm-3m, cubic, 221 - 227, 275 
Cs Ni F 367.84 P63/mmc, hexagonal, 194 - 227, 279 
Rb Ca F 368.68 Pm-3m, cubic, 221 - 232, 280 
Cs Ag F 376.36 I4/mcm, tetragonal, 140 - 227, 281 
Tl Hg F 379.45 Pbam, orthorhombic, 55 - 227, 282-283 
Cs Cd F 380.00 Pm-3m, cubic, 221 - 232, 284 
Cs Ca F 384.76 Pm-3m, cubic, 221 - 232, 244 
Cs Be F 388.93 Pnma, orthorhombic, 62 - 232, 285 
K Hg F 389.64 Pm-3m, cubic, 221 - 232, 286 
Rb Hg F 395.80 Pm-3m, cubic, 221 - 232, 286 
Li Mg Cl 397.14 P1, triclinic, 1 - 227, 287-289 
K Sn F 402.49 P-1, triclinic, 2 - 227, 290 
Tl Sn F 408.26 Cc, monoclinic, 9 - 253, 290 
Cs Hg F 408.76 Pm-3m, cubic, 221 - 232, 286 
K Ba F 433.85 P1, triclinic, 1 - 227, 287, 291 
Rb Ni F 442.23 P63/mmc, hexagonal, 194 - 227, 292 
Rb Sn F 444.06 P21/c, monoclinic, 14 - 253, 290 
Cs Sr F 451.60 Pm-3m, cubic, 221 - 232, 244 
Cs Eu F 453.36 Pm-3m, cubic, 221 - 227, 293 
Rb Pb F 459.64 Pm-3m, cubic, 221 - 232, 294 
Cs Tl F 464.78 Fm-3m, cubic, 225 - 227, 295 
Li Mg Br 469.30 P1, triclinic, 1 - 227, 287, 296 
Li Ga Cl 471.30 Pnma, orthorhombic, 62 - 227, 297 
Cs Pb F 471.32 Pm-3m, cubic, 221 - 232, 298 
Rb Sr F 477.84 Pm-3m, cubic, 221 - 227, 299-301 
Na Mn Cl 480.69 R-3, trigonal, 148 - 227, 302 
Cs Sn F 483.02 P21/c, monoclinic, 14 - 253, 303 
K Ni Cl 488.61 P63cm, hexagonal, 185 - 227, 304 
Cs Zn Cl 488.69 Pm-3m, cubic, 221 - 227, 305-306 
K Cr Cl 489.51 R3c, trigonal, 161 - 253, 307 
K Fe Cl 492.97 Pnma, orthorhombic, 62 - 232, 308 
Rb Fe Cl 495.54 P63/mmc, hexagonal, 194 - 227, 309-310 
Tl Co Cl 496.56 P63/mmc, hexagonal, 194 - 227, 311 
K Mg Cl 498.96 Pnma, orthorhombic, 62 - 227, 312 
K Mn Cl 509.05 Pnma, orthorhombic, 62 - 232, 313 
Tl Mg Cl 511.70 Pnma, orthorhombic, 62 - 227, 314 
Rb Ni Cl 512.56 P63/mmc, hexagonal, 194 - 227, 315 



K Ti Cl 518.93 P63, hexagonal, 173 - 227, 316 
Rb Co Cl 523.30 P63/mmc, hexagonal, 194 - 227, 317 
In Fe Br 523.77 Pnma, orthorhombic, 62 - 227, 318 
K Cu Cl 523.89 P121/c1, monoclinic, 14 - 227, 319-320 
Tl Mn Cl 525.89 Pnma, orthorhombic, 62 - 232, 321 
K V Cl 527.86 P63/mmc, hexagonal, 194 - 227, 322 
Rb Ti Cl 533.96 P63cm, hexagonal, 185 - 227, 323 
Tl Cu Cl 535.32 P21/c, monoclinic, 14 - 253, 324 
Tl V Cl 537.10 P63/mmc, hexagonal, 194 - 227, 325 
Rb Mg Cl 539.81 P63/mmc, hexagonal, 194 - 227, 326 
Rb Mn Cl 543.00 P63/mmc, hexagonal, 194 - 232, 327 
K Cd Cl 546.83 Pnma, orthorhombic, 62 - 232, 328 
Rb Cu Cl 548.07 Pbcn, orthorhombic, 60 - 227, 329 
K Tc Cl 549.35 C1c1, monoclinic, 9 - 227, 330 
Rb V Cl 552.42 P63/mmc, hexagonal, 194 - 227, 331 
Cs Ni Cl 552.86 P63/mmc, hexagonal, 194 - 332-333 
Cs Co Cl 555.38 P63/mmc, hexagonal, 194 - 227, 334 
Rb Cu Br 558.08 Pm-3m, cubic, 221 - 253, 335 
Ag Pb Br 560.55 Cmcm, orthorhombic, 63 - 227, 336-337 
Tl Fe Br 562.13 P63cm, hexagonal, 185 - 227, 338 
Tl Cd Cl 563.38 Pnma, orthorhombic, 62 - 232, 339 
Cs Fe Cl 569.82 P63/mmc, hexagonal, 194 - 227, 340 
Rb Cr Cl 573.17 C2/c, monoclinic, 15 - 232, 307 
Na Hg Cl 573.54 Pnma, orthorhombic, 62 - 227, 341 
Cs Ti Cl 575.92 P63/mmc, hexagonal, 194 - 227, 342 
Tl Pb Cl 576.63 Fmm2, orthorhombic, 42 - 50, 227 
Tl Mn Br 578.70 Pnma, orthorhombic, 62 - 227, 343 
Li Ga Br 578.93 P121/m1, monoclinic, 11 - 227, 344 
Rb Cd Cl 581.10 Pnma, orthorhombic, 62 - 232, 345 
Cs Cu Cl 581.37 P612-2, hexagonal, 178 - 227, 346 
K Fe Br 584.01 Pnma, orthorhombic, 62 - 227, 347 
Cs Cr Cl 584.74 P63/mmc, hexagonal, 194 - 227, 348 
Cs Mn Cl 585.48 R-3m, rhombohedral, 166 - 232, 349 
K Ca Cl 587.95 Pnma, orthorhombic, 62 - 232, 328 
Cs V Cl 590.08 P63/mmc, hexagonal, 194 - 227, 350 
Tl Ca Cl 592.61 Cmcm, orthorhombic, 63 - 253, 351 
K Cd Br 595.05 Pnma, orthorhombic, 62 - 227, 352 
Cs Mg Cl 596.78 P63/mmc, hexagonal, 194 - 227, 334 
In Mn Br 596.85 Pnma, orthorhombic, 62 - 227, 353 
K Mn Br 599.18 Pnma, orthorhombic, 62 - 227, 354 
Cs Tm Cl 599.64 Pm-3m, cubic, 221 - 227, 355 
Rb Ni Br 602.52 P63/mmc, hexagonal, 194 - 227, 315 
Cs Ag Cl 603.61 I4/mmm, tetragonal, 139 - 227, 356 
Tl Hg Cl 604.96 Pnma, orthorhombic, 62 - 227, 357 
In Mg Br 605.54 Pnma, orthorhombic, 62 - 227, 358 
Cs Sc Cl 607.48 P63/mmc, hexagonal, 194 - 227, 359 
Cs Pd Br 607.52 Pm-3m, cubic, 221 - 253, 360-361 
K Ge Cl 612.00 Cm, monoclinic, 8 - 362-363 
K Ti Br 614.63 P63, hexagonal, 173 - 227, 316 
In Cr Br 617.05 P21/c, monoclinic, 14 - 227, 318 
Cs Fe Br 618.20 P63/mmc, hexagonal, 194 - 227, 364 
Rb Tm Cl 619.03 Pnma, orthorhombic, 62 - 227, 365 
Na Ca Br 624.56 R-3, trigonal, 148 - 227, 366 
Cs Cd Cl 625.27 P63/mmc, hexagonal, 194 - 232, 367 
Rb Ti Br 629.60 P63cm, hexagonal, 185 - 227, 316 
Cs Hg Cl 630.84 Pm-3m, cubic, 221 - 232, 368 
In Cd Br 632.19 Pnma, orthorhombic, 62 - 227, 369 
Li Ca Cl 634.24 Pm-3m, cubic, 221 - 227, 287, 370 
Tl Hg Br 635.20 Pnma, orthorhombic, 62 2.44 227, 371-372 
Tl Fe I 635.31 Pnma, orthorhombic, 62 - 227, 373 
Rb Ca Cl 638.78 Cm, monoclinic, 8 - 232, 374 
Cs Yb Cl 638.92 Pm-3m, cubic, 221 - 227, 355 
Tl Cd Br 641.98 Pnma, orthorhombic, 62 - 227, 339 
Rb V Br 646.99 P63cm, hexagonal, 185 - 227, 375 
Cs Ni Br 650.02 P63/mmc, hexagonal, 194 - 332, 376 
Li Sc I 650.72 P-6c2, hexagonal, 188 - 227, 377 
Cs Ca Cl 654.16 Pm-3m, cubic, 221 8.10 232, 378-379 
Cs Au Cl 654.19 I4/mmm, tetragonal, 139 - 227, 380 
Rb Mn Br 663.28 P63/mmc, hexagonal, 194 - 227, 381 
Cs Cu Br 665.27 C2221, orthorhombic, 20 - 227, 382 



Cs Sm Cl 665.44 Pm-3m, cubic, 221 - 227, 355 
Cs Ge Cl 672.15 R3m, rhombohedral, 160 3.43 383 
K Ca Br 674.88 Cmcm, orthorhombic, 63 - 227, 366 
Rb Cd Br 675.15 Pnma, orthorhombic, 62 - 232, 345 
Cs Cr Br 677.16 P63/mc, hexagonal, 186 - 227, 384 
Rb Ge Cl 678.48 P121/m1, monoclinic, 11 - 227, 385 
In Ca Br 678.51 Cmcm, orthorhombic, 63 - 227, 386 
Cs Ti Br 678.80 P63/mmc, hexagonal, 194 - 227, 387 
Cs V Br 680.72 P63/mmc, hexagonal, 194 - 227, 375 
K Dy Br 682.28 Pnma, orthorhombic, 62 - 227, 388 
K Sr Cl 682.71 Pm-3m, cubic, 221 - 227, 287, 389 
Tl Ca Br 685.09 Cmcm, orthorhombic, 63 - 227, 386 
Cs Pd Cl 689.47 Ibam, orthorhombic, 72 - 227, 390 
Cs In Cl 696.73 Fm-3m, cubic, 225 - 332, 391 
Rb Sr Cl 697.65 P21/m, monoclinic, 11 - 227, 392 
Cs Sc Br 700.82 P63/mmc, hexagonal, 194 - 253, 359 
K Sn Cl 700.96 Pm-3m, cubic, 221 - 362, 393-394 
Cs Mg Br 701.44 P63/mmc, hexagonal, 194 - 227, 395 
Rb Sn Cl 702.05 R3c, trigonal, 161 - 253, 396 
Cs Tm Br 704.68 P4/mbm, tetragonal, 127 - 227, 397 
Cs Mn Br 705.64 P63/mmc, hexagonal, 194 - 332, 398 
K Sn Br 710.10 Pnma, orthorhombic, 62 - 362, 393, 399 
Cs Cd Br 711.24 Pm-3m, cubic, 221 - 232, 400 
Cs Sn Cl 711.88 Pm-3m, cubic, 221 2.80 37-38, 232 
Rb Yb Br 713.90 Pnma, orthorhombic, 62 - 227, 397 
Cs Eu Cl 722.69 Pnma, orthorhombic, 62 3.09 232, 355, 401 
Rb Ca Br 723.13 Pnma, orthorhombic, 62 - 227, 366 
Rb Eu Cl 723.68 Pm-3m, cubic, 221 - 227, 392 
Li Ga I 726.11 P121/m1, monoclinic, 11 - 227, 297 
Tl Mn I 727.35 Pnma, orthorhombic, 62 - 232, 402 
Rb Au Br 729.83 C12/m1, monoclinic, 12 - 227, 403 
Cs Tl Cl 730.22 Fm-3m, cubic, 225 - 227, 295 
Cs Sr Cl 732.88 Pnma, orthorhombic, 62 7.70 232, 379, 404 
Li Ca Br 734.94 Pm-3m, cubic, 221 - 227, 287, 405 
Cs Dy Br 736.62 P4/mbm, tetragonal, 127 - 227, 388 
Cs Au Br 737.38 I4/mmm, tetragonal, 139 - 227, 406 
In Sn Cl 738.56 R-3, trigonal, 148 - 253, 407 
Cs Hg Br 738.84 Pm-3m, cubic, 221 3.00 232, 408 
K In Br 739.45 P-3, trigonal, 147 - 227, 409 
Rb Sn Br 740.72 Pnma, orthorhombic, 62 - 253, 410 
Cs Ge Br 741.96 R3m, rhombohedral, 160 2.38 383, 411 
Rb Ge Br 742.79 Pna21, orthorhombic, 33 2.74 41, 362, 412 
Cs Ni I 744.78 P63/mmc, hexagonal, 194 - 227, 413 
Rb Pb Cl 749.80 Pm-3m, cubic, 221 - 227, 414 
Cs Pb Cl 754.08 Pm-3m, cubic, 221 2.85 232, 415-416 
Cs Yb Br 755.40 Pm-3m, cubic, 221 - 227, 397 
Tl Ge I 768.29 Pnma, orthorhombic, 62 - 227, 417 
Cs Ca Br 769.44 Pm-3m, cubic, 221 - 227, 366 
Rb Pb Br 771.86 Cmcm, orthorhombic, 63 - 227, 418 
K Tm I 773.85 Cmcm, orthorhombic, 63 - 227, 397 
Cs Eu I 777.26 Orthorhombic - 227, 419 
Tl Cd I 777.88 Pnma, orthorhombic, 62 - 227, 402 
K Pb Br 784.49 Pm-3m, cubic, 221 - 362, 420-421 
In Sn Br 785.07 R3c, trigonal, 161 - 253, 407 
Rb Cr I 793.27 C12/m1, monoclinic, 12 - 227, 422 
K Ti I 794.75 P63, hexagonal, 173 - 227, 316 
Rb Tm I 795.51 Pnma, orthorhombic, 62 - 397, 423 
Cs In Br 795.52 Fm-3m, cubic, 225 - 332, 391 
K Dy I 798.22 Cmcm, orthorhombic, 63 - 227, 386 
Rb V I 798.93 P63cm, hexagonal, 185 - 227, 422 
Cs Pb Br 805.45 Pnma, orthorhombic, 62 2.36 232, 424-425 
Rb Sr Br 805.75 Pnma, orthorhombic, 62 - 227, 426 
Rb Ti I 808.79 P63cm, hexagonal, 185 - 227, 422 
Cs Sn Br 815.68 Pm-3m, cubic, 221 1.75 37-38, 232 
Rb Ge I 823.34 P21-21-21, orthorhombic, 19 - 227, 427 
Cs V I 828.90 P63/mmc, hexagonal, 194 - 332, 413 
Cs Eu Br 832.70 Pnma, orthorhombic, 62 - 227, 428 
K Yb I 834.62 Cmcm, orthorhombic, 63 - 227, 397 
Cs Ba Cl 838.34 Pm-3m, cubic, 221 - 227, 287, 429 
K Ca I 842.54 Cmcm, orthorhombic, 63 - 227, 386 



Cs Ti I 843.44 P63/mmc, hexagonal, 194 - 227, 430 
K Au I 843.44 P121/c1, monoclinic, 14 - 227, 403 
Cs Sr Br 844.87 Pnma, orthorhombic, 62 - 227, 386 
Cs Mn I 848.66 P63/mmc, hexagonal, 194 - 332, 431 
Rb Dy I 860.52 Pnma, orthorhombic, 62 - 388, 423 
K Sn I 862.75 Pnma, orthorhombic, 62 - 362, 432-433 
Cs Mg I 865.54 P63/mmc, hexagonal, 194 - 332, 413 
Rb Yb I 869.74 Pnma, orthorhombic, 62 - 227, 434 
Tl Pb I 871.24 Cmcm, orthorhombic, 63 2.25 232, 435-436 
Rb Au I 875.14 C12/m1, monoclinic, 12 - 227, 403 
Rb Ca I 878.95 Pnma, orthorhombic, 62 - 227, 386 
Cs Tm I 880.11 Pnma, orthorhombic, 62 - 397, 423 
K Pb I 882.24 Pnma, orthorhombic, 62 - 227, 402 
Cs Dy I 891.96 Pnma, orthorhombic, 62 - 423, 437 
Rb Sn I 893.32 Pnma, orthorhombic, 62 1.62 232, 438-439 
Cs Au I 895.13 I4/mmm, tetragonal, 139 1.31 440-441 
Cs Ge I 906.57 R3m, rhombohedral, 160 1.63 442 
Rb Pb I 919.08 Pnma, orthorhombic, 62 2.00 227, 443-444 
Cs Ca I 932.40 Pnma, orthorhombic, 62 - 386, 423 
Cs Yb I 933.60 Pnma, orthorhombic, 62 - 423, 445 
Rb Hg I 959.40 Ama2, orthorhombic, 40 - 362, 446 
Cs Pb I 960.71 Pnma, orthorhombic, 62 1.73 423, 447-448 
Cs Sn I 993.64 Pm-3m, cubic, 221 1.31 37-38, 232 
Cs Sr I 999.33 Cmcm, orthorhombic, 63 - 227, 386 
Cs Ba Br 1019.36 Pm-3m, cubic, 221 - 227, 449-450 
Cs Cd I - - - 332, 451 
Cs Ga Cl - - - 332 
Cu Cd Cl - Tetragonal - 227, 452 
K Cd I - - - 227, 453 
K Co Br - - - 227, 283, 454 
K Pb F - - - 227, 455 
K Sr F - - - 227, 301 
Li Co Br - Pm-3m, cubic, 221 - 227, 456-457 
Li V Cl - Fd-3m, cubic, 227 - 227, 458 
Li Zn F - - - 227, 459 
Na Ca Cl - - - 227, 460 
Na Cd Cl - - - 227, 461 
Na Cr Cl - - - 227, 462 
Na Ni Cl - - - 227, 463 
Na Sr F - - - 227, 301 
Na Ti Cl - - - 227, 464 
Rb Be Cl - Tetragonal - 227, 465 
Rb Cd I - - - 345, 362 
Tl Cr F - - - 232, 466-467 
Tl Fe Cl - - - 227, 340 
Tl Sr Cl - - - 227, 468 

 
 
Table S11. A-site constituent, B-site constituent, X-site constituent, Pnma unit cell volume (or 20 
atom equivalent for different symmetries), structure (Hermann-Mauguin space group, crystal 
system, and space group number), experimental band gap, and reference(s) for all of the 
experimentally-observed organic ABX3 HP (organic cation abbreviations are defined in the text). 

A-site B-site X-site V (Å3) Structure Band gap (eV) Ref. 
NH4 Mg F 267.69 Pm-3m, cubic, 221 - 469-470 
NH4 Ni F 270.18 Fm-3m, cubic, 225 - 466, 471 
NH4 Zn F 279.08 Pm-3m, cubic, 221 - 466, 471-472 
NH4 Co F 281.16 Pm-3m, cubic, 221 - 252, 466, 471 
NH4 Cu F 286.32 P4/mbm, tetragonal, 127 - 466, 471, 473 
NH4 Fe F 291.51 Pm-3m, cubic, 221 - 466, 471, 474 
NH4 Cr F 309.84 I4/mcm, tetragonal, 140 - 466, 471, 475 
NH4 Mn F 316.88 Pnma, orthorhombic, 62 - 466, 471, 476 
NH4 Cd F 338.25 Pnma, orthorhombic, 62 - 466, 471, 477 
NH4 Sn F 426.29 R-3, trigonal, 148 - 469, 478 
NH4 Fe Cl 516.30 P63/mmc, hexagonal, 194 - 340 
NH4 Mn Cl 517.28 Pm-3m, cubic, 221 - 479 
NH4 Ni Br 568.40 P63mc, hexagonal, 186 - 363 
NH4 Cd Cl 568.69 Pnma, orthorhombic, 62 - 480-481 



NH4 Cd Br 653.84 Pnma, orthorhombic, 62 - 480 
HA Cd Br 726.60 P21/c, monoclinic, 14 - 480 
MA Pb Cl 734.55 Pm-3m, cubic, 221 3.02 482 
MA Sn Cl 764.41 Pm-3m, cubic, 221 3.65 482 
FA Pb Cl 780.45 Pm-3m, cubic, 221 2.94 482 
MA Ge Br 817.76 Pm-3m, cubic, 221 2.55 482 
MA Sn Br 821.10 Pm-3m, cubic, 221 2.18 482 
MA Pb Br 834.53 Pm-3m, cubic, 221 2.28 482 
FA Pb Br 864.00 Pm-3m, cubic, 221 2.26 482 
MA Ge I 884.90 Pm-3m, cubic, 221 1.95 482 
FA Sn Br 888.42 Pm-3m, cubic, 221 2.47 482 
AZ Pb Br 941.73 P63/mmc, hexagonal, 194 2.81 483 
FA Ge I 970.93 R3m, trigonal, 160 2.20 484 
MA Sn I 971.42 Pm-3m, cubic, 221 1.28 482 
FA Sn I 1007.83 Pm-3m, cubic, 221 1.40 482 
MA Pb I 1014.06 Pm-3m, cubic, 221 1.62 482 
NH4 Sn I 1017.33 P1, triclinic, 1 - 485-486 
FA Pb I 1030.01 Pm-3m, cubic, 221 1.50 482 
ACA Ge I 1068.23 P21, monoclinic, 2 2.50 484 
EA Sn I 1071.13 P63mc, hexagonal, 186 2.18 487 
GA Sn I 1083.06 P63/m, hexagonal, 176 1.90 487 
DMA Pb I 1084.60 Cmc21, orthorhombic, 36 - 363 
IM Sn I 1117.20 Pc, monoclinic, 7 2.20 487 
ACA Sn I 1127.22 P63mc, hexagonal, 186 2.15 487 
TMA Pb I 1190.20 P-3, hexagonal, 147 - 363 
TEMA Pb I 1317.40 P63/m, hexagonal, 176 - 363 

 
 
Table S12. A-site constituent, B-site constituent, X-site constituent, Pnma unit cell volume (or 20 
atom equivalent for different symmetries; from the Materials Project11 unless noted), structure 
(Hermann-Mauguin space group, crystal system, and space group number), and reference(s) for 
all of the non-experimentally-observed inorganic ABX3 HP.227, 253, 276, 391 

A-site B-site X-site V (Å3) Structure Ref. 
Li Pb Cl 103.03 Pm-3m, cubic, 221 227 
Li Ca F 212.84 Pm-3m, cubic, 221 227 
Li Ni F 213.97 R-3, trigonal, 148 227 
Cs Ba F 296.78 Pm-3m, cubic, 221 227 
Na Cd F 302.39 R3c, trigonal, 161 227 
In Mn F 320.48 P1, triclinic, 1 253 
Cu Ge I 337.47 Cm, monoclinic, 8 227 
Tl Ag F 347.32 R3m, monoclinic, 8 253 
Na Ca F 349.81 Pm-3m, cubic, 221 227 
Rb Ge F 362.08 Pm-3m, cubic, 221 276 
Tl Ca F 368.45 R3c, trigonal, 161 227 
Li Be Cl 371.22 Pm-3m, cubic, 221 227 
Cs Na F 395.24 Pnma, orthorhombic, 62 253 
K Be Cl 400.36 Pm-3m, cubic, 221 227 
Tl Ge F 424.58 P21/m, monoclinic, 11 253 
Cs In F 439.34 Fm-3m, cubic, 225 253 
Na Pb F 448.48 Pm-3m, cubic, 221 227 
Rb Tl F 449.18 Fm-3m, cubic, 225 253 
Tl Zn Cl 494.02 Pm-3m, cubic, 221 227 
Rb Pd Cl 501.96 Pm-3m, cubic, 221 253 
Rb Zn Cl 502.40 Pm-3m, cubic, 221 227 
Li Sn Cl 519.49 R3c, trigonal, 161 253 
Na Ba F 531.23 Pm-3m, cubic, 221 227 
K Ag Cl 535.39 R3c, trigonal, 161 253 
Tl Ag Cl 539.24 P4mm, tetragonal, 99 253 
Na Mg Br 540.98 Pm-3m, cubic, 221 227 
Rb Ag Cl 551.88 Pm, monoclinic, 6 253 
Ag Ca Cl 557.58 Pm-3m, cubic, 221 227 
Cu Ca Cl 559.84 Pm-3m, cubic, 221 227 
Rb Pd Br 593.00 Amm2, monoclinic, 6 253 
Na Pb Cl 598.31 R3, trigonal, 146 227 
K Ag Br 627.36 R3c, trigonal, 161 253 
Tl Ag Br 632.23 R3c, trigonal, 161 253 
In Pb Cl 643.42 Cmcm, orthorhombic, 63 253 



Tl Ge Br 644.18 Pnma, orthorhombic, 62 253 
Rb Ag Br 646.44 P1, triclinic, 1 253 
Tl Ge Cl 649.38 P21/m, monoclinic, 11 253 
Cs Ag Br 663.96 Amm2, monoclinic, 6 253 
Rb In Cl 682.26 Fm-3m, cubic, 225 253 
In Ge Cl 686.13 R3c, trigonal, 161 253 
Rb Tl Cl 714.61 Fm-3m, cubic, 225 227 
K Mg I 717.05 P1, triclinic, 1 227 
K Ge Br 740.78 P21/m, monoclinic, 11 253 
Rb Mg I 751.15 P1, triclinic, 1 227 
Rb In Br 782.65 Fm-3m, cubic, 225 253 
Li Sr Br 815.47 Pm-3m, cubic, 221 227 
Rb Tl Br 821.66 Fm-3m, cubic, 225 253 
Li Ba Cl 833.27 Pm-3m, cubic, 221 227 
K Ba Cl 835.59 Pm-3m, cubic, 221 227 
Cs Tl Br 836.08 Fm-3m, cubic, 225 253 
Li Ba Br 951.24 Pm-3m, cubic, 221 227 
K Ba Br 958.63 Pm-3m, cubic, 221 227 
Rb Ba Br 958.86 Pm-3m, cubic, 221 227 
Cs In I 967.41 Fm-3m, cubic, 225 253, 391 
H Pb I 973.84 Pnma, orthorhombic, 62 227 
Rb Ba I 990.78 Pnma, orthorhombic, 62 227 
K Hg I 990.79 Pna21, orthorhombic, 33 227 
Li Pb Br - Pm-3m, cubic, 221 227, 456, 488 
Ag Cd Br - - 227 
Ag Mg Cl - - 227 
Ag Pb F - - 227 
Ag Sn Cl - - 227 
Au Zn F - - 227 
Cu Cd I - - 227 
Cu Zn Cl - - 227 
K Co I - - 227 
K Mn I - - 227 
K Sm Cl - - 227 
Li Cr Cl - - 227 
Li Mg I - - 227 
Li Mn I - - 227 
Li Ni Cl - - 227 
Li Pb F - - 227 
Na Ba Br - - 227 
Na Ba Cl - - 227 
Na Be Cl - - 227 
Na Ca I - - 227 
Na Cd Br - - 227 
Na Cd I - - 227 
Na Hg I - - 227 
Na Mg I - - 227 
Na Sn Cl - - 227 
Na Sr Br - - 227 
Na Sr Cl - - 227 
Na Zn Cl - - 227 
Rb Ba F - - 227 
Rb Mn I - - 227 
Tl Be Cl - - 227 
Tl Eu Cl - - 227 
Tl In Cl - P1, triclinic, 1 253 
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