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Band gap benchmarks

As a test case for the performance of different computational protocols, we considered α-FAPbI3. The
results are summarized in Table S1. For the PBE0 and PBE0+SOC calculations, PBEsol geometries
have been used. Both PBEsol and PBE0+SOC offer an accurate description of the band gap of α-
FAPbI3. However, recently published band gap calculations of 2D halide perovskites[1] and lead-free
double perovskites[2] have shown that the employment of PBE0+SOC using geometries that have
been relaxed at the PBEsol level provides an accurate description of the band gaps of a broader range
of halide perovskites.

Goldschmidt tolerance factors

For the calculations of the Goldschmidt tolerance factor of both pure compounds and binary and
ternary mixtures, the extension by Kieslich et al.[6, 7] for organic cations has been employed. Ac-
cording to this the effective ionic radii for mixtures of monovalent cation can be estimated by a rigid
sphere model that can freely rotate around the center of mass. The effective ionic radii for FA+,
GUA+ are 253 pm and 278 pm, respectively. The ionic radii of Cs+, Pb2+ and I− are 167 pm, 119
pm and 220 pm, respectively. The effective ionic radii of the mixed cations have been estimated by
considering the fraction of FA+ substituted by either GUA+ or Cs+.
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Table S1: Effect of different exchange-correlation functionals on the band gap of α-FAPbI3.

Functional Band gap (eV)
PBE 1.71
PBEsol 1.46
PBE0 2.60
PBE0+SOC 1.47
Experimental values 1.43-1.48[3, 4, 5]

In addition, a new tolerance factor for the prediction of the stability of oxide and halide perovskites
has been proposed by Bartel et al.. According to this new scheme a structure can be classified as a
perovskite one if the calculated tolerance factor is less than 4.18. As shown in Tables S4 and S5 the
calculated tolerance factor is less than 4.18. The use of this criterion for the systems investigated
here leads to the prediction that the perovskite phase of all mixtures should be stable. However
this observation is in contrast with our mixing free energy calculations and MD simulations and the
solid-state NMR studies,[8] that reveal that although black GUAxFA(1−x)PbI3 is initially formed, it
is thermodynamically unstable, turning into the yellow δ-phase within hours after annealing. On
the other hand, the Goldschmidt tolerance factor seems to be more suited for the prediction of the
stability of the cation mixtures considered here.

Table S2: Goldschmidt tolerance factors calculated for both pure compounds and binary mixtures.[6,
7] A Goldschmidt tolerance factor > 1 indicates that the perovskite structure should not be stable.

Fraction (x) of FA+ substituted by GUA+ Goldschmidt
in the FAPbI3 structure tolerance factor
0% 0.99
8% 0.99
17% 1.00
25% 1.00
33% 1.00
42% 1.01
50% 1.01
100% 1.04
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Table S3: Goldschmidt tolerance factors calculated for the ternary mixtures.[6, 7]

Fraction (x) of FA+ Goldschmidt Goldschmidt
substituted by GUA+ tolerance factor tolerance factor
in the FAPbI3 structure (8% of Cs+) (17% of Cs+)
8% 0.98 0.96
17% 0.98 0.97
33% 1.00 0.97
50% 1.00 0.98

Table S4: New tolerance factors calculated for both pure compounds and binary mixtures, according
to [9]. Values < 4.18 indicate stability of the perovskite phase.

Fraction (x) of FA+ substituted by GUA+ New
in the FAPbI3 structure tolerance factor
0% 3.67
8% 3.66
17% 3.65
25% 3.65
33% 3.64
42% 3.63
50% 3.63
100% 3.60

Table S5: New tolerance factors calculated for the ternary mixtures.[9]

Fraction (x) of FA+ New New
substituted by GUA+ tolerance factor tolerance factor
in the FAPbI3 structure (8% of Cs+) (17% of Cs+)
8% 3.69 3.72
17% 3.68 3.71
33% 3.66 3.69
50% 3.64 3.68
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Density of states

Fig. S1: PDOS of β-FAPbI3. The VBM consists of an antibonding overlap of Pb s and I p orbitals.

Fig. S2: PDOS of β-FAPbI3. The CBM consists of an antibonding overlap of I s and Pb p orbitals.
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Fig. S3: PDOS of β-GUA0.5FA0.5PbI3. The VBM consists of an antibonding overlap of Pb s and I p
orbitals.

Fig. S4: PDOS of β-GUA0.5FA0.5PbI3. The CBM consists of an antibonding overlap of I s and Pb p
orbitals.

5



Fig. S5: PDOS of β-Cs0.17GUA0.17FA0.66PbI3. The VBM consists of an antibonding overlap of Pb s
and I p orbitals.

Fig. S6: PDOS of β-Cs0.17GUA0.17FA0.66PbI3. The CBM consists of an antibonding overlap of I s
and Pb p orbitals.
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Band structure

Fig. S7: Band structure of β-FAPbI3, calculated at PBEsol level. The zero corresponds to the Fermi
energy of the systems. (X = 0.0, -0.5, 0.0; Γ= 0.0, 0.0, 0.0; Y = 0.5, 0.0, 0.0; L = 0.5, -0.5, 0.0; Z =
-0.5, 0.0, 0.0; N = -0.5, -0.5, -0.5; M = 0.5, 0.0, 0.0; R = 0.0, -0.5, 0.5.)

Fig. S8: Band structure of β-GUA0.5FA0.5PbI3, calculated at PBEsol level. The zero corresponds to
the Fermi energy of the systems. (X = 0.0, -0.5, 0.0; Γ= 0.0, 0.0, 0.0; Y = 0.5, 0.0, 0.0; L = 0.5,
-0.5, 0.0; Z = -0.5, 0.0, 0.0; N = -0.5, -0.5, -0.5; M = 0.5, 0.0, 0.0; R = 0.0, -0.5, 0.5.)
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Data of MD simulations
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Fig. S9: Relative energy difference per stoichiometric unit between β and δ GUA0.17FA0.83PbI3 mix-
tures across a 4.3 ps trajectory from MD simulations. The δ-phase is always lower in energy than
the β-phase.
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