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S1. Models of MAPDI;

For bulk tetragonal MAPbI;, we employ a 384-atoms 2x2x2 supercell with lattice parameters a = b
= 17.72 A, ¢ = 25.32 A, corresponding to the experimental structure.! The employed model
correspond the most stable structure of tetragonal CH;NH;Pbl; at 0 K and reasonably represents the
system at low temperature, but above the phase transition to the orthorhombic phase.? In this model, MA
cations are arranged in such a way that no net dipole is present in the system.?> The results achieved
with this computational setup have been benchmarked against calculations performed on larger
supercells.? For the bulk orthorhombic phase (0-MAPDbI;), we consider a 2x1x2 192-atoms supercell
with lattice parameters a = 17.81, b= 12.82 A, ¢ = 17.32 A. Calculations of the surface of tetragonal
MAPDI; are performed on different models of the (001) surface of tetragonal CH;NH;Pbl;: (i) a 408-
atoms slab terminated with lead diiodide (Pbly) (cf. Fig. S1, left panel), (ii) a 552-atoms slab
terminated with methylammonium iodide (MAI), (cf. Fig. S1, right panel), and (iii) a slab with 50%
MAI coverage. For all the systems, the simulation cell has a = b = 17.70 A, ¢ = 50 A, with the latter
including a vacuum layer of 20 (25) A for MAI (Pbl,) slab, a computational setup that has been
benchmarked in previous studies.> We focus on the (001) surface since both theoretical calculations®
> and X-ray diffraction experiments® indicate that this is one of the dominant facets in tetragonal
MAPDI;. We note that the arrangement of MA cations in the slab model is such that the direction of
the molecular dipoles is alternated (cf. the MA molecules along the x direction in Fig. S1), thus
implying that that the net dipole field is minimal along the z direction. Furthermore, for electronic-
structure calculations involving slab models, the electrostatic potential is corrected by compensating

for the surface dipole, as implemented in CP2K following Ref. 7.
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Figure S1. Stick&ball representation of the Pbl, and MAI (001) surfaces of tetragonal MAPbI;. Lead

in brown, iodine in pink, nitrogen in blue, carbon in cyan, and hydrogen in white.

S2. Effect of slab thickness on the electronic properties

The 5-layers slab employed to model the (001) MAPbI; surface has been tested in previous work. It has
been noted that the position of the band edges is quite stable with respect to slab thickness.® This implies
that the energetics of defects, which is influenced by the position of band edges, is not affected by slab
thickness.® Furthermore, it was found that charge localization and the energetics of polarons are unaffected
by the thickness of the slab, when using slabs with 6 and 7 Pbl, layers. ? To further assess the validity of
our model, we calculate AE(IFD) (cf. main text for definition) for the Pbl,-terminated slabs with 6 and
7 Pbl, layers. The calculated values, collected in Table S1, show differences below 0.1 with respect
to the one using the 5-layers slab are below 0.1 eV. Furthermore, analysis of the wave-function for
the models with 6 and 7 layers indicates that hole localization is essentially unaffected by the
thickness of the slab (cf. Fig. S2). We also report the respective electronic density of states (DOS),

of. Fig. S3.



Table S1. Calculated values of AE(IFD) (eV, cf. main text for definition) for bulk tetragonal MAPbI;

for Pbl,-terminated slabs with different number of layers.

Layers AE(IFD)
5 —0.85
6 —0.88
7 —0.90
5 layers 6 layers 7 layers

Figure S2. Isodensity representations of the hole captured by the IFD on the (001) Pbl, terminated

surface of tetragonal MAPDI; for slabs with different number of layers.
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Figure S3. Electronic density of states (DOS) of the valence and conduction band states for the IFD
on the (001) Pbl, terminated surface of tetragonal MAPbI; for slabs with different number of layers.
The energies are referred to the valence band edge of the 5-layer slab and are aligned through core

levels.

S3. Energetics of the V-center in o-MAPbDI; at different levels of theory

We here calculate AE (Vk*' ) (cf. main text) for o-MAPDI; at different levels of theory. In order to be

fully consistent with the results reported in Ref. 10, all calculations are carried out with VASP!! using
400 eV energy cut-off and DFT-D3!% 13 dispersion interactions. We perform geometry optimization
of 0-MAPDI; in presence of an extra hole with and without the I,~ dimer at (i) the DFT+U'4 1 levels
with different values of the the Hubbard-like term U and (ii) at the hybrid functional level of theory
employing both the PBEO and HSE06'® !7 hybrid functionals, in which the fraction of Fock exchange
a is set to 0.188 [referred as PBEO(a) and HSE06(a) in Table S2] following Ref. 10. Furthermore,
we perform extra calculations in which we include spin-orbit coupling through fully relativistic

pseudopotentials by (i) reevaluating the wave-function for the structures achieved without SOC



(labelled as “sp” in Table S1) and (ii) carrying out geometry optimization at the HSE06(a)+SOC

level. Finally, we also consider the effect of k-point sampling, using a 1x2x1 mesh.

Table S2. Values of AE(V) (cf. main text) for the 2x1x2 supercell of o-MAPbI; as achieved at

different levels of theory.

Theoretical Level AE(ViT)

2x1x2 atT DFT+U (8.9) —0.19
DFT+U (6.7) —0.04
DFT+U (4.5) —0.13
HSE06(a)) 0.28

HSE06(0))+SOC(sp) | 0.27

HSE06(0))+SOC 0.39

PBEO(c) 0.32

PBEO(0)+SOC(sp) | 0.31

2x1x2 K121 HSEO06(a) 0.39

HSE06(c)+SOC(sp) | 0.47

HSE06(0))+SOC 0.46

We first note that results achieved at the DFT+U level of theory are sizably influenced by the value
of the Hubbard-like term. While for a value of U = 8.9 eV we reproduce the results of Ref. 10 (AE (V)
= —0.19 eV), we observe that the relative stability of the systems with and without the dimer varies
with U. In particular, at U = 4.5 eV, the system bearing the dimer is found to be less stable by 0.14
eV. In contrast, calculations performed with PBEO(a) and HSE06(a), provide a consistent physical
picture, in which the dimer is found always at higher energies with values of AE(V) = 0.32 and 0.28
eV, respectively. The effect of SOC is moderate, a consequence of the mild impact of SOC on the

energetics of valence band states. Results achieved with k-point sampling seem to favor even more



the semi-localized hole over the dimer, with an effect of ~0.1 eV. Overall, our in-depth analysis

demonstrates that self-trapping of holes on I~ dimers should not be expected in o-MAPbI;.

S4. Energetics of IFDs for MAPbI; (bulk and surfaces)

Table S3. Calculated values of AE(IFD) (cf. main text) for bulk tetragonal MAPDI; and for different

termination of the (001) surface. All values are given in eV.

System AE(IFD)
Bulk 0.24
MAI-terminated 0.32
50% MAI-terminated —0.24
Pbl,-terminated —0.85

SS. Representation of the IFD in tetragonal bulk MAPbI;

Figure S4. Schematic representation of the energetics associated with trapping of a two in bulk
tetragonal MAPDI;. Pb atoms are given in brown, I in pink, C in cyan, N in blue, and H in white. The
isodensity representation of the hole is given as shaded purple for each system. The tetragonal axis

lies horizontally.

S6. Representation of the IFD on the 50% MAI-covered (001) surface of MAPDbI;



Figure S5. Schematic representation of the energetics associated with trapping of a two holes on the
50% MAI-covered (001) surface of MAPDI;. Pb atoms are given in brown, I in pink, C in cyan, N in
blue, and H in white. The isodensity representation of the hole is given as shaded purple for each

system. A side view with the z axis of the slab lying vertically is represented in the all the figures.
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