Supplementary Information:

The Landé factors of electrons and holes in lead halide perovskites:
universal dependence on the band gap

E. Kirstein,! D. R. Yakovlev,? M. M. Glazov,? E. A. Zhukov,"'? D. Kudlacik,! I. V. Kalitukha,? V. F. Sapega,?
G. S. Dimitriev,? M. A. Semina,? M. O. Nestoklon,? E. L. Ivchenko,? D. N. Dirin,? O. Nazarenko,®> M. V.
Kovalenko,>* A. Baumann,® J. Hocker,> V. Dyakonov,? and M. Bayer!2

! Ezperimentelle Physik 2, Technische Universitit Dortmund, 44227 Dortmund, Germany
2Joffe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
3 Department of Chemistry and Applied Biosciences, Laboratory of Inorganic Chemistry, ETH Zirich, 8098 Ziirich,
Switzerland
4 Department of Advanced Materials and Surfaces, Laboratory for Thin Films and Photovoltaics, Empa - Swiss Federal
Laboratories for Materials Science and Technology, 8600 Dibendorf, Switzerland
5 Ezperimental Physics VI, Julius-Mazimilian University of Wiirzburg, 97074 Wiirzburg, Germany

S1. THEORY

In this section we present details of our theoretical approach to calculate the band structure and Zeeman effect
in perovskite crystals. We outline the microscopic DFT and tight-binding methods as well as the k - p-model and
formulate the atomistically-inspired procedure for the estimation of the g-factors in perovskites.

A. Preliminaries

According to the Bloch theorem the electron wavefunctions in a crystal can be recast in the form
eik'r’
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where 7 is the real space coordinate, n enumerates the bands, s is the spin index, k is the quasi-wavevector, V is the
normalization volume and u, s.x(r) is the periodic Bloch amplitude. In the presence of a weak magnetic field B, such

that all characteristic energies related to the field are much smaller than the energy separations between the bands,
the Zeeman splitting of the electron states is given by the Hamiltonian with the matrix elements
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Here s, s’ = £1/2 are the spin indices, go = 2 is the free-electron Landé factor, up = |e|i/(2mgc) is the Bohr magneton
with mg being free-electron mass, e being the electron charge, and ¢ being the speed of light, o= (0,,0,,0.) is the
vector composed of the Pauli matrices and L = —i[r x (9/0r)] is the angular momentum operator. Combining the
first and second terms, Eq. (S2) can be rewritten in the simple form

Hz = 57 gapoa By, (33)

where o, 8 = z,y, 2 denote the Cartesian components, g,z are the elements of the g-factor tensor. Using the com-

pleteness relation for the Bloch functions one can recast the components of the g-factor tensor in the form, see e.g.,
Refs. [S1-54]
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Here summation over the repeated subscripts is implied, azs7ns/ = (n, sloy|ns’), €qpy is the Levi-Civita symbol, E,,

and Ey, are the band energies at the corresponding point of the Brillouin zone, the py.. .., are the interband momentum
operator matrix elements. In Eq. (S4) summation over all bands except for the selected band n is carried out, they



are enumerated by the orbital index m and the spin index ¢. For completeness we give the expression for the inverse
effective mass tensor mqg at a band extremum
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where 0,4 is the Kronecker symbol. Both the effective masses and Landé factors are determined by the set of the
band structure parameters, namely, the band gaps and the interband momentum matrix elements. Thus, simulta-
neous calculation of both quantities by various methods allows one to improve the parametrization of the effective
Hamiltonians [S5]. Note that if relativistic effects are included, the momentum matrix elements pj.,,, should be
replaced by the appropriate matrix elements of the operator 7 which includes the spin-orbit coupling term [52].

B. Band structure in the tight-binding and DFT approaches

For a realistic description of the band structure of perovskites we use a tight-binding model based on DFT calcula-
tions, see Ref. [S6]. Such a combination of ab initio and empirical methods allows us to gain access to the details of
the band structure and provides ground for a simplified k - p-modeling of the bands. In our analysis, we consider the
high-symmetry cubic structure. This is a good starting point: the energy bands of lower symmetry crystal phases may
be then described as a folded and distorted band structure of this most symmetric phase [S7]. The standard approach
for the description of the electronic properties of the cubic phase of the prototype hybrid organic-inorganic perovskite
CH3;NH;3PbI; is to consider its all-inorganic analogue, CsPblz [S7]. The DFT calculations are performed using the
WIEN2k package [S8] with the modified Becke-Johnson exchange-correlation potential [S9] in Jishi parametrization
[S10], for details see Ref. [S6]. Note that for cubic CsPblz with the lattice constant 6.289 A, this approach gives
the band gap E,; = 1.366 eV, while the experimental value is £, = 1.65 eV [S11]. The difference between the DFT
results and experimental data for this material is attributed to the renormalization of the band structure by the
electron-phonon interaction [S12] which is estimated as hundreds of meV [S13]. The DFT calculations of the band
structure of cubic CsPbBr3 and CsPbCls are performed in the same way. The lattice constants, 5.992 A and 5.605 A,
respectively, are taken from Ref. [S10]. The value of the radius of the muffin tin used is Ryt = 2.5 Bohr, except for
Cl in which case Ryt = 2.37 Bohr. The parameters controlling the numerical precision are Ryt - Kpyax = 13 and
Envax = 14. With these parameters, the band gap for the cubic phase is E; = 2.52 eV for CsPbBrs and E, = 3.09 eV
for CsPbCls. The dispersions for the CsPbBrj3 cubic crystal calculated by the DFT approach are shown by the green
dashed curves in Fig. S1.

For the tight-binding calculations, we use the empirical tight-binding model with the sp3d®s* basis in the nearest
neighbor approximation. It gives a precise description of the band structure of bulk III-V [S14] and group IV [S15]
semiconductors. Recently, it has been shown that the extended sp?d®s* tight-binding method can be used to describe
the band structure of inorganic perovskites with a meV-range precision [S6]. For CsPbl; we refer to the parameters
from Ref. [S6]. For the two other perovskites, CsPbBrs and CsPbCls, we use the results of the tight-binding fit
to the DFT approach outlined in Ref. [S6], they are given in Table S1; these materials are not stable in the cubic
phase so that corresponding experimental data are not available. Note that the relative error in the DFT band
gap is significantly smaller for Br- and Cl-based materials since their band gap is much larger. The corresponding
tight-binding dispersion curves for CsPbBrs are shown in Fig. S1 by the solid thin black lines and demonstrate good
agreement with the DFT calculations.

C. Effective Hamiltonian model

In this section we present the basic information about the k - p model applied to calculation of the conduction
and valence band states in bulk perovskites and their key properties: the effective masses and g-factors. Following
Refs. [S16-518] we start our description with the minimum model which includes the topmost two-fold degenerate
valence band and the nearest conduction bands. In the high-temperature cubic crystalline modification of the per-
ovskites the direct band gap is formed at the R-point of the Brillouin zone (corner of the cube in the [111] direction).
The schematics of the band structure in the vicinity of the R-point are shown in Fig. S2(a). For a tetragonal perovskite
the bands are folded and the band gap is located at the I point of the Brillouin zone due to the band folding [S19],
Fig. S2(b).



Table S1: Tight-binding parameters fitted to the DFT calculations. All values are given in eV. In addition to the
parameters presented in the table, the parameters s.s}o, skd.o, pcdq.o, pod.m and those involving the s, and s
orbitals are taken to be zero. The parameters of CsPbl; are reproduced from Ref. [S0].

CsPbls CsPbBr3 CsPbCl3
Ese —5.7767 —4.9645 —4.5816
Egeq 19.6780 19.7944 8.6310
Epa —2.3350 —2.5653 —3.4496
Epe 4.4825 5.5804 6.4591
Eaq 10.8491 12.9468 14.1585
Eac 13.9357 15.9568 15.9638
ScPa0 1.0421 1.0288 1.1429
SaPeo 2.7092 2.5482 1.3349
Scdao 0.3749 —0.7094 0.7972
ppo —1.8838 —1.8488 —2.0710
ppT 0.1955 0.1990 0.1183
Dadco 1.0341 —1.1460 1.4326
Pedam —0.7960 —0.7768 —0.9618
ddo —1.1231 —1.1429 —1.1768
ddm 2.0000 2.0000 2.0000
ddo —1.4000 —1.4000 —1.4000
Aq/3 0.3250 0.0944 0.2290
Ac:/3 0.4892 0.5469 0.7071

Energy (eV)

Figure S1: Comparison of the CsPbBr3 band structure calculated in DFT and in the empirical tight-binding
method. The DFT calculations are shown by the green dashed lines, the tight-binding results are given by the thin
black lines. The blue dotted rectangle shows the topmost valence band and the lowest conduction bands in the
vicinity of the R-point, see Fig. S2(a).

In both the cubic and tetragonal cases the valence band Bloch amplitudes can be recast in the form

v,3 (T) = iS(T)T7

oy (1) =801, (562)

U
valence band: {
U

where 1, ] denote the basic spinors, and S(r) is the invariant function. The conduction band states are formed from
the three orbital Bloch amplitudes X (7), Y(r), and Z(r) which transform as the corresponding coordinates: in the
cubic modification the axes z || [100], y || [010], z || [001] are equivalent, and in the tetragonal perovskite the z-axis
is the Cy-axis with x and y being equivalent. The Bloch states are determined by the interplay of the crystalline
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Figure S2: Schematic illustration of the band structure of a bulk (a) cubic perovskite crystal in the vicinity of the
R-point of the Brillouin zone and (b) tetragonal perovskite crystal in the vicinity of the I'-point.

splitting and spin-orbit interaction and can be described as

U, 1 (r) = —sindZ(r)t — cos ﬂwi,
bottom conduction band (c.b.): x(r) \f/iiy(r) (S6b)
U1 (1) = sind Z(r)| — cos ﬂTT,
U, 1 (r) = cos Z(r)T —sin ﬂwi,
excited (light electron) c.b.: X(T\)[% i Y(r) (S6¢)
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In the cubic modification the light and heavy electron states at the R-point are degenerate, Fig. S2(a). In the
tetragonal modification a splitting between the light and heavy electrons arises, as Fig. S2(b). We introduce the band
gap I, as the energy gap between the bottom conduction band and the valence band, E, + A, is the gap between
the light electron band and valence band, E, 4+ Ay, is the gap between the heavy electron band and the valence band,
see Fig. S2(b). The interband momentum matrix elements defined by (we assume that p; and p, are real) are given
by

pi =X pa] S) =iV Ipy|S), Py =i(Z [p:] S)- (87)

The parameter 9 determines the relation between the crystalline splitting and the spin-orbit interaction. Naturally,
in the cubic approximation cos? = /2/3, sin9 = 1/v3, Aje = Ape = A, and p| = pL = p. In the quasi-cubic
approximation [S2, S17, S18] the anisotropy parameters can be expressed in terms of the bare spin-orbit splitting
energy Ag, and the crystal field splitting A, as

Ale + Aso + Ac 2\/§Aso
=—— tan20 = ———.
2 Ao — 3A,
Within this minimum model we calculate the effective masses and g-factors for electrons and holes. For the electron
at the bottom of the conduction band (¢, +£1/2), see Fig. S2, we obtain:

Ale = \/Ago + Ag o %ASOAQ Ahe (SS)

11 2pfsin®9

) (Sga)

2
Me|| mo mg By



1 1 7 cos?
_ pi cos 19. (S9b)

2
me1 Mo m§ Eyg

Here the symbols || and L denote the direction of the electron propagation, namely, along and perpendicular to the
Cy || z axis, respectively. In the valence band the hole effective masses take the form
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Note that the hole masses, my,, have opposite signs as compared to the valence band electron masses, m,, ;.. Evidently,
for the cubic crystal the effective masses and Landé factors become isotropic. In particular,

1 1 1 2p? 1 1 1 2p% 3E,+ A
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Equations (S10) transform into the standard expression (2.48) of Ref. [S3] for cubic III-V semiconductors when
neglecting the non-parabolicity and making the natural replacements E, — —(E, + A), E; + A — —E, that are
related to the difference in the band order in perovskites and GaAs-like crystals.

We now turn to the Landé factors. For the bottom conduction band one has

2 2% cos?
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3 mo Eg

(S12a)
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Here the subscripts || and L of the Landé factors denote the direction of the magnetic field with respect to the Cy
axis. In these expressions we took into account the difference from the value of 2 of the free-electron spin contribution
to the g-factor due to the mixed form of wavefunctions (S6b), see the first term on the r.h.s. of Eq. (S4). For the
valence band we obtain

2p% (C082 9 sin? 9 1 )
=2-— + - , S13a
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Note that the valence band g-factors in the electron and hole representation have the same sign because the transfor-
mation from the electron to the hole representation includes both a change in the sign of energy and the time reversal.
We define the Landé factor in such a way that, e.g., for B || z the splitting £/, — E_; /o between the states with
spin projection +1/2 and —1/2 onto the z axis is given by geyupB., gn B B:, see Eq. (S3).

The expressions for the valence band g-factor in the cubic limit transform into the well-known formula (2.48) of
Ref. [S3] with the same replacements B, - —(E, + A), E, + A — —E, as for the effective mass. The contributions
due to the k - p interaction of the conduction and valence bands are also in agreement with Yu [S16], both in terms
of magnitudes and signs. When comparing with Ref. [S16], one has to keep in mind that in the notations of Yu the
energy is reckoned from the heavy electron band and Py | = (h/mg)p), 1. Also i~ is omitted in Eqs. (11)-(14) of
Ref. [S16].

Importantly, in Ref. [S16] the remote band contributions to the conduction band Landé factors were included through
the ‘magnetic’ Luttinger parameters x; 2. The importance of the remote band contributions for the conduction band
parameters is highlighted by our microscopic calculations, see below. To illustrate their role let us estimate, within
the cubic approximation, the contribution of the remote band with the orbital Bloch functions X)), XZ, and Y Z



(F;" or RE) to the effective mass and g-factor of the conduction band electron. The importance of this band will
be clarified below from the comparison of the k - p-method with the atomistic approaches. Due to their even parity,
these bands do not contribute to the hole mass and Landé factor. We denote

q = (XVp2|Y) = (XV|py|X), etc., (S14)

and select the phases of the wavefunctions in such a way that ¢ is real. We also neglect the spin-orbit splitting of the
remote band as compared to the distance E!'J between the remote band and the conduction band. The contribution
to the inverse effective mass reads

B 4 ¢ 1 1 221 4 ¢
A 1 P = = o -, Sl5
(meh) =3 mE) me mo | m33E, ' 3miE] (515)

while the contribution to the Landé factor takes the form
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In the cubic approximation this correction is isotropic, the difference of the remote bands contribution to the Landé
factor Age| —Age. appears due to the crystalline splitting of the remote F;" orbitals and the anisotropy of the matrix
elements in Eq. (S14).

D. Results

To compute the g-factor in the empirical tight-binding (ETB) model we directly use Eq. (S4). We construct the
tight-binding Hamiltonian in the R-point of the Brillouin zone, and find the eigenvalues as well as the eigenvectors
that represent the energies and wave functions at the R-point. The resulting eigenvectors should be “symmetrized”
to form the canonical basis of irreducible representations in the R point (Rg for the valence band and Ry for the
conduction band [S7]), in order to exclude an arbitrary phase of the computed eigenvectors from the g-factor values.
Then, in this basis, we calculate the matrix elements of the spin operator and the velocity operator in the standard
manner [S520], and use them in Eq. (S4) to find the g-factors.

Table S2: Band gap, spin-orbit splitting, effective masses and g-factors for different perovskite materials extracted
from DFT and ETB calculations. The band gap and spin-orbit splitting from DFT are reproduced in the ETB
exactly, while there is a small difference in the masses. The g-factors are extracted only from the ETB calculations.
Subscripts e and h denote the bottom conduction band electron states and the top valence band hole states.

Ey; (eV) A (eV) mp/mo (DFT) my/mo (ETB)  me/mo (DFT) me/mo (ETB) g5, (ETB) g. (ETB)

CsPbls 1.366 1.266 0.16 0.191 0.18 0.184 —0.108 1.660
CsPbBrs 2.520 1.431 0.26 0.298 0.30 0.291 1.343 0.127
CsPbCls 3.090 1.526 0.28 0.348 0.36 0.398 1.527 —0.080

The calculated values of the Landé factors are summarized in Tab. S2. It also presents the values of the effective
masses found by fitting the numerically calculated dispersion curves with parabolas in the vicinity of the R-point. Note
that the direct application of Eq. (S5) yields similar values for the conduction band effective masses, but larger values
for the valence band effective masses because of the k2 diagonal terms appearing in the tight-binding Hamiltonian,
see the discussion in Ref. [S20]. We note that the g-factor dependence on the band gap corresponds well to the
experiment. The incomplete agreement with the measured data of the g-factors are mainly related to the difference in
the band gap energies of our DFT and ETB atomistic calculations and those observed for the studied crystals, as well
as to limitations in the extraction of the momentum matrix elements in the state-of-the-art DFT— ETB procedures.
The open circles in Fig. S3 show the Landé factors from the ETB procedure as function of the band gap energy. It
is seen that the atomistic approach gives reasonable values of the Landé factor with the right trends: the electron
g-factor decreases with increasing band gap energy E,, while the hole g-factor increases with increasing F,.

To gain further insight into the key band parameters and to provide atomistic empirical expressions for the g-
factors within the effective Hamiltonian model we have analyzed the contributions of the different bands to the
effective masses and g-factors, Fig. S4. Namely, we evaluated the different terms in Eqs. (S4) and (S5) resulting
from band mixing and plotted them in arbitrary units as function of the energy E,, of the corresponding state



involved in the summation. Larger values indicate larger contributions to the inverse effective mass and Landé factor.
The calculations clearly show that, for the valence band, the effective mass and the g-factor are dominated by the
contribution of the conduction band (blue rectangle in Fig. S4, left panels). For the bottom conduction band, both
the topmost valence band (magenta) and the remote valence bands (yellow) are important. Furthermore, it follows
from our parametrization that the Kane matrix element P = (h/mg)p depends weakly on the material ranging from
4.4 eV-A to 5.5 éV-A. This enables us to use the atomically-inspired effective k - p-approach formulated in Sec. S1C
to evaluate the Landé factors for the perovskite crystals in the cubic phase. To that end we use Eq. (S13)

4p? (1 1
9 R S17
o 3mo <Eg Eg+A)’ (517)

for the hole g-factor and a combination of Eqgs. (S12) and (S16)

2 4p?
Ge = — % +
3 3m0Eg

+ Age, (S18)

for the electron g-factor. We recall that p = p; = p_ in the cubic case. Taking A = 1.5eV, P = hp/mo = 5.1 eV-A, and
Age = —0.94 we simultaneously reproduce the band gap dependence of the Landé factors found in the ETB approach,
see the dashed lines in Fig. S3. Equations (S17) and (S18) clearly highlight the physics behind the dependences: The
contributions to the g-factors due to the conduction band-valence band mixing have opposite signs for the electron
(positive) and hole (negative) and decrease in absolute value with increasing band gap energy. That is why the
electron g-factor decreases with increasing Fy (from large positive values at small E; to —2/3 + Ag.) and the hole
g-factor increases (from large negative values, it passes through zero and reaches 42 at large band gaps).

1.0 1.5 2.0 2.5 3.0 3.5
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Figure S3: Summary of the calculated and measured Landé factors for electrons and holes in the perovskites as
function of the band gap. Blue symbols and lines show the electron g-factors, red symbols and lines show the hole
g-factors. Open circles are ETB calculations from Table S2. Dashed lines are calculated within the
atomically-inspired k - p-approach after Eqgs. (S17) and (S18) with A = 1.5 éV, P = fip/mg = 5.1 éVA, and
Ag. = —0.94, closely matching the ETB calculations. Filled squares show the experimental data (see main text for
details). Solid lines are calculated within the k - p-approach after Eqs. (S17) and (S18) with A = 1.5 €V,

P =hp/my=06.8 eVA, and Age = —1 in reasonable agreement with the experiment.

Choosing reasonable values P = hp/my = 6.8 eV-A, A = 1.5 eV, and Ag. = —1, we obtain good agreement with
the experimental data, see the solid lines in Fig. S3.
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Figure S4: Contributions to the effective masses and g-factors from various bands calculated for CsPbBrs after
Egs. (S4) and (S5). Blue, magenta and yellow rectangles show the energy ranges of the conduction band, the
topmost valence band and a bunch of remote valence bands of F; symmetry, respectively. The contributions are
given in arbitrary units.

Using Eqgs. (S12) and (S13) we evaluate also the bright exciton g-factor which describes the splitting of the exciton
radiative doublet into circularly polarized components, by gx = g. + gn. For the magnetic field along the main axis
we have

4 2p% [ sin®9 1
- - _ — Age, S19
9x| 3 mo <Eg =+ Ale Eg + Ahe +tAag ( a)
4 2\/5 ¥sin
gx1 = 5+ DIPL cosUSMY Age. (S19b)

3 mo Eg + Ale
It is noteworthy that the contributions to the individual g-factors due to the k - p-mixing of the valence band with
the bottom conduction band « 1/E, cancel in the exciton g-factor.

E. g-factor anisotropy in CsPbBr;

It is instructive to analyze in more detail the anisotropy of the g-factor components for the case of CsPbBrs, where
this anisotropy is most clearly pronounced. in particular, the experiment shows that

ge| = 169,  ger =2.06; gp =0.85, gn1 = 0.65. (S20)

Our model has the following parameters: p|, p1, Aje, Ape, and . The interband momentum matrix elements pj

and p, can be considered as independent parameters, but the three remaining parameters which deteremine the

conduction band structure, can be expressed by virtue of Eq. (S8) via two energies, namely the spin-orbit energy

A, and the crystalline splitting A.. The four parameters (pj, p1, Aso, Ac) can be determined via the four measured

values of the g-factors, Eq. (S20), and the band gap energy E,; = 2.352 eV.



We use a least squares fit and find the parameter set to be

h c h
po="PL _655ev-A, P =21
mo mo

=792eV-A, A,,=129¢eV, A,=—-0.116V, (S21)
which yields cos? ¥ =~ 0.7, Aj. = 1.34 €V, and Ay, = 1.26 eV. The obtained values of the g-factors coincide with the
experimental data, see Eq. (S20), within the numerical accuracy.

In this work, we abstain from a precise fitting of the parameters for all perovskites, since, for their unambiguous
determination, DFT+ETB calculations are needed for low-symmetry phases on the theory side, and a detailed analysis
of the g-factor anisotropy across different perovskites on the experimental side.

S2. ADDITIONAL EXPERIMENTAL DATA FOR MAPbDI;

Three dimensional presentations of the electron and hole g-factor tensors measured by TRKR on the MAPbI3
crystal are given in Fig. S5.

The SFRS measured on the MAPbDI3 crystal is shown in Fig. S6a. Similar to the FAy 9Csg.1PbBrg 2ls g crystal in
Fig. ??a, three Raman lines can be well resolved. They correspond to the hole (h), electron (e) and combined (e+h)
spin-flip processes. The magnetic field dependences of their Raman shifts are given in Fig. S6b.

o

o,
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9,

Figure S5: g-factor tensors of the M APDbI; crystal measured by TRKR at T'=7 K. a-c, Electron g-factor
tensor. d-f, Hole g-factor tensor. Stars are experimentally measured data points.
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Figure S6: Spin-flip Raman scattering on the M APbI3 crystal. a, SFRS spectrum measured in Faraday
geometry at B =9 T and T = 1.6 K. Excitation/detection polarization is ¢*/o~. b, Magnetic field dependence of
the Raman shifts of the hole (green), electron (purple) and combined e+h (red) symbols. The experimental data are
shown by symbols, the lines are linear fits.
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S3. X-RAY CHARACTERIZATION

The crystallographic structure of the investigated samples was characterized using various X-ray-based methods.
Mainly, powder and single crystal X-ray diffraction (XRD) measurements were performed for all materials at room
temperature. The amount of results of these measurements exceed the limits of the current studies and we want to
refer to the publications [S21] for FA( 9Cso.1PbBrg oIs s, [522] for MAPDI3, [S523] for CsPbBrs, [S524] for MAPbBry 515 5
and MAPb(Brg.g51p.95)3 single crystals.

However, the carrier g-factor anisotropy for MAPDbI3 single crystals demands a deep analysis. We have explicitly
repeated the results of Ref. [S22], in terms of the performed rocking scan for the used sample. The rocking scan is a
method which allows one to quantify the quality of the sample crystal structure. In essence it is an XRD measurement
whereby the detector position is fixed at the position of a Bragg reflex and the sample is rotated instead. For a
perfect single crystal this results in a sharp peak, while any deviation from the single crystal structure will lead to
a broadening. The experiment was performed with a Cu(copper)-Kal radiation source providing radiation with a
wavelength of A = 1.5406 A. The result of the rocking curve scan is shown in Fig. S7. The full width of half maximum
of 0.01596° (57.46 arc sec) was evaluated by fit. This values reflects the high MAPbI3 crystal quality, as compared to
the ten times broader (0.16°) peak obtained for CsPbBrj single crystals grown with the electronic dynamic gradient
(EDG) method in Ref. [S20] and that is on the same order of magnitude as the 0.0096° width for MAPbBrs crystals
grown using the in liquid diffused separation induced crystallization (LDSC) method Ref. [S25].
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Figure S7: Rocking scan. Performed along (400)-Bragg reflex for the MAPbI3 sample at room temperature, with
a used radiation source Cu-Kal. Blue line data and red dashed line fit.
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