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Section 1: Origins of polarity in perovskites and its detection

lonic displacement due to distortion from the ideal cubic perovskite ABXs structure is the
origin for local or long-range polar nature of perovskites. Perovskites are stacked as corner-
sharing [BXs] octahedrons forming cuboctahedral sites occupied by an A cation. A common
origin for structural distortion in perovskites is the mismatch between the ionic volume of the
different species which make up a unit cell —a mismatch that can be quantified by a ratio of ionic
radii, known as Goldschmidt tolerance factor (1). Such imperfection leads to tilting and axial
rotation of the relatively rigid corner-sharing octahedra, which lowers the symmetry of the
structure (2, 3). As the A cation is usually spherically symmetric, tilt and rotation of the [BXs]
octahedron are not enough to form a dipole in a unit cell. lonic displacements inside the
octahedron, however, can lead to polar or anti-polar unit-cells (4, 5). One known chemical origin
for ionic displacement in oxide perovskites is the unequal probability of the O valence electrons
to interact with the orbitals of the non-centrosymmetric B valence electrons. This lack of
symmetry may create an ionic displacement. In BaTiOgz, for example, the interaction between the
non-centrosymmetric valence Ti** d-orbital electrons and O% p-orbital electrons cause a small
ionic displacement of the Ti** within the [TiOs] octahedron, which leads to a polar unit cell and
to ferroelectricity (6).

In HaPs, however, the valence orbitals of the B group are known (at least for the p-block Pb,
Sn or Ge) to be mainly s-orbitals, which are centrosymmetric (e.g. 6s in MAPbX3).(7, 8)
Therefore, the chemical origin for spontaneous polarization in MAPbX3 is hypothesized to be
sustained by the polar organic group (7). This idea is supported by results from neutron
diffraction (9-11), which showed that free rotation of MA" create an effectively cubic system
(space group: Pm3m). As the system is cooled down, vibrationally degenerate soft modes of the
MA* and/or [PbXg] octahedron are being condensed to a lower degree of degeneracy, meaning
that they keep vibrating but with less degenerate modes. This forces the system to take on
tetragonal symmetry and by further cooling, a lower degree of degeneracy forces it to become
orthorhombic (9).

The reason that a space group notation is omitted after ‘tetragonal’ and ‘orthorhombic’ is due
to a confusion that pervades the scientific literature. Based on x-ray- and neutron- diffraction
techniques, the tetragonal phase of MAPbI; (<330 K) was ascribed to a non-polar symmetry

space group, l4/mcm, as well as to a polar one, 14cm (12). Using Aleksandrov notations for
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tilt/displacement notation for perovskite-like systems (5), 14/mcm and I4cm have exactly the
same octahedron-tilt system, (00¢), and the only difference is that 14cm is also polar along the c-
direction (having a=b=c, with a notation for polarity of (00p); cf. Fig. Si for illustration).
Following this logic, MAPDI3 can also possess a Cmca space group if the polar displacement
along the c-axis is anti-polar, (00a). The debate regarding the orthorhombic phase (<165 K) is
also between a centrosymmetric - Pnma, (¢¢y)/(000) - and a polar — Pna2: one with
(0dw)/(0p0)). For MAPDbBr3 the debate concerns only the orthorhombic phase (<149 K), similar
to what is the case for MAPDI3, where the tetragonal phase (<236 K) was always noted as 14/mcm
(9).

The interpretation of data from diffraction-based techniques depends on the user’s choice of
the model to which the diffraction pattern should fit. Small deviations, such as between 14/mcm
and 14cm, can rarely be clearly distinguished, causing disagreements in the literature in oxide
perovskites, but not only there (13, 14).

cusic TETRAGONAL
Distortion (000) (OOCP) Aleksandrov’s
lonic notation
displacement (000) (000) or (OOp)
Pm3m 14/mem 14cm
Non-polar Non-polar polar
t ' unit cell of
’ ‘ ‘ — a tetragonal
] 1 MAPbI,

Fig. Si: Illustrations of the (a) cubic and (b) tetragonal phases relevant to the MAPbIs perovskite
structure. The tetragonal symmetry can fit to two possible space groups that are very hard to
distinguish, using diffraction methods. The difference will result in a material with a different
dielectric nature.
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Several methods can be used instead of diffraction methods, based on the relations between
dielectric properties and bulk symmetry (see Fig. Sii), to get an idea about the symmetry-dictated
dielectric nature of a material:

(1) Polarization (P) vs. electric field (E) scan hysteresis loops are the most direct evidence
for ferroelectricity. As mentioned in the main text, high electrical conductivity and/or low
stability will limit the interpretation of results using capacitance-based measurement
systems, such as ‘Sawyer Tower’-based methods (15).

(2) Pyroelectricity, will provide evidence for spontaneous polarization in the bulk material.
Before concluding this, alternative explanations for a thermally stimulated electrical
response (TSER) need to be excluded.

(3) Piezo-response force microscopy can give a partial understanding regarding the polar
nature of the material(‘s surface). This technique can reveal ferro-elasticity(16) and
piezoelectricity (17), which indicate a non-centrosymmetric space group of a material.
However, the method, which has been quite popular in halide perovskite research, cannot
directly determine the polar nature of the material.

(4) Second harmonic generation (SHG) will occur whenever a material lacks a centre
inversion symmetry in at least one crystallographic direction, meaning that a material is

non-centrosymmetric (18).

Fig. S ii: Schematic illustration of the
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centrosymmetric . . .
techniques to identi them. For
/SHG 1 fy

‘ example, the scheme illustrates that if a

« polar

Pyroelectrics material is ferroelectric it must be polar

sitchabla and non-centrosymmetric.

\ polarity:
\\Ferroelectrics



Rakita et al. _ Tetragonal CH3NH3Pbls is ferroelectric _ Supplementary Information _ PNAS (2017)

Section 2: Pyroelectric current response and calculation of domain period, w:

The pyroelectric current, Iy, is given by the following relation (19):

a
S1 =1, erf| ——
) P («/4~5~t}
S2) OZM
C, (d+w)

where o is the size of the polar domain, § [cm?-s™] is the thermal diffusion coefficient, t [s] is
the time of during the laser pulse, lo [A] is the current at t=0, Cy [J-K™-cm™] is the thermal
capacitance per unit volume, o [C-K.cm™] is the pyroelectric coefficient, F4 [W-cm™] is the
heat flux at the surface, A [cm?] the electrode area and d [cm] is the sample thickness. Since Ip

depends on d and A, it is customary to present a normalized current, ip, instead of Ip:

S3) ip=%-|p.

From the pyroelectric current, we can estimate the polar domain size as follows. Using the erf
table and equation S1 we can write that at half-maximum current (i=0.5io):

S4) ©  _0.48

V48t

where tym is the decay time from the maximum current to the half-maximum current after
subtracting the system delay time (20 ps for our system). Now, if we assume that
6=6x10"3cm?.s? for MAPDI; (20) and estimate from Fig. 4(b) that tnw=140 sec, we find, using
equation S2, w ~ 9 um.
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Section 3: Crystallographic identification from specular x-ray diffraction

X-ray diffraction is performed in the Bragg-Brentano reflection geometry using a TTRAX
Il (Rigaku, Japan) a 6-0 diffractometer, equipped with a rotating Cu anode operating at 50 kV
and 200 mA and with a scintillation detector aligned at the diffracted beam. For general
crystallization product identification crystals were pulverized and powder diffraction of the
resulting sample was performed. After confirming that the result conformed to the known
diffractogram of MAPDI3, the natively exposed faces of a crystal were aligned parallel to the
specular plane of the scan to identify the {001} plane, which corresponds to the polar direction
in l4cm symmetry. To distinguish between the slight differences of {001} and {110}
crystallographic orientations, a high 20 angle was scanned. This is done to allow diffraction from
the well separated n=4 multiples of the (002) and (110) diffractions at 26=58.2° and 58.8°,
respectively. As some crystals showed both diffractions (most likely due to twinning, which is
very probable for tetragonal symmetry), we used further only crystals with highly oriented {001}
planes for our studies. Fig. S1 shows an example of an actual diffraction result from different

spontaneously exposed planes of an MAPbI3 crystal.
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Fig. S 1: (a) Specular x-ray diffraction from crystal #3 (as shown in the inset). Three well-
developed sides of the crystal were scanned after aligning the crystal face parallel to the specular
plane. The 26 angle was set to allow diffraction from the n=4 reflections of the (002) and (110)
diffractions. We found that ‘sides 1° corresponded to the {001} faces and the other two sides
corresponded to the {110} faces, as expected from the tetragonal symmetry of MAPDIs. The two
adjacent peaks result from the Cu Kaz and Koao.
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Fig. S 2: TSER response at RT (pale-colored plots) and low temperatures (deep-colored plots) of
two crystals, in addition to the one, used for the results shown in Fig. 2 in the main text: (a)
crystal #1: Pblo:MAI molar ratio = 1:1; crystal morphology — hexagonal (diamond-like) prism.
(b) Crystal #3: Pbl2:MAI molar ratio = 1:2; crystal morphology — rectangular prism. We used
ethyl acetate as an anti-solvent for the growth of these two crystals. The polar nature of the
Pbl2:MALI - 1:2 crystal is more pronounced, but is not absent in the 1:1 crystal. For crystal #2
(shown in the main text) we used diethyl ether as an anti-solvent and a Pbl, to MAI ration of 1:2.



(a)

(c)

Rakita et al. _ Tetragonal CH3NH3Pbls is ferroelectric _ Supplementary Information _ PNAS (2017)

— crystal #2 - (before heating to 348 K) —
160
1404 '
120
100
80 -
60 -
40

201

Normalized current [pA/cm]
o

Time [msec]

(b

S—

o D ~N @
(=] o o o
1 1 1 1

w
=
L

20 -

Normalized current [pA/cm]
= I

—crystal #2

Time [msec]

—crystal #2 (d ) Crystal #2
160
60 - 140 | 213K
120 | — 26K
40- 100 | (T, = 330K)

N
o
1

min

248 K - 2fte 90

Normalized current [pA/cm]

Normalized current [pA/cm]

4 6
Time [msec]

Time [msec]

crystal #2 (~ 205 K)

crystal #2 (~ 295 K)

40

Before heating

+= 120 —— After heating

30 4

20 4

10 -

Before heating
— After heating

Normalized current [pA/cm]

0 2 4 6 8 10
Time [msec]

Time [msec]

Fig. S 3: Thermally Stimulated Electric Response, TSER, dependence on environmental
temperature as evidence for the pyroelectric nature of the TSER signal. (a) TSER upon cooling
from RT; (b) TSER upon heating from RT; (c) TSER after 10 minutes and after 100 minutes from
the moment the temperature reached 348 K; (d) comparison between the low, RT and high (>330
K) temperature TSER signals; (¢) TSER at RT before and after heating to 348 K for 100 min; (d)
TSER at low temperature before and after heating to 348 K for 100 min.



Rakita et al. _ Tetragonal CH3NH3Pbls is ferroelectric _ Supplementary Information _ PNAS (2017)

MAPDbI, - non-polar <110> direction

(~ 215-230 K)

Fast heating

Stable temperature
(+1 K)

0

Fast cooling

Normalized current [pA/cm]

4 6 8 10
Time [msec]

O - — — =
N

Fig. S 4: TSER at LT along the {110} plane of a MAPbIs crystal. Upon fast heating or cooling
the peak current can be reversed, which strongly indicates these TSER signals are related to
flexoelectric polarization (creation of dipole due to strong inhomogeneous thermal expansion
along the crystal). If the temperature is stable (1 K) the flexoelectric currents disappear and the
small remaining current is, most likely, related to residual thermoelectric currents.
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Fig. S 5: TSER of MAPDbBr3 along one of the {100} directions showing only thermoelectric
currents (pale colored plots) and zero response at ~185 K deep-colored plots — a temperature well
below its cubic to tetragonal phase transition temperature (@ 235 K and well above the tetragonal
to orthorhombic one, 145 K). The opposite thermoelectric current sign of the MAPbBT3 - positive
- crystal to that of MAPDIs - negative — is explained by the different Fermi level position with
respect to the valence and conduction bands: TSER indicates that MAPbBr; isa p-type and
MAPbDIs is n-type.
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Fig. S 6: Dielectric response of a crystal of Rochelle salt (Potassium Sodium Tartrate,
KNa(OC(O)C(OH))2-4H.0) cleaved across its polar direction to a ~1 mm thick plate. The
dielectric response is measured with an impedance analyzer (at 122 kHz and 1 Vac) under a bias
electric field (see experimental section, Fig. 1(d)). The measuring temperature was 273 K, where
the polarization response to a bias electric field, Epc is maximal.(15) (a) The real part of the
relative permittivity, ere, as function of Epc. The change in the dielectric response is small
(fraction of a percent), but still shows a very similar profile to that of Pb(ZrxTi1-x)O3, PZT, in
which the change in dielectric response can be more than 100% (22). (b) Comparison of the real,
ere, and the imaginary (lossy) part, ¢im, Of the relative permittivity. It is clearly seen that &im can
be neglected for this material.
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Fig. S 7: (a) Qualitative deconvolution of the hysteresis loop, shown in Fig. 3(b) illustrating that
the loop is composed of a lossy part (i.e., resistor-like polarization; blue) and a ferroelectric part
(sharp transitions due to ferroelectric polarization). (b) Analysis of the ferroelectric polarization
part. The average between the positive and negative bias of the coercive field (Ec), saturation
field (Esat) and saturation change in polarization (Psat) show similar values on both the positive
and negative parts of the loop, indicating true ferroelectric switching. The positive and the
negative sides of the loop are not equivalent due to asymmetric contacts or some irreversible
degradation due to the high applied electric field.
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Fig. S 8: (a) Dielectric response at RT of a MAPbI3 crystals along its <001> direction 2222 Hz
(Vac =0.1 V) as a function of an applied bias, E,.. The ¢,,-Ey. scan was done after the scan
at LT. Similarly, to the response at LT, the RT response shows a dominant imaginary (lossy) part
of the dielectric response. (b) P-E hysteresis loop obtained from integration of ¢,, over E,. (see
Eq. 1). The greater (negative) values in ¢, can be related to electrochemical irreversible

degradation due to the applied electric field (and voltage), that eventually cause severe damage
to the sample (see lower left part of the loop). This degradation does not allow a fair analysis of
the loop (positive part - before the severe damage) as ferroelectric switching.
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Fig. S 9: Bright field image from a light microscope of a crystal before and after etching in
acetone for 120 sec. (a) and (b) are crystals grown in a 1:1 Pbl> to MAI solution using diethyl
ether as an anti-solvent. (a) is found to be a single crystal while (b) is a crystal with two twin
boundaries. At such a twin boundary the polar domains are orthogonal to each other. (ii) are
magnified view of the yellow rectangles marked in (i).
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Fig. S 10: Domain periodicity with respect to the crystal thickness in the polar direction. The
data are an average obtained from several microscope images after etching in acetone for ~120
sec. The values of y are obtained by fitting to a @ = a- D” function. The fitted lines for the other
ferroic materials are taken from refs. (23, 24). These are introduced to compare with our results,
showing good agreement with the global scaling law between bulk sample dimensions and
domain periodicity.
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Fig. S 11: (a) lillustration of (i) the way a sample was prepared for the SHG detection experiment
and (ii) its measurement. (b) and (c) are examples of results from different pieces of such samples
(cf. also Fig. 6 in main text).
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Fig. S 12: Differential scanning calorimetry (DSC) of 0.3-1 mm crystals grown below the
tetragonal-to-cubic phase transition as described in the experimental section. DSC was carried in
a Q200 model from “TA instruments” using hermetically sealed aluminum pans under N> flow
at a heating rate of 10 °C/min and cooling rate of 5 °C/min.
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