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Organic–inorganic hybrid perovskites (OIHPs) have attracted 
extensive interest for potential use in next-generation photo-
voltaic devices due to the demonstrated high power conver-

sion efficiency, low materials cost and low fabrication cost1,2. OIHP 
materials display extraordinary optoelectronic properties, such as a 
large absorption coefficient, high carrier mobility and long carrier 
recombination lifetimes, which benefit their outstanding perfor-
mance in solar cells, photodetectors, X-ray detectors, γ -ray detec-
tors and light-emitting diodes (LEDs)3–9. Solar cells based on OIHP 
thin films have achieved a certified power conversion efficiency of 
23.3%2. OIHP photodetectors based on MAPbI3 thin films demon-
strate high specific detectivity, a low detection limit of 0.64 pW cm−2 
and ultrafast sub-nanosecond response time3,4. The strong surface-
charge recombination enables a unique narrow spectral response 
with full-width at half-maximum of less than 20 nm in OIHP single-
crystal photodetectors5. Due to the high mobility–lifetime product 
(µτ) and large atomic number, MAPbBr3 single-crystal X-ray detec-
tors have shown a high sensitivity of 2.1 ×  104 µ C Gyair

−1 cm−2 under 
8 keV X-ray radiation, which is over a thousand times better than 
commercial amorphous selenium X-ray detectors6. The dopant-
compensated MAPbBr2.94Cl0.06 single crystals have dramatically 
reduced the free carrier concentration and increased the carrier 
mobility, yielding an outstanding γ -ray spectrometer with a resolu-
tion comparable to that of a standard scintillator γ -ray detector7. 
OIHP LEDs have demonstrated tunable emission wavelengths, a 
maximum external quantum efficiency of 10.4% and the largest 
peak luminance of 20,000 cd m–28,9.

For conventional inorganic perovskites, commercial appli-
cations mainly rely on the strong electromechanical coupling, 
including both piezoelectricity and electrostriction. The direct 

piezoelectric effect converts mechanical energy into electrical 
energy, with applications in piezoelectric sensors and piezoelectric 
generators10. For example, a sonar system based on piezoelectric 
sensors could transmit and receive ultrasonic signals for under-
water communication. Piezoelectric generators have been used 
for ignition in lighters and also to harvest mechanical energy at 
both macroscopic scales and nanoscales11. The inverse piezoelec-
tric effect creates material deformation under an applied electric 
field, which enables many applications of piezoelectric actuators, 
such as accurate position controllers for optical cameras and tele-
scopes, and ultrasound generation for ultrasonic cleaning systems 
and sonars12. Electrostriction is an electromechanical coupling 
with strain proportional to the square of applied electric field, 
while piezoelectric strain is linear with applied electric field. Two 
types of electrostrictive material have been explored, including 
relaxor ferroelectric ceramics and electrostrictive polymers13–27. 
Electrostriction can allow a material to achieve larger strain at high 
applied fields than does piezoelectricity. The piezoelectric strain is 
typically of the order of 0.1%, while electrostrictive materials can 
achieve a strain of 5% or more13–27.

OIHPs possess a similar lattice structure to conventional inor-
ganic perovskites; however, the electromechanical coupling of 
OIHPs has barely been explored. Here, we report the observation 
of a strong electromechanical response of MAPbI3 single crys-
tals. The measured electromechanical strain is proportional to the 
square of electric field, which indicates an electrostrictive property 
of MAPbI3. It has been found that the MAPbI3 single crystal exhibits 
a compressive strain of up to 1% with a mechanical energy density 
of 0.74 J cm−3, which is higher than that of most existing electrostric-
tive materials.
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High electrostriction in MAPbi3
We detected a high strain induced by electric field in MAPbI3 single 
crystals under a field of less than 10 V µ m−1 by atomic force micros-
copy (AFM) measurement (Fig. 1). MAPbI3 single crystals with 
thickness of 40 µ m were grown directly on a poly(bis(4-phenyl)
(2,4,6-trimethylphenyl)amine)- (PTAA-) coated indium tin oxide 
(ITO)–glass substrate using a non-wetting surface-induced space-
confined method28. Under an a.c. electric field of 3.7 V µ m−1 with a 
frequency of 10 Hz, the MAPbI3 single crystal shows thickness oscil-
lation with the maximum amplitude corresponding to 1% strain 
(Fig. 1b). It is noted that MAPbI3 single crystals contract under both 
positive and negative bias irrespective of the field polarity, which is 
also confirmed with a d.c. bias pulse in Fig. 1d. As a result, the fre-
quency of the strain induced by electric field is twice the applied a.c. 
bias. The magnitude of field-induced strain could be easily tuned by 
changing the amplitude of the a.c. bias (Supplementary Fig. 1). We 
measured the magnitude of strain under different fields. As shown 
in Fig. 1c, the strain (S) and electric field (E) showed a quadratic 
relationship:

= ×S M E (1)2

where M is the electrostrictive coefficient. This quadratic rela-
tionship indicates that the electromechanical response here is 
dominated by electrostriction. The calculated electrostrictive 
coefficient is − 730 nm2 V−2 for MAPbI3 single crystals, which 
is the largest among all reported electrostrictive materials, with 
details summarized in Table 1. For the most popular electrostric-
tive ceramic, Pb(Zn1/3Nb2/3)O3–8% PbTiO3, and electrostrictive 
polymer, P(VDF–TrFE)/CuPc, the electrostrictive coefficient is  
120 nm2 V−2 and − 113 nm2 V−2, respectively16,24. The large elec-
trostrictive response allows observation of material shape change 
with the naked eye (Supplementary Video 1). Supplementary  
Video 1 also shows that some strip lines appeared on the sur-
faces of a MAPbI3 crystal under applied pulse bias29, which can be  

explained by twin formation under the high electrostrictive strain 
induced by the applied field. Twin structures have been previously 
observed in both single-crystalline and polycrystalline MAPbI3  
due to the ferroelastic properties of this material30.

Superior to other electrostrictive materials, MAPbI3 demon-
strates both high electrostrictive strain and large elastic energy den-
sities under a small applied field (as shown in Table 1). However, 
for other electrostrictive materials, tens or even thousands of volts 
per micrometre are required to achieve comparable electrostrictive 
strain or elastic energy density. The electrostrictive strain for relaxor 
ferroelectric ceramics is of the order of 0.1%13–20. Electrostrictive 
polymers display electrostrictive strain exceeding 5% with elas-
tic energy density of the order of 0.1 J cm−3; however, the elec-
trostrictive polymers require high operation field of more than  
100 V µ m−1 21–23. Raising the polarization density by introducing 
materials with high dielectric constant into a P(VDF–TrFE) matrix 
to form electrostrictive polymer composites can reduce the electric 
field needed to approach 5% strain to tens of volts per micrometre, 
while their low Young’s modulus (< 1 GPa) limits the elastic energy 
densities less than 0.5 J cm−3 24–27. Although the electrostrictive strain 
of MAPbI3 is only 1%, its large electrostrictive coefficient and rela-
tively large Young’s modulus of 14.8 GPa (Supplementary Fig. 2) 
enable MAPbI3 single crystals to achieve a record high mechanical 
energy density of 0.74 J cm−3 under an applied electric field of only 
3.7 V µ m−1. This mechanical energy density is comparable to that of 
human muscles, and on a par with typical actuator materials (0.016 
to 1.0 J cm−3)31–34.

The contraction of perovskite crystals along the direction of the 
applied field may be accompanied by expansion of the crystal lattice 
in the direction perpendicular to the applied electric field, which is 
determined by the components of the piezoelectric and electrostric-
tion tensors. In order to measure it, we fabricated lateral-structure 
devices with two Au electrodes on the top surface of MAPbI3 sin-
gle crystals, as illustrated in Fig. 1e. The in-plane electric field was 
applied in parallel with the crystal surface, while the crystal thickness  
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Fig. 1 | Electrostrictive response of MAPbi3 single crystal. a, Schematic illustration of AFM measurement of strain induced by electric field.  
b, Electrostrictive strain of a 40 µ m MAPbI3 single crystal under a.c. bias at 10 Hz. c, Relation between strain and electric field for the MAPbI3 single  
crystal in b. d, Electrostrictive strain under alternating electric fields of 0, 1.9, 0, and − 1.9 V µ m−1. e,f, Schematic illustration of setup (e) and experimental 
result (f) for out-of-plane lattice deformation under in-plane electric field. Δ H is the detected thickness change by AFM.
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change along the out-of-plane direction was monitored by the AFM 
tip. We found that the MAPbI3 single crystal expands along the out-
of-plane direction (Fig. 1f).

Macroscopic measurement of electrostrictive response
The macroscopic strain of the crystals was measured directly with 
laser interferometry to verify the strain in the perovskite crystals 
under bias. The geometry of measurement is shown in Fig. 2a. It is 
worth pointing out that both piezoelectric effect and electrostric-
tion can cause an electromechanical response, while they can be 
distinguished by their different field-dependent strain relationships 
(Supplementary Section 1.0). Piezoelectricity is a first-order elec-
tromechanical coupling where the strain is proportional to the elec-
tric field, while electrostriction is second-order coupling in which 
the strain is proportional to the square of the electric field. Here we 
measured the strain dependent on electric field at 100 Hz. The fre-
quency of 100 Hz was chosen to obtain a large signal-to-noise ratio 
and thus a reliable reading in the piezoelectric response. As shown 
in Fig. 2b, the MAPbI3 singe crystal shows both piezoelectric and 
electrostrictive responses. The electrostrictive response is one order 
of magnitude stronger than the piezoelectric response (Fig. 2b).  
The first-order piezoelectric response is small, with a piezoelectric 
coefficient (d33) of 3.1 pm V−1. This d33 value is very close to a previ-
ously measured value of 2.7 pm V−1 at a higher frequency of 1 kHz29, 
and in excellent agreement with the value calculated in ref. 35. The 
occurrence of a high electrostrictive strain should be detected by 
X-ray diffraction (XRD). Figure 2c shows the geometry of XRD 
characterization of a MAPbI3 single crystal under an electric field 
of 2.5 V µ m−1. As shown in Fig. 2d, a shift of the XRD peak for the 
(200) plane to a larger diffraction angle is indeed observed when 
the MAPbI3 single crystal is under an applied field along the out-of-
plane direction, which confirms the contraction of the lattice along 
the field direction. The XRD peak shift direction is opposite to that 
caused by the thermal expansion, because thermal expansion of the 
MAPbI3 single crystal should shift the XRD peaks to smaller dif-
fraction angles (Fig. 2d). This excludes thermal expansion as the 

origin of the electromechanical response of the MAPbI3 single crys-
tals under applied bias.

Stability and temporal response of electrostriction
In order to evaluate the strain stability and response time of elec-
trostriction for the MAPbI3 single crystals, we applied a rectan-
gular-shaped bias pulse with a duration of 60 s and measured the 
resulting strain with the AFM tip. When the d.c. bias was switched 
on, the electrostrictive strain appeared immediately and remained 
unchanged after 60 s (Fig. 3a). The electrostrictive performance 
was also found to be highly repeatable during 1200 actuation loops 
under an a.c. applied bias (Supplementary Fig. 3). Therefore, the 
MAPbI3 single crystals have stable electrostrictive response under 
applied field. The quick response of AFM (< 0.5 ms, E–t curve in 
Fig. 3b) allows us to examine the dynamics of the field-induced 
electrostrictive deformation. We found that the electrostrictive 
response time of the MAPbI3 single crystals is several milliseconds 
(Fig. 3b). As a result, the electrostrictive strain was fast enough to 
follow the change of electric field under a.c. bias with a frequency 
of up to 10 Hz (Fig. 3c). However, when the frequency of a.c. bias is 
increased to the kilohertz range, the electrostrictive strain cannot 
follow the change of electric field, and the electrostrictive response 
is negligible. This was verified using laser interferometer measure-
ment, with results shown in Supplementary Fig. 4.

Mechanism of electrostriction in MAPbi3 single crystal
Here we consider two possible reported mechanisms, the intrinsic 
electrostrictive effect and Maxwell stress effect13–27, for the basic 
observation that the measured strain is proportional to the square 
of the applied voltage for MAPbI3 (Equation 1). However, we find 
that the electrostriction of the MAPbI3 single crystal cannot be 
explained by either of them. The intrinsic electrostrictive effect, 
due to anharmonic displacement of positive ions and negative ions 
under applied bias, dominates the electrostrictive response of relaxor 
ferroelectrics, and it induces lattice expansion instead of compres-
sion, because the energy required to compress the ionic bonds is 

Table 1 | Comparison of electrostrictive response of relaxor ferroelectric ceramic, electrostrictive polymers and MAPbi3 hybrid 
perovskite

Type Materials Sm (%) Y (GPa) YSm
2/2 

(J cm−3)
Em  
(V µ m−1)

M (nm2 V−2) ref.

Relaxor ferroelectric 
ceramic

Pb(Zn1/3Nb2/3)O3–8% PbTiO3 1.7 7.7 1.11 12 120 16,21

Pb(Zn1/3Nb2/3)O3 0.44 — — 8 69 17

Pb(Mg1/3Nb2/3)O3–0.27 PbTiO3 0.34 115 0.66 10 34 18,19

Pb(Mg1/3Nb2/3)O3 0.13 — — 8 20 20

K0.5Na0.5NbO3–SrTiO3 0.006 — — 2 15 13

Bi0.5Na0.5TiO3–BaTiO3–KNbO3 0.11 — — 4 69 14

5% Sn-doped Bi1/2(Na0.82K0.18)1/2TiO3 0.32 — — 6 90 13

2% Fe-doped Ba(Zr0.2Ti0.8)O3–
0.5(Ba0.7Ca0.3)TiO3

0.14 — — 3 156 15

Electrostrictive polymer Irradiated P(VDF–TrFE) − 4 0.38 0.30 150 − 1.8 21

P(VDF–TrFE–CTFE) − 4 0.4 0.32 150 − 1.8 22

P(VDF–TrFE–CFE) − 7 0.3 0.73 165 − 2.6 23

P(VDF–TrFE)/CuPc − 1.91 0.75 0.14 13 − 113 24

P(VDF–TrFE–CTFE)/polyaniline − 2.65 0.53 0.19 16 − 104 25

P(VDF–TrFE–CFE)/graphene − 4.1 0.56 0.47 23 − 78 26

P(VDF–TrFE–CFE)/DEHP − 1.8 0.04 0.01 10 − 180 27

Hybrid perovskites MAPbI3 − 1 14.8 0.74 3.7 − 730 This work

Sm is the maximum strain response, Y is Young’s modulus, YSm
2/2 is the mechanical energy density, Em is the required applied electric field for Sm and M is the electrostrictive coefficient.
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generally larger than that to expand the ionic bonds20,36. This cre-
ates positive strain for relaxor ferroelectrics under bias (as summa-
rized in Table 1), which contradicts the negative strain for MAPbI3 
observed in our study. Moreover, the response time of ion displace-
ment due to bond elongation inside the unit cell is reported to be in 
the microsecond range37, which is orders of magnitude faster than 
what is measured here. Therefore, the intrinsic electrostrictive effect 
cannot be the sole origin of the large electrostriction in MAPbI3.

Maxwell stress is caused by Coulombic interaction between 
uncompensated charges (due to imperfect screening) on the elec-
trodes24. The strain induced by Maxwell stress (SMaxwell) can be cal-
culated from

εε ν=− ∕ × + ∕S E Y1 2 (1 2 ) (2)Maxwell 0
2

where ε is the relative dielectric permittivity, ε0 is the vacuum 
dielectric permittivity and ν is the Poisson ratio24. Using the Young’s 
modulus of 14.8 GPa and the Poisson ratio of 0.3338, an ε value of 
1,500,000 is required for MAPbI3 to generate a strain of 1% under 
3.7 V µ m−1, which is at least four orders of magnitude higher than the 
reported dielectric permittivity value for MAPbI3 (ε =  30–70)39,40. 
Migration of ions under applied electric field may cause ion accu-
mulation at perovskite–electrode interfaces, which could also 
induce Maxwell strain. However, we found that accumulated ions 
at the interface cannot generate such high strain (Supplementary 
Information Section 6.0). Moreover, the amount of ion accumu-
lation would increase with the bias duration, and a reverse bias is 
needed to remove the accumulated ions. The stable electrostric-
tive strain output under bias and hysteresis-free strain–field rela-
tion further qualitatively rule out ion accumulation at the interface 
as the dominating mechanism for the electrostriction. This reveals 

that the Maxwell stress effect is probably not significant for the elec-
tromechanical response of the MAPbI3 device.

We further considered the impact of methylammonium cation 
(MA+) ordering, local polar fluctuations and ferroelectric polar-
ization switching under an applied electric field on the electrome-
chanical response. Considering that the calculated energy barrier 
for structural inversion induced by MA+ ordering is of the order of 
20 meV (Supplementary Information Section 7.0), the MA cation 
reorientation occurs on the picosecond timescale41,42, which does 
not account for the much slower response observed here. Moreover, 
when replacing the polar MA+ with non-polar Cs+, we found that 
CsPbI3 also demonstrated electrostriction characteristics under 
applied bias (Supplementary Fig. 7). This excludes a major contri-
bution of MA+ ordering to the electrostriction of OIHPs. In addi-
tion to organic dipoles, local polar fluctuations, such as rotational 
disordering of I atoms in the PbI6

4− octahedra43 and head-to-head 
Cs motion coupled to lattice expansion44, is also several orders of 
magnitude faster than the observed electromechanical response of 
MAPbI3 reported here. We further investigated the electrostrictive 
response of cubic MAPbBr3, which has centrosymmetric struc-
ture and thus is not ferroelectric, and this also demonstrated high 
electrostrictive strain under applied bias (Supplementary Fig. 8), 
which excludes a dominant impact of the ferroelectric effect on the 
electrostriction of OIHPs. The hysteresis-free strain–field relation 
further verifies that the electrostriction of OIHPs is not related to 
ferroelectricity.

Considering that the observed millisecond timescale for the 
electrostrictive response is close to that typically associated with 
ion/defect migration in OIHPs, we speculate that the observed elec-
trostriction is related to defect formation. Long-range ion migra-
tion under electric field cannot change the shape of the material, 
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because ions would only move to a different crystal region with-
out changing the crystal volume or strain. It has been reported 
that MAPbI3 has small ionic point defect formation energies45,46. 
We propose that lattice deformation is possibly caused by forma-
tion of additional defects, probably iodine Frenkel pairs, under 
electric field, and that this generates an electromechanical response 
in OIHPs. Computation (Supplementary Figs. 9–14) shows that 
the formation of iodine Frenkel defects under electric field could 
induce a strain of + 0.3% along the a/b axis and of − 0.6% along 
the c axis (Supplementary Fig. 11), comparable to the experimen-
tally measured electrostrictive strain. Upon removing the electric 
field the starting pristine situation is restored (Supplementary  
Fig. 11d), due to the attraction and annihilation between the oppo-
sitely charged defects. The Arrhenius relation between the elec-
trostrictive response and temperature (Supplementary Fig. 15) 
and reduction of effective activation energy for ion migration in 
perovskite with increasing field (Supplementary Fig. 16) provide a 
connection between electrostriction and defect formation/annihila-
tion, lending support to the proposed mechanism.

Outlook
Since almost every electronic device either operates under applied 
electric field or experiences an internal built-in field, which is 
close to the field of 3.7 V µ m−1 inducing 1% strain, the discovery 
of electrostriction and its origin may also impact the design and 
performance of OIHP-based electronic devices, including solar 

cells, LEDs, photodetectors and radiation detectors. For perovskite 
solar cells, we recently found that the presence of remnant lattice 
strain in OIHP polycrystalline films could accelerate their degra-
dation under illumination47. The electrostrictive strain of OIHP 
polycrystalline films is expected to impact the stability of perovskite 
solar cells by adding additional strain to perovskite grains. For a 
typical perovskite solar cell with open-circuit voltage of 1.08–1.15 V 
and OIHP film thickness of 300–500 nm, the built-in electric field 
under the maximum power point condition is 0.30–0.65 V µ m−1. 
This could generate an electrostrictive strain of about 0.01–0.03% 
at the maximum power point condition based on an electrostric-
tive coefficient of –730 nm2 V−2. We have recently reported that 
polycrystalline MAPbI3 films have tensile strain (~0.47%) in the 
in-plane direction, which is formed in the cooling process due to 
mismatched thermal expansion of MAPbI3 with the substrate47. In 
this case, the electrostriction sets a new stable state with a larger 
lattice along the in-plane direction, which thus reduces the tensile 
strain caused by thermal annealing and improves the device stabil-
ity. We also find that some perovskite films (such as FA0.85MA0.15Pb
(I0.85Br0.15)3) have much less or no annealing-induced remnant lat-
tice strain. Therefore, electrostrictive strain could accelerate device 
degradation, though the impact will not be significant due to the 
small electrostrictive strain induced. Similarly, the electrostrictive 
strain changes the ion migration rate in OIHPs, and thus will also 
impact the stability of LEDs and detectors. The field-induced defect 
generation also sets a lower limit of carrier concentration in hybrid 
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perovskites. Since a high dark conductivity is crucial for detectors 
such as radiation detectors, strategies to mitigate the electrostric-
tion effect would be needed to design single-photon detectors using 
OHIPs. The electron–phonon interaction has been reported to be 
crucial in determining several unique properties of OIHPs48, such 
as long hot-carrier relaxation lifetime in OIHP materials49. The 
electrostrictive strain is thus expected to have an influence on the 
carrier mobility and hot-carrier relaxation lifetime, which should 
be further studied in the future. Finally, the large electrostriction of 
MAPbI3 crystals could have a broad range of potential applications 
in, for example, actuators, sonar transducers and integrated micro-
electromechanical systems.

Online content
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Methods
Device fabrication. MAPbI3 single crystals with 40 µ m thickness were grown 
on PTAA-coated ITO–glass by a hydrophobic-interface-confined method; more 
details can be found in our previous paper28. In brief, 1.5 M MAPbI3 precursor 
in γ -butyrolactone was injected into two PTAA-coated ITO–glass substrates. 
Subsequently, the samples were placed on a hotplate at a temperature of 100 °C for 
1 h, followed by 110 °C for 1 h and 120 °C for 12 h to further promote the growth 
of the single crystal. The two ITO–glass substrates were separated and left on the 
hotplate and the temperature slowly cooled to room temperature. Finally, 50 nm Au 
was thermally evaporated on top of the MAPbI3 single crystal.

Characterizing electrostriction with AFM. The detection of sample oscillation 
triggered by an alternating electric field was realized using a commercial atomic 
force microscope (MFP-3D-BIO, Asylum Research). All of the measurements 
were conducted in a closed cell with continuous flow of dry nitrogen. During the 
measurement, an electric bias was supplied to a Pt–Ir-coated conductive probe 
(PPP-EFM, NANOSENSORS), which was in contact with the gold electrode on top 
of the MAPbI3 crystal surface. The contact force was maintained at about 60 nN 
to 70 nN to ensure a good electronic contact between tip and sample. Cantilever 
stiffness and sensitivity were calibrated before each measurement. The bottom 
side of the MAPbI3 crystal was grounded through the ITO substrate. According 
to the electrostriction behaviour of MAPbI3, the a.c. bias concomitantly initiates 
mechanical oscillations of the crystal, which were detected and displayed as 
periodic deflection signals of the cantilever. The oscillating height change of the 
sample was recorded over time.

Measuring electromechanical strain with optical interferometry. The 
electrostrictive response of the crystals was measured using a Mach–Zehnder 
interferometer, consisting of a 6 mW He–Ne laser with a beam diameter of 
approximately 1 mm, a silicon photodetector, beam splitters and mirrors, one of 
which was deposited on top of the crystal (see Fig. 2a). The laser interferometer 
output was measured with a lock-in amplifier, which can distinguish the 
signal with frequency up to 100 kHz and thus give a time resolution of 10 μ s. 
The amplitude of the thickness change at each frequency was calculated from 
the amplitude of the intensity modulation Δ I(f, 2f)/Iavg, the He–Ne emission 
wavelength λ =  633 nm and the crystal thickness d according to the expression  
Δ d(f, 2f) =  23/2π λ[Δ I(f, 2f)/Iavg] (Supplementary Information Section 1.0).

Activation energy determination. The activation energy for ion migration under 
different fields was determined according to ref. 47, and is reproduced here for 
completeness. Specifically, the conductivities of the ITO–PTAA–MAPbI3–Au 
device were measured with a Lakeshore Probe Station under a vacuum of 10−5 Pa. 
The temperature was regulated by a heater and injected liquid nitrogen. The 
current measurement was carried out with a Keithley 2400 under different fields at 
different temperatures. The temperature was first reduced to 120 K and stabilized 
for 30 min, then slowly increased to 330 K with a step of 10 K. The current was 
measured after temperature was stabilized for 10 min.

Structure determination with XRD. The XRD structure was obtained using a 
Bruker-AXS D8 Discover diffractometer with a Vantec-500 area detector and 
Cu K-alpha radiation (wavelength 1.54 Å). The X-ray source, with a beam size of 
1 mm, was aligned on the Au-coated MAPbI3 single-crystal surface.

Computational details. The tetragonal MAPbI3 perovskite was simulated with 
a 1 ×  1 ×  1 unit cell containing four formula units (48 atoms) and with a larger 
2 ×  2 ×  2 supercell (384 atoms). All calculations have been carried out using the 
Quantum Espresso program package along with the Perdew–Burke–Ernzerhof 
(PBE) functional. Electron− ion interactions were described by scalar relativistic 
ultrasoft pseudopotentials with electrons from O, N and C 2s2p, H 1s, Pb 6s6p5d 
and I 5s5p electrons explicitly included in the calculations. A 4 ×  4 ×  4 k-point mesh 
for sampling the Brillouin zone was used for the 1 ×  1 ×  1 cell; see convergence tests 
and benchmarks in Supplementary Information. Spin–orbit coupling was included 
to evaluate its effect on the stability of Frenkel defects. Calculations employing 
the experimental cell parameters were performed using plane-wave cutoffs of 25 
and 200 Ry for expansion of the wavefunction and density, respectively, while for 
variable cell calculations and for calculations in the presence of the field 50 and 
400 Ry cutoffs are used, including dispersion interactions with the D2 approach. 
A homogeneous finite electric field, described through the modern theory of 
polarization, is applied as implemented in Quantum Espresso. Convergence 
thresholds on the energy and forces were investigated up to 10−7 Ry and  
10-4 Ry/a.u., respectively.

Data availability
The authors declare that all relevant data supporting the findings of this study are 
available within the paper and its Supplementary Information.
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