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Oleksandr A. Semenikhin, Olesia I. Kucheriv, Il’ya A. Gural’skiy, Sergiu Shova, Aron Walsh, Ju̅ras Banys,
and Mantas Šimeṅas
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ABSTRACT: Hybrid organic−inorganic lead halide perovskites are promising
candidates for next-generation solar cells, light-emitting diodes, photodetectors,
and lasers. The structural, dynamic, and phase-transition properties play a key
role in the performance of these materials. In this work, we use a multitechnique
experimental (thermal, X-ray diffraction, Raman scattering, dielectric, nonlinear
optical) and theoretical (machine-learning force field) approach to map the
phase diagrams and obtain information on molecular dynamics and mechanism
of the structural phase transitions in novel 3D AZRPbX3 perovskites (AZR =
aziridinium; X = Cl, Br, I). Our work reveals that all perovskites undergo order−
disorder phase transitions at low temperatures, which significantly affect the
structural, dielectric, phonon, and nonlinear optical properties of these
compounds. The desirable cubic phases of AZRPbX3 remain stable at lower
temperatures (132, 145, and 162 K for I, Br, and Cl) compared to the
methylammonium and formamidinium analogues. Similar to other 3D-connected hybrid perovskites, the dielectric response reveals a
rather high dielectric permittivity, an important feature for defect tolerance. We further show that AZRPbBr3 and AZRPbI3 exhibit
strong nonlinear optical absorption. The high two-photon brightness of AZRPbI3 emission stands out among lead perovskites
emitting in the near-infrared region.

■ INTRODUCTION
Hybrid lead halide perovskites have received enormous interest
in recent years due to their multiple functional properties and
rich structural diversity.1−9 One of the most important
subgroups of lead halide perovskites constitutes three-dimen-
sional (3D) analogues of the general formula APbX3 (A = Cs
or organic cation, X = Cl, Br, I). These compounds can be
obtained for only a handful of small organic cations, with the
first example being the methylammonium (MA) analogue
reported in 1978.10 Interest in these compounds increased
dramatically after the discovery of their photovoltaic properties
in 2009.11 Extensive searches for new 3D lead halide
perovskites led to the discovery of formamidinium (FA)
analogues in 2013.12 Later studies confirmed that both
MAPbI3 and FAPbI3 are suitable materials for low-cost solar
cell applications with power conversion efficiency currently
exceeding 25%.5,13 The conventional MA- and FA-based
perovskites are also prospective materials for many other
applications, such as light-emitting diodes,7 photodetec-
tors,14,15 and lasers.15 In 2020, the synthesis of 3D lead halide
perovskites comprising methylhydrazinium (MHy+) was
reported, opening up a new, unconventional subclass of 3D
perovskites.16,17 In a similar manner to the MA and FA
analogues, MHyPbX3 perovskites exhibited strong photo-

luminescence, which was also found effectively accessible
through the two-photon excitation pathway.16−19 Nevertheless,
one of the hallmark features of MHy+-based perovskites that
sets them apart from conventional 3D perovskites is the
general propensity to crystallize as polar structures below 400
K, even though MHy+ itself is not chiral.16−18 Indeed, both
MHyPbBr3 and MHyPbCl3 feature second harmonic gen-
eration (SHG) activity at room temperature (RT), with the
latter showing even a very rare SHG switching between two on-
states at a high temperature (HT).
Based on theoretical calculations, Zheng and Rubel

proposed in 2018 that cyclic AZR+ (CH2CH2NH2
+) cations

can be used for the construction of a stable AZRPbI3
perovskite, possibly suitable for photovoltaic applications.20

In 2022, theoretical predictions were confirmed by the
synthesis of a stable 3D AZRPbX3 family, wherein X = Cl,
Br, I.21,22 In particular, it has been shown that AZRPbX3
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perovskites at RT structurally correspond to conventional MA
and FA analogues (crystallize in the same Pm3̅m cubic
setting).21,22 For unconventional MHy perovskites, the Pm3̅m
cubic phase was reported for the HT phase of MHyPbBr3,
while the chloride analogue maintains a polar Pb21m structure
up to the decomposition temperature.16,17 The optical studies
revealed that band gaps of AZRPbX3 are narrower compared to
the MA, FA, and MHy analogues, and that they feature very
small exciton binding energies, attractive for photovoltaic
applications.22,23 Preliminary optical studies have also shown
intense narrow photoluminescence which may be relevant for
light-emitting applications.22,23

It is well-known that the optoelectronic properties and
stability of lead halide perovskites are affected by structural
phase transitions (PTs), which alter the dynamics of the
organic cations and distortion of the inorganic frame-
work.3,4,24−29 In the case of MAPbX3 and FAPbX3 perovskites,
the organic cations are disordered at RT, and on cooling they
exhibit partial or complete ordering associated with a number
of structural PTs, distortion of the inorganic framework, and
decrease of crystal symmetry from cubic to tetragonal and then
to the orthorhombic phase.12,30−32 An order−disorder PT was
also reported for MHyPbBr3, whereas MHyPbCl3 showed a
displacive-type transition from the Pb21m to P21 phase.

16,17,33

A complete ordering of organic cations also leads to
pronounced step-like dielectric anomalies, typical for switch-
able dielectric materials.3,16,26,29,34,35

Despite the significance of the PTs and the dielectric
response in determining the performance of lead halide
perovskites, these properties of the AZRPbX3 compounds
have not yet been investigated. Herein, we report a
multitechnique experimental and theoretical approach to
identify the structural PTs in these compounds and elucidate
their mechanisms. Our work reveals the presence of several
transformations that significantly affect the structural, dielec-
tric, and nonlinear optical (NLO) properties of these
compounds.

■ EXPERIMENTAL AND CALCULATION DETAILS
Synthesis. AZRPbX3 powders and single crystals were obtained as

described previously.21 The toxicity of the volatile aziridine should be
properly taken into account in the synthesis of the title perovskites.

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD)
experiments were carried out using the Bragg−Brentano geometry
and 2Theta-Omega scans on a Panalytical powder diffractometer. To
maintain a low temperature during the measurements, we utilized an
Oxford PheniX cryostat. The radiation source employed was the Cu
Kα1,2 doublet. For the Rietveld refinement of the collected data, the
Jana2006 program was employed.36 The crystallographic data of the
structures from PXRD were deposited with the Cambridge Crystallo-
graphic Data Center (CCDC 2285006 for AZRPbBr3 and 2285007
for AZRPbI3).

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
(SCXRD) data were collected at 100 K using an Oxford-Diffraction
XCALIBUR Eos CCD diffractometer with graphite-monochromated
Mo-Kα radiation. The unit-cell determination and data integration
were carried out using the CrysAlisPro package from Oxford
Diffraction. Room-temperature crystal structures of all three perov-
skites were cubic and did not display any signs of twinning. On the
other hand, upon transition to low-temperature phases, there is always
a transition to multicomponent twins of lower symmetry. Only in the
case of the bromide perovskite were we able to identify the symmetry
of the low-temperature phase from a single-crystal experiment, since
this indexing process is highly disturbed by the twinning. Twin
components in the AZRPbBr3 were identified using CrysAlisPro

software (four components cover 99% reflexions) and the hklf5-
format file was created upon reduction. Twin lattices along major
crystallographic directions are shown in Figures S1−S3. The
structures were solved with ShelXT program using an intrinsic
phasing method and refined by a full-matrix least-squares method on
F2 with ShelXL.37,38 Olex2 was used as an interface to the ShelX
programs.37 Pb, Br, and C|N atoms were refined anisotropically. C
and N atoms were set to have the same coordinates and atomic
displacement parameters (ADPs). H atoms were positioned geo-
metrically and were not refined. Analytical numeric absorption
correction using a multifaceted crystal model was applied.39 The
crystallographic data of the AZRPbBr3 structure from SCXRD data
were deposited with the Cambridge Crystallographic Data Center
(CCDC 2270772).

DSC. Differential scanning calorimetry (DSC) measurements were
performed using Linkam DSC 600 stage operating at a scan rate of 10
K min−1 in the temperature range of 90−280 K. The samples were
placed in a chamber at RT, which was purged with dry nitrogen for 10
min prior to each measurement. Masses of the used samples were
51.2, 48.6, and 70.7 mg for AZRPbCl3, AZRPbBr3, and AZRPbI3,
respectively. The obtained data were processed using LINK and
OriginPro software.

Raman Studies. Temperature-dependent Raman spectra of
AZRPbBr3 and AZRPbCl3 samples in the 1600−100 cm−1 range
were measured using a Renishaw inVia Raman spectrometer equipped
with a confocal DM2500 Leica optical microscope and a thermo-
electrically cooled CCD detector. Excitation was performed by using a
diode laser operating at 830 nm, and the spectral resolution was 2
cm−1. The low-wavenumber range (300−10 cm−1) was measured on
the same spectrometer using an Eclipse filter. The temperature was
controlled using Linkam THMS600 stage.

Dielectric Studies. Dielectric spectroscopy experiments of
pressed pellet samples were performed in the 20 Hz−1 MHz
frequency range using an HP4284A LCR meter. The flat capacitor
model was used to calculate the complex dielectric permittivity from
the measured capacitance and dielectric loss tangent. Silver paste was
used as a sample electrode. We did not observe any indications of
silver halide formation as the color of the electrode did not change
and was typical for the silver paste. Furthermore, we also did not
observe any unexpected behavior in the dielectric response, which
could signify the formation of such a phase. Temperature-dependent
dielectric spectra were measured on cooling at a rate of 1 K/min.

Nonlinear Optical Studies. Nonlinear optical experiments were
performed using a laser system employing a wavelength-tunable
Topaz Prime Vis−NIR optical parametric amplifier (OPA) pumped
by a Coherent Astrella Ti:sapphire regenerative amplifier providing
femtosecond laser pulses (800 nm, 75 fs) at a 1 kHz repetition rate.
Experiments employing 1300 nm laser pulses used the attenuated
output of a tunable OPA. Experiments employing 800 nm laser pulses
used the output of a regenerative amplifier passed through a 5 mm
aperture. Laser fluence at samples was equal to 0.21 mJ/cm2 (1300
nm) and 0.30 mJ/cm2 (800 nm). The single crystals of AZRPbCl3,
AZRPbBr3, and AZRPbI3 were crushed with a spatula and sieved
through an Aldrich minisieve set, collecting a microcrystal size
fraction of 63−88 μm. The size-graded samples were fixed in-between
microscope glass slides to form tightly packed layers, sealed, and
mounted to the horizontally aligned sample holder. No refractive
index matching oil was used. The employed measurement setup
operates in the reflection mode. Specifically, the laser beam was
directed onto the sample at 45° to its surface. Emission collecting
optics consisted of a Ø25.0 mm plano-convex lens of a 25.4 mm focal
length mounted to a 400 μm 0.22 NA glass optical fiber, which was
placed along the normal to the sample surface. The distance between
the collection lens and the sample was equal to 30 mm. The spectra of
the temperature-dependent NLO responses were recorded by an
Ocean Optics Flame T XR fiber-coupled CCD spectrograph with a
200 μm entrance slit. Scattered pumping radiation was suppressed
with the use of a Thorlabs 750 nm short-pass dielectric filter
(FESH0750) for studies on AZRPbCl3 and AZRPbBr3, and a 1100
nm short-pass dielectric filter (FESH1100) in the case of AZRPbI3.
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Temperature control of the sample was performed using a Linkam
LTS420 Heating/Freezing Stage and the measurements were
performed in a temperature range of 93−293 K upon heating and
cooling runs with a constant dT/dt of 10 K min−1. Temperature
stability was equal to 0.1 K. The same optical setup was employed for
power-dependent studies and determination of the two-photon
brightness of AZRPbBr3 and AZRPbI3 samples.

The two-photon brightness values for AZRPbBr3 (800 nm) and
AZRPbI3 (1300 nm) were determined using the solid-state two-
photon excited fluorescence technique (SSTPEF). Prior to SSTPEF
measurements, the solid samples of AZRPbBr3, AZRPbI3, and
reference compounds (bis(4-diphenylamino)stilbene (BDPAS) and
Styryl 9M) were finely crushed and fixed between microscope glass
slides. The two-photon upconverted emissions were excited using the
same beam and geometrical parameters. Densities of AZRPbBr3 and
AZRPbI3, necessary for the calculation of two-photon brightness
values, were taken from the room-temperature crystallographic data.

Molecular Dynamics. Molecular dynamics (MD) trajectories of
AZRPbX3 (X = I, Br, Cl) were simulated using a machine-learning
force field (MLFF).40 The MLFFs were trained using an on-the-fly
approach based on the Gaussian process regression with Bayesian
error estimation as implemented within the Vienna Ab initio
Simulation Package (VASP).41,42 Force fields were trained individu-
ally for each material, and the training data sets were generated using
104-atom supercell NpT MD simulations with an external pressure of
1 bar, where on-the-fly local configuration selection was performed. A
Langevin thermostat was applied, and the atomic and lattice friction
constants were both 10 ps−1. The MD time step was set to 0.5 fs. The
energy, forces, and stress tensor of each selected frame were
computed based on density functional theory (DFT), where the
r2SCAN exchange-correlation functional was used. The plane wave
basis set cutoff energy was 500 eV. For all three compositions, the
configuration collection was performed on 100, 200, and 300 K with
constant-temperature MD. Then, the trajectories for property analysis
were produced based on the trained force fields on a 2808-atom
supercell with the same MD settings as the training step except that
the time step was increased to 1 fs. The production of MD trajectories
was performed again with constant-temperature NpT MD at
temperatures between 80 and 300 K to investigate the equilibrated
dynamic properties in this temperature range.

The output MD trajectories were analyzed with the Perovskite
Dynamics Analysis (PDYNA) package,43 which is an integrated Python
code for analyzing atomistic MD trajectories of perovskite materials
that can extract dynamic information and correlations of octahedra
and A-site molecules, and can output octahedral tilting and distortion,
local lattice parameters, A-site molecular orientations, etc. This
method has been previously tested on CsPbI3 and MAPbBr3 and
further details of force field training, molecular dynamics, and
trajectory analysis can be found in ref 4343.

Molecular Rotations. The molecular cation rotation energy
barrier was calculated with single-point DFT energy evaluations,
where the molecules were rotated with respect to their center of mass
about the three principal axes in a 104-atom supercell. The total
energy (per formula unit) was computed for 0−360° rotation with an
interval of 5°. The PBEsol44 exchange-correlation functional was
selected, and projector augmented wave potentials were used with all
projection operators evaluated in reciprocal space. The plane wave
basis set cutoff energy was set to 600 eV. A Gaussian smearing with a
width of 50 meV was adopted for the smearing of the electronic band
occupancy. A 2 × 2 × 2 Γ-centered k-point grid was used for all
calculations.

■ RESULTS AND DISCUSSION
DSC. First, we determined the PT points in the AZRPbX3

compounds using the DSC experiments. The DSC measure-
ments of AZRPbCl3 show the presence of two closely spaced
heat anomalies at T1 = 162 K (149 K) and T2 = 154 K (139 K)
observed during heating (cooling) (Figure 1a and Table 1).
Large thermal hysteresis is consistent with the first-order

character of both PTs. The associated changes in enthalpy ΔH
and entropy ΔS are ∼1.12 kJ mol−1 and ∼7.2 J mol−1 K−1 for
the PT at T1, respectively, and ∼1.4 kJ mol−1 and ∼9.65 J
mol−1 K−1 for the PT at T2 (average values). Based on the ΔS
= R ln(N) equation for an order−disorder phase transition,
where R is the gas constant, and N is the ratio of the number of
configurations in the disordered and ordered phases, the N1
and N2 values were calculated as 2.38 and 3.19. The large
values of N1 and N2 are consistent with the order−disorder
character of both PTs. Note that the PT temperatures and
entropies are slightly lower compared to the Pm3̅m → P4/
mmm → P2221 PT sequence of the related MAPbCl3
perovskite (T1 = 177.2 K and ΔS = 10.0 J mol−1 K−1; T2 =
171.5 K and ΔS = 14.6 J mol−1 K−1).45,46 The PT temperatures
are also much lower than for the FAPbCl3, where the Pm3̅m →
P4/mbm → Cmcm symmetry change is observed at 271 and
258 K.47

DSC measurements of AZRPbBr3 show the presence of only
one heat anomaly at T1 = 145 K (134 K) with a significant
hysteresis suggesting the first-order character of the PT (Figure
1b). The corresponding changes in enthalpy ΔH and entropy
ΔS are ∼1.23 kJ mol−1 and ∼8.8 J mol−1 K−1 (average values),
and the calculated value of N is 2.86. This behavior
significantly differs from that observed for the related
MAPbBr3, which exhibits three PTs, associated with Pm3̅m
→ I4/mcm → P4/mmm → Pnma symmetry lowering,4,27,46,48

occurring at T1 = 236.3 K (ΔS = 8.2 J mol−1 K−1), T2 = 154.0
K (ΔS = 4.1 J mol−1 K−1), and T3 = 148.8 K (ΔS = 11.2 J
mol−1 K−1).45 A very different sequence of PTs was also
reported for FAPbBr3, i.e., Pm3̅m → P4/mbm → P4/mbm →
P4/mbm → Pnma → Pnma at 266, 182, 162, 153, and 118 K,
respectively.32

DSC measurements of AZRPbI3 reveal only one heat
anomaly at T1 = 132 (119 K) (Figure 1c). The associated
changes in thermodynamic parameters are ΔH ∼ 0.54 kJ mol−1

and ΔS ∼ 4.3 J mol−1 K−1 (average values), while N is 1.68.
The behavior of AZRPbI3 is also different from the related
FAPbI3, which undergoes much more complicated Pm3̅m →
I4/mbm → I4/mbm symmetry lowering at 285 and 140 K,49

and MAPbI3, for which two PTs associated with the Pm3̅m →
I4/mcm → Pnma symmetry change31 lead to much larger

Figure 1. DSC curves of (a) AZRPbCl3, (b) AZRPbBr3, and (c)
AZRPbI3 measured during the heating and cooling runs.
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entropy changes (ΔS = 9.7 J mol−1 K−1 at T1 = 330.4 K and
ΔS = 19.0 J mol−1 K−1 at T2 = 161.4 K).45

In general, the DSC results of the AZRPbX3 compounds
show two trends. First, the value of N exhibits a large decrease
in the order 5.57 (Cl) > 2.86 (Br) > 1.68 (I), suggesting a
decreasing contribution of the ordering/disordering processes
to the mechanism of the PTs. Second, the temperatures of the
T1 phase transitions decrease in the same order (Cl > Br > I),
suggesting the highest cubic phase stability for the iodide
compound. The cubic phases of AZRPbX3 are also stabilized at
much lower temperatures compared to the MAPbX3 and

FAPbX3 analogues, which is especially pronounced for
bromides and iodides.

X-ray Diffraction. At RT, all three perovskites crystallize in
the cubic Pm3̅m space group as was found previously in
SCXRD experiments.21 Their structural motive comprises
regular PbX6 octahedra connected in a corner-sharing manner;
namely, all X−Pb−X angles are 90° and all Pb−X bonds are
equal. AZR+ cation is highly disordered in the cubic phase.
Upon transitions to the low-temperature (LT) phases, there
are two major structural perturbations possible: (i) deforma-
tion of the PbX6 framework geometry and (ii) ordering of the

Table 1. Temperatures of PTs and Thermodynamic Retrieved Parameters from DSC Measurements

heating mode cooling mode

TPT (K) ΔH (kJ mol−1) ΔS (J mol−1 K−1) N TPT (K) ΔH (kJ mol−1) ΔS (J mol−1 K−1) N

AZRPbCl3 154 1.46 9.5 3.14 139 −1.34 −9.8 3.25
162 1.2 7.4 2.44 149 −1.04 −7.0 2.32

AZRPbBr3 145 1.24 8.5 2.78 134 −1.21 −9.0 2.95
AZRPbI3 132 0.54 4.1 1.64 119 −0.53 −4.5 1.72

Figure 2. Structure of (a) cubic aristo-phase with the marked unit cell and (b) LT phase of the inorganic framework of AZRPbI3 with a−b+a−

tilting, (c) unit-cell packing in the Pnma phase of AZRPbI3 with AZR+ placed in the (ao,co) planes, dashed red lines stand for HBs.

Figure 3. LT (12 K) crystal structure of AZRPbBr3 obtained using the PXRD experiment: (a) Crystal packing along with possible N−H···Br HBs
(red dashed lines); (b) AZR+ placement in the perovskite cavity; and (c) general view along the [100] cubic direction.
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AZR+ cations. Structural analysis using single crystals and
powder samples was further performed to analyze these
structural changes.
By examining the powder diffraction patterns of AZRPbI3,

we observed that this compound transforms at low temper-
ature to orthorhombic Pnma symmetry with the unit-cell
dimensions a = 8.878(1) Å, b = 12.657(1) Å, and c = 8.859(1)
Å similar to the orthorhombic polymorph of MAPbI3 matching
the (1,0,1), (0,2,0), and (−1,0,1) lattice transformation with
respect to the cubic Pm3̅m aristotype.50,51 The Rietveld
refinement results for powders measured at 20 K are shown in
Figure S4. The diffractograms of the HT cubic Pm3̅m parent
phase and the LT orthorhombic modification are shown in
Figure S5. The crystal structure of AZRPbI3 is presented in
Figure 2a−c. The out-of-phase rotations of the octahedra
correspond to the a−b+a− tilt system similar to the LT phases
of MAPbI3 and CsPbI3.

52,53 One of the possible placements of
AZR+ cations which gives the ordered molecular substructure
is shown in Figure 2c. The distribution of AZR+ in the (a,c)
planes allows for the formation of N−H···I hydrogen bonds
with a N···I distance of 3.67 Ȧ and N−H−I angle of 165°.
The LT crystal structure of AZRPbBr3 was investigated at

100 K using the SCXRD experiments and at 12 K using PXRD.
Both experiments confirm the trigonal system of the R3̅c space
group with a ∼ 8.49 Å, c ∼ 20.07 Å, and γ = 120° (at 100 K).
The crystallographic data from SCXRD are summarized in
Tables S1−S3, whereas the results of Rietveld refinement are
presented in Figure S6. The temperature changes of the
diffraction patterns due to symmetry reduction from cubic
Pm3̅m to the LT polymorph are shown in Figure S7. In the
model derived from SCXRD, Br− anions were refined as
disordered between two positions (Pb−Br(1) = 3.013(12) Å,
Pb−Br(1)i = 2.969(12) Å), symmetry code (i) 2/3 − y + x, 4/
3 − y, 5/6 − z) with the 0.5 occupancy to eliminate the large
ADP max/min of ca. 4.1 prolate. On the other hand,
refinement of powder diffraction data gives satisfactory results
for all ordered bromine ions. Possibly, the disorder observed in
SCXRD arises from the complex twinning of the sample and
bias from the contribution of four domain states to the
diffracted intensities especially because refinements in lower
symmetry (R3c and I2/a) also showed the disorder around
Br(1) position. The packing of the LT phase of AZRPbBr3 is
shown in Figure 3a.
The transition of the PT to the LT phase is also followed by

the ordering of AZR+ cations, which are located in the voids of
the 3D framework (Figure 3b). Cations lay on the 3-fold axis,
C and N atoms of the cation are not distinguished in this

model and occupy the same crystallographic position (C−C|N
= 1.53(5) Å). The organic cations create a set of H-bonds with
the inorganic framework with the shortest N···Br distance of
3.50(2) Å at 100 K (Figure 3b). The symmetry reduction from
cubic Pm3̅m to trigonal R3̅c leads to a−a−a− tilting (Figure 3c).
Determining the crystal structure of the LT phase of

AZRPbCl3 proved to be challenging. Despite our efforts, we
were unable to derive a structural model from the heavily
twinned single crystal or index the powder diagram based on
the known orthorhombic LT structures reported for
MAPbCl3

54,55 and FAPbCl3.
35 Interestingly, we were able to

index the entire diffraction patterns using a monoclinic unit
cell, similar to those found in heavily distorted MHyPbCl3
(with dimensions a = 11.74 Ȧ, b = 10.75 Å, c = 5.71 Å, β =
92.7°).17 However, our attempts to refine the model were
unsuccessful. This suggests that AZRPbCl3 adopts a distinct
LT structure which is further supported by the compatibility of
the diffraction pattern with the monoclinic distortion of the γ-
phase of CsPbCl3, featuring dimensions a = 11.06 Å, b = 7.56
Å, c = 8.66 Å, and β = 92.7°.56,57 It is worth noting that the
monoclinic P21/m phase was postulated for CsPbCl3 based on
the neutron diffraction studies.58 Figure S8 illustrates the X-ray
powder diffraction patterns of AZRPbCl3 at 200 and 100 K,
evidencing a substantial symmetry breaking at a low temper-
ature.

Materials modeling. We used MD simulations, based on
MLFF forces, to obtain additional details on the structural PTs
and dynamics of AZRPbX3 compounds. For all three halides,
our simulations provided two structural phases (HT cubic and
LT tetragonal-like) evident by the distinct octahedral tilting
patterns extracted from the equilibrated molecular dynamics
trajectories with PDYNA.43 Figure 4 illustrates the distribution
of the dynamic tilting of octahedra in AZRPbI3. At 100 K
(Figure 4a), an approximately 5° tilt is found in one of the
principal axes; along this axis, all octahedra tilt in the same
direction (Glazer notation of a0a0c+). In contrast, at 300 K
(Figure 4b), the tilting in all three directions is zero on average,
leading to a cubic phase with a Glazer notation of a0a0a0.
Similar tilting modes are simulated for AZRPbBr3 and
AZRPbCl3, with slightly different tilt angles and PT temper-
atures as shown in Figure 4c.
We define the structural PT temperature as the temperature

at which a significant nonzero tilt angle occurs in the z-axis
when the temperature is lowered. The simulated PT
temperatures of AZRPbI3, AZRPbBr3, and AZRPbCl3 are
145, 155, and 105 K, respectively (Figure 4c), which are
reasonably close to the experimental values. It is noteworthy

Figure 4. Octahedral tilting in (a) LT phase at 100 K and (b) HT cubic phase at 300 K of AZRPbI3. Each panel corresponds to one axis. The solid
lines denote the dynamic distribution of tilting. The shaded area below the solid lines is the correlation of the tilt angle with the next nearest
neighbor along the same direction. The corresponding global Glazer tilting pattern is a0a0c+ and a0a0a0. (c) z-tilt angle (upper panel) and tilt
correlation polarity (TCP, lower panel) of AZRPbX3 versus temperature.
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that the tilting correlation polarity (TCP) increases from 0 (no
preferred correlation, characteristic value of cubic phase)
toward 1 (perfect in-phase correlation, characteristic value of
tetragonal phase). This implies that even when the material is
in the (average) cubic phase, when the temperature is
approaching the PT temperature, the octahedra will have a
preferred in-phase alignment along one axis (here in the z-
direction). This local symmetry breaking effect of cubic phase
under cooling is also found in MAPbBr3 but is not present in
inorganic halide perovskites such as CsPbI3.

43,59

We also simulated the preferred orientations of the AZR+

cations in the A-site. Two vectors are required to fully describe
the orientation of an AZR+ in 3D, the first of which is the
polarization vector v1, and the second vector v2 connects the
two carbon atoms, as shown in Figure 5. In the tetragonal
phase at 100 K, both v1 and v2 mostly point along the [100]
family of directions (as shown in Figure 5a). This means that
the plane formed by the carbon and nitrogen atoms in the
AZR+ cation is very likely to be parallel to the xy-plane. It is
noteworthy that this is different from the SCXRD experiment
of AZRPbBr3, as the aziridinium molecular orientation shown
in Figure 3 is associated with the a−a−a− tilting mode, while
Figure 5a illustrates the counterpart for a0a0c+ AZRPbI3. In the
cubic phase at 300 K (Figure 5b), v1 has a preferred
orientation along the [100] or equivalent direction, and v2
points along mostly the [111] and partially the [100]
directions. The different symmetry of each phase is clearly
reflected in the pattern of the preferred molecular orientations.
We also used single-point DFT to calculate the potential

energy surface for the AZR+ orientation in the structure. The
4-fold symmetry in the energy landscape of molecular rotation
is found for all compounds along all three lattice directions, as
shown in Figure S9 for AZRPbBr3. The obtained energy
barriers are summarized in Table 2, revealing an increase in the
order Cl > Br > I. This increase is in agreement with the
increase of the PT temperatures in the same order revealed by
the DSC studies.

Raman Studies. In order to obtain further insight into the
PT mechanism, molecular cation dynamics, and phonon
properties, we performed temperature-dependent Raman
experiments for AZRPbCl3 and AZRPbBr3 (Figures S10−
S13). Similar experiments for AZRPbI3 failed due to a very
strong photoluminescence background. Plots of wavenumbers
and full width at half-maximum (FWHM) values vs temper-
ature are presented in Figures 6 and 7, respectively. The

observed modes are listed in Table S4 together with the
assignment based on previous RT Raman scattering studies of
AZRPbX3 and temperature-dependent studies of MAPbX3,
FAPbX3, and MHyPbX3 perovskites.

22,27,28,33,60,61

Upon a temperature decrease, the majority of Raman bands
related to the AZR+ vibrations shift to higher wavenumbers for
both compounds (Figure 6). Furthermore, they exhibit
narrowing, especially pronounced for the NH2-related bands
observed near 1048−1005 cm−1 (ω(NH2)) and 939−920
cm−1 (ρ(NH2)) (Figures 7, S10, and S12). This behavior is
consistent with the slowing of the reorientational motion of
AZR+ cations in the Pm3̅m phase.
When the temperature decreases below 130 K, almost all

internal modes of AZRPbBr3 exhibit clear shifts to higher
wavenumbers (Figure 6) due to the onset of the structural PT.
The lack of splitting of these modes is consistent with the
SCXRD data, which revealed the presence of only one
crystallographically unique AZR+ cation in the LT R3̅c phase.
The wavenumber shift is accompanied by a large step-like
decrease of the FWHM, especially pronounced for the bands
corresponding to the ω(NH2) and ρ(NH2) modes (Figure
7b). This behavior proves that the PT is associated with the
ordering of AZR+ cations, which is in agreement with the DSC
and X-ray diffraction data. Note however that according to the
X-ray diffraction data, the ordering of AZR+ cations is not
complete, since, although these cations occupy the same
crystallographic position, they present a 3-fold disorder in the
LT R3̅c phase.
Pronounced narrowing of bands is also observed for

AZRPbCl3 (Figures 6, 7, and S12). However, internal modes
of this compound exhibit clear splitting into doublets with
magnitudes up to 7 cm−1. Raman data indicate, therefore, the
presence of two unique AZR+ cations in the LT phase of
AZRPbCl3. It is worth noting that this type of behavior was not
reported for MAPbX3 or FAPbX3 perovskites, but two distinct
A-site cations in the LT phase were reported for MHyPbX3

Figure 5. AZR+ orientation distribution in spherical coordinates in (a) LT phase at 100 K and (b) HT cubic phase at 300 K of AZRPbI3. The
orientations of the AZR+ cation are projected onto the horizontal (azimuthal angle) and vertical (polar angle) axes. The upper panel in each
subplot denotes the direction of the polarization vector v1, while the lower panel denotes the secondary vector v2, as visualized on the right.

Table 2. Rotational Energy Barrier for Each Rotation Mode
of AZRPbX3 Compounds Obtained from DFT Calculations

composition rotation barrier (meV)

a-axis b-axis c-axis

X = I 89 113 170
X = Br 93 128 167
X = Cl 82 165 191
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polar analogues and the monoclinic γ-phase or P21/m phase of
CsPbCl3.

22,26−28,33,56−61 Thus, Raman spectra support the
conclusion derived from the powder X-ray diffraction data that
the LT structure of AZRPbCl3 may be similar to the
monoclinic structure of CsPbCl3.
The Raman spectra show that the only bands that do not

show pronounced narrowing on cooling are those near 470
and 310 cm−1 for AZRPbCl3 and AZRPbBr3, respectively
(Figures S10 and S12). This behavior confirms our previous
assignment of these bands to the AZR-cage modes, since a lack
of significant narrowing was previously reported also for the
MA-, FA-, and MHy-cage modes.27,28,60 The remaining Raman
bands observed below 200 cm−1 provide information about the
structural changes of the inorganic framework. Figures S11 and
S13 show that these modes exhibit pronounced narrowing and
splitting below the PT temperatures, in agreement with the
ordered AZR+ cations and decrease of crystal symmetry due to

pronounced change in the distortion and tilts of the PbX6
octahedra. A larger number of bands observed at 80 K for
AZRPbCl3 compared to AZRPbBr3 suggest lower symmetry
and/or stronger distortion of the chloride framework. This
behavior is consistent with the monoclinic symmetry
postulated for AZRPbCl3.

Dielectric Studies. To further investigate the dynamics of
AZR+ cations, we performed broad-band dielectric spectros-
copy experiments on powdered samples. The temperature
dependence of the real ε′ and imaginary ε″ parts of the
complex dielectric permittivity (ε* = ε′ − iε″) of the
AZRPbBr3 pellet sample is presented in Figure 8a,b. An
anomalous step-like decrease of ε′ can be observed at about
145 K (Figure 8a) corresponding to the PT point, which is in
good agreement with the DSC and Raman results. In addition
to the PT anomaly, the complex dielectric permittivity of
AZRPbBr3 shows at least three dielectric dispersions, which are

Figure 6. Temperature dependence of the Raman mode wavenumbers for AZRPbBr3 (red symbols) and AZRPbCl3 (green symbols). Vertical lines
denote the PT temperatures.

Figure 7. Temperature dependence of the Raman mode FWHM of (a) AZRPbCl3 and (b) AZRPbBr3. Vertical lines denote PT temperatures.
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best visible as peaks in the ε″ data (Figure 8b). Note that a
very similar temperature evolution of ε* was also observed for
the related MAPbX3 compounds.3,4,26,29

In addition to the PT anomaly, the complex dielectric
permittivity of AZRPbBr3 shows at least three dielectric
dispersions, which are best visible in the ε″ data (Figure 8b).
The dispersion close to the RT originates from conductivity
processes and is typical for hybrid lead halide perovskites.62

Two additional dielectric relaxations due to the dynamics of
electric dipoles can be observed in the lower temperature
region, with one of them crossing the PT anomaly and quickly
disappearing (Figure 8b).
We characterized the relaxation times τ and activation

energies Ea of these dipolar processes by analyzing the
frequency domain data of ε″ (see Supporting Information
(SI) for more details; Figures S14 and S15). The activation
energy of the dipolar relaxation occurring above the PT point
is 157(5) meV, which roughly doubles (Ea = 296(5) meV) as
the PT point is crossed. This indicates a strong effect of the PT
on the dipolar dynamics in AZRPbBr3. The activation energy
of the dielectric relaxation occurring solely in the LT phase is
101(5) meV. Based on the similarities with the related
MAPbX3 perovskites, we assign the origin of these processes to
the AZR+ motion, which is to some extent still present in the
LT phase. The determined activation energies in the LT phase
are very close to the DFT calculated rotation barriers of AZR+

cations (Table 2) supporting this assignment. Note that Ea
values of a similar order of magnitude were also obtained for
the MA+ cation dynamics in the MAPbX3 compounds.3,4,26,29

The overall temperature dependence of the dielectric
permittivity of AZRPbCl3 is very similar to the bromide case
(Figure 8c,d), except that for this compound, two PTs can be
resolved at about 156 and 151 K in agreement with the DSC
results. Two dielectric relaxations are also clearly present above
and below the PT with the activation energies of 130(5) and
113(5) meV for the higher- and lower-temperature processes,

respectively (Figures S16 and S17). The obtained values are
similar to the AZRPbBr3 case, indicating the same origin of the
dipolar dynamics. Note that for this compound we were not
able to reliably characterize the dynamics of the higher-
temperature dielectric relaxation below the PT point due to a
substantial overlap of the processes.
The temperature-dependent dielectric response of AZRPbI3

is also very similar (Figure 8e,f). For this compound, an
anomalous decrease of ε′ due to the PT occurs at about 125 K,
in good agreement with other experiments. As for the bromide
and chloride analogues, two pronounced dielectric relaxations
can also be observed for AZRPbI3. One relaxation starts above
the phase-transition point and crosses the transition, while
another one is present below 100 K (Figure 8f). The activation
energy of the HT relaxation is 198(5) meV, which roughly
doubles as the PT point is crossed (357(5) meV) (see SI for
more details; Figures S18 and S19). This behavior is very close
to that observed for the bromide analogue. The LT relaxation
has an activation energy of 80(5) meV. The obtained values of
Ea for all three compounds are summarized in Figure 9
together with the DFT calculations of the smallest rotational
barriers of AZR+ cations deep in the LT phase (see Table 2).
Despite powder samples, the measured LT value of the

dielectric permittivity remained rather high (∼20), suggesting
the lattice polarizability by the lone-pair electrons of the lead
cations recently proposed by Fabini et al.63 In addition, the
high permittivity value is expected to provide efficient
screening of the photogenerated carrier and defect states as
in the related 3D lead halide perovskites.29,64

NLO Studies. The primary aim of the NLO study was to
spectroscopically examine the symmetry of all crystal phases of
AZRPbX3 perovskites in a broad temperature range, i.e., to see
whether any of the described crystal phases generate a second
harmonic of radiation, which would indicate its non-
centrosymmetric nature. The crystalline powders of the studied
perovskites were irradiated with femtosecond laser pulses at

Figure 8. Temperature dependence of the real and imaginary parts of the complex dielectric permittivity of (a, b) AZRPbBr3, (c, d) AZRPbCl3, and
(e, f) AZRPbI3 pellet samples obtained on cooling. Inset in panel (c) shows the anomaly associated with the two PTs occurring at about 156 and
151 K. Arrows indicate PT anomalies.
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s e l e c t e d wa v e l e n g t h s (AZRPbC l 3―800 nm ,
AZRPbBr3―800 nm, and 1300 nm, and AZRPbI3―1300
nm) in a temperature range of 93−293 K upon heating and
cooling runs. The wavelengths at which the latter two
perovskites were examined were chosen to alleviate the
possible self-filtering effect, also referred to as the self-
absorption effect,65 which is particularly notorious for
perovskites due to their high absorption coefficients across
the wide spectral range, as found for the MHy family.6,16 The
temperature-resolved irradiation experiments performed, how-
ever, did not show any signatures of the SHG response (see
experimental spectra in Figures S20−S27), confirming the
centrosymmetric order of these materials across all of the
crystal phases.
On the other hand, the collected data revealed intriguing

temperature evolution of emission bands reflecting the impact
of the structural PTs on the band parameters such as integral
intensity, band position, and FWHM. Among the three band

parameters, the integral emission intensity seems to be the
least sensitive to the crystal phase change (Figure 10a). For
example, the temperature plots of integral two-photon excited
luminescence (2PEL) for AZRPbBr3 and AZRPbI3 show an
increase of intensity on cooling and no anomalies due to the
structural PTs, whereas the AZRPbCl3 analogue shows
inflection at about 150 K, which is seen in both cooling and
heating cycles. In contrast, all temperature plots of line widths
(Figure 10b) are clearly indicative of the occurring structural
changes, particularly in the case of AZRPbI3 for which the
signal FWHM broadens about 3 nm, when crossing the PT on
cooling; in the case of AZRPbCl3 and AZRPbBr3, one observes
the FWHM narrowing of ca. 2 nm. By far, the strongest effect
of the PTs is exerted on the positions of the emission maxima
(Figure 10c). Upon cooling from 293 K to the T1 temperature,
the emission of AZRPbBr3 shifts to lower energy. Crystal phase
change triggers the blue shift of the emission maximum by
about 3.7 nm, and further cooling causes a further red shift of
emission maxima. Very similar behavior was reported for
MAPbBr3, which showed ∼4.6 nm blue shift of the one-photon
excited emission at the tetragonal to orthorhombic PT.66 The
same behavior was also reported for the band gap of MAPbBr3,
which exhibited ∼4 nm blue shift at the tetragonal to
orthorhombic PT and two-photon emission of MAPbBr3.

67,68

The red shift in the cubic phase and blue shift at the PT are
consistent with the theoretical studies of the iodide analogue,
which showed that for the cubic phase the band gap decreases
with the decrease of the lattice constant, but it increases with a
deviation of I atoms from the cubic symmetry sites.69 The red
shift of the emission band on cooling is also observed for
AZRPbI3 (Figure 10c). However, the blue shift is very weak
(∼1 nm), and it extends from 164 to 122 K. This behavior
suggests that the phase transition of AZRPbI3 is associated
with smaller deformation of the cubic structure compared to
AZRPbBr3. Interestingly, an opposite behavior was reported
for the MA-based perovskites, i.e., the blue shift at the PT was

Figure 9. Activation energies of the HT and LT dielectric relaxations
of AZRPbX3 compounds together with the DFT calculations of the
smallest rotational barriers of the AZR+ cations.

Figure 10. Temperature plots of (a) normalized integral intensities, (b) FWHM, and (c) peak positions of the NLO-induced emissions of
AZRPbCl3, AZRPbBr3, and AZRPbI3 excited at 800, 1300, and 1300 nm, respectively.
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significantly larger for MAPbI3.
25 An interesting departure

from the red shift on cooling in the cubic phase is noted for
AZRPbCl3, for which the emission exhibits a blue shift on
cooling down to the T1 point followed by the red shift on
further cooling in the LT phase. An opposite behavior was
reported for the narrow excitonic emission of MAPbCl3.

70

There are two probable reasons the integral intensities are
relatively less telling about the presence of the structural PTs.
One is that, in general, the thermal quenching itself contributes
significantly to the change in the relative intensity of the
luminescence band; e.g., upon heating, the luminescence signal
intensity drops 2 orders of magnitude or more. From a broad
temperature perspective, the effect of the structural PT is
effectively overwhelmed by the temperature-dependent drift of
the signal intensity. The other reason is the fact that the
intensity of the two-photon- and especially multiphoton-
induced emissions are superlinearly dependent on the pump
intensity. Given the intrinsic fluctuations of the laser source,
the obtained integral intensities of 2PEL or three-photon
excited luminescence (3PEL) at different temperatures feature
an additional signal scatter, which buries signal changes
ascribable to the PT. In this context, it is clear why the band
position and FWHM were found to be better indicators of the
transitions.
Assessment of whether these emissions are due to two- or

three-photon absorption could be made only based on the
power-dependent measurements. Indeed, to determine the
nature of the observed emissions, power-dependent lumines-
cence experiments were conducted at 293 K on powdered
samples; the same pumping wavelengths as those for
temperature-resolved studies were employed. Figures S28,
S30, S32, and S34 present the experimental spectra obtained at
different excitation powers, and Figures S29, S31, S33, and S35
show the corresponding log(I) = f(log(P)) plots with the least-
squares linear fits for all registered emissions. Based on the
obtained slopes, it is apparent that the narrow emissions of
AZRPbCl3 and AZRPbBr3 excited at 800 nm are of the three-
and two-photon origin, respectively, and the difference in the
mechanism of the nonlinear photon absorption is a direct
consequence of the halide-induced difference in optical band
gaps between these two materials. Likewise, a very narrow
band gap of AZRPbI3 perovskite is the primary reason that at
1300 nm the log−log plot produces a slope close to 2, which
indicates a two-photon absorption (2PA) at this wavelength.
This is in line with the extant few instances of hybrid
perovskites, which reflect the immense impact of halide
content on the number of photons involved in the nonlinear
absorption event. Indeed, in the NIR region, in the vicinity of
1300 nm, a strong 2PA was found for MAPb0.75Sn0.25I3,
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whereas the three-photon absorption (3PA) was so far
reported for MAPbBr3/(OA)2PbBr4 nanocubes, ZJU-
28⊃MAPbBr3 hybrid, and (IA)2(MA)2Pb3Br10.

72−74 The
comparison of nonlinear absorption parameters is challenging
due to different conventions employed for reporting of the
NLO parameters, but it should be noted, however, that if the
maximization of nonlinear emission intensity is of interest, the
two-photon-absorbing iodine-containing perovskites could be
preferred. In general, the simultaneous absorption of two
photons is a much more likely event than that of three photons
or more, which consequently translates to the lower absolute
intensity of multiphoton-excited luminescence (MPEL) signals
compared to 2PEL.

The SSTPEF technique75 was employed to quantify the two-
photon brightness, σ2φ, of AZRPbBr3 (800 nm) and AZRPbI3
(1300 nm) at room temperature, with bis(4-diphenylamino)-
stilbene (BDPAS) and Styryl 9M serving as two-photon
reference compounds, see Figures S36 and S37 for
experimental spectra.76 The results revealed that the value of
σ2φ at 800 nm is 234 GM per structural unit of AZRPbBr3,
which is an order of magnitude higher than that for
MHy2PbBr4 (13 GM) at the same wavelength.6 In the case
of AZRPbI3, the value of σ2φ was found to be 101 GM at 1300
nm per unit formula. This high two-photon brightness of
emission stands out among lead perovskites emitting in the
NIR portion of the spectrum,77 as well as is of comparable
relative strength as two-photon organic dyes are especially
optimized to work in the NIR-II spectral region.78

■ CONCLUSIONS
We have conducted a thorough study of the structural,
dielectric, phonon, and NLO properties of the novel 3D
AZRPbX3 perovskites to map the phase diagrams and elucidate
the dynamics of AZR+ cations as well as the mechanism of the
structural PTs in this family of compounds. Understanding all
of these aspects is highly important for the applicability of
these perovskites in emerging optoelectronic applications.
Our DSC studies revealed that on heating, AZRPbBr3 and

AZRPbI3 exhibit a single PT at 145 and 132 K, respectively,
while AZRPbCl3 undergoes two PTs at 145 and 154 K.
Analysis of the PT entropies showed that these transitions have
an order−disorder mechanism, but the contribution of the
ordering/disordering processes to the mechanism of the PTs
seems to decrease in the order Cl > Br > I.
X-ray diffraction data revealed that the LT polymorphs of

AZRPbX3 (X = Br, Cl) exhibit crystal structures that differ
from the previously reported 3D lead halide perovskites. The
LT crystal structure could be solved for AZRPbBr3 in the R3̅c
space group symmetry, and it confirmed an order−disorder
mechanism of the PT for this compound. In the case of
chloride and iodide, fine details of the crystal structures could
not be obtained. However, by examining the powder
diffraction patterns of AZRPbI3, we observed that the structure
of this compound corresponds to the primitive P cell of the
Pmna space group, similar to the LT phases of MAPbI3 and
CsPbI3. In the case of AZRPbCl3, the diffraction pattern was
compatible with the monoclinic distortion, like in the γ-phase
of CsPbCl3, for which the monoclinic P21/m phase was
postulated. The characteristic feature of this phase is the
presence of two unique sites occupied by Cs+ cations.
Raman studies of AZRPbBr3 and AZRPbCl3 confirmed that

the PTs in these compounds are triggered by the ordering of
the AZR+ cations. They also revealed the presence of two
distinct AZR+ cations in the LT phase of AZRPbCl3 and
showed a larger number of bands observed at 80 K for
AZRPbCl3 compared to AZRPbBr3, suggesting lower symme-
try of the chloride framework. These features are consistent
with the postulated monoclinic distortion of the LT phase of
AZRPbCl3.
We also employed dielectric spectroscopy to study the

dielectric response and cation dynamics in these materials. For
all compounds, PTs were observed as pronounced step-like
changes in the real part of the dielectric permittivity, typical for
a sudden freezing of the organic cation motion. This behavior
is consistent with the order−disorder character of the PTs. For
all three compounds, we also observed relatively high values of
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dielectric permittivity, which should provide efficient screening
of the photogenerated carriers and defect sites in the
photovoltaic devices employing these materials.
The microscopic picture of the PTs and cation dynamics was

also studied using atomistic modeling. MD simulations
revealed the presence of structural transitions in all three
compounds with temperatures close to the experimental
values. The calculated rotation barriers of the AZR+ cations
were found to be in good agreement with the activation
energies measured by the dielectric spectroscopy. This
provided further support that the dielectric response of these
materials is mainly dominated by the dynamics of the AZR+

cations.
Our NLO studies revealed an absence of SHG signals for all

compounds, proving that all phases of the AZRPbX3
perovskites are centrosymmetric. AZRPbCl3 showed intense
3PEL, while AZRPbBr3 and AZRPbI3 exhibited efficient 2PEL.
Analysis of the positions of the emission maxima revealed clear
anomalies at the PTs and suggested that the PT of AZRPbI3 is
associated with smaller deformation of the cubic structure
compared to AZRPbBr3. Our data also showed that AZRPbBr3
and AZRPbI3 possess very high two-photon brightness, making
these perovskites promising for third-order NLO applications.
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