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1. Introduction

Recently, significant interest in hybrid 
organic-inorganic halide perovskites has 
arisen due to their extraordinary com-
bination of optoelectronic properties 
such as optimal solar-matching bandgap, 
large absorption coefficient, high car-
rier mobility, long charge carrier lifetime, 
large diffusion length, and exceptional 
defect tolerance.[1–5] As a class of emerging 
photovoltaic materials, three-dimensional 
hybrid halide perovskites have the gen-
eral chemical formula ABX3 consisting 
of a large organic cation A (e.g., MA = 
CH3NH3

+ or FA = CH(NH2)2
+), a metal 

cation B (e.g., Pb2+ or Sn2+) and halide 
anions X (e.g., Cl−, Br−, or I−). Precise con-
trol of the phases of hybrid perovskites is 
critical to their applications, and the phase 

Hybrid halide perovskites have emerged as highly promising photovoltaic 
materials because of their exceptional optoelectronic properties, which are 
often optimized via compositional engineering like mixing halides. It is well 
established that hybrid perovskites undergo a series of structural phase 
transitions as temperature varies. In this work, the authors find that phase 
transitions are substantially suppressed in mixed-halide hybrid perovskite 
single crystals of MAPbI3-xBrx (MA = CH3NH3

+ and x = 1 or 2) using a com-
plementary suite of diffraction and spectroscopic techniques. Furthermore, as 
a general behavior, multiple crystallographic phases coexist in mixed-halide 
perovskites over a wide temperature range, and a slightly distorted mono-
clinic phase, hitherto unreported for hybrid perovskites, is dominant at tem-
peratures above 100 K. The anomalous structural evolution is correlated with 
the glassy behavior of organic cations and optical phonons in mixed-halide 
perovskites. This work demonstrates the complex interplay between composi-
tion engineering and lattice dynamics in hybrid perovskites, shedding new 
light on their unique properties.
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transitions are known to be driven by thermodynamic varia-
tions such as temperature, electric field, and pressure, among 
which temperature is the most investigated.[6–10] Deformation 
of metal-halide octahedra, which occurs due to a size mismatch 
between the A-site cation and metal-halide framework, can sig-
nificantly affect the rotational movement of organic cations.[11] 
For instance, MA reorientational motion is faster when smaller 
halide ions are incorporated at the X-site.[12] Hybrid perovskites 
are generally in the cubic phase at high temperatures with the 
A-site cations rotating freely, while at low temperatures, they 
are in tetragonal and orthorhombic phases where the organic 
cation rotation is partially suppressed.[13] The phase transi-
tions in those materials are accompanied by the tilting of the 
BX6 octahedra. In the tetragonal structures, in-phase octahe-
dral tilting (e.g., all clockwise) along the z-direction denoted 
by a0a0c+ leads to the P4/mbm symmetry, while out-of-phase 
octahedral tilting denoted by a0a0c− leads to the I4/mcm sym-
metry.[14] Similarly, octahedral tilts of a+b−b− lead to the Pnma 
symmetry in the orthorhombic structure.

Similar to many functional materials, the structural phases of 
hybrid perovskites are highly correlated with their physical prop-
erties. Particularly, the cubic and tetragonal phases are featured 
with a “crystalline liquid”-type behavior with the coexistence of 
coherent electronic transport and glassy phonon activities.[15] 
A variety of experimental techniques have been used to detect 
structural phase transitions in hybrid perovskites. In a repre-
sentative study, dielectric measurements revealed that MAPbBr3 
transforms from the cubic to the tetragonal structure at 236.3 K 
and then to an orthorhombic phase at 148.8 K.[13] Moreover, an 
intermediate incommensurate phase was observed in MAPbBr3 
by single-crystal X-ray diffraction (SCXRD) and low-frequency 
Raman measurements.[16] It is well established that the halide 
composition has a significant influence on the phase transitions 
in hybrid perovskites. The notable perovskite MAPbI3 under-
goes a transition from the cubic to the tetragonal phase near  
330 K, and subsequently to an orthorhombic phase below 
160 K.[17–19] In general, these phase transitions are detected 
through discontinuities in the dielectric permittivity and heat 
capacity,[13,20] solid-state nuclear magnetic resonance (NMR) line 
shapes,[21] and/or splitting of X-ray diffraction peaks.[18,22]

Although hybrid perovskites are very promising for optoelec-
tronic applications, they suffer from instability issues caused by 
a variety of factors such as humidity, high temperature, intense 
light, and even interfacial reactions.[23–24] It is well recognized 
that under ambient conditions, cubic-structured MAPbBr3 is 
much more stable than tetragonal MAPbI3,[25] but the bandgap 
of MAPbBr3 (2.27  eV) is too large for single-junction photo-
voltaic applications.[26] To overcome the stability bottleneck, 
halide mixing has been developed as an effective compositional 
engineering strategy.[27] In addition, mixed-halide perovskites 
have the benefit of bandgap tuning,[23,28–29] which is indispen-
sable for fabricating optoelectronic devices operating in the 
desired wavelength regimes. The phase transitions of hybrid 
perovskites are known to impact their photovoltaic applica-
tions,[30] but there remain open questions regarding the tem-
perature-dependent structures and phase transition mecha-
nisms in mixed-halide hybrid perovskites.

In this work, we report the observation of the anomalous 
absence of abrupt phase transitions in mixed-halide hybrid 

perovskites of MAPbIBr2 and MAPbI2Br, probed by a comple-
mentary suite of X-ray, dielectric, optical, and neutron spectro-
scopic techniques. A hitherto unreported monoclinic structure 
was found to coexist with the known cubic, tetragonal and 
orthorhombic structures in mixed-halide perovskites over a 
wide temperature range. Furthermore, first-principles calcula-
tions revealed the frustration of MA reorientational motion in 
the mixed-halide hybrid perovskites, thus corroborating the 
observation of the glassy behavior of organic cations. These 
findings may not only shed new light on the fundamental 
understanding of the physical properties of hybrid perovskites 
but also pave the way for realizing strategies to optimize the 
performance of perovskite devices.

2. Results and Discussion

Figure  1a illustrates the UV-Vis spectra of CH3NH3PbI3-xBrx 
thin films. The onset of absorption shifts to higher wavelengths 
with increasing iodide quantity, i.e., from 542 nm for MAPbBr3 
to 600 nm for MAPbIBr2, 700 nm for MAPbI2Br, and 787 nm 
for MAPbI3. Accordingly, the bandgaps extracted from the Tauc 
plots (Figure  1b) are 2.29, 2.11, 1.79, and 1.6  eV for MAPbBr3, 
MAPbIBr2, MAPbI2Br, and MAPbI3, respectively. Also, the 
pictures of as-grown single crystals indicate the change of the 
crystals to cubic shape with increasing bromide quantity, which 
is consistent with previously reported crystal shapes.[31–32] In 
addition, normalized photoluminescence (PL) peak positions 
of related single crystals amount to 541, 578, 735, and 769 nm 
for MAPbBr3, MAPbIBr2, MAPbI2Br, and MAPbI3 (Figure 1c), 
respectively, and are consistent with previous reports, thus con-
firming the compositions of halide perovskites.[33–34]

Differential scanning calorimetry (DSC) measurements 
were performed on the four single crystals to study the phase 
transition behavior. As shown in Figure 1d, the DSC curves of 
MAPbI3 possess two reversible peaks with endothermic ones at 
165 and 331 K in heating and exothermic ones at 329 and 158 K 
in cooling. Three reversible peaks were observed for MAPbBr3 
at 151, 156, and 236 K during heating and 234, 152, and 146 K 
during cooling (Figure  1e). The enthalpy and entropy changes 
of the corresponding peaks were derived from the area under 
the phase transition curves as ∆H = KA and ∆S = ∆H/Tc, in 
which K is the calorimetric constant of the instrument, A the 
peak area, and Tc the phase transition temperature (Table S1, 
Supporting Information).[20] In general, the cubic-to-tetragonal 
transitions exhibit smaller energy and entropy changes than 
the tetragonal-to-orthorhombic ones.[35] However, surprisingly, 
no thermal signals were observed in the DSC curves of mixed-
halide perovskites (Figure  1f), which is in stark contrast with 
the sharp transitions recorded in the single-halide counterparts. 
The lack of DSC peaks suggests the absence of any abrupt heat 
exchange and phase transition in the mixed-halide perovskites.

Variable-temperature powder X-ray diffraction (VT- PXRD) 
measurements were performed to investigate the phase transi-
tions in halide perovskites. For MAPbI3, the split of the diffraction 
peaks of (200) at around 2θ = 28° and (210) at 2θ = 32° from room 
temperature down to 148 K is a signature of a tetragonal struc-
ture with a space group I4/mcm (Figure 2a).[22] Further cooling 
causes the emergence of an orthorhombic structure with space 
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group Pnma. These structural changes are caused by rearrange-
ments of the lead-halide octahedra, which progressively reduce 
the rotational motion of the MA cations.[36] In MAPbBr3, there is 
no diffraction peak splitting at high temperatures, which is con-
sistent with a cubic structure (space group Pm-3m) (Figure 2b). 
When the temperature decreases, phase transitions from cubic to 
tetragonal and then to orthorhombic structure are evidenced.

By contrast, the PXRD patterns of mixed-halide samples 
exhibit no apparent splitting in the diffraction peaks within 
the measured temperature range (Figure 2c,d), which leads to 
the conclusion that the lattices remain cubic or pseudo-cubic 
(i.e., structure close to cubic, but with some minor distortion). 
The diffraction patterns with labeled peaks at different tem-
peratures are provided in Figure S1, Supporting Information. 
Meanwhile, broadening of the diffraction peaks was observed 
and intensified as the temperature decreased, which may indi-
cate temperature-dependent lattice distortions including likely 
localized strains and multi-phase coexistence. Furthermore, 
single-crystal XRD experiments revealed the appearance of low-
symmetry structures in mixed-halide samples at low tempera-
tures (Figure S2, Supporting Information).

To account for such lattice distortions, in addition to cubic, 
tetragonal and orthorhombic structures were included in the 
PXRD fittings. The coexistence of tetragonal and orthorhombic 
structures across a certain temperature range has been previ-
ously reported in hybrid perovskites.[37] This is further con-
firmed through simulated SCXRD patterns, which showed 
the existence of the orthorhombic structure in addition to 
the cubic phase (Figure S3, Supporting Information). As we 
will discuss in a later section, our first-principles calculations  

predicted the existence of a monoclinic structure (space group 
Pm, Glazer’s notation a0a0a0) characterized by the absence of 
metal-halide octahedra tilts. Surprisingly, it was found that the 
addition of the monoclinic phase notably improves the PXRD 
fittings, as shown in Figure S4, Supporting Information. Such 
a monoclinic phase has been previously observed in ferroelec-
tric oxide perovskites such as PbZr0.52Ti0.48O3 (PZT) and BiFeO3 
(BFO),[37–39] but to the best of our knowledge, it has not been 
reported for any mixed-halide hybrid perovskites.

The weight% of monoclinic, cubic, tetragonal, and 
orthorhombic phases in MAPbI2Br obtained from PXRD fit-
tings at different temperatures, are plotted in Figure  2e. The 
Rietveld refinement profiles are given in Figures S5 and S6, 
Supporting Information. The monoclinic structure appears to 
be the dominant one for the mixed-halide perovskites across 
almost the entire temperature range, while small percentages 
of cubic, tetragonal and orthorhombic phases were also pre-
sent. The weight% of the monoclinic phase is 71% at room tem-
perature and reduced as the temperature decreases. This result, 
along with the broadening of PXRD peaks, indicates a reduc-
tion in the overall symmetry. As shown in Figure 2f, the overall 
trend of temperature-dependent phase weight% in MAPbIBr2 
is similar to that in MAPbI2Br, except that the monoclinic 
structure holds an even greater proportion (approximately 85% 
at room temperature), which is consistent with the expected 
smaller distortion caused by Br atoms compared to I atoms. 
Furthermore, the tetragonal and orthorhombic phases emerge 
in MAPbIBr2 only below 228 and 220 K, respectively.

The temperature-dependent monoclinic angle and lattice 
parameters of both mixed-halide hybrid perovskites are shown 
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Figure 1.  a) Absorption spectra of mixed-halide hybrid perovskites CH3NH3PbI3-xBrx. b) Tauc plots derived from a), and c) photoluminescence of 
CH3NH3PbI3-xBrx single crystals with x = 0, 1, 2, and 3. Insets: pictures of the corresponding grown crystals. Temperature dependence of DSC curves 
of d) MAPbI3, e) MAPbBr3, f) MAPbI2Br, and MAPbIBr2 single crystals measured during heating and cooling.
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in Figure 2g. It can be seen that the distortion angles are smaller 
than one degree with no discernible temperature-dependent 
trend beyond the experimental uncertainties. Besides, the 
monoclinic lattice parameters increase with temperature due 
to expansion of the unit cell, with MAPbI2Br indicating higher 
values as compared to MAPbIBr2. In order to justify the exist-
ence of the monoclinic structure in mixed-halide perovskites, 
the same Rietveld refinements were performed on single-
halide hybrid perovskites, MAPbI3 and MAPbBr3. As shown in  
Figure S7, Supporting Information, it was found that the 
weight% of monoclinic structure is 0% and 0.1% in MAPbI3 and 
MAPbBr3, respectively, indicating that the single-halide perov-
skites do not exhibit any monoclinic-type distortion. In addition, 
the lattice parameters of different phases in mixed-halide perov-
skites decrease with decreasing temperature and are smaller 
than the lattice parameters of I-rich compounds (Figure S8, 
Supporting Information), which is consistent with the MAPbI3 
and MAPbBr3 trends shown in Figure S9, Supporting Informa-
tion. The schematic illustrations of MAPbIBr2 perovskite struc-
tures in monoclinic, tetragonal, and orthorhombic phases are 
presented in Figure S10, Supporting Information.

Temperature dependence of the real ε ′ and imaginary ε ″ 
parts of the dielectric permittivity (ε *  =  ε ′ – iε ″) of the four 
perovskite single crystals were measured to shed light on the 
phase transitions. For MAPbI3, the dielectric constant increases 
from 65.4 at room temperature to the maximum value of 99.8 
at 165 K at a frequency of 1 MHz (Figure 3a), and this behavior 
can be attributed to the temperature-dependent rotational 
dynamics of MA dipoles.[39] A sharp drop of the dielectric con-
stant was observed at 155 K, which is caused by the first-order 
tetragonal-orthorhombic transition and the related (antipolar) 
ordering of the MA cations. The dielectric constant of MAPbBr3 
shows a similar trend except that there are two tetragonal struc-
tures between the cubic and orthorhombic ones.[13,38]

In contrast, the temperature-dependent dielectric constants 
of MAPbI2Br and MAPbIBr2 single crystals follow a trend 
drastically different from the single-halide counterparts. As 
the most notable feature, there is no abrupt change during 
cooling in mixed-halide perovskites, and instead, broad peaks 
of ε ′ were observed (Figure  3a). In addition, the temperature-
dependent dielectric loss is in line with the slower reorienta-
tional dynamics of the MA cations in mixed-halide hybrid 
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Figure 2.  Variable-temperature powder X-ray diffraction (VT- PXRD) patterns of a) MAPbI3, b) MAPbBr3, c) MAPbI2Br and d) MAPbIBr2. The splittings 
of peaks at the phase transition temperatures are marked for MAPbI3 and MAPbBr3. Temperature-dependent phase weight% of e) MAPbI2Br and  
f) MAPbIBr2. Besides the cubic (space group: Pm-3m), orthorhombic (Pnma), and tetragonal (I4/mcm) phases previously reported for halide perov-
skites, a hitherto unreported monoclinic (Pm) phase with slight lattice distortion was discovered. g) Monoclinic angle β and pseudo-cubic lattice 
parameters of the mixed-halide hybrid perovskites.
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single crystals[40] (Figure 3b). The observed feature indicates the 
frustration of net electric dipoles, as recently reported in mixed-
cation halide perovskites.[41] Consistent with this scenario, a 
significant frequency dispersion was observed in the mixed-
halide perovskites (Figure 3c,d): the ε ′ of MAPbI2Br reaches the 
maximum at 97, 117, 131, and 143 K, at frequencies of 1  kHz, 
100 kHz, 1 MHz, 15 MHz, respectively. For MAPbIBr2, the dis-
persion is much less pronounced and the maxima of ε ′ occur 
at temperatures generally higher than those in the MAPbI2Br 
counterpart. The high dielectric constants in these samples 
indicate ample rotational freedom of the MA cations[42] and siz-
able ionic conductivity.[40] In contrast, the dielectric constants of 
both MAPbI3 and MAPbBr3 single crystals show abrupt transi-
tions and negligible frequency dispersion, indicating much less 
glassy characteristics (Figure 3e,f).

To assess the impact of halide mixing on the optical proper-
ties of MAPb(IxBr1−x)3, we performed variable-temperature PL 
measurements. Although surface properties are mostly char-
acterized by PL measurement, some insights can be obtained 
on the phase transition behavior of the samples to support the 
PXRD data achieved from the bulk. To the best of our knowl-
edge, the temperature-dependent PL behavior of mixed-halide 
perovskite MAPbI2Br has not yet been reported. The color 
maps of normalized PL intensities as a function of tempera-
ture for MAPbI3 and MAPbI2Br single crystals are presented 
in Figure  4. In MAPbI3, the PL peak exhibits a continuous 
blueshift as the temperature decreases to 148 K, followed by 
a redshift until 103 K and splitting of the PL peak at lower  
temperatures (Figure 4a). The unusual redshift of the PL peak is 
attributed to the stabilization of the valence band maximum.[43]  

These features are associated with the phase transition from 
tetragonal to orthorhombic structures,[44] which is also captured 
by the anomalous variation in the full width at half maximum 
(FWHM) of the PL peak (Figure  4b). As the direct bandgap 
remains in the orthorhombic phase of MAPbI3, the two PL 
peaks at temperatures between 100 and 110 K reflect the radia-
tive recombination centers associated with intrinsic defects and 
residual tetragonal structures as well as the coexistence of both 
MA-ordered and MA-disordered orthorhombic domains.[43,45–46]

In contrast, with decreasing temperature, MAPbI2Br 
exhibited no abrupt change in PL peak position and FWHM 
(Figure  4c,d). The slight broadening of the PL emission peak 
with raising temperature can be attributed to the strong 
exciton-phonon interaction.[47] Furthermore, the PL emission 
spectrum consists of a single peak without notable splitting, 
which indicates the dominance of the cubic and the slightly 
distorted monoclinic phases in the light-emitting property of 
mixed-halide perovskites. Another possible scenario is that the 
multiple co-existing phases as revealed by the XRD experiment 
possess very similar bandgaps, which leads to broad PL peaks 
without abrupt temperature-dependent transitions. The absence 
of abrupt phase transition was also observed in perovskites with 
a few other mixed-halide compositions including MAPbI3−xYx 
(Y = Cl and Br) and (FAPbI3)0.85(MAPbBr3)0.15.[47–48] This optical 
feature of mixed-halide perovskites is consistent with the sup-
pression of phase transitions shown by the dielectric data 
enclosed in Figure 3.

Structural phase transitions can be directly observed by 
examining temperature-induced changes in elastic properties 
using Brillouin spectroscopy.[49] Thus, to test our hypothesis 
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Figure 3.  Temperature dependence of the a) real and b) imaginary parts of the dielectric permittivity of perovskite single crystals measured at 1 MHz. 
Temperature dependence of the real (ε′) part of dielectric permittivity in c) MAPbI2Br, d) MAPbIBr2, e) MAPbI3, and f) MAPbBr3 single crystals meas-
ured at different frequencies during cooling.
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of suppressed phase transitions in mixed-halide hybrid perov-
skites, we collected Brillouin spectra in a broad temperature 
range (from 90 to 300 K) for two representative hybrid halide 
perovskites: one pure-halide MAPbBr3 (Figure 5a) and the other 
mixed-halide MAPbIBr2 (Figure  5c). The two distinct features 
in the Brillouin spectra, at 17 GHz–22 GHz and 6 GHz–8 GHz, 
are assigned to longitudinal (LA) and transverse acoustic 
(TA) phonons, respectively. By comparing Figure  5a,c, it is 
evident that both LA and TA phonons evolve similarly in the  
measured temperature range. LA and TA phonons first 
soften, i.e., decrease in frequency with decreasing tempera-
ture, down to 235 K in MAPbBr3 and 220K in MAPbIBr2. The 
first temperature coincides with the cubic-tetragonal phase 
transition, which we observed with DSC (Figure  1e) and 
PXRD (Figure 2b) in MAPbBr3. With the further temperature 
decrease, phonon frequencies increase, which is a signature of 
phonon hardening.

We will now focus on a narrow temperature range in the 
vicinity of the tetragonal-orthorhombic phase transition in 
MAPbBr3 to further elucidate the differences in phase transi-
tions between mixed- and single-halide perovskites. The repre-
sentative Brillouin spectra are presented in Figures  5b,d, and 
details of data analysis can be found in the methods section. 
It is evident that the spectrum of MAPbBr3 at T  = 138 K dif-
fers significantly from the one at T  = 133 K (Figure  5b). In 
MAPbIBr2, however, all the spectra (Figure  5d) are similar 
across the measured temperature range. The stochastic reori-
entational dynamics of MA cations cause incoherent light scat-
tering, which results in the observed quasielastic component (a 
tail of the broad Lorentzian at zero frequency) in the Brillouin 
spectra.[50] The quasielastic component is present in the spectra 
of both crystals at higher temperatures. Upon the tetragonal-

orthorhombic phase transition in MAPbBr3, MA cation reori-
entational dynamics are suppressed,[51] which results in a com-
plete disappearance of the quasielastic component at T = 133 K  
and T  = 123 K (Figure  5b). However, in MAPbIBr2, such a 
drastic change is not observed. Instead, the quasielastic com-
ponent varied continuously with the decrease in temperature 
(Figure  5d). This behavior is comparable with a recent report 
that A-site and halide-site substituted perovskites exhibit sup-
pressed phase transitions and altered reorientational dynamics 
of the A-site molecule.[52] Thus, the difference in the low-tem-
perature Brillouin spectra between MAPbBr3 and MAPbIBr2 
indicates that the orthorhombic-tetragonal phase transition in 
mixed-halide hybrid perovskites is indeed suppressed.

In addition to the GHz range explored with the Brillouin 
spectroscopy, the composition-dependent structural phase 
transitions are accompanied by the significant changes in the 
THz phonon spectra.[53] To explore the THz range that covers 
optical phonons, we employed inelastic neutron scattering 
(INS) spectroscopy to map the optical phonon density of states 
(pDOS). Optical phonons in the hybrid perovskites are known 
to show little dispersion and isotropic in reciprocal space.[54–55] 
In Figure 6a–d, color maps of neutron scattering cross-section 
S(ℏω, Q) measured in the λ configuration (λ = 4.69 Å) for four 
samples at T = 100 K are presented. The figures reveal a stark 
difference between pure (MAPbBr3 and MAPbI3) and mixed 
halide (MAPbIBr2 and MAPbI2Br) samples. It is evident that 
the detected phonons are well defined for all wavevectors in 
the pure halide samples, whereas they are blurred out for the 
mixed-halide counterparts.

Figure  6e presents the integrated data from Figure  6a–d 
in the form of generalized phonon density of states (GDOS), 
which applies a slight modification on pDOS to account for 

Small 2022, 18, 2200847

Figure 4.  Color maps of normalized PL spectra of a) MAPbI3 and c) MAPbI2Br. PL peak position (red dots) and full width at half maximum (FWHM) 
(blue dots) of b) MAPbI3 and d) MAPbI2Br, respectively.
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the phonon thermal population factor (see the method sec-
tion). The peaks correspond to optical phonon modes involving 
solely inorganic lattice (o1, o2, and o3) and inorganic-organic 
coupled modes (oc1, oc2). The detailed mode assignment is 
given in Table S2, Supporting Information. The integrated data, 
proportional to pDOS in the λ/2 configuration, are presented 
in Figure 6f. While the optical phonon mode (o1) at 2 meV is 
well defined in MAPbI3 and broadened in MAPbBr3, it is fully 
damped in MAPbIBr2 and MAPbI2Br. Furthermore, compared 
to the single-halide counterparts, the organic-inorganic lat-
tice coupled mode (oc1) at 11 meV appears significantly more 
damped in the mixed-halide perovskites. The same depend-
ence of the phonon modes on the halide composition was also 
observed at 1.5 K (Figure S11, Supporting Information).

The suppression of the phase transitions in the mixed-halide 
samples leads to less defined optical phonon modes, a signature 
of a glassy lattice. Upon the tetragonal-orthorhombic phase tran-
sition in pure-halide perovskites, MA molecules lose their sto-
chastic character and take a more preferential direction in the 
unit cells. If there is a regular arrangement of neighboring MA 
molecules with long-range order, it would lead to sharp optical 
phonons due to increased crystallinity of the organic sublat-
tice (Figure S12, Supporting Information). That is the case in 
MAPbI3, where MA molecules are antiferroelectrically ordered 
in the orthorhombic phase.[56] However, in mixed-halide perov-
skites, abrupt phase transition does not occur. Upon lowering 

the temperature, MA molecular motions slow down until they 
are quenched. Therefore, static MA cations are randomly ori-
ented and no long-range order is established. In other words, 
the organic sublattice formed by MA molecules is glassy (amor-
phous), while the inorganic lattice remains crystalline. This co-
existence of crystalline and glassy lattices results in less defined 
optical phonons, as observed in mixed-halide hybrid perovskites.

In order to better understand the possible mechanisms 
leading to the absence of phase transitions and the MA reori-
entational motion in mixed-halide hybrid perovskites, we per-
formed extensive first-principles calculations based on density 
functional theory (DFT, Experimental Section). In particular, we 
calculated 1) the mixing enthalpy of MAPbI2Br and MAPbIBr2 in 
their pseudo-cubic, tetragonal and orthorhombic phases and 2)  
the MA rotation autocorrelation function of cubic MAPbI3, 
MAPbBr3, MAPbI2Br and MAPbIBr2 at different temperatures.

After the DFT geometry relaxations, we found that the cubic 
phase of MAPbI2Br and MAPbIBr2 underwent small mono-
clinic distortions of 1.66 and 0.32°, respectively (Figure  7a,b), 
which is in line with the XRD result. For all mixed-halide 
phases, the lowest energies were obtained for configurations in 
which the less abundant halide ions (e.g., I for MAPbIBr2) were 
surrounded by eight of the more abundant halide ions (e.g., Br 
for MAPbIBr2). Analogous to the pure MAPbI3 and MAPbBr3 
cases, we found that monoclinic mixed-halide perovskites have 
higher DFT energies than the corresponding tetragonal and 

Small 2022, 18, 2200847

Figure 5.  Normalized temperature-dependent color maps of Brillouin spectra measured in a) MAPbBr3 and c) MAPbIBr2. Brillouin spectra of  
b) MAPbBr3 and d) MAPbIBr2 measured at four different temperatures. Temperatures are selected to be in the vicinity of MAPbBr3 orthorhombic to 
tetragonal phase transition. The selected spectra correspond to the vertical slices of the area framed with dashed rectangles in (a) and (c). The solid 
lines in (b) and (d) are fits to the experimental data.

 16136829, 2022, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202200847 by A
nsto, W

iley O
nline L

ibrary on [05/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

2200847  (8 of 12) © 2022 The Authors. Small published by Wiley-VCH GmbH

orthorhombic phases (e.g., EC − ET  = 61 and 13 meV per for-
mula unit (f.u.) for MAPbI2Br and MAPbIBr2, respectively). 
This computational result appears to be in contradiction with 
the experimental observation that the monoclinic structures of 
mixed-halide perovskites persist down to low temperatures.

Interestingly, however, our DFT calculations of the mixing 
enthalpy, Hmix for the three phases of MAPbI2Br and MAPbIBr2 
(Experimental Section) show that at low temperatures only the 
slightly distorted phase is stable against decomposition into the 
end-members MAPbI3 and MAPbBr3 (Figure 7c). For instance, 
MAPbIBr2 presents the lowest Hmix value of −37 meV per f.u. 
for the monoclinic phase and the highest Hmix value of +40 meV 
per f.u. for the orthorhombic phase. Therefore, we may con-
clude that as the temperature drops mixed-halide perovskites 
tend to remain dynamically arrested in the cubic and slightly 
distorted monoclinic phases due to the impassable energy bar-
riers accompanying the chemical decomposition of the energeti-
cally more favorable tetragonal and orthorhombic phases.

In our ab initio molecular dynamics simulations, we found 
that at T = 250 K and 400 K both cubic MAPbI3 and MAPbBr3 
present very high MA reorientational motion characterized by 
similar MA reorientational frequencies and correlation times 
(Figure  7d). More importantly, in good agreement with our 
experimental observations, MA reorientational motion turns 
out to be significantly hindered in mixed-halide perovskites, 
as evidenced by the time decay estimated for the MA rotation 

autocorrelation function. The main reason for the blockage of 
MA rotation in mixed-halide perovskites is the disruption of the 
highly symmetric and shallow potential environment experi-
enced by the molecular anions in cubic MAPbI3 and MAPbBr3.

The appearance of a monoclinic distortion in the cubic 
phase and the chemical disorder in the MA halide coordination 
(Figure  7a,b) establish a preferential direction for MA orienta-
tion and thus are ultimately responsible for the partial frustra-
tion of MA reorientational motion. As the systems are quenched 
from high to low temperature, the lack of abrupt phase trans-
formations and the freezing of MA rotations naturally lead to 
the appearance of an orientational glass phase. Furthermore, 
the theoretical vibrational density of states was calculated for  
MAPbIBr2 and MAPbI2Br at 250 K (Figure S13, Supporting 
Information). The results were in reasonable agreement with the 
experimental pDOS (Figure 6f), featuring broad energy peaks at 
11 meV and significantly damped modes at lower energies.

3. Conclusion

In this work, a suite of complementary techniques has been 
applied to shed light on the lattice structures and cation 
dynamics in mixed-halide hybrid perovskites. The materials 
remain mainly in the pseudo-cubic phases, i.e., the combina-
tion of cubic and slightly monoclinic, with small percentages 

Small 2022, 18, 2200847

Figure 6.  Neutron scattering cross-section S(Q, ℏω) at T = 100 K of a) MAPbI3, b) MAPbI2Br, c) MAPbIBr2, and d) MAPbBr3, measured in the λ con-
figuration; Q corresponds to phonon wavevector and ℏω to phonon energy. e) Generalized phonon density of states (GDOS) extracted from the data 
in (a–d). f) Plot of 

S Q dQ( , )ω∫  (proportional to phonon density of states) as a function of phonon energy, measured in λ/2 configuration. Optical 
inorganic (o1, o2, and o3) and optical organic-inorganic (oc1, oc2) phonon modes are labeled.
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of tetragonal and orthorhombic phases. Compared to the pure 
halide counterparts, a much glassier lattice of mixed-halide 
perovskites was revealed, indicating the frustration of MA 
reorientational motions as well as slower molecular dynamics. 
Moreover, halide mixing seems to promote the crystal-liquid 
duality in hybrid perovskites over a much wider tempera-
ture range compared to the single-halide counterparts. These 
observed characteristics of mixed-halide perovskites are ulti-
mately responsible for the suppression of phase transitions 
and the coexistence of several structures. The discovered domi-
nance of high-symmetry structures in mixed-halide perovskites  
and their persistence in a wide range of temperatures have signif-
icant implications for optoelectronic applications, particularly on 
the enhanced ambient stability compared to the pure-halide end-
members. The anomalous suppression of long-range structural 
order contributes to the unique electronic and phonon charac-
teristics of hybrid perovskites with engineered mixed-cation and/
or mixed-halide compositions. An in-depth understanding of the 
dynamics of orientational MA cations and the glassy behavior of 
the perovskite lattice provide new clues for improving the perfor-
mance and stability of perovskite-based devices.

4. Experimental Section
Chemicals and Reagents: Lead bromide (≥98%) and lead 

iodide (99.999% trace metals basis) were purchased from Sigma 
Aldrich. MABr and MAI were purchased from Dyesol (Australia).  
N,N-dimethylformamide (DMF) (99.8%) and g-butyrolactone (GBL) 

(>98%) solvents were purchased from RCI Labscan and TCI (Tokyo 
Chemical Industry), respectively. All salts and solvents were used as 
received without any further purification.

Sample Preparation: Inverse temperature crystallization method 
was used in synthesizing the single crystals. A mixture of MAX and  
PbX2 (X = I or Br) was dissolved in GBL and DMF solvents to prepare 0.8 
and 1 molar solutions of MAPbI3 and MAPbBr3, respectively. For MAPbI2Br 
and MAPbIBr2, 0.9 molar solutions were synthesized in mixed solvents 
of GBL and DMF (2:1 and 1:2 ratios, respectively). The bromide solution 
was prepared at room temperature, whereas the others were heated up to  
60 °C until the powders were dissolved thoroughly. Then, the solutions 
were filtered by PTFE filters with 0.45 µm pore size, and 3 ml of the 
filtrates were placed in a beaker on a hot plate. The temperatures of  
the solutions were gradually increased to 120 °C for mixed-halide 
perovskite solutions and 100 and 150 °C for MAPbBr3 and MAPbI3, 
respectively. The crystals were grown for 3 h under ambient conditions. 
For the optical absorption measurements, thin films were prepared from 
precursors, which were fabricated by dissolving a mixture of MAX and 
PbX2 (X = I or Br) in 1 ml of DMF and DMSO solvents (DMF:DMSO = 4:1 
for mixed-halide perovskites). The perovskite precursor solution was spin-
coated onto the substrate at 1000 rpm for 10 s and 4000 rpm for 30 s using 
anti-solvent chlorobenzene, followed by heating at 100 °C for 10 min.

DSC and XRD Measurements: DSC measurements were performed 
on a Netzsch DSC. Proteus 204 F1 in aluminum crucible under 
nitrogen atmosphere. The single crystals were cooled and heated in the 
temperature range of 115–330 K with a scan rate of 10 K min−1. Variable-
temperature X-ray Diffraction measurements were conducted on a 
PANalytical Empyrean system fitted with a copper tube (λ  = 1.5406 Å) 
and a PIXcel detector. The sample stage was configured with Oxford 
PheniX cryostat to perform data collection at low temperatures. The 
sample height alignment was performed so that the data collection error 
could be minimized. Data collection was performed over a 2θ range 
of 10–95° with a step size of 0.026° and a measurement time of 550 s  

Small 2022, 18, 2200847

Figure 7.  Detail of the optimum arrangement of halide ions around the MA cations obtained for a) MAPbI2Br and b) MAPbIBr2 (some atoms have 
been removed for clarity). c) Density functional theory (DFT) mixing enthalpy obtained for the tetragonal, orthorhombic, and pseudo-cubic phases of 
mixed-halide hybrid perovskites; positive (negative) Hmix values indicate a tendency for the system to (not) decompose into the endmembers MAPbI3 
and MAPbBr3. d) MA rotation autocorrelation function results obtained from ab initio molecular dynamics simulations for pure and mixed halide 
hybrid perovskites at 250 K; rapidly (slowly) decaying autocorrelation functions indicate high (low) frequency MA reorientational motion. Dashed lines 
represent results obtained at a high temperature of 400 K.
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per step. Raw data were collected from ambient temperature to 18 K. 
The raw data were processed using HighScore Plus software (Supplier: 
PANalytical BV, The Netherlands). A full pattern Rietveld fit was 
performed on the raw PXRD data with the crystallographic information 
files (cif) derived from the SCXRD data and DFT calculations. More 
details on data analysis are provided in Supporting Information.

Dielectric Measurement: For dielectric measurements, opposite 
faces of the perovskite single crystals were painted with silver paste as 
electrodes, and the samples were positioned inside the cryostat of a 
physical property measurement system (Quantum Design, PPMS-9T), 
with the temperature controlled in the range from 50 to 300 K. Dielectric 
constants and dissipation factors at various temperatures were 
measured using a LCR meter (Agilent 4294A) with an AC voltage of 0.5 V.

Brillouin Microspectroscopy Measurements: Brillouin microspectroscopy 
measurements reveal low-frequency (GHz) acoustic phonon spectra 
of perovskite single crystals. These measurements were carried out 
using a single-frequency continuous-wave laser (λ = 660 nm, 200 mW, 
Torus Laser Quantum) and a scanning, 6 pass tandem Fabry–Perot 
interferometer (TFP1, JRS Instruments). The samples were positioned 
inside the FTIR600cryostat stage (Linkam Scientific), with temperature 
controlled externally in the range from 100 to 300 K. The direction of 
the probing laser beam was chosen collinear with the axis of symmetry 
(100) for crystalline cubic phase while the scattered light was collected in 
backscattering geometry. The average acquisition time per measurement 
was chosen between 30 and 300 s depending on the signal strength, 
but overall giving rise to a signal-to-noise ratio of at least 103. The long-
distance objective lens used for this measurement had a numerical 
aperture of NA = 0.42 and resulted in an approximate focal volume 
of 2 µm × 2 µm × 50 µm for X, Y, and Z directions, respectively. Two 
phonon modes were detected at each spatial location and temperature 
setting: 1) high-frequency longitudinal acoustic (LA) mode and  
2) low-frequency quasi-transverse mode (TA). The data for the low-
energy TA mode was fitted using the Lorentzian profile convoluted with 
the instrument response function (measured at each temperature). The 
high-energy LA mode experimental data was successfully described with 
the model,[50] which assumes coupling between LA and quasielastic peak 
at zero frequency originating from the rotational MA modes.

PL Spectroscopy and Absorption Measurements: PL measurements were 
carried out in a custom build PL setup consisting of a continuous wave 
Thorlabs laser diode excitation source (λ = 407 nm), which was focused 
with a long-distance 15X metal (silver) objective lens (to minimize 
chromatic aberration induced distortion of collected PL spectra) of  
NA = 0.3 forming a 1.5 m 1 e−2 diameter spot on a sample’s surface. The 
sample was mounted inside FTIR6000 (Linkam Scientific) liquid nitrogen 
cryostage. The PL was collected with the same objective, filtered with a 
450 nm long-pass filter, and coupled to an optical fiber connected with a 
modular UV-VIS spectrometer (Ocean Insight). Spectra were acquired in 
temperature steps of 5 K, with a heating rate of 10 K min−1 and a waiting 
time of 1 min for the thermal equilibration between stage and a sample 
volume. Recorded spectra were fitted with Gaussian profiles and the 
corresponding peak position and FWHM parameters for each temperature 
were extracted to form Figure  5b,d. PerkinElmer LAMBDA1050 UV/Vis/
NIR spectrophotometer with an integrating sphere module was used to 
measure transmittance (T) and reflectance (R) spectra of the thin film 
samples. Absorptance (A) was then calculated as A = 1-R-T.

Neutron Scattering Measurement: INS experiments were performed 
on the time-of-flight cold-neutron spectrometer-Pelican,[57–58] at the 
Australian Nuclear Science and Technology Organisation (ANSTO), 
Australia. Approximately 4g  of powder samples were mounted in 
an annular aluminum sample can with a 0.5  mm gap. The sample 
was mounted in a sample stick CCR type cryostat with secondary He 
recirculation loop capable of measuring in the temperature range 1.5 to 
800 K. The instrument was aligned for λ  = 4.69 Å (3.7 meV) incident 
neutrons and for λ/2 = 2.35 Å (14.8 meV) neutrons which lead to the 
instrument resolution of 135 μeV and 0.7 meV, respectively. The intensity 
of an empty can was subtracted as the background contribution and 
the data were normalized to a vanadium standard that had the same 
geometry as the sample can. All data manipulations were performed 

using the Large Array Manipulation Program (LAMP). The scattering 
function S(Q, ℏω), as a function of scattering wave vectors (Q) and 
phonon energy (ℏω), were measured in both λ and λ/2 configuration on 
energy loss and gain mode, respectively, over a wide temperature range 
and then transformed to a GDOS using the following formula,

∫ ω ω( )( ) = −






ω−

g E
Q

S Q e dQk TB, 12






� (1)

where kB is Boltzmann’s constant and T is temperature.
First-Principles Calculations: DFT calculations based on the PBEsol 

functional[59] were performed with the VASP software.[60] Wave functions 
were represented in a plane-wave basis set truncated at 750  eV, and a 
Monkhorst-Pack k-point grid of 12  × 12  × 12 was used for reciprocal-
space integrations within the first Brillouin zone (IBZ) of a 12-atoms unit 
cell. The “projected augmented wave” method was used to represent 
the ionic cores considering the following electronic states as valence:  
C 2s2p, H 1s, N 2s2p, Pb 6s6p, I 5s5p, and Br 4s4p. Geometry relaxations 
were performed for optimizing the structure of bulk MAPbI3, MAPbBr3, 
MAPbI2Br, and MAPbIBr2 in the corresponding cubic, tetragonal and 
orthorhombic phases at zero temperature, by using a conjugate-gradient 
algorithm that optimized the volume and shape of the unit cell as well 
as the atomic positions. The geometry relaxations were halted once the 
forces in all the atoms were smaller than 0.01 eV Å−1. Chemical disorder 
in the mixed-halide hybrid perovskites was simulated by generating all 
possible I/Br ionic arrangements compatible with a 1 × 3 × 3 supercell 
containing nine formula units. Mixing enthalpies, Hmix, were calculated 
by considering ground-state energies and the formula:

I Br I 1 rmix 3 3 3 3 3H x H MAPb xH MAPb x H MAPbBx x( ) ( ) ( )( ) ( )= − − −− � (2)

where x represents the percentage of MAPbI3 in the mixed compound. 
Positive Hmix values indicate that the crystal is thermodynamically prone 
to decompose into the end-members MAPbI3 and MAPbBr3 at low 
temperatures (i.e., when configurational entropy effects are negligible).

First-principles molecular dynamics (AIMD) simulations based on 
DFT[61] were performed in the canonical (N,V,T) ensemble for cubic MAPbI3, 
MAPbBr3, MAPbI2Br, and MAPbIBr2. The selected unit cell volumes, 
geometries, and I/Br ionic arrangements were the same as determined 
at zero-temperature conditions (i.e., ground-state configurations). The 
temperature in the AIMD simulations was kept fluctuating around a set-
point value by using Nose–Hoover thermostats. Large simulation boxes 
containing 324 atoms (that is, 27 formula units) were employed in all the 
AIMD simulations and periodic boundary conditions were applied along 
with the three corresponding pseudo-Cartesian directions. Newton’s 
equation of motion was integrated by using the customary Verlet’s 
algorithm and a time-step length of δt = 10−3 ps. Γ-point IBZ sampling was 
employed for all the AIMD simulations. The calculations comprised total 
simulation times of ≈100 ps and we performed two AIMD simulations per 
compound at T = 400 and 250 K. The rotation autocorrelation function of 
the molecular anions (MA) was estimated with the formula:

( ) · ( )MA t tr rτ τ( )Φ = + � (3)

where r is a unitary vector connecting the C and N atoms in each MA 
and 〈···〉 denotes the thermal average for all MA over the total duration 
of the simulation.[61] This autocorrelation function typically decays as  
exp[−λMA·τ ], where the parameter λMA is positively defined and 
represents a characteristic reorientational frequency. When the MA 
reorientational motion is significant, that is, λMA is large, the ΦMA 
function rapidly decreases to zero with time.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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