RESEARCH ARTICLE | APRIL 14 2023

Understanding the phase transition mechanism in the lead
halide perovskite CsPbBr, via theoretical and experimental
GIWAXS and Raman spectroscopy

Alexander E. J. Hoffman 2 ; Rafikul Ali Saha © ; Sander Borgmans 2 ; Pascal Puech 2 ; Tom Braeckevelt
Maarten B. J. Roeffaers © ; Julian A. Steele © ; Johan Hofkens @ ; Veronique Van Speybroeck &

’ '.) Check for updates ‘

APL Mater 11, 041124 (2023)
https://doi.org/10.1063/5.0144344

L
S
| -
()
el
O
=
—l
o B
<

. CrossMark
@

View Export
Online  Citation

AIP
é/:. Publishing

¥#:66:20 €202 AInr G0


https://pubs.aip.org/aip/apm/article/11/4/041124/2878649/Understanding-the-phase-transition-mechanism-in
https://pubs.aip.org/aip/apm/article/11/4/041124/2878649/Understanding-the-phase-transition-mechanism-in?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/apm/article/11/4/041124/2878649/Understanding-the-phase-transition-mechanism-in?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0002-1529-4705
javascript:;
https://orcid.org/0000-0002-9651-6938
javascript:;
https://orcid.org/0000-0002-9187-4293
javascript:;
https://orcid.org/0000-0002-9863-0128
javascript:;
https://orcid.org/0000-0002-9669-3715
javascript:;
https://orcid.org/0000-0001-6582-6514
javascript:;
https://orcid.org/0000-0001-7982-4413
javascript:;
https://orcid.org/0000-0002-9101-0567
javascript:;
https://orcid.org/0000-0003-2206-178X
javascript:;
https://doi.org/10.1063/5.0144344

APL Materials ARTICLE scitation.org/journal/apm

Understanding the phase transition mechanism
in the lead halide perovskite CsPbBrs via
theoretical and experimental GIWAXS

and Raman spectroscopy

Cite as: APL Mater. 11, 041124 (2023); doi: 10.1063/5.0144344 @ I-l-j @
Submitted: 29 January 2023 < Accepted: 4 April 2023
Published Online: 14 April 2023

Alexander E. J. Hoffman,' Rafikul Ali Saha,” '/ Sander Borgmans,' Pascal Puech,’
Tom Braeckevelt,"” '/ Maarten B. J. Roeffaers,” '’ Julian A. Steele,”” "/ Johan Hofkens,"’
and Veronique Van Speybroeck'*’

AFFILIATIONS

ICenter for Molecular Modeling, Ghent University, Technologiepark 46, 9052 Zwijnaarde, Belgium
2cMACS, Department of Microbial and Molecular Systems, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium
3Centre d'Elaboration des Matériaux et d'Etudes Structurales (CEMES), UPR8011 CNRS, Université Toulouse 3,
Rue Jeanne Marvig 29, 31055 Toulouse, France
“Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium

@ Also at: Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium.

PAlso at: School of Mathematics and Physics, The University of Queensland, Brisbane, QLD 4072, Australia.
julian.steele@kuleuven.be

fAlso at: Max Plank Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz, Germany. johan.hofkens@kuleuven.be

9 Author to whom correspondence should be addressed: veronique.vanspeybroeck@ugent.be

ABSTRACT

Metal-halide perovskites (MHPs) exhibit excellent properties for application in optoelectronic devices. The bottleneck for their incorporation
is the lack of long-term stability such as degradation due to external conditions (heat, light, oxygen, moisture, and mechanical stress), but the
occurrence of phase transitions also affects their performance. Structural phase transitions are often influenced by phonon modes. Hence, an
insight into both the structure and lattice dynamics is vital to assess the potential of MHPs. In this study, GIWAXS and Raman spectroscopy
are applied, supported by density functional theory calculations, to investigate the apparent manifestation of structural phase transitions in
the MHP CsPbBr3. Macroscopically, CsPbBrs undergoes phase transitions between a cubic (a), tetragonal (), and orthorhombic (y) phase
with decreasing temperature. However, microscopically, it has been argued that only the y phase exists, while the other phases exist as averages
over length and time scales within distinct temperature ranges. Here, direct proof is provided for this conjecture by analyzing both theoretical
diffraction patterns and the evolution of the tilting angle of the PbBrs octahedra from molecular dynamics simulations. Moreover, sound
agreement between experimental and theoretical Raman spectra allowed to identify the Raman active phonon modes and to investigate their
frequency as a function of temperature. As such, this work increases the understanding of the structure and lattice dynamics of CsPbBr3 and
similar MHPs.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144344
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I. INTRODUCTION
Perovskites can contribute to the transition toward a sustain- than 25%," making them competitive with established solar tech-
able economy as they are promising materials for solar cells' * and ~ nologies. Perovskites have a typical chemical formula of ABX,
other energy conversion devices.” In recent years, their power con- where A and B are both cations with different atomic radii and
version efficiency has been increased from 3.8% in 2009° to more the X site is taken by an anion. The A cations are centrally placed
APL Mater. 11, 041124 (2023); doi: 10.1063/5.0144344 11, 0411241
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between the B cations, which, in turn, are located in the centers of
BXs octahedra.

A specific subclass of perovskites, the metal-halide perovskites
(MHPs), has been the center of research lately.g’m In MHPs, the A
site is represented by an organic or inorganic monovalent cation
such as methylammonium (MA), formamidinium (FA), Cs, or Rb.
The B site is occupied by a divalent metal cation such as Pb or Sn.
Finally, the X site is filled by a halide anion, typically Cl, Br, or I. With
regard to optoelectronic applications, MHPs show suitable proper-
ties such as tunable direct bandgaps, high intrinsic carrier mobilities,
long carrier lifetimes, high photoluminescence lifetimes and yields,
and high defect tolerance.” "’ Despite these advantages, the bottle-
neck of incorporating MHPs in present-day devices is the lack of
long-term operational stability.”'* In addition to the degradation
of the material due to heat, light, oxygen, moisture, and mechan-
ical stress,”” ' MHPs exhibit phase transitions under operating
conditions, which can also have an impact on their optoelectronic
properties.'”'”*" These phase transitions are the result of structural
fluctuations induced by soft phonon modes.”” With an eye toward
future commercialization, it is important to understand the relation
between these phonon modes, the phase transition mechanism, and
the influence on essential material properties.

Phonon modes have been extensively studied in MHPs already
because of their link with structural phase transitions.” ** Usu-
ally, molecular simulations are required to gain an insight into the
phonon modes that are involved. With the help of a simple theo-
retical picture, it is possible to identify important phonon modes
in the phonon band structure obtained via normal mode analysis
following static DFT calculations. As an illustration, we consider
the phonon band structures of the three macroscopic phases of
the MHP CsPbBr3 (see Fig. 1). The choice for CsPbBrs3 is inspired
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by the lack of organic parts, which simplifies the spectral analysis
and allowed us to focus on the low-frequency phonon spectrum
only. Moreover, inorganic MHPs are more stable under atmospheric
conditions, which make them experimentally more tractable.*” Fur-
thermore, CsPbBrs3, in contrast to the more popular CsPbls, does
not exhibit a photo-inactive & phase,’" " which again facilitates the
experimental characterization. At high temperatures (above 403 K),
CsPbBr; appears in its highly symmetric cubic a phase,*’ whereas at
low temperatures (below 361 K), the structure is in its lower sym-
metry orthorhombic y phase.”” The tetragonal 8 phase is present at
intermediate temperatures.”’

As shown in Fig. 1, the phonon band structure of the y phase
of CsPbBr3 contains merely positive phonon bands, indicating that
this phase is located in a minimum of the potential energy surface
and, consequently, is stable at 0 K. In contrast, in the phonon band
structures of the « and  phases, there exist phonon modes with
imaginary frequencies at several points in the first Brillouin zone
(here presented by negative phonon frequencies), clearly showing
that these phases are intrinsically unstable at 0 K.*" This is a general
feature of MHPs and is in agreement with literature reports.”” **' **
Moreover, the phonon modes with imaginary frequencies indicate in
which way the structure can be deformed to reach an energetically
more favorable state. On the one hand, the instability at the M-point
in the « phase is the result of in-phase tilting of the PbBrs octahe-
dra. This kind of tilting leads to a transition to the 8 phase. On the
other hand, the instability at the R-point in the cubic « phase and the
Z-point in the tetragonal  phase is caused by out-of-phase tilting of
the PbBrs octahedra. Starting from the f phase, this out-of-phase
tilting around both the x- and y-axes, in combination with Cs dis-
placements in the x and y directions, gives rise to a transition to the
y phase.”
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FIG. 1. Visualization of the cubic, tetragonal, and orthorhombic phases of CsPbBr;. The in-phase tilting along the z-axis transforms the cubic phase into the tetragonal
phase. The out-of-phase tilting along the x- and y-axes transforms the tetragonal phase into the orthorhombic phase. The phonon band structures of the different structures
are shown at the bottom. The cubic phase has imaginary phonon modes around the M- and R-points at the border of its first Brillouin zone. The tetragonal phase has

imaginary phonon modes around the Z-point of its first Brillouin zone.
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The above-mentioned normal mode analysis, which is inher-
ently harmonic, demonstrates why CsPbBr; resides in its y phase at
low temperatures. However, as phonon modes in MHPs are strongly
anharmonic,”®*** this harmonic theory breaks down at realistic
temperatures. Hence, it cannot explain the phase transition mecha-
nism. Anharmonic phonon modes can behave as soft modes, whose
frequency decreases toward zero when the phase-transition temper-
ature is approached. These modes drive displacive phase transitions,
as is the case in several types of perovskites such as SrTiOs°! and
Cs,AgBiBre.” In the case of CsPbBrs, the phase transitions have a
different origin as such soft modes have not been observed. Recently,
there are reports that the pure tetragonal and cubic phases do not
actually exist on a local scale. Instead, static and dynamic disorder in
the structure makes them appear as averages over longer time and
length scales.””””***"***°" Dynamic disorder originates from tran-
sitions between different lower-symmetry systems, which yields, on
average, a highly symmetric system. In the case of CsPbBr3, these
transitions are governed by phonon modes inducing octahedral tilt-
ing in the orthorhombic phase. The dynamics of this phenomenon
can be described by an anharmonic multi-well potential energy
surface.”’ When the temperature increases, the energy barrier of
specific paths between different symmetry equivalent orthorhom-
bic states can be crossed. This can explain the observed order of
phase transitions: one of these paths, leading to a time-averaged
tetragonal phase, has a significantly lower-energy barrier than the
others. When crossing this energetic barrier at the phase-transition
temperature, the tetragonal phase is observed. The other paths
lead to a time-averaged cubic phase once their energetic barrier is
overcome."’

In this work, the hypothesis of dynamic disorder leading to
the tetragonal and cubic phases is further corroborated by grazing-
incidence wide-angle x-ray scattering (GIWAXS ) and Raman spec-
troscopic measurements supported by theoretical simulations on
CsPbBrs;. GIWAXS is a popular technique to characterize the struc-
ture of MHP thin films,”® whereas Raman spectroscopy has already
showed its value in the characterization of the lattice dynam-
ics of CsPbBr3.””*****""%" For instance, an important contribution
by Yaffe et al. dedicated the origin of the Raman central peak
(ie., at 0 cm™) to polar fluctuations due to head-to-head motions
of the Cs atoms, coupled with perpendicular, outward motion of the
neighboring Br atoms.” Later on, Gao et al. showed that octahedral
tilting contributes to the Raman central peak. This allowed one to
connect the lone-pair stereochemical activity with octahedral tilting
instabilities.”

Here, it is shown that experimental GIWAXS data on thin films
of CsPbBr3 could reliably be reproduced by ab initio molecular
dynamics (AIMD) simulations. In this way, it could be demon-
strated that the tetragonal phase does not exist on the local scale.
By subsequently analyzing the Pb-Br-Pb angles, it is pointed out
that, although macroscopically a cubic structure is measured, micro-
scopically the structure stays in its orthorhombic phase at high
temperatures. This observation was further supported by a good
correspondence between experimental and theoretical Raman spec-
tra, which allowed for a unique assignation of the origin of the
Raman active vibrations. Furthermore, the temperature dependence
of the Raman bands and their anharmonicity was assessed, giving an
insight into the lattice dynamics of CsPbBr3.

ARTICLE scitation.org/journal/apm

Il. METHODS
A. GIWAXS

To probe the evolution of the crystal structure with tempera-
ture, temperature-dependent synchrotron-based GIWAXS data of a
CsPbBr3 thin film were collected at the European Synchrotron Radi-
ation Facility (ESRF) BM26 using the PILATUS@SNBL diffractome-
ter. The monochromatic beam (1 = 1.033 A) and the parameters
of the detector were calibrated on Al,O3. The obtained calibrations
were implemented in Bubble for further azimuthal integration of 2D
images. Data have been recorded during the cooling cycle (temper-
ature range: 473-83 K; ramp rate: 10 K/min). Due to the low-energy
barrier involved between the different octahedral tilts, i.e., from
cubic to tetragonal, this cooling ramp was confirmed to align with
a near equilibrium state for each temperature measured and did not
introduce any kinetic effects or thermal hysteresis (in the form of
T-dependent structural parameters).

B. Raman spectroscopy

The Raman measurements were carried out using a T64000
Jobin-Yvon Horiba spectrometer equipped with a double
monochromator, with a wavelength of 676.4 nm (Krypton laser)
as an excitation light source. The sample is optically transparent at
this wavelength and no laser heating effect is anticipated. We used
a long working distance x40 objective with a numerical aperture
of 0.4 and selected a laser power <5 mW. With an accumulation
time of 200 s, the Raman intensity is typically about 5000 counts.
The sample temperature was controlled using a liquid nitrogen PI
microcryostat adjusting the temperature from 80 to 500 K by a step
of 20 K.

C. Computational details

DFT calculations were performed at the PBE-D3(BJ) level of
theory.”" " The Vienna Ab initio Simulation Package (VASP)"" "’
was employed to perform static DFT calculations. Using the
projector-augmented wave (PAW) method,”” a plane wave cut-
off of 600 eV was selected, the precision was set to “accurate”,
and the self-consistent field (SCF) cycle convergence threshold on
the electronic energy was 107 eV. For the &, 8, and y phases,
Monkhorst-Pack k-meshes of, respectively, 6 x 6 x 6,4 x 4 x 6, and
4 x4 x 3 were applied.”" Initially, the unit cells of the «, f, and
y phases were geometrically optimized. For that purpose, a set of
fixed volume optimizations around the expected equilibrium vol-
ume were executed with a convergence threshold on the electronic
energy of 1077 eV and, subsequently, a Rose-Vinet fit was con-
structed to determine the actual equilibrium volume.”” A final fixed
volume optimization was performed at this equilibrium volume.
The corresponding Hessian was determined via finite differences
of the forces with respect to the atomic displacements. A nor-
mal mode analysis yielded the phonon modes in the I' point.
Raman intensities of these phonon modes were determined fol-
lowing a procedure already reported in a previous work.”> Phonon
band structures were generated using Phonopy software,”* which
relied on finite difference calculations of 4 x 4 x 4, 3 x 3 x 4, and
3 x 3 x 2 supercells of, respectively, the a, 3, and y phases in the T
point.
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CP2K with its Quickstep module was applied to run ab initio
molecular dynamics simulations.”” These used a Gaussian and plane
wave basis set’® with 1000 Ry as the plane wave cutoff, 60 Ry as the
relative cutoff, a TZVP MOLOPT basis set’’ as the atomic basis set,
and GTH pseudopotentials.”® After an equilibration time of 20 ps,
MD trajectories with a total length of 80 ps were calculated with a
time step of 2 fs. Simulations in the NPT ensemble have been per-
formed on the « and y phases starting from, respectively, 4 x 4 x 4
and 3 x 3 x 2 supercells of the statically optimized structures. Simu-
lations in the NVT ensemble have been performed on the a, 8, and y
phases starting from, respectively, 4 x 4 x 4,3 x 3 x 4, and 3 x 3 x 2
supercells of the statically optimized structures. In both the NVT
and NPT runs, the temperature was controlled using a chain of five
Nosé-Hoover thermostats with a time constant of 100 fs.”” The pres-
sure in the NPT run was controlled at 1 bar with a MTK barostat
with a time constant of 1 ps.*’

Anharmonic frequencies of the normal modes in the I' point
were determined following the procedure proposed by Zhang
et al.,*" which has already been successfully applied on lead halide
perovskites.””** First, the atomic velocities along the MD run in
the NVT ensemble were projected on the normal mode eigenvec-
tors obtained via static DFT. Subsequently, the power spectra of
each normal mode were obtained by taking the Fourier transform
of the autocorrelation function of the projected velocities. Finally,
the anharmonic frequency of the normal mode was obtained after
fitting a Lorentzian to its power spectrum.

Dynamic Raman spectra were calculated by taking the dis-
crete Fourier transforms of specific autocorrelation function of the
polarizability tensor.”” Consequently, the polarizability tensor was
determined every 10 fs via a finite difference scheme based on the
difference between the dipole moments with and without an electric
field.*

The PXRD patterns were calculated employing the gpxrdpy
Python package,” based on the pyobjcryst package and the
ObjCryst++ Object-Oriented Crystallographic Library.** In accor-
dance with the experiment, the wavelength was set at 1.033 A. The
peak shape was calculated using a pseudo-Voigt shape function with
default parameters in gpxrdpy. Average PXRD patterns of an MD
trajectory were obtained by taking 500 equally distributed snap-
shots, which proved to give converged results (see Fig. S2 in the
supplementary material).

lll. RESULTS AND DISCUSSION
A. X-ray diffraction

The temperature dependence of the crystal structure of
CsPbBr3; was experimentally investigated through GIWAXS. The
resulting scattering data in the temperature range 473-83 K are
given in Figs. 2(a) and 2(b) (see also Fig. S1 in the supplementary
material) and are fully consistent with earlier x-ray diffraction
(XRD) measurements.”*% At high temperatures, the GIWAXS
data contain a limited number of scattering peaks, indicating that the
structure is in the highly symmetric « phase. By decreasing the tem-
perature, peak splitting is observed around 403 K. In the literature,
this corresponds to the a—f transition.”” Additional peak splitting
is noticed around 358 K, indicating a second phase transition from
B to y, which is also in agreement with previous reports.”” At low

scitation.org/journal/apm

temperatures, the y phase is still present evidenced by the large
number of low-intensity peaks.

In order to gain microscopic insight into the structural changes
of CsPbBr; as a function of temperature, we performed AIMD sim-
ulations at 100, 200, 300, 400, and 500 K. These simulations were
conducted in the NPT ensemble at a constant pressure of 1 bar to
allow for fluctuations in the cell parameters. Starting from a supercell
structure of the statically optimized y phase and after sufficient equi-
libration, converged powder XRD (PXRD) patterns are obtained in
close correspondence with the experimentally determined GIWAXS
data [see Fig. 2(d)]. To assign the theoretical PXRD patterns to a
specific phase, they are compared with the PXRD patterns of the stat-
ically optimized &, 3, and y phases by means of a similarity index.*’
This analysis confirms the presence of the y phase at 100 K. At higher
temperatures, the similarity indices of the « and y phases yield very
similar results, i.e., both take values between 83% and 87% (see Table
S2 in the supplementary material). Moreover, when analyzing the
similarity indices of PXRD patterns of the snapshots with those of
the ideal phases, the chance of having a snapshot leading to the «
phase is between 40% and 60%, while the same is true for the y phase
(see Fig. S6 in the supplementary material). Hence, based on the
similarity index obtained from the current AIMD simulations, no
explicit distinction between the « and y phase can be made. The fact
that the average PXRD patterns at high temperatures do not point to
the a phase is most probably due to the limited size of the simulated
structure. If CsPbBrs; is microscopically in its y phase, taking the
average over only a small supercell might still contain traces of this
phase. In that case, the similarity index will systematically increase
toward the o phase above the phase-transition temperature when
increasingly larger supercells are considered. However, the simula-
tion of larger supercells was not possible at the current DFT level
because of the large computational cost.

Disregarding the supercell size, it is clear, however, that the
B phase, apart from a handful of snapshots at 300 and 400 K,
does not show up, in contrast to what is claimed in the litera-
ture.”” Based on our theoretical PXRD patterns, the presence of
the 8 phase is marked by the splitting of several low-angle diffrac-
tion peaks such as the one due to diffraction in the [100] direction
of the « phase at 26 values of 10° [see Fig. 2(c)]. The splitting
of the latter diffraction peak occurs because the distance between
neighboring Pb atoms shortens in two of the Cartesian directions
due to in-phase tilting of the octahedra, whereas it stays almost
unaltered in the remaining Cartesian direction. Consequently, the
lack of this splitting in the experimental GIWAXS data suggests
that the observed phase does not correspond with the f phase as
shown in Fig. 2. The apparent manifestation of a tetragonal phase
in terms of lattice vectors as reported by Stoumpos et al. is, there-
fore, most probably the result of averaging over long length and time
scales.

In summary, a close correspondence is found between experi-
mental GIWAXS and theoretical PXRD patterns. The latter indicates
that the  phase does not exist, at least not on the microscopic
scale. They do exhibit an increasing similarity with the a phase at
high temperatures, but also, the similarity with the y phase remains
equally high. Based on the presented PXRD patterns, it could not
be made out whether this similarity with the « phase is the result of
macroscopic averaging or the expression of a truly cubic phase on
the local scale.
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FIG. 2. Temperature-dependent GIWAXS and PXRD patterns (A = 1.033 A) of CsPbBrs. (a) and (b) Experimental GIWAXS recorded during the cooling cycle from 473 to
83 K with ramp rate 10 K/min. (a) Integrated profiles of GIWAXS data at 473, 382, and 83 K where, respectively, the a-, 8-, and y-phase are observed. The scattering planes
in the a-phase leading to diffraction peaks are indicated. (b) GIWAXS 26-temperature profile of the CsPbBrj thin film through the high-temperature cubic phase (a-phase) to
the low-temperature orthorhombic phase (y-phase) via the intermediate tetragonal phase (3-phase). Arrows 1 and 2 indicate the position of the peak splitting corresponding
to the phase transition from the a- to -phase and from the 8- to y-phase, respectively. (c) and (d) Theoretical PXRD patterns. (c) Normalized PXRD patterns obtained from
a single snapshot of the statically optimized a-, -, and y-phases. The scattering planes in the a-phase leading to diffraction peaks are indicated. (d) PXRD 26-temperature
profile of CsPbBr; obtained through averaging of MD simulations in the NPT ensemble at 100, 200, 300, 400, and 500 K.

To deal with this remaining question, it is instructive to analyze
the evolution of local structural parameters such as the Pb-Br-Pb
angle between Pb atoms of neighboring octahedra and the con-
necting Br atom [see inset in Fig. 3(a)]." This parameter can be
easily extracted from the snapshots of the MD simulations, and
its distribution as a function of temperature is shown in Fig. 3(a)
for simulations on a supercell of the statically optimized y phase.
At low temperatures, this distribution is strongly peaked between
150° and 160°, indicating that all the Pb~Br-Pb angles are tilted and,
consequently, that the structure is microscopically in its y phase.
By increasing the temperature, the distribution of the Pb-Br-Pb
angles broadens and shifts slightly to higher angles. However, even
at 500 K, there exist almost no angles around 180°, corresponding
to an untilted situation. More than that, the distribution strongly
decreases when approaching 180°, where it eventually reaches a
negligible probability, mainly due to the significantly reduced num-
ber of configurations exhibiting angles around 180°. This indicates
that an untilted situation is highly unlikely. Moreover, the average
Pb-Br-Pb angle does not increase by more than 2° when increasing
the temperature from 100 to 500 K. This shows that an increase in
temperature might increase the variation in the tilting angle, but the
average tilting remains more or less unchanged and, hence, even at
500 K, CsPbBrs; is in its y phase on the local scale.

Interestingly, the aforementioned theoretical picture differs
when NPT simulations are performed starting, instead, from a
4 x 4 x 4 supercell of the statically optimized « phase. In this case,
the distribution of the Pb-Br-Pb angles [see Fig. 3(c)] is bimodal
at 100 K: one peak is present around 150° and another one around

170°. Evidently, due to the discrepancies in the distribution of the
tilting angle that affect the structural geometry, the PXRD pattern
is different as well. While the PXRD pattern of the NPT simula-
tion starting from the y phase corresponds with a y phase diffraction
pattern [see Fig. 3(b)], a B phase diffraction pattern emerges when
starting from the a phase [see Fig. 3(d)]. When the temperature
is increased to 200 K and higher, both the distributions of the
Pb-Br-Pb angle and the PXRD patterns strongly resemble the dis-
tributions and PXRD patterns obtained previously. Apparently, the
deviation between the two sets of NPT simulations is restricted
to low temperatures. The reason for the emergence of either
y- or B-phase geometries at low temperatures might be related with
the activation of particular tilting modes. Below a certain tempera-
ture, the out-of-phase tilting is, in contrast to the in-phase tilting,
probably not activated. As such, the « phase can transform to the
B phase upon in-phase tilting, but the barrier of out-of-phase tilt-
ing leading to the y phase cannot be overcome. Hence, the structure
remains frozen in the f§ phase, although the y phase is more stable
at this temperature. This is also reflected by the average potential
energy during the MD simulations at 100 K, which is, per mole of
the crystallographic CsPbBr; unit, 2.3 kJ higher starting from the
« phase than the y phase. However, this § phase differs from its for-
mal definition shown in Fig. 1, as there are no untilted Pb-Br-Pb
angles (180°) along one direction, but rather slightly tilted (170°)
ones. Evidently, as before, the untilted configuration remains highly
improbable, irrespective of the initial configuration. One can thus
argue that the metastable phase that is formed is a kind of y phase
rather than 8 phase. The presence of different metastable y phases
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FIG. 3. Distributions of the Pb—Br—Pb angles [(a) and (c)] and average PXRD patterns [(b) and (d)] at different temperatures for MD simulations in the NPT ensemble starting
from either a 3 x 3 x 2 supercell of the ideal orthorhombic (y) phase [(a) and (b)] or a 4 x 4 x 4 supercell of the ideal cubic (o) phase [(c) and (d)]. The Pb-Br-Pb angle

is visualized by angle ¢.

has recently been pointed out by Braeckevelt et al. in CsPbI3*
and this observation also fits in the theoretical prediction of the
multi-well potential.*!

The above-mentioned discussion demonstrates that the start-
ing conditions of the simulation can affect the theoretical result.
When performing simulations on CsPbBr; at low temperatures, it
is important to select a starting configuration that is located closely
to the absolute minimum on the potential energy surface in order
to sample the correct phase space. When this is not the case, the
sampled phase space might get stuck in a metastable phase and the
results can deviate from experiments.

B. Raman spectroscopy

To gain an insight into its lattice dynamics, experimental and
theoretical Raman spectra have been investigated. The results of
temperature-dependent Raman experiments on CsPbBr3 are given
in Figs. 4(a) and 4(b) and S17 and are in agreement with reports
of Yaffe et al.”’ and Guo et al’” At temperatures below 180 K,

sharp and well-resolved Raman spectra are observed, where two
prevailing Raman bands below 50 cm™ can be identified, aside
from a set of three peaks around 65-85 cm™', and a broad, low-
intensity feature centered around 130 cm™" can be identified. With
increasing temperature, all the peaks start to diffuse and undergo
a decrease in frequency. The broadening of the bands is caused by
thermal vibration of the crystal lattice, electronic involvement, and
interactions between participative phonons, whereas the decrease
in frequency is due to the temperature-assisted lattice contraction,
similarly observed for other semiconductors.®” At 300 K, only four
broad Raman peaks are visible at around 25, 40 cm™" (very weak),
75, and 125 cm™" (very weak). Eventually, one single clear hump
is observed at around 70 cm™ in the spectra above 400 K. Addi-
tionally, a central (zero-frequency) peak increases in intensity when
increasing the temperature. This central peak has been dedicated to
the manifestation of local polar thermal fluctuations.”

The Raman spectra have been artificially separated in three
temperature regions according to the experimentally reported sta-
bility regions of the a, 8, and y phases. This separation does not
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FIG. 4. Temperature-dependent Raman spectra of CsPbBrs. Raman spectra are normalized at each temperature. (a) Color surface plot showing the evolution of the experi-
mental Raman spectra as a function of temperature. The experimentally observed phase transitions are indicated. (b) Experimental Raman spectra at distinct temperatures.
Blue curves indicate structures in the y-phase, green curves indicate structures in the S-phase, and red curves indicate structures in the a-phase. (c) Theoretical Raman
spectra obtained from MD simulations in the NVT ensemble at distinct temperatures. They received appropriate scaling factors and Lorentzian broadening. The Raman
spectrum at 0 K corresponds to the static DFT result of the y phase. Experimental and theoretical Raman spectra in (b) and (c) were offset for better visibility. Colors of the

curves are based on the experimental stable phase at the respective temperature.

correspond with the microscopic situation, as we have shown pre-
viously that only the y phase is present on the local scale, whereas
the $ and & phases only appear as macroscopic averages. The Raman
spectra at high temperatures provide another argument for this
rationale because factor group analysis predicts no Raman activity
of the cubic phase.” As diffuse Raman spectra and a central peak at
0 cm™" are observed above 400 K, this means that the structure is
highly dynamic at local length scales (i.e., a few unit cells), fluctuat-
ing among different non-cubic structures in such a way as to appear
cubic on average.””""">*

To explain the origin of the Raman active vibrations, the con-
tributing phonon modes have been identified and their temperature
dependence has been characterized via AIMD simulations. Ideally,
the simulations are performed in the NPT ensemble to account for
the possible fluctuations in the cell shape. However, the barostat
interfered with the lattice dynamics yielding spurious contributions
to the velocity power spectrum (VPS) and Raman spectrum, espe-
cially at lower temperatures (see Figs. S14, S15, and S18 in the
supplementary material). For that purpose, AIMD simulations have
been performed in the NVT ensemble, which, on one hand, did not
suffer from the interference of a barostat, but, on the other hand,
fixed the cell parameters. NVT trajectories starting from supercells
of the statically optimized «, 8, and y phases have been generated.
Analysis of the Pb-Br-Pb angles showed that simulations on
the a and y phases yielded structures that were locally in the
y phase for all considered temperatures. However, the simulations
on the 8 phase, in agreement with the NPT results on the « phase,
yielded metastable 8 phase structures at 50 and 100 K (see Figs. S12
and S13 in the supplementary material). As it has been evidenced
before that CsPbBr; is locally present in its y phase, the results
presented hereafter originate from NVT simulations run on a super-
cell of the y phase. We refer to Section S4 in the supplementary
material for the results of the NVT simulations on «a-and $-phase
structures.

Figure 4(c) shows the Raman spectra determined via AIMD at
different temperatures, together with the static DFT Raman spec-
trum of the y phase. The dynamic Raman spectra were calculated
following the procedure outlined by Thomas et al.*” (see also Sec. II).
Moreover, to account for the known mismatch between the actual
bond distances and those calculated via DFT, the AIMD spectra
were shifted by applying a scaling factor.”’ Furthermore, they also
received additional Lorentzian broadening in order to improve the
correspondence with the experiment, which inherently contains a
certain amount of defects. The original dynamic Raman spectra
without scaling and additional broadening are given in Fig. S19 of
the supplementary material. The optimal scaling factor was deter-
mined by calculating the similarity index between the theoretical and
experimental spectrum.® At 100 K, this scaling factor was found to
be 1.035 in agreement with our earlier work using the same level
of theory.”’ The additional Lorentzian shape had a full width at
half-maximum (FWHM) of 2 cm™!. The theoretical spectrum at
50 K has been compared with the experimental spectrum at 80 K.
As not all Raman active modes show the same temperature depen-
dence (this will be discussed later), the optimal scaling factor and the
Lorentzian broadening were slightly larger, i.e., 1.055 and FWHM
of 3 cm™, respectively. At temperatures of 300 K and higher, the
scaling factor was fixed at the optimal value at 100 K because the
presence of the central peak complicated a unique determination
of the optimal scaling factor. The additional Lorentzian broaden-
ing was determined to have a FWHM of 16, 19, and 22 cm”! at
300, 400, and 500 K, respectively. Overall, a satisfying agreement
between theory and experiment is obtained, evidenced by similar-
ity indices of 92% and higher (see also Table S3 in the supplementary
material). Below 100 K, the different Raman bands can clearly be dis-
tinguished in both the theoretical and experimental spectra. From
300 K onward, however, only diffuse Raman bands are present in
the experimental spectra and, in the theoretical spectra, the distinct
Raman bands are barely observable against the central Raman peak,
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making it difficult to draw conclusions from the high-temperature
spectra.

The agreement between experiment and theory, especially at
low temperatures, justifies the identification of the Raman active
normal modes via DFT calculations. Figure 5(a) directly compares
the experimental Raman spectrum at 100 K with the correspond-
ing AIMD result. Four regions of Raman active normal modes can
be recognized. The frequency region with the lowest frequencies is
characterized by normal modes inducing mainly out-of-plane tilting
of the octahedra (modes A and B). A second frequency region con-
tains normal modes inducing an in-plane tilting of the octahedra,
possibly combined with slight distortions of the octahedra. A third
set of normal modes can be described by distortions of the octahe-
dra in which neighboring Br atoms move toward each other. Finally,
the Raman active modes with the highest frequency induce distor-
tions of the octahedra through opposite Br atoms moving toward
each other. For each frequency region, a single mode is shown in
Fig. 5(c). The normal modes inducing in-phase and out-of-phase

scitation.org/journal/apm

tilting of the octahedra typically have the lowest frequencies as this
type of motion is almost unhindered, in contrast to normal modes
inducing distortions of the octahedra.

The MD approach allowed us to estimate the tempera-
ture dependence and anharmonicity of the Raman active normal
modes by projecting the velocities on the respective normal modes
(see Sec. 11). At 50 and 100 K, the VPS of the normal modes resulted
in clear Lorentzian line shapes (see Fig. S25), indicating that at
these temperatures, the phonon modes behave practically harmoni-
cally. At 300 K, the VPS spectra are already substantially broadened,
but the mixing of normal modes is limited, still making it possi-
ble to obtain reliable fits of the Lorentzian line shapes. Increasing
the temperature even more enhances the occurrence of mode mix-
ing, pointing out that anharmonic effects are becoming increasingly
dominant. Therefore, fitting a Lorentzian line shape to the VPS spec-
tra of the normal modes is no longer meaningful, and the discussion
of the temperature dependence of the theoretical Raman frequencies
is restricted to the temperature range 50-300 K. Figure 5(b) shows
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FIG. 5. (a) Comparison of the experimental and theoretical Raman spectra of CsPbBrs at 100 K. The most intense Raman peaks are highlighted. (b) Predicted temperature
dependence of the vibrational frequencies of the Raman bands. (c) Visualization of Raman active normal modes: (A/B) out-of-phase (oop) tilting of the octahedra, (D) in-
phase (ip) tilting combined with distortion of the octahedra, (G) distortion of octahedra via neighboring Br atoms moving toward each other, and (H) distortion of octahedra via
opposite Br atoms moving toward each other. A visualization of the other highlighted modes can be found in the supplementary material. Aimost all modes are accompanied

by rattling of the Cs atoms (not shown in the figure).
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a clear monotonous decrease of the vibrational frequency as a func-
tion of temperature for modes A, D, and E. The other Raman active
modes have a frequency that does not differ by more than 2 cm™
as a function of temperature. The strong frequency decrease of the
three specific Raman bands is in agreement with observations within
the experimental Raman spectrum [see Fig. 4(a)]. However, in the
experiment, other Raman active modes, in particular, modes F, G,
H, and I, do also show a slight decrease in frequency when the tem-
perature is increased, which is not observed in the simulations. This
might be a result of the limitations of the NVT ensemble, keeping cell
parameters fixed and not allowing for temperature-assisted lattice
contraction. In general, simulations with fixed unit cell parameters
need to be interpreted with care due to their limitations to account
for complex multi-phonon scattering. On a final note, our analysis
shows that, although there is a decrease in frequency upon increas-
ing temperature, the normal modes in CsPbBr; never become very
soft. This confirms that possible phase transitions within CsPbBr;
are not displacive, supporting the rationalization that they do not
exist at all.

IV. CONCLUSIONS

In this combined experimental and theoretical study, the appar-
ent phase transitions in CsPbBr3 as a function of temperature have
been fully elucidated. Temperature-dependent GIWAXS measure-
ments showed sudden peak splitting in the scattering data around
358 and 403 K, corresponding to phase transitions between the y and
B phases and between the 8 and « phases, respectively, in agreement
with the literature. Theoretical simulations of the PXRD patterns
were able to correctly predict the GIWAXS data. Subsequent anal-
ysis of the simulated PXRD patterns revealed that the « and f3 phases
do not exist on the local scale, but, due to dynamic disorder, appear
as averages over longer time and length scales. In-depth investiga-
tion of the structural parameters made clear that all Pb-Br-Pb angles
remain tilted under all conditions with an average tilt angle between
150° and 160°, demonstrating that CsPbBrs is locally always in its y
phase.

In addition to the crystal structure, the lattice dynamics of
CsPbBr3 as a function of temperature was also investigated via
Raman spectroscopy. A sound agreement was obtained between
theoretical Raman spectra of the y phase and experiment. At low
temperatures, the clear experimental Raman bands could be reliably
simulated, whereas, at high temperatures, the presence of the central
peak, due to local polar fluctuations, rendered a meaningful compar-
ison difficult. Analysis of the Raman spectra delineated four distinct
regions of Raman active vibrations. The two frequency regions with
the lowest frequencies could be characterized by phonon modes
inducing out-of-phase and in-phase tilting of the octahedra, respec-
tively. The other two regions with a higher frequency contained
phonon modes inducing distortions of the octahedra. Some of
these phonon modes showed a significant decrease in frequency as
a function of temperature, which was also correctly predicted by
theory.

Our extensive structural and vibrational characterization yields
an important insight into the stability and dynamics of CsPbBr3 on
the microscopic scale, an insight that is likely transferable to other
MHPs for an increased understanding of their properties.

scitation.org/journal/apm

SUPPLEMENTARY MATERIAL

See the supplementary material for temperature-dependent
GIWAXS data, theoretical PXRD patterns, distribution of Pb—Br-Pb
angles, velocity power spectra, temperature-dependent experimental
Raman spectra, theoretical Raman spectra, visualization of Raman
active normal modes, and VPS of velocities projected on the normal
modes.
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