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ABSTRACT: Inorganic lead halide perovskites (ILHPs) exhibit a series of phase transitions and
stabilization of the phases with desirable optoelectronic properties remains a major challenge.
However, the intrinsic origins of structural instabilities in CsPbX3 (X = Br, I) is still elusive.
Herein, the important role of harmonic and anharmonic vibrations in influencing thermodynamic
fluctuations of ILHPs was revealed, through combined lattice dynamics and multi-phonon theory
calculations, and verified by diffraction experiments. Our results demonstrate that the transition
between the J- to y-CsPbl; is driven by harmonic vibrations, unveiling the mysterious mechanism
for stabilizing y-CsPbls via applying strain. Moreover, the successive transitions from the a- to -
and the /- to y-phases of CsPbX3 are driven by anharmonic vibrations. These structural dynamics
are strongly coherent with the phonon diffuse scattering, substantially affecting the thermal
conductivity and carrier relaxation. This work provides guidelines for maintaining favorable ILHP

phases through delicately manipulating their lattice dynamics.
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Inorganic lead halide perovskites (ILHPs) have been shown to exhibit outstanding
optoelectronic and photovoltaic properties, superior stability compared with their hybrid

counterpartst! %1, CsPbBr; is a promising candidate for future optoelectronic devices because of its



tunable and narrow emission bandwidth, high defect tolerance, and striking photoluminescence

[7-101 Meanwhile, solar cells based on the black metastable phase of CsPbl; have

quantum yield
now surpassed 20% efficiencies due to its optimal bandgap, large charge carrier mobility, and
lifetime product, etc. [''"13 However, these ILHPs exhibit lattice softness, making them vulnerable
to a series of phase transitions upon thermodynamic perturbation, which often lead to significant
changes in their intrinsic properties, generation of lattice strain, and hence largely impact their
corresponding applications!!*'%. Moreover, the photovoltaic efficient y-CsPbl; tends to transform
into the non-functional J-phase at ambient conditions, which is detrimental to the long-term
reliability and durability 29211,

To effectively stabilize the high-performance ILHPs phases, the atomistic origins of their
structural instabilities need to be thoroughly elucidated. In terms of thermally driven phase
transitions, lattice dynamics and structural fluctuations have been confirmed to play an important

[22-25] Recent studies have shown that ILHPs exhibit significant anharmonic characteristics at

role
high temperatures!!”-!°l, which can strongly couple to charge carriers and influence some key
optoelectronic properties such as carrier lifetimel?®), excited-state dynamics!?’%, electronic
bandgap!!®), joint density of states (JDOS)P!, trap states?!, the Urbach energy!®), ion diffusion

and carrier recombination?435]

, whereas the relationship between anharmonicity and phase
transitions remains unclear. Here, we study the origin of phase transitions in CsPbBr3; and CsPblz
(Figures 1a-d), disclosing that the interplay between harmonic and anharmonic vibrations plays a
crucial role in determining their phase stabilities.

Reconstructive phase transition induced by harmonic fluctuation

Lattice dynamics calculations were performed to investigate the effect of atomic vibrations on

the phase transition between the J- and metastable y-CsPbls. There are no imaginary frequency



modes from the calculated phonon spectra of both phases, indicating that both polymorphs are
dynamically stable (Figure S4). This result is consistent with previous ab initio calculations®¢),
Moreover, the calculated elastic constants show that both phases are stable according to the elastic
stability criteria of the orthorhombic system (Table S1). In this regard, the thermodynamic
instability is neither caused by critical fluctuations related to a displacive soft optical phonon, thus
confirming the reconstructive and first order character of the y- to 6-CsPbls phase transition.
Taking only the contribution of vibrational entropy into consideration, the Gibbs free energy can
be expressed as: G = U+ Fyiy = Up + Evib — TSviv. Here, U, Fyip, Uo, Evib and Syib are the total internal

energy, phonon free energy, the internal energy at 0 K, the vibrational energy and the vibrational

entropy, respectively. The Evi, and Svip are temperature-dependent, given by:

Eyip = ng(f) e[n(e, T) +1/2]de (M
0

[oe]

Syin(T) = 3kg f g@&{[n(e, T) + 1]lin[n(e, T) + 1] — n(e)In[n(e, T)]}de (2)
0

where w is the phonon mode frequency, ks is the Boltzmann constant, g(e¢) is the normalized
phonon DOS with energy ¢ =hw, n(e,T) is the Bose-Einstein population of a state of energy ¢ at
temperature 7. Let us note here that the temperature dependence of Svip comes entirely from the
Bose-Einstein phonon population, assuming that the variation of the phonon dispersion at finite
temperatures remains nearly constant’®’]. As seen in Figure le, the Sy of y-CsPbls is always higher
than that of 6-CsPbls, and the difference of their vibrational entropy AS,i» remains constant around
14 J K'mol! in the high-temperature regime. The J-phase is therefore predicted to become
metastable since the energy affected by AS.i» offsets the difference of the internal energy AU at

about 340 K, hence manifesting its vibrational entropy-driven nature for the phase transition.



The concept of size mismatch can be used to explain the origin of the difference in Sy»"*%), when
softer or stiffer local structures are caused by the change of coordination environment of atoms
with different sizes, leading to a difference in vibrational energies between two phases. The y- to
0-CsPbl; transition involves a dramatic change in the packing density and rearrangement of the
atomic coordination environments (Figures 1c-d), and the 0-CsPbls owns a relatively small unit
cell with octahedra packed more tightly along the direction of [Pbls]* double chains. Thus, the
amplitudes of atomic vibrations in this direction are significantly reduced and the structure of o-
CsPbls tends to be locally stiffer.

To further analyze the vibrational effects between these two phases, the difference of phonon
density of states (DOS) (4DOS = DOS; - DOSy) are shown in Figure 1f, which reveals that ADOS
at low frequencies (below 1 THz) caused by the motions of I and Cs atoms, are responsible for the
large 4Sviv. Notably, the increased phonon DOS of J-CsPbls at high-frequency modes indicates its
stiffer nature compared with y-CsPbls. The strongest effects occur at the S (-0.5 0.5 0.0) z/a and ¥
(0.0 0.5 0.0) #/a points in the Brillouin zone, corresponding to the direction of Pbls octahedra
double chains. These edge-sharing octahedra in the J-phase are more tightly packed than the
corner-sharing octahedra in the y-phase, resulting in harder shear phonon modes in the former
(Figures S1 and S2). These results clearly indicate that the difference in stacked configurations of
Pbls octahedra is the main source of the ASyi» between the y- and d-phases.

Based on the analyses above, tuning AS,:» between the y- and d-phase could be an effective way
to suppress the phase transition and stabilize y-phase at room temperature (Figure S5).
Accordingly, a set of uniaxially strained y-CsPbls structures were calculated (see the Method
section for details), and the results show that the CsPbl; structure is dynamically stable if the

applied strain along [001] direction is less than 2%. However, when the applied strain reaches



2.5%, imaginary phonon modes arise, showing a characteristic dynamic instability (Figure S6).
With increasing strain, the phonon energy of y-CsPbl; gradually decreases, which, in turn, gives
rise to a monotonically increased Svi» (Figure 2a-b). In addition, the phase transition temperatures
under different strains were calculated, and the results indicate that the increase of strain enlarges
ASyi», hence decreasing the temperature at which the J-CsPblz becomes metastable (Figure 2c¢).
With the strain increasing from 0 to 2%, this temperature decreases from 340 to 220 K, showing
that photovoltaic y-CsPblz could be made thermodynamically stable at room temperature by
applying external stress. Furthermore, the bandgap of y-CsPbls varies rather little under different
strain conditions (Figure S7), indicating that mild uniaxial strain would not affect its photovoltaic
performance.

Order-disorder phase transition induced by lattice anharmonicity

Our analysis indicates that the structural phase transitions between - and y-CsPbX3 exhibit weak
anharmonic features (Figure S8-S12, Table S2). Furthermore, the - to a- phase transition, occurs
at about 403 and 533 K for CsPbBr3; and CsPbls, respectively (Figure S3), showing a first-order
characteristic. This observation is consistent with a previous one on CsPbCl;. However as
explained in the supporting information, such a first order transition can be classified as weakly
first order according to its order parameter free energy expansion within Landau theory, by
opposition to the reconstructive and (strongly) first order character of the y- to J-CsPbl; phase
transition. This analysis is proposed by considering the low and high temperature space groups
for the f- to a- and y- to J-CsPbls phase transitions. The phonon spectra and DOSs of the a-phase
CsPbX;3 (Figure S13 and S14) show that additional imaginary phonon modes, ranging from -0.5
to -1 THz, are present compared with the f-phase, which are mainly driven by the motions of

halide X atoms. The phonon band structures display soft phonon modes distributed throughout the



Brillouin zone, where the maxima of negative frequencies are located at both the M (0,0.5,0.5) /a
and R (0.5,0.5,0.5) z/a points. Combining the normal modes at the M and R points, the potential
energy surface of a-CsPbBr3 (Figure 3c) was calculated to show four potential wells, which can
be divided into two groups. Let us note that because the f-phase belongs to the P4/mbm space
group, only the operation of M3" can lead to the correct atomic coordinates, and the motions of
halide X atoms corresponding to phonon mode mentioned above are shown in Figure 3d.
However, the group theory analysis does not give an indication about the PL evolution in such
highly anharmonic systems. As seen in Figure 4a, the PL peaks exhibit a continuous blue shift
when CsPbBr3 transforms from the - to a-phase, which is contrary to the case of the y- fo f-phase
transition (Supporting Information). As mentioned above, it corresponds to the expected effect
related mostly to a volumetric expansion of the lattice. Moreover, CsPbBr3; does not have an ideal
cubic symmetry but is dynamically/statically disordered in the high-temperature a-phasel*°l,
Thus, a major impediment to truly elucidate the origin of f- to a-phase transition come to the
confirmation that octahedral rotations are truly static or rather dynamically fluctuating. The two-
dimensional (2D) probability distribution function (PDF) was utilized to quantify the dynamic
atomic positions. The PDF data (Figure 3b) obtained from the AIMD calculations shows that Br
atoms are distributed in a spherical shape perpendicular to the Pb-Br-Pb direction (in-plane) but a
rod-shaped along the Pb-Br-Pb bond direction (out-of-plane), which are well consistent with the
measured structural anisotropy from single-crystal X-ray diffraction (SCXRD). It can be
concluded that the Br atoms present obvious anisotropic vibrations: strong in-plane but weak out-
of-plane vibrations. In addition, both the calculated and experimentally determined atomic
displacements (Figure 3a) show large displacement of in-plane Br atoms, which further reveal that

disorder in the a-phase is derived to a large extent from the dynamic fluctuations of Br atoms.



However quasistatic or ultraslow motions not captured within the time-window of AIMD may also
exist as shown by experimental techniques such as high-resolution inelastic neutron scattering or
Brillouin scattering down to the sub-GHz range in iodide and bromide hybrid 3D perovskites!*!].

Variable-temperature SCXRD experiments were performed to further clarify the role of dynamic
fluctuations of Br atoms in this phase transition. The lattice constant, ¢, extracted from SCXRD
(Figure S15), contracts upon heating in the range of the f phase. Since the c-axis corresponds to
the direction along the Pb-Br-Pb bond, its negative thermal expansion (NTE) would be caused by
the rocking motions of the Br atoms in the direction perpendicular to the Pb-Br-Pb orientation?].
This is further supported by the sudden increase of the transverse atomic displacement parameter
Uss of the Br atom (Figure 4d).

The probabilities of the Br atoms rocking in all directions perpendicular to the c-axis are similar
so the average positions are still in the middle of the two adjacent Pb atoms, therefore the dynamic
disorder would not be observed at high temperatures. Raman spectra reveal two distinct peaks at
about 44 and 67 cm’!, the former is assigned to head-to-head Cs motion and Pb-Br stretch while
the latter is dominated by the motions of Br perpendicular to Pb-Br-Pb bond 3!, The unusual
stiffening of the low-frequency peak is observed upon heating from 383 to 423 K, indicating that
the force constant of Pb-Br bond-stretching increases continuously with rising temperature, which
is consistent with the NTE behavior of the c-axis mentioned above. Furthermore, it is energetically
favorable due to the fact that the softening of the high-frequency peak increases the vibration
entropy during phase transition, suggesting that the strong rocking motions of Br are responsible
for the f- to a-phase transition of CsPbBrs.

The potential well model theoretically elucidates the reason regarding the large fluctuation of Br

atoms. The potential well depth of CsPbX5 (Figure S16) at the M point (48.89 meV for CsPbBr;



and 66.83 meV for CsPbls) is about 1.5 times of K37 (34.88 meV for CsPbBr3 and 46.13 meV for
CsPbl), indicating the energy provided by the harmonic interactions between nearest-neighboring
atoms are significantly weakened to result in short-range disorder. In other words, the f- to a-
phase transition is driven by the strong anharmonic disorder motions of halide atoms. Moreover,
the AIMD results (Figure S13) show these a-CsPbX; would be dynamically stable at high
temperatures after taking into account the anharmonic vibrations. As CsPbX3 does not present a
static cubic structure at high temperature, an increase in bandgap on heating appears.

Anharmonic lattice dynamics and phonon diffuse scattering

Due to the intricate nature of the anharmonic effects in these compounds, that is related to
electron and lattice heat transfer, the process of elucidating such mechanisms involves the
consideration of multiple phonons, such as the non-standard temperature dependence of thermal
conductivities as well as thermal carrier and phonon relaxation**. One of the main challenges
arising from such approach is to clearly distinguish the role of multiple phonons from individual
ones in anharmonic processes to facilitate a comprehensive understanding of the phonons
scattering behaviors. Multi-phonon scattering refers to a process in which more than one phonon
is created or annihilated during inelastic scattering experiments (Figures 5 (a) and (b)). This
process generally occurs in high order Brillouin zone and under high temperature conditions.
Typical contributions to inelastic scattering signals arising from multi-phonon processes usually
involve the low-frequency acoustic modes which exhibit a high-degree of anharmonicity (1. To
further comprehend and analyze the scattering signatures of individual phonons in ILHPs, thermal
diffuse scattering calculations were performed based on the Laval-Born-James (LBJ) theory to
probe multi-phonon contributions across several Brillouin zones in the reciprocal space 61, The

all-phonon LBJ scattering intensity can be calculated from the following expression:



lan(Q,T) = Ny Z Z [ (@) frr (Q)eiQ'[Rp”k—Tk/]
p kkr (3)

X e Wk@QT) =W (Q.T) gPpkk (Q.T)
Where N, is the number of g-points used to sample the first Brillouin Zone, 7, represents the
atomic positions, and R, defines the position vectors of unit cell p contained in a periodic supercell,
£ Q) denotes the scattering amplitude of atom «, and W} (Q, T) is the Debye-Waller factor. The

phononic factor, Py xx,(Q, T), can be obtained as follows:

Pp.kk:(Q; T) \/—Z uqv Q ek v(q)Q ekl v(q)elq Rp] (4)

where M, and M are the atomic and reference masses, and v denotes the phonon branch index.
The mode-resolved mean-square displacements of the atoms are defined as ufw =
h/ (ZMOWqU) [anv(T) + 1] , where ng(T) is the Bose-Einstein distribution. Following the
derivation in Ref. [45] applying the Taylor expansion to the phononic factor Py, (Q,T) in

Equation (4), and keeping only the zeroth-order term yields the Bragg diffraction intensity as

follows:

1,(Q,T) = Nj ka(Q)fk, (@cos[Q - (ty — Tie)] X e WK @D W @Dg, 5y

kkr

where we have employed the sum rule Zpexp(iQ -Rp) = Np6g,g- In the same spirit, the one-

phonon scattering formula can be expressed as [45]:

o) Z OF () ~Wi(Q.T) g~ Wier(Q.T)
I,(Q,T) = MyN, ) fi(Q)frr (Q —
1 0 pkk, k k MkMk,

X Z R[Q - e, (Q)Q - ey, (Q)ei@ Tl ]y2

(6)

Thus, the multi-phonon scattering can be written as:
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It (@, T) = 1 (Q,T) — 1,(Q, T) — ,(Q,T) (7)

Figures 5 (c-f) show the all-phonon diffuse scattering intensity and percentage contribution of
multi-phonon scattering P of CsPbBr3; and CsPbls, calculated using the ZG module of EPW [please
cite arxiv:2302.08085, if you have no space add this in the caption of Figure 5]. Our results reveal
a high degree of anisotropy in thermal phonon populations. The red features in Figure 5 (¢) and
(e) indicate the enhancement in diffuse scattering intensity around the M point in momentum
space, corresponding to cooperative rotations of PbX¢ octahedra with limited Cs atom
involvement. However, no significant scattering characteristic have been observed along the G-X
direction. This structural dynamics of cubic LHPs strongly overlap with the distortions at the phase
transitions. It is worth mentioning that there are analogous contributory effects of multi-phonon
processes in both compounds, which is even comparable to one-phonon scattering intensity at Qx
= 6 A for CsPbBr; and CsPbls around the M point (Figures 5 (c) and (d)). These acoustic soft
modes will drive anharmonicity at high temperatures and also be responsible for the largest
contribution to multi-phonon interactions. Multi-phonon diffuse scattering calculations can
potentially yield unexplored details of non-equilibrium phonon populations in LHPs and indicate
that anharmonic fluctuations associated with transversal motions of halide atoms can become more
pronounced with increasing temperature (Figure S17).

In summary, our lattice dynamic calculations have shown that both the y- and 0-CsPblz present
harmonic energy landscape around equilibrium, and the phase transition arises from the significant
entropy change between the two phases due to the difference of harmonic lattice vibrational
frequencies. Uniaxial strain applied in y-CsPbl; can further enlarge the vibrational entropy change
and decrease the phase transition temperature, enabling the preservation of the metastable but

technologically important y-CsPbl; at room temperature. Moreover, the y- to - phase transitions
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of CsPbX3 exhibit a second-order characteristic with the rotation angles of the PbXs octahedra as
the primary order parameter, which leads to abnormal changes in the electronic structures and
lattice stiffness. Furthermore, we unravel that the transverse motions of halogen atoms, which
present strong anharmonic features, are accountable for the - to a- transitions of CsPbX3. Such
anharmonic vibrations induced phases are imperfect cubic structures characteristic of octahedral
tilting with a disordered manner. This work reveals the atomistic and electronic origins of phase
transitions in ILHPs, which not only provides thermodynamic insights for obtaining
technologically important phases but also offers possibilities for improving their optoelectronic

properties by leveraging the harmonicity and anharmonicity of their lattice dynamics.
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Figure 1. Crystal structures of CsPbX3 (X=Br, I) and lattice dynamics calculations of
reconstructive phase transition. From (a) to (d): a-CsPbBr3, f-CsPbBr3, y-CsPbls, 0-CsPbls.
Therein, Cs, Pb, I and Br atoms are shown in blue, gray, violet, and yellow, respectively. (e) The
vibrational entropy (Svib) and Gibbs free energy (G) for y-CsPbl; and 6-CsPbls calculated from 0
to 500 K. Vertical dashed lines indicate that the phase transition will occurs at 340 K. (f) The upper
and lower panels demonstrate the DOSs for y-CsPblz and J-CsPbls, and the difference of DOS
(ADOS = DOSo - DOSy) between the two phases. The negative values indicate the increase of

vibrational entropy from o- to y-CsPbls.
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Figure 2. Strain engineering of y-CsPbls. (a) Schematic illustration of strain engineering of y-
CsPbls. The difference of vibrational entropy (AS =S, - Ss) (b) and free energy (AG = Gs- G)) (¢)
per unit cell between y- and 0-CsPbls under different uniaxial strain conditions. The yellow area

under the horizontal dashed line indicates that the J-phase is stable in this range.
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Figure 3. (a) Atomic root-mean-square displacements (RMSD) of Br, Cs and I of a-CsPbBr3 from
AIMD simulations (upper panel) and single-crystal X-ray diffraction experiments (lower panel).
(b) The 2D PDFs of different Br atoms obtained by AIMD simulations and real crystal structure
with anisotropic factor measured at 450 K projected normal to the (001) plane. (c) Contour plot of
the energy varying Q1 and Q2 (amplitudes of M3" and R4" modes). (d) Displacement eigenvector
corresponding to the soft phonon mode found at M point for a-CsPbBrs, the irreducible

representation is M3". Color codes: Cs, cyan; Pb, blue; Br, orange.
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Figure 4. Experimental results of the disorder in «a-CsPbBri. Variable-temperature
photoluminescence (a) and Raman (b) of a-CsPbBrs3. (¢) The schematic diagram of harmonic and
anharmonic vibrations of cubic a-CsPbBr3 perovskite. Different from the figure on the left, the
disordered octahedral tilting on the right indicates a strongly anharmonic feature. (d) Temperature

dependence of the thermal vibration of CsPbBr3 in the range of 300-450 K.
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Figure 5. Phonon diffuse scattering of CsPbX3. Schematic illustration of one-phonon scattering
process (a) and multi-phonon scattering process under anharmonic interaction (b). (c) and (e)
respectively represent the all-phonon scattering intensity of CsPbBrs and CsPbls, and the
intensities were displayed with logl0 scale to facilitate comparison. Percentage contribution of
multi-phonon interactions to diffuse scattering of CsPbBr3; (d) and CsPbls (f) calculated as P =
Inutii / (It + Lmuii) at different temperature, where 11 and Imuii are one-phonon and multi-phonon

scattering intensity.

27



