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Origin of phase transitions in inorganic lead halide perovskites: interplay between harmonic and anharmonic vibrations
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tunable and narrow emission bandwidth, high defect tolerance, and striking photoluminescence quantum yield [START_REF] Swarnkar | Colloidal CsPbBr3 perovskite nanocrystals: Luminescence beyond traditional quantum dots[END_REF][START_REF] Ling | Enhanced optical and electrical properties of polymer-assisted allinorganic perovskites for light-emitting diodes[END_REF][START_REF] Hu | Direct vapor growth of perovskite CsPbBr3 nanoplate electroluminescence devices[END_REF][START_REF] Shi | High-efficiency and air-stable perovskite quantum dots light-emitting diodes with an all-inorganic heterostructure[END_REF] . Meanwhile, solar cells based on the black metastable phase of CsPbI3 have now surpassed 20% efficiencies due to its optimal bandgap, large charge carrier mobility, and lifetime product, etc. [START_REF] Yoon | Surface engineering of ambient-air-processed cesium lead triiodide layers for efficient solar cells[END_REF][START_REF] Xiang | A review on the stability of inorganic metal halide perovskites: Challenges and opportunities for stable solar cells[END_REF][START_REF] Wang | Thermodynamically stabilized β-CsPbI3-based perovskite solar cells with efficiencies >18%[END_REF] 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 [START_REF] Lin | Thermochromic halide perovskite solar cells[END_REF][START_REF] Lanigan-Atkins | Twodimensional overdamped fluctuations of the soft perovskite lattice in CsPbBr3[END_REF][START_REF] Sutton | Cubic or orthorhombic? Revealing the crystal structure of metastable black-phase CsPbI3 by theory and experiment[END_REF][START_REF] Marronnier | Anharmonicity and disorder in the black phases of cesium lead iodide used for stable inorganic perovskite solar cells[END_REF][START_REF] Straus | Kinetically stable single crystals of perovskite-phase CsPbI3[END_REF][START_REF] Marronnier | Structural instabilities related to highly anharmonic phonons in halide perovskites[END_REF] . Moreover, the photovoltaic efficient γ-CsPbI3 tends to transform into the non-functional δ-phase at ambient conditions, which is detrimental to the long-term reliability and durability [START_REF] Steele | Thermal unequilibrium of strained black CsPbI3 thin films[END_REF][START_REF] Ke | Preserving a robust CsPbI3 perovskite phase via pressure-directed octahedral tilt[END_REF] .

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 role [START_REF] Dove | Theory of displacive phase transitions in minerals[END_REF][START_REF] Budai | Metallization of vanadium dioxide driven by large phonon entropy[END_REF][START_REF] Wei | An unusual phase transition driven by vibrational entropy changes in a hybrid organic-inorganic perovskite[END_REF][START_REF] Li | Origin of ferroelectricity in two prototypical hybrid organicinorganic perovskites[END_REF] . Recent studies have shown that ILHPs exhibit significant anharmonic characteristics at high temperatures [START_REF] Marronnier | Anharmonicity and disorder in the black phases of cesium lead iodide used for stable inorganic perovskite solar cells[END_REF][START_REF] Marronnier | Structural instabilities related to highly anharmonic phonons in halide perovskites[END_REF] , which can strongly couple to charge carriers and influence some key optoelectronic properties such as carrier lifetime [START_REF] Li | Anharmonicity extends carrier lifetimes in lead halide perovskites at elevated temperatures[END_REF] , excited-state dynamics [START_REF] Shi | Structural disorder in higher-temperature phases increases charge carrier lifetimes in metal halide perovskites[END_REF][START_REF] Wang | Anomalous temperature-dependent charge recombination in CH3NH3PbI3 perovskite: key roles of charge localization and thermal effect[END_REF][START_REF] Lu | Collective motion improves the stability and charge carrier lifetime of metal halide perovskites: a phonon-resolved nonadiabatic molecular dynamics study[END_REF][START_REF] Liu | Great influence of organic cation motion on charge carrier dynamics in metal halide perovskite unraveled by unsupervised machine learning[END_REF] , electronic bandgap [START_REF] Lanigan-Atkins | Twodimensional overdamped fluctuations of the soft perovskite lattice in CsPbBr3[END_REF] , joint density of states (JDOS) [START_REF] Gehrmann | Transversal halide motion intensifies band-to-band transitions in halide perovskites[END_REF] , trap states [START_REF] Chu | Soft lattice and defect covalency rationalize tolerance of β-CsPbI3 perovskite solar cells to native defects[END_REF] , the Urbach energy [START_REF] Gehrmann | Dynamic shortening of disorder potentials in anharmonic halide perovskites[END_REF] , ion diffusion and carrier recombination [START_REF] Bischak | Origin of reversible photoinduced phase separation in hybrid perovskites[END_REF][START_REF] Munson | Dynamic disorder dominates delocalization, transport, and recombination in halide perovskites[END_REF] , whereas the relationship between anharmonicity and phase transitions remains unclear. Here, we study the origin of phase transitions in CsPbBr3 and CsPbI3 (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 δ-and metastable γ-CsPbI3. 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 [START_REF] Kaczkowski | The vibrational and thermodynamic properties of CsPbI3 polymorphs: An improved description based on the scan meta-GGA functional[END_REF] .

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 γ-to δ-CsPbI3 phase transition.

Taking only the contribution of vibrational entropy into consideration, the Gibbs free energy can be expressed as: G ≈ U + Fvib = U0 + Evib -TSvib. Here, U, Fvib, U0, Evib and Svib are the total internal energy, phonon free energy, the internal energy at 0 K, the vibrational energy and the vibrational entropy, respectively. The Evib and Svib are temperature-dependent, given by: where ω is the phonon mode frequency, kB is the Boltzmann constant, g(ε) is the normalized phonon DOS with energy ε =ℏ𝜔, n(ε,T) is the Bose-Einstein population of a state of energy ε at temperature T. Let us note here that the temperature dependence of Svib comes entirely from the Bose-Einstein phonon population, assuming that the variation of the phonon dispersion at finite temperatures remains nearly constant [START_REF] Zhao | Lattice thermal conductivity including phonon frequency shifts and scattering rates induced by quartic anharmonicity in cubic oxide and fluoride perovskites[END_REF] . As seen in Figure 1e, the Svib of γ-CsPbI3 is always higher than that of δ-CsPbI3, and the difference of their vibrational entropy ΔSvib remains constant around 14 J K -1 mol -1 in the high-temperature regime. The δ-phase is therefore predicted to become metastable since the energy affected by ΔSvib offsets the difference of the internal energy ΔU at about 340 K, hence manifesting its vibrational entropy-driven nature for the phase transition.

𝐸 = 𝑔(𝜀) 𝜀[𝑛(𝜀, 𝑇) + 1 2 ⁄ ]𝑑𝜀 (1) 
𝑆 (𝑇) = 3𝑘 𝑔(𝜀){[𝑛(𝜀, 𝑇) + 1]𝑙𝑛[𝑛(𝜀, 𝑇) + 1] -𝑛(𝜀)𝑙𝑛[𝑛(𝜀, 𝑇)]}𝑑𝜀 (2) 
The concept of size mismatch can be used to explain the origin of the difference in Svib [START_REF] Van De Walle | The effect of lattice vibrations on substitutional alloy thermodynamics[END_REF] , 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 γ-to δ-CsPbI3 transition involves a dramatic change in the packing density and rearrangement of the atomic coordination environments (Figures 1c-d), and the δ-CsPbI3 owns a relatively small unit cell with octahedra packed more tightly along the direction of [PbI6] 4-double chains. Thus, the amplitudes of atomic vibrations in this direction are significantly reduced and the structure of δ-CsPbI3 tends to be locally stiffer.

To further analyze the vibrational effects between these two phases, the difference of phonon density of states (DOS) (ΔDOS = DOSδ -DOSγ) are shown in Figure 1f, which reveals that ΔDOS at low frequencies (below 1 THz) caused by the motions of I and Cs atoms, are responsible for the large ΔSvib. Notably, the increased phonon DOS of δ-CsPbI3 at high-frequency modes indicates its stiffer nature compared with γ-CsPbI3. The strongest effects occur at the S (-0.5 0.5 0.0) π/a and Y (0.0 0.5 0.0) π/a points in the Brillouin zone, corresponding to the direction of PbI6 octahedra double chains. These edge-sharing octahedra in the δ-phase are more tightly packed than the corner-sharing octahedra in the γ-phase, resulting in harder shear phonon modes in the former (Figures S1 andS2). These results clearly indicate that the difference in stacked configurations of PbI6 octahedra is the main source of the ΔSvib between the γ-and δ-phases.

Based on the analyses above, tuning ΔSvib between the γ-and δ-phase could be an effective way to suppress the phase transition and stabilize γ-phase at room temperature (Figure S5).

Accordingly, a set of uniaxially strained γ-CsPbI3 structures were calculated (see the Method section for details), and the results show that the CsPbI3 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 γ-CsPbI3 gradually decreases, which, in turn, gives rise to a monotonically increased Svib (Figure 2a-b). In addition, the phase transition temperatures under different strains were calculated, and the results indicate that the increase of strain enlarges ΔSvib, hence decreasing the temperature at which the δ-CsPbI3 becomes metastable (Figure 2c).

With the strain increasing from 0 to 2%, this temperature decreases from 340 to 220 K, showing that photovoltaic γ-CsPbI3 could be made thermodynamically stable at room temperature by applying external stress. Furthermore, the bandgap of γ-CsPbI3 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 β-and γ-CsPbX3 exhibit weak anharmonic features (Figure S8-S12, Table S2). Furthermore, the β-to α-phase transition, occurs at about 403 and 533 K for CsPbBr3 and CsPbI3, respectively (Figure S3), showing a first-order characteristic. This observation is consistent with a previous one on CsPbCl3. 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 γ-to δ-CsPbI3 phase transition. This analysis is proposed by considering the low and high temperature space groups for the β-to α-and γ-to δ-CsPbI3 phase transitions. The phonon spectra and DOSs of the α-phase CsPbX3 (Figure S13 and S14) show that additional imaginary phonon modes, ranging from -0.5 to -1 THz, are present compared with the β-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) π/a and R (0.5,0.5,0.5) π/a points. Combining the normal modes at the M and R points, the potential energy surface of α-CsPbBr3 (Figure 3c) was calculated to show four potential wells, which can be divided into two groups. Let us note that because the β-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 β-to α-phase, which is contrary to the case of the γ-to β-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 α-phase [START_REF] Zhao | Polymorphous nature of cubic halide perovskites[END_REF][START_REF] Zhao | Effect of static local distortions vs. Dynamic motions on the stability and band gaps of cubic oxide and halide perovskites[END_REF] .

Thus, a major impediment to truly elucidate the origin of β-to α-phase transition come to the confirmation that octahedral rotations are truly static or rather dynamically fluctuating. The twodimensional (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 outof-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 α-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 [START_REF] Hehlen | Pseudospin-phonon pretransitional dynamics in lead halide hybrid perovskites[END_REF] .

Variable-temperature SCXRD experiments were performed to further clarify the role of dynamic fluctuations of Br atoms in this phase transition. The lattice constant, c, extracted from SCXRD (Figure S15), contracts upon heating in the range of the β 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 [START_REF] Hu | New insights into the negative thermal expansion: Direct experimental evidence for the "guitar-string" effect in cubic ScF3[END_REF] . This is further supported by the sudden increase of the transverse atomic displacement parameter U33 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 -1 , 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 [START_REF] Yaffe | Local polar fluctuations in lead halide perovskite crystals[END_REF] . 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 β-to α-phase transition of CsPbBr3.

The potential well model theoretically elucidates the reason regarding the large fluctuation of Br atoms. The potential well depth of CsPbX3 (Figure S16) at the M point (48.89 meV for CsPbBr3 and 66.83 meV for CsPbI3) is about 1.5 times of KBT (34.88 meV for CsPbBr3 and 46.13 meV for CsPbI3), 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 β-to αphase transition is driven by the strong anharmonic disorder motions of halide atoms. Moreover, the AIMD results (Figure S13) show these α-CsPbX3 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 [START_REF] Wu | Coupling of spin-orbit interaction with phonon anharmonicity leads to significant impact on thermoelectricity in SnSe[END_REF] . 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 [START_REF] Zacharias | Multiphonon diffuse scattering in solids from first principles: Application to layered crystals and two-dimensional materials[END_REF] . 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 [START_REF] Zacharias | Efficient first-principles methodology for the calculation of the all-phonon inelastic scattering in solids[END_REF] . The all-phonon LBJ scattering intensity can be calculated from the following expression:

Where Np is the number of q-points used to sample the first Brillouin Zone, 𝜏 represents the atomic positions, and Rp defines the position vectors of unit cell p contained in a periodic supercell, fκ(Q) denotes the scattering amplitude of atom κ, and 𝑊 (𝑄, 𝑇) is the Debye-Waller factor. The phononic factor, 𝑃 , (𝑄, 𝑇), can be obtained as follows:

where Mκ and M0 are the atomic and reference masses, and ν denotes the phonon branch index.

The mode-resolved mean-square displacements of the atoms are defined as 𝑢 = ℏ 2𝑀 𝑤 ⁄ 2𝑛 (𝑇) + 1 , where nqν(T) is the Bose-Einstein distribution. Following the derivation in Ref. [45] applying the Taylor expansion to the phononic factor 𝑃 , (𝑄, 𝑇) in Equation ( 4), and keeping only the zeroth-order term yields the Bragg diffraction intensity as follows:

where we have employed the sum rule ∑ 𝑝𝑒𝑥𝑝 𝑖𝑄 ⋅ 𝑅 = 𝑁 𝛿 , . In the same spirit, the onephonon scattering formula can be expressed as [45]:

Thus, the multi-phonon scattering can be written as:

𝐼 (𝑄, 𝑇) = 𝑁 𝑓 (𝑄)𝑓 (𝑄)𝑒 ⋅ × 𝑒 ( , ) 𝑒 ( , ) 𝑒 , ( , ) (3) 
𝑃 , (𝑄, 𝑇) = 𝑀 𝑁 𝑀 𝑀 𝑢 ℜ 𝑄 ⋅ 𝑒 , (𝑞)𝑄 ⋅ 𝑒 , (𝑞)𝑒 ⋅ (4) 

𝐼 (𝑄, 𝑇) = 𝑁 𝑓 (𝑄)𝑓 (𝑄)𝑐𝑜𝑠[𝑄 ⋅ (𝜏 -𝜏 )] × 𝑒 ( , ) 𝑒 ( , ) 𝛿 , , (5) 
𝐼 (𝑄, 𝑇) = 𝑀 𝑁 𝑓 (𝑄)𝑓 (𝑄) 𝑒 ( , ) 𝑒 ( , ) 𝑀 𝑀 × ℜ 𝑄 ⋅ 𝑒 , (𝑄)𝑄 ⋅ 𝑒 , (𝑄)𝑒 ⋅[ ] 𝑢 (6) 
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of CsPbX3 exhibit a second-order characteristic with the rotation angles of the PbX6 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 β-to α-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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