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Abstract: We combine time-resolved and temperature-dependent X-ray absorption spectroscopy
with state-of-the-art first principles simulations to quantify light- and thermally-induced structural
distortions in CsPbBr; perovskite nanocrystals with atomic-level precision. © 2022 The Author(s)

1. Introduction

The flexibility of lead-halide perovskites plays a crucial role in their functional response, but the exact structural
distortions and their effects on physical properties are still unclear [1]. Here, we provide for the first time the
description of the photoinduced and thermally-activated structural distortions in CsPbBr3 perovskite nanocrystals
with atomic-level precision. We combine time-resolved X-ray absorption spectroscopy (TR-XAS) and ab initio
simulations to show that the photoexcitation of CsPbBr; nanocrystals (NCs) leads to well-defined polaronic lattice
changes, rather than photoinduced structural phase transitions. Additionally, our analysis rules out thermal effects in
the photoactivation of the system [2]. We also investigated the purely thermal response of CsPbBr; with
temperature-dependent XAS and first principles molecular dynamics (MD) simulations across its phase diagram.
We show that the thermally-activated lattice cannot be reduced to a cubic average structure, because of the presence
of dynamically distorted local configurations and lattice anharmonicity [3].

2. Methods

TR-XAS measurements were performed at the 7ID-D beamline at the Advanced Photon Source (APS) of the
Argonne National Laboratory, exciting the CsPbBr3 perovskite NCs at 3.49 ¢V (8.8 mJ/cm?, 10 ps pulse duration,
1.304 MHz) and probing it at the Br K-edge (13.45-13.53 keV) with 80 ps time resolution and at 6.52 MHz [2]. The
NCs were dissolved in ethanol and flowed through a liquid jet. Temperature-dependent XAS experiments were
conducted at the SuperXAS beamline at the Swiss Light Source (SLS) of the Paul Scherrer Institute on dry CsPbBr3
NCs in a thermostated cell holder. Br K-edge XAS spectra (13.45-13.53 keV) were collected in the 25-140 °C
temperature range, across the phase diagram of the NCs, which have phase transition temperatures at T=50-59 °C
and T=108-117 °C [4]. A schematic layout and the steady-state Br K-edge XAS spectra are showed in the top panels
of Figure 1a and 1b, respectively. Ab initio MD simulations were performed using the CP2K package in the isobaric
(NpT) ensemble at 27 °C and 130 °C, initialized with orthorhombic and cubic supercells of 320 atoms, respectively.
The XAS spectra were computed based on DFT calculations with the Quantum ESPRESSO distribution, explicitly
accounting for core hole effects on supercells of 160 atoms (320 atoms for MD-based simulations) [2,3].

3. Results

Figure la (bottom panel) shows the Br K-edge experimental pump-probe spectrum at 100 ps time delay (blue),
obtained as the difference of the excited minus the unexcited XAS spectra, and the DFT simulations of the XAS
changes induced by a polaronic distortion of the lattice (green) and by an orthorhombic-cubic phase transition (gray
dotted). The pre- and main-edge features of the pump-probe spectrum are related to transient electronic effects.
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Figure 1: Br K-edge XAS spectra of CsPbBrs: (a) pump-probe at 100 ps time delay (blue) and ab initio simulation for a polaronic distortion
(green) and for a phase transition (gray dotted); (b) 120 °C minus 25 °C experimental XAS difference (orange), 130 °C minus 27 °C XAS
difference from ab initio MD simulations (red) and cubic minus orthorhombic PDF structures (gray dotted).

Instead, the positive and negative modulations of the experiment at higher energies, which cannot be ascribed to an
orthorhombic-cubic symmetry change based on the discrepancies with the phase transition simulation, are due to
structural modifications of the orthorhombic lattice. The excellent agreement between experiment (blue) and
simulation (green) was obtained introducing a lattice deformation along one specific longitudinal-optical (LO)
phonon mode at 18.2 meV [2], for which the electron-phonon coupling is the strongest [5].

In Figure 1b (bottom panel) we report the difference XAS spectra across the Br K-edge between: (i) the 120 °C
and the 25 °C in our experiment (orange); (ii) 130 °C and 27 °C from MD simulations (red), (iii) the thermal
structural changes from averaged structures at 160 °C and 22 °C obtained from pair-distribution function (PDF)
refinements (gray dotted) [4]. The agreement of the experiment and MD spectra shows that the T-induced XAS
changes are due to an increase of dynamical disorder in the lattice [3], rather than to an increase of unit-cell
symmetry. Moreover, we show that the experiment cannot be reproduced by the average structure determined
through conventional PDF refinement methods (gray dotted). The observed behavior is due to the phonon
anharmonicity of the lead halide sublattice, which causes the excess free energy surface to change as a function of
temperature. As a result, phase transitions therein can be rationalized via the soft-mode model, which also describes
displacive thermal phase transitions in oxide perovskites.

4. Conclusions

In this work, we demonstrate that the structural changes of CsPbBr; NCs induced by light and thermal functional
triggers have fundamentally different physical origins. Even though both effects are related to the flexibility of the
perovskite lattice, the photoexcitation is selectively driven by electron-phonon coupling, while the thermal activation
drives lattice phonon anharmonicity, which leads to significant distortions from the CsPbBr; space- and time-
average lattice symmetry, well rationalized by the soft-mode model as displacive thermal phase transitions.
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