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S1 Computational Methods 

Our Density Functional Theory (DFT) calculations were performed using the 

Vienna Ab initio Simulation Package (VASP) and the Projector-Augmented Wave 

(PAW) method1–3, with the following pseudopotentials: PAW_PBE Cs_sv 08Apr2002, 

PAW_PBE Ag 02Apr2005, PAW_PBE Bi 08Apr2002, and PAW_PBE Br 06Sep2000. 

Total energy calculations and geometry optimization were conducted using the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional4. We employed both the 

Generalized Gradient Approximation (GGA) and the hybrid Heyd-Scuseria-Ernzerhof 

(HSE06)5,6 combining with SOC function methods to investigate the impact of strain 

on the electronic band structure, including variations in the band gap, while 

simultaneously studying the optical properties of the structure.  

To study the structural response to strain, we first unload the applied shear strain, 

that is, release the applied strain until the stress drops to zero, and then fully optimize 

the structure using VASP. During the optimization process, we do not impose any 

symmetry constraints (i.e., ISYM = 0 in the VASP setting), allowing the system to 

spontaneously break the symmetry based on the interaction between atoms and the 

principle of energy minimization. Phenomena such as octahedral rotation or phase 

transition may naturally occur. If the optimized structure cannot restore to the initial 

structural symmetry, we consider a phase transition has occurred. During this process, 

the symmetry of the structure is determined by the FINDSYM software7. 

Structural optimization was carried out with a 4 × 4 × 4 k-point grid in k-space 

integration, using a plane-wave basis set with a kinetic energy cutoff of 600 eV. All 

atomic positions were relaxed until all remaining force components were below 0.005 

eV/Å. We calculate the dielectric constants 𝜀∞  and 𝜀0  using density functional 

perturbation theory (DFPT)8, as well as the effective phonon frequency 𝜔  and 

carrier effective mass 𝑚∗ as implemented in the AMSET package9. The crystal orbital 

Hamilton population (COHP) and crystal orbital bond index (COBI) analyses are 

conducted using the LOBSTER package10,11. The force constant calculations were 

performed using the PHONOPY software12.  



S1.1 Quasi-static Mechanical Loading Process 

To simulate quasi-static mechanical loading processes, we combined ADAIS13 and 

VASP to calculate the stress-strain relationships of Cs2AgBiBr6 using a 2×2×2 supercell. 

We applied tensile or pure shear strains on specific systems while allowing relaxation 

of the other five strain components. The stress-strain relationships obtained from DFT 

calculations accurately describe the material's strength, toughness, structural evolution, 

and other properties under various loading conditions. Consequently, it directly predicts 

the mechanical performance of the material. Typically, the stress-strain relationships 

are computed by applying incremental deformations along specified modal directions. 

The initial atomic basis vector matrix R is transformed into the strain vector R' using a 

deformation matrix: 

𝑅′ = 𝑅 ∙ (𝐼 + 𝜀) (1) 

𝐼 is the initial lattice matrix, and 𝜀 is the corresponding strain matrix. 

For the tensile deformation, the strain matrix 𝜀 is expressed as: 

𝜀𝑡𝑒𝑛𝑠𝑖𝑙𝑒 = [

𝜀𝑥𝑥 0 0
0 𝜀𝑦𝑦 0

0 0 𝜀𝑧𝑧

] (2) 

For the pure shear deformation, the strain matrix 𝜀 is expressed as: 

𝜀𝑝𝑢𝑟𝑒 =
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(3) 

In this process, the diagonal and off-diagonal elements represent tensile and shear 

strain components, respectively. At each incremental step, a constant strain component 

is applied along a predefined direction, causing both the atomic basis vectors and all 

atoms to simultaneously reach a relaxed state. This process continues until the 

remaining five components in the Hallmann-Feynman stress tensor fall below the level 

of 0.1 GPa. Ultimately, the remaining non-zero stress components are considered as the 



obtained stress values. To ensure the continuity of deformation, the model is optimized 

to its initial structure for the next incremental loading after each increment. However, 

it is important to emphasize that our study is not aimed at simulating the strain 

encountered during actual material growth processes, but rather at exploring the 

structural evolution of materials under extreme conditions14,15. 

S1.2 Optical Absorption 

The dielectric function is a crucial parameter describing the optical properties of 

the material, and its expression is given by the formula:  

𝜀(𝜔) = 𝜀1(𝜔) + 𝜀2(𝜔) (4) 
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where 𝜀1(𝜔)  and 𝜀2(𝜔)  can be transformed through the Kramers-Kronig (K-K) 

relations16. We particularly focus on formula 𝜀2(𝜔), where c represents the conduction 

band, 𝜐 represents the valence band, and 𝛋 represents the K-point. The integration 

over k-points, denoted as 𝜔𝛋, involves summing over specific k-points and multiplying 

by the corresponding weighting factors. Here, 𝐸𝜐 and 𝐸𝑐 represent the energy of the 

valence band and conduction band in k-space, respectively and e denotes the 

polarization direction of photons, q is the electron momentum operator. Upon obtaining 

the dielectric function, we can further derive optical functions such as the absorption 

coefficient 𝛼(𝜔):  
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These parameters hold significant importance for understanding and applying the 

optical properties of the material. 



S2.1 (𝟎𝟏̅𝟏̅)[𝟎𝟏𝟏̅] slip system 

 

Figure S1 (a) The shear stress-strain relationship for Cs2AgBiBr6 along the 

(01̅1̅)[011̅], direction. (b), (c), and (d) present the structural states of Cs2AgBiBr6 in 

the (01̅1̅)[011̅] slip system at shear stresses of 0.04, 0.40, and 0.45, respectively. 

 



S2.2 (001)[100] slip system 

 

Figure S2 (a) The shear stress-strain relationship for Cs2AgBiBr6 along the (001)[100], 

direction. (b), (c), and (d) present the structural states of Cs2AgBiBr6 in the (001)[100] 

slip system at shear stresses of 0.30, 0.40, and 0.53, respectively. 

 



S2.3 (001)[110] slip system 

 

Figure S3 (a) The shear stress-shear strain relations for Cs2AgBiBr6 along the 

(001)[110], direction. (b), (c), and (d) present the structural states of Cs2AgBiBr6 in the 

(001)[110] slip system at shear stresses of 0.16, 0.35, and 0.41, respectively. 

 

S3 Bond length analysis for Shear stress-strain process 

 

Figure S4 Variations in typical bond lengths under different shear strains. (a) 

(01̅1̅)[011̅]. (b) (001)[100]. (c) (001)[110]. 



S4 The stability analysis of structures under large strain 

 

Figure S5 The phonon dispersion and total phonon density of states (DOS) at different 

shear strains: (a, b) 0.14, (c, d) 0.20. 

 

S5 Ag-Br Bond Length Analysis 

Here, we employed two methods to investigate the Ag-Br bond lengths. The first 

method involved referencing existing literature to find Ag-Br bond lengths. In this 

regard, we particularly focused on the Ag-Br bonds in the (C8H20N2)2AgInBr8 structure, 

where the longest bond can reach 3.13 Å (the green dots in Figure S5)17–20. The second 

method utilized structural data from existing databases. Initially, we employed spatial 

search algorithms (such as KD trees21) to find the nearest neighboring sites for each site 

in the Materials Project dataset22, setting distance thresholds to determine and record 

neighbor relationships. Subsequently, we traversed the entire structure to find the 

positions of Ag and Br elements and recorded their indices. Then, we systematically 

checked the indices of Ag (or Br) sites and matched them with the indices of 

neighboring Br (or Ag) sites, forming Ag-Br neighbor pairs and calculating the 

distances between them. Finally, we computed the average distance of all Ag-Br 

bonding pairs to obtain the average distance of Ag-Br bonding sites (the gray and blue 

dots in Figure S5). This process ensured accurate and efficient identification of all Ag-

Br bonds and calculation of their average distances. 



 

Figure S6 The bond lengths of Ag-Br bond in various compounds. The gray and blue 

dots data are collected from the Materials Project database, the green dots data is 

sourced from literature. 

S6 Tensile stress–strain relations and the bond lengths Analysis 

Under tension, during the initial loading stage, all tensile stresses increase linearly 

with the tensile strain. As the tensile stress further increases, the tensile stress in the 

[110] direction reaches the ideal tensile strength (1.488 GPa) first, marking the first 

maximum stress point. This indicates that the [110] direction is much weaker in 

resisting external deformation compared to the [100] and [111] directions. 



 

Figure S7 (a) The tensile stress-strain relationships of Cs2AgBiBr6 under biaxial tensile 

strain. Variations in typical bond lengths under different biaxial tensile. (a) [100]. (b) 

[110]. (c) [111]. 

S7 Vibration modes 

 

Figure S8 The 4
+ vibration mode under the Fm-3m to I4/m phase transition  

 



S8 The electronic structure and optical properties of Cs2AgBiBr6 

 

Figure S9 The band structures of Fm-3m (a) and I4/m (b). (c) The optical absorption 

spectra of Fm-3m and I4/m. (d) Dipole transition matrix elements (P2). (e) Joint density 

of states (JDOS). 
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