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Computational details 

Density-functional theory (DFT) calculations were performed using the projector-

augmented wave (PAW) method as implemented in the Vienna Ab initio Simulation 

Package (VASP) 5.4 code.1-2 The generalized gradient approximation (GGA) Perdew-

Burke-Ernzerhof (PBE) functional3 was chosen for structural relaxations and total 

energy calculations. The plane-wave cut-off energy was set to 500 eV. The Γ-centered 

k-point meshes with k-spacing of ~0.2 Å-1 were employed for sampling the Brillouin 

zone.4 The lattice parameters and atomic positions were fully relaxed until the force on 

each atom is smaller than 0.01 eV/Å. The staring structure of Cs2Au(I)Au(III)I6 is from 

Ref. 5. The optimized structural parameters were summarized in Table S4. In order to 

obtain an accurate description of the electronic structure for Cs2Au(I)Au(III)I6, the 

Heyd-Scuseria-Ernzerhof (HSE) hybrid functional6 was therefore used during band 

structure and density of states calculations. Based on the equation m* = ℏ2/(∂2ε(k)/∂k2), 

where ε(k) are the band edge eigenvalues and k is the wavevector, the electron and hole 

effective masses were calculated using the finite difference method.7 The optical 

absorption spectra are described by the complex dielectric function, i.e., 𝜀 𝜔

𝜀 𝜔 𝜀 𝜔 . Based on the obtained dielectric function of Cs2Au(I)Au(III)I6, the 

absorption coefficient 𝛼 𝜔  can be given by the following equation8: 

𝛼 𝜔
√2𝜔 𝜀 𝜔 𝜀 𝜔 𝜀 𝜔

𝑐
                              S1  

where 𝜀  and 𝜀  are the real and imaginary part of the dielectric function, respectively. 

 

Carrier mobilities 

The intrinsic carrier mobility of Cs2Au(I)Au(III)I6 is calculated using the deformation 

potential (DP) theory9 according to the following equation10: 

𝜇
8𝜋 / ℏ 𝑒𝐶

3 𝑚∗ / 𝑘 𝑇 / 𝐸
                                                 S2  

where ℏ is the reduced Planck constant, 𝑒 is the element charge, 𝐶  is the elastic 

matrix constant, 𝑚∗ is the carrier effective mass, 𝑘  is the Boltzmann constant, 𝑇 is 

the temperature. 𝐸  represents the deformation potential constant of the valence band 

minimum (VBM) for hole or conduction band maximum (CBM) for electron along the 

transport direction, defined by 𝐸 ∆𝐸/ ∆𝑙/𝑙 . Here ∆𝐸 is the energy shift of the 

CBM or VBM under proper lattice compression or dilatation, 𝑙  is the lattice constant 
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in the transport direction and ∆𝑙 is the deformation of 𝑙 . The temperature used for 

the mobility calculations was 300 K. Note that, the carrier mobilities along the different 

transport directions are calculated based on the unit cell of Cs2Au(I)Au(III)I6.  

 

 

 

Figure S1. Crystal structures and d electron configurations of (a) Cs2TiI6 and (b) 

Cs2AgInCl6. 

 

 

 

Figure S2. Projected density of states of (a) Cs2TiI6 and (b) Cs2AgInCl6. 
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Figure S3. First Brillouin zone for the tetragonal lattice of Cs2Au(I)Au(III)I6.11 

 

 

 

Figure S4. The band-edge positions of VBM and CBM as a function of the lattice 

dilation along the (100) and (001) directions for Cs2Au(I)Au(III)I6. 
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Figure S5. Imaginary part of the macroscopic dielectric function (a) and reflectivity 

spectra (b) for light polarized parallel and perpendicular to the c axis in 

Cs2Au(I)Au(III)6. The dashed lines represent the results of the literatures (Ref. 12 in (a) 

and Ref. 13 in (b)).  

 

Table S1. The ionic (εion) and electronic (ε∞) contributions to the static dielectric 

constant (εstd) for Cs2Au(I)Au(III)I6. 

𝜺𝐢𝐨𝐧
𝒙𝒙  𝜺𝐢𝐨𝐧

𝒚𝒚  𝜺𝐢𝐨𝐧
𝒛𝒛  𝜺𝒙𝒙 𝜺𝒚𝒚 𝜺𝒛𝒛 𝜺𝐬𝐭𝐝

𝒙𝒙  𝜺𝐬𝐭𝐝
𝒚𝒚  𝜺𝐬𝐭𝐝

𝒛𝒛  

12.40 12.40 8.71 11.86 11.86 4.23 24.26 24.26 12.94 

 

Table S2. Summary of the calculated and experimental values of elastic constants Cij 

(GPa) of thirteen halide perovskites. 

 C11 C33 C44 C66 C12 C13 C14 Ref. 

Calc. Cs2Au2I6 (PBE) 15.53 17.43 0.89 5.84 9.97 1.70 - This work 

 Cs2Au2I6 (LDA) 27.67 27.28 2.33 8.12 18.13 3.58 - This work 

 Cs2Au2I6 (PBEsol) 29.31 29.07 2.96 9.69 19.37 3.58 - This work 

 Cs2AgBiI6 43.68 - 7.48 - 9.04 - - 14 

 Cs2AgBiBr6 59.02 - 8.15 - 13.37 - - 14 

 Cs2TIBiBr6 32.71 - 3.16 - 4.41 - - 15 

 Cs2AgBiCl6 66.70 - 8.85 - 15.61 - - 14 

 (MA)2KGdCl6 29.33 38.23 13.17 10.76 7.80 18.43 -3.05 16 

 (MA)2KYCl6 30.58 35.32 13.82 10.63 9.32 16.29 -2.61 16 

 (MA)2KBiCl6 31.75 24.79 12.11 10.00 11.75 14.38 -3.58 16 

Expt. MAPbI3 21.8±1.3 - 7.3±0.3 - 11.3±3.1 - - 17 

 FAPbI3 11.1±2.0 - 2.7±0.3 - -5.5±2.2 - - 17 

 MAPbBr3 34.5±1.2 - 4.1±0.2 - 18.5±2.0 - - 17 

 FAPbBr3 27.7±1.6 - 3.1±0.1 - 11.5±2.4 - - 17 

 MAPbCl3 - - 3.0(2) - - - - 18 
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Table S3. Summary of the calculated and experimental values of bulk modulus B (GPa), 

shear modulus G (GPa), Young’s modulus E (GPa), Pugh’s ratio B/G of twelve halide 

perovskites. 

 
Phase Orientation BVRH (GPa) GVRH (GPa) E (GPa) B/G Ref. 

Calc. Cs2Au2I6 (PBE) Tetragonal - 8.27 2.80 7.54 2.95 This work 

 Cs2Au2I6 (LDA) Tetragonal - 14.51 5.16 13.85 2.81 This work 

 Cs2Au2I6 (PBEsol) Tetragonal - 15.33 5.99 15.89 2.56 This work 

 Cs2AgBiI6 Cubic - 16.595 7.5222 19.604 2.20 19 

 Cs2AgBiBr6 Cubic - 20.269 8.5383 22.461 2.41 19 

 Cs2AgBiCl6 Cubic - 22.562 9.7791 25.634 2.30 19 

 Cs2TIBiBr6 Cubic - 13.84 6.07 15.89 2.28 15 

 (MA)2KGdCl6 Trigonal - 19.63 10.18 26.03 1.93 16 

 (MA)2KYCl6 Trigonal - 19.7 10.79 27.38 1.83 16 

Expt. Cs2AgBiBr6 Cubic (111)  - 22.6(6) - 14 

 (MA)2AgBiBr6 Cubic (111) - - 7.9 - 20 

   (110) - - 8.4 -  

 (MA)2TIBiBr6 Cubic (111) - - 12.8±1.9 - 21 

 (MA)2KBiCl6 Trigonal (001) - - 10.5±1.18 - 16 

 MAPbI3 Tetragonal (100) - - 10.4(8) - 22 

   (112) - - 10.7(5) -  

 FAPbI3 Cubic (100) - - 11.8(1.9) - 23 

   (110) - - 11.3±0.7 -  

   (012) - - 10.2±0.5 -  

 

 

Table S4. Experimental and calculated structural parameters for tetragonal phase 

Cs2Au(I)Au(III)I6 (space group I4/mmm). For comparison, the results of the literatures 

are also given. 

 
This work 

(PBE) 
This work 

(LDA) 
This work 
(PBEsol) 

Expt.  
(Ref. 5) 

Calc. 
(Ref. 24) 

Calc. 
(Ref. 12) 

a (Å) 8.469 8.145 8.141 8.284 8.39 8.47 

b (Å) 8.469 8.145 8.141 8.284 8.39 8.47 

c (Å) 12.521 11.937 11.928 12.092 12.34 - 

α (deg) 90 90 90 90 90 90 

β (deg) 90 90 90 90 90 90 

γ (deg) 90 90 90 90 90 90 

V (Å3) 898.09 791.98 790.57 829.8 869.04 - 

Au(I)-I bond length (Å) 2.618 2.608 2.612 2.586 2.625 2.62 

Au(III)-I bond length (Å) 2.700 2.676 2.680 2.646 2.703 2.71 
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