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1. Calculation Method

We performed first-principles calculations on the Ag2BiO3 using the Projector 
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Augmented Wave (PAW) method, which is implemented in the Vienna Ab-initio 

Simulation Package (VASP) 1-5. For the treatment of exchange-correlation (XC) 

interactions, we employed three different XC functionals, including the Perdew-

Burke-Ernzerhof (GGA-PBE) 6 functional and the Heyd-Scuseria-Ernzerhof hybrid 

functionals (HSE03 and HSE06) 7. The HFSCREEN parameter in the distance-

separation mixing functionals was set to 0.3 in HSE03 and 0.2 in HSE06, while the 

default value of AEXX was set at 0.25. Due to quasiparticle self-energy effects, the 

band gap calculated using the GGA-PBE functional is often smaller than the actual 

value, leading to overestimations of nonlinear optical polarizability and dielectric 

constants. To address the underestimation of the band gap, the hybrid HSE03 and 

HSE06 functional were employed for more accurate results. The valence states were 

assigned 4d and 5s for Ag, 2s and 2p for O, 6s and 6p for Bi, 5s and 5p for Sb, and 6s 

and 5d for Ta were used. During the electronic structure calculations, we employed a 

7×7×5 Monkhorst-Pack k-point grid. Throughout all calculations, the energy 

convergence criterion was set to 10-4 eV, and the plane-wave cutoff energy was set to 

450 eV. The computational settings for AgGaS2 involved structural optimization 

yielding lattice parameters of a=b=5.829 Å and c=10.539 Å, with electronic and 

optical properties calculated using a 7×7×4 k-point grid and 200 bands.

The linear optical properties are determined by its complex dielectric function, 

which consists of the real part ε1(ω) and the imaginary part ε2(ω), expressed as ε1(ω) 

= ε1(ω)+ iε2(ω).8 The imaginary part was calculated from direct interband transitions 

using the Fermi golden rule,9-10 while indirect transitions were omitted due to their 
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negligible contribution to ε.
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4𝜋2𝑒2
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Where, c and υ denote the integrated optical transitions from the valence states to the 

conduction states, e is the polarization direction of the photon, and q is the electron 

momentum operator. The integration over κ is carried out by summing over special k-

points with their corresponding weighting factors wk . The real part of the dielectric 

function, ε1(ω), is obtained from the imaginary part, ε2(ω), based on the usual 

Kramers–Kronig transformation.11
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Where, P represents the principal value and η is the complex shift parameter. 

The χ(2) coefficients were calculated within the length-gauge formalism derived 

by Aversa and Sipe12 and subsequently modified by Rashkeev et al13. We employed 

the computational code developed by Zhang et al.14, which has been successfully 

applied to evaluate the second-order susceptibility of various semiconductors and 

insulators.15-16 A scissor operator has been added to correct the conduction band 

energy (corrected to the HSE03 gap)

In the static case, the second-order optical susceptibility can be expressed as:
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where r is the position operator, ħωnm = ħωn - ħωm is the energy difference for the 
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bands m and n, fmn = fm - fn is the difference of the Fermi distribution functions, 

subscripts a, b, and c are Cartesian indices, and rb
mn;a is the so-called generalized 

derivative of the coordinate operator in k space,

                                                             
𝑟 𝑏
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where Δa
nm = (pa

nn - pa
mm ) / m is the difference between the electronic velocities at the 

bands n and m. 

For an external radiation electric field E, the dipole moment 𝜇𝑖 of a group can 

be expressed as a Taylor series expansion.

𝜇𝑖 = 𝜇0
𝑖 + 𝛼𝑖𝑗𝐸𝑗 +

1
2!

𝛽𝑖𝑗𝑘𝐸𝑗𝐸𝑘 +
1
3!

𝛾𝑖𝑗𝑘𝑙𝐸𝑗𝐸𝑘𝐸𝑙                                             (5)

where i, j, k, and l subscripts represent the different Cartesian coordinate 

components x, y, or z.  is the permanent dipole moment of a group, namely 𝜇0
𝑖

the dipole moment without an applied electric field. Physical quantities α, β, 

and γ correspond to the linear polarizability (α, which corresponds to the linear 

optical coefficient of a group), first-order hyperpolarizability tensor (β, which is 

the second-order nonlinear optical coefficient of a group), and second-order 

hyperpolarizability tensor (γ, which is the third-order nonlinear optical 

coefficient of a group).

We calculate the static linear polarizability (α) and static first-order 

hyperpolarizability (β) of [BiO6], [AgO3] and [AgO2] groups in per unit cell of 

Ag2BiO3 at the PBE1PBE level 17 of theory with a reasonably large basis set 

def2TZVP 18-19 by using the Gaussian 09 program 20. The polarizability 
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anisotropy (∆α) was obtained by the following formula to reflect the sources of 

birefringence. 

              (6)∆𝛼 = [(𝛼𝑥𝑥 ‒ 𝛼𝑦𝑦)2 + (𝛼𝑥𝑥 ‒ 𝛼𝑧𝑧)2 +  (𝛼𝑦𝑦 ‒ 𝛼𝑧𝑧)2]/2

Figure S1. Birefringence Δn of Ag2BiO3 versus photon energy.
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Figure S2. The cutoff-energy-dependent static SHG coefficients |d24| of Ag2BiO3.
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Table S1. The local dipole moment (μ) in Debye, Linear polarizability α in 10-24 esu, Polarizability anisotropy ∆α, and First hyperpolarizability 

β in 10-30 esu for [BiO6], [AgO3] and [AgO2] groups in per unit cell of Ag2BiO3. 

Dipole momenta Linear polarizability α First hyperpolarizabilityβ
Groups

x y z ∆α xx yx yy zx zy zz x y z

[Bi5+O6]-1 0 0 -0.48 19.41 14.81 -6.91 32.31 0 0 25.56 -0.01 0 -197.44

[Bi5+O6]-3 0 0 -0.48 19.41 14.81 6.91 32.31 0 0 25.56 0 0 -197.44

[Bi3+O6]-2 0 0 0.88 8.67 19.82 -0.3 29.1 0 0 21.26 0 0 108.68

[Bi3+O6]-4 0 0 0.88 8.67 19.82 0.3 29.1 0 0 21.26 0 0 108.68

[AgO3]-1 -0.83 -0.49 0.59 3.75 10.69 -0.27 6.61 -0.45 0.47 8.3 9.45 1.13 -0.1

[AgO3]-2 0.83 0.49 0.59 3.75 10.69 -0.27 6.61 0.45 -0.47 8.3 -9.44 -1.15 -0.09

[AgO3]-3 -0.83 0.49 0.59 3.75 10.69 0.27 6.61 -0.45 -0.47 8.3 9.44 -1.15 -0.09

[AgO3]-4 0.83 -0.49 0.59 3.75 10.69 0.27 6.61 0.45 0.47 8.3 -9.45 1.13 -0.1

[AgO2]-1 0.16 0.02 0.03 15.61 7.45 -2.71 20.74 -0.82 4.18 8.18 -1.58 -0.19 -0.33

[AgO3]-2 -0.16 -0.02 0.03 15.61 7.45 -2.71 20.74 0.82 -4.18 8.18 1.58 0.19 -0.33

[AgO3]-3 0.16 -0.02 0.03 15.61 7.45 2.71 20.74 -0.82 -4.18 8.18 -1.58 0.19 -0.33

[AgO3]-4 -0.16 0.02 0.03 15.61 7.45 2.71 20.74 0.82 4.18 8.18 1.58 -0.19 -0.33
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Table S2.  The different system of Bi site substitution for Ag2BiO3 and their optical components.

System Eg (eV) Δn SHG dmax (pm/V)

Ag2BiO3 0.87 0.158 d24 = 594.57

Ag2Bi0.75Sb0.25O3 1.12 0.151 d24 = 203.58

Ag2Bi0.5Sb0.5O3 2.3 0.084 d33 = 15.06

Ag2Bi0.75Ta0.25O3 1.03 0.265 d24 = 286.49
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