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Computational Setup

Band structure and density of states calculations. All density functional theory calcula-

tions are performed within the local density approximation (LDA),1 as implemented in the

Quantum Espresso suite.2 Band structures are calculated with and without spin-orbit cou-

pling effects, using ultrasoft pseudopotentials3 including non-linear core correction4 for Bi,

Ag, Cl and Br, as found in the Theos Library.5 For Cs we use the norm-conserving non-

relativistic pseudopotential in the Quantum Espresso Library. For the projected density of

states we sample the Brillouin zone using a dense 20 × 20 × 20 k-point grid in both cases.

The molecular orbital diagrams shown in Figure 2a are built using the data obtained from

the projected density of states calculations. For the band structure and projected density

of states calculations we use plane-wave cutoffs of 60 Ry and 300 Ry for the wave functions

and charge density respectively.

Ground state calculations. For the calculation of the single particle energies, we use norm-

conserving6 pseudopotentials. For Cs and Cl we use non-relativistic pseudopotentials (as

found in the Quantum Espresso library) as we do not expect the spin-orbit coupling effects

to be significant for these ions. In the case of Bi, Ag and Br we generated a set of fully

relativistic, Troullier-Martins norm conserving pseudopotentials6 using the ld1.x code of

the Quantum Espresso distribution. For these ions we consider the following electronic

configurations: 5d106s26p3 (Bi), 4s24p64d105s0 (Ag) and 3d104s24p5 (Br). In order to show the

importance of semicore electrons for GW calculations we also generate a pseudopotential of

Ag with the 4d105s1 configuration. Unless otherwise specified, all calculations are performed

including semicore states for Ag. The charge density is calculated using a large plane wave

cutoff of 300 Ry and a 10×10×10 Γ-centred k-point grid in order to sample the Brillouin

zone.

Quasiparticle energies. The quasiparticle energies can be calculated from many-body per-

turbation theory as: Enk = εnk +Z(εnk)〈nk|Σnk(εnk)−Vxc|nk〉 ,7–10 where εnk are the Kohn-
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Sham eigenvalues for band n and wave-vector k, Enk are the corresponding eigenvalues,

Σ(ω) is the frequency-dependent self-energy, Z(ω) = [1−Re(∂Σ/∂ω)]−1 is the quasiparticle

renormalization, and Vxc is the exchange and correlation potential. The self-energy is calcu-

lated within the G0W0 approximation as Σ = iG0W0, where G0 is the single-particle Green’s

function and W0 is the screened Coulomb interaction. The self energy is typically separated

into two terms, the energy-independent exchange self energy, Σx, and the energy dependent

correlation self energy, Σc.
7–10

For the calculation of the quasiparticle eigenvalues we use the G0W0 approximation as imple-

mented in the Yambo code.11 We calculate the dielectric matrix within the random phase ap-

proximation12,13 and model its frequency dependence within the Godby-Needs plasmon pole

approximation.14 We use a plane wave cutoff of 50 Ry (Cs2BiAgCl6) and 60 Ry (Cs2BiAgBr6)

to calculate the exchange part of the self-energy.

In Figures S4 and S5 we show the convergence with respect to the empty states and po-

larizability cutoff of the direct band gaps calculated at the Γ-point for Cs2BiAgCl6 and

Cs2BiAgBr6 respectively. We have also checked that the indirect band gaps follow a similar

convergence trend. We define the empty states cutoff as the energy of the highest band

included in the summation over empty states with respect to the valence band top at the

Γ-point. The points at the top right corner of Figures S4a and S4b correspond to calculations

which include 1000 total bands (906 empty states in the case of Cs2BiAgCl6 and 856 empty

states in the case of Cs2BiAgBr6). We find that the band gap converges within 20 meV for

600 bands and 95 eV cutoff in both cases. In addition, we test the convergence with respect

to the k-point mesh. We obtain that the band gap at Γ point of Cs2BiAgCl6 changes by

10 meV when we increase the density of the k-point mesh from a 4×4×4 grid to a 5×5×5

grid.

The final set of parameters used for our best converged calculation is: 50 Ry (Cs2BiAgCl6)

and 60 Ry (Cs2BiAgBr6) plane-wave cutoff for the exchange self energy, 600 bands, 95 eV
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plane-wave cutoff for the polarizability and a 4× 4× 4 k-point mesh centred at Γ.

Experimental Methods

Solution-based synthesis and crystal growth of Cs2BiAgX6 (X = Cl, Br). Samples of Cs2BiAgX6

(X= Cl, Br) were prepared by precipitation from an acidic solution of hydrochloric and hy-

robromic acid. A mixture of a 1 mmol BiBr3 (Sigma Aldrich, 99.99%) and AgBr (Sigma

Aldrich, 99%) were first dissolved in 12 ml 8.84 M HBr. 2 mmol of CsBr (Sigma Aldrich,

99.9%) were added and the solution was heated to 150◦C to dissolve the salts. The solution

was cooled to 118◦C at 4◦C/hour to initiate supersaturation and produce single crystals.

The chlorine compound Cs2BiAgCl6 was fabricated using similar solution method with hy-

drochloric acid, BiCl3 and CsCl.

High-purity polycrystalline samples were synthesised following the method used by Mc-

Clure2016 et al.15 A mixture of 8 ml (8.84 M) HBr and 2 ml 50 wt% H3PO2 solution was

heated to 120◦C and 1.31 mmol of AgBr and BiBr3 dissolved into it. Adding 2.82 mmol

of CsBr caused an orange precipitate to form immediately. The hot solution was left for

30 minutes under gentle stirring to ensure a complete reaction before being filtered and the

resulting solid washed with ethanol and dried in a furnace.

Synthesis via solid-state reaction. Single-phase samples of Cs2BiAgX6 (X = Cl, Br) were

prepared by conventional solid-state reaction in a sealed fused silica ampoule.16 For a typical

reaction, the starting materials CsCl, CsBr (Sigma Aldrich, 99.9%), BiCl3, BiBr3 (Sigma

Aldrich, 99.99%) and AgCl, AgBr (Sigma Aldrich, 99%) were mixed in a molar ratio 2:1:1,

respectively. The mixture was loaded in a fused silica ampoule that was flame sealed under

vacuum (10-3 Torr). The mixture was heated to 500◦C over 5 hours and held at 500◦C for

4 hours. After cooling to room temperature, a yellow and orange polycrystalline material

was formed for Cs2BiAgCl6 and Cs2BiAgBr6, respectively. Octahedral shaped crystals of

maximum size 1 mm3 could be extracted from the powder samples that later were used to

determine the crystal structures.
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Structural characterization. Powder X-ray diffraction was carried out using a Panalytical

X′pert powder diffractometer (Cu-Kα1 radiation; λ = 154.05 pm) at room temperature.

Structural parameters were obtained by Rietveld refinement using General Structural Anal-

ysis Software.17 Single crystal data were collected for Cs2BiAgCl6 and Cs2BiAgBr6 at room

temperature using an Agilent Supernova diffractometer that uses Mo Kα beam with λ =

71.073 pm and is fitted with an Atlas detector. Data integration and cell refinement was

performed using CrysAlis Pro Software (Agilent Technologies Ltd., Yarnton, Oxfordshire,

England). The structure was analysed by Patterson and Direct methods and refined using

SHELXL 2014 software package.18

Optical characterization. A Varian Cary 300 UV-Vis spectrophotometer with an integrating

sphere was used to acquire absorbance spectra and to account for reflection and scattering. A

397.7 nm laser diode (Pico-Quant LDH P-C-405) was used for photoexcitation and pulsed at

frequencies ranging from 1-80 MHz. The steady-state photoluminescence (PL) measurements

were taken using an automated spectrofluorometer (Fluorolog, Horiba Jobin-Yvon), with a

450 W-Xenon lamp excitation.
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Table S1: Crystallographic data for a Cs2BiAgCl6 single crystal. The refinement data are

the same as those we reported in Table S1 of the Supporting Information of Ref.16

Compound Cs2BiAgCl6
Measurement temperature 293 K
Crystal system Cubic
Space group Fm3̄m
Unit cell dimensions a = 10.777 ± 0.005 Å

α = β = γ = 90◦

Volume 1251.68 Å3

Z 4
Density (calculated) 4.221 g/cm3

Reflections collected 3434
Unique reflections 82 from which 0 suppressed
R(int) 0.1109
R (sigma) 0.0266
Goodness-of-fit 1.151
Final R indices (Rall) 0.0212
wRobs 0.0322
Wavelength 0.71073 Å

Weight scheme for the Weight = 1/[sigma2(Fo2)+(0.0074 * P)2+0.00*P]
refinement where P = (Max(Fo2,0)+2*Fc2)/3

Isotropic temperature Uiso (Cs) 0.04284 ± 0.00044, (Bi) 0.02103 ± 0.00040 ,
factors (Å2) (Ag) 0.02384 ± 0.00048, (Cl) 0.05063 ± 0.00107

Anisotropic temperature U11(Cs) = 0.04284 ± 0.00044, U11(Bi) = 0.02103 ± 0.00040,
factor (Å2) U11(Ag) = 0.02384 ± 0.00048, U11(Cl) = 0.02039 ± 0.00149,

U22(Cs) = 0.04248 ± 0.00044, U22(Bi) = 0.02103 ± 0.00040,
U22(Ag) = 0.02384 ± 0.00048, U22(Cl) = 0.06567 ± 0.00152,
U33(Cs) = 0.04248 ± 0.00044, U33(Bi) = 0.02103 ± 0.00040,
U33(Ag) = 0.02384 ± 0.00048, U33(Cl) = 0.06567 ± 0.00152

Atomic Wyckoff-positions Atom Site x y z site occupancy
Cs 8c 0.25 0.25 0.25 1
Bi 4a 0 0 0 1
Ag 4b 0.5 0.5 0.5 1
Cl 24e 0.2489 0 0 1
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Table S2: Crystallographic data for a Cs2BiAgBr6 single crystal.

Compound Cs2BiAgBr6
Measurement temperature 293 K
Crystal system Cubic
Space group Fm3̄m
Unit cell dimensions a = 11.264 ± 0.005 Å

α = β = γ = 90◦

Volume 1429.15 Å3

Z 4
Density (calculated) 4.936 g/cm3

Reflections collected 3830
Unique reflections 95 from which 0 suppressed
R(int) 0.0691
R (sigma) 0.0150
Goodness-of-fit 0.369
Final R indices (Rall) 0.0192
wRobs 0.0676
Wavelength 0.71073 Å

Weight scheme for the Weight = 1/[sigma2(Fo2)+(0.1874 * P)2+0.00*P]
refinement where P = (Max(Fo2,0)+2*Fc2)/3

Isotropic temperature Uiso (Cs) 0.05012 ± 0.00077, (Bi) 0.01985 ± 0.00051 ,
factors (Å2) (Ag) 0.02820 ± 0.00071, (Br) 0.05347 ± 0.00066

Anisotropic temperature U11(Cs) = 0.05012 ± 0.00077, U11(Bi) = 0.01985 ± 0.00051,
factor (Å2) U11(Ag) = 0.02820 ± 0.00071, U11(Br) = 0.02003 ± 0.00092,

U22(Cs) = 0.05012 ± 0.00077, U22(Bi) = 0.01985 ± 0.00051,
U22(Ag) = 0.02137 ± 0.00296, U22(Br) = 0.07019 ± 0.00083,
U33(Cs) = 0.05012 ± 0.00071, U33(Bi) = 0.01985 ± 0.00051,
U33(Ag) = 0.02137 ± 0.00296, U33(Br) = 0.07019 ± 0.00083

Atomic Wyckoff-positions Atom Site x y z site occupancy
Cs 8c 0.25 0.25 0.25 1
Bi 4a 0 0 0 1
Ag 4b 0.5 0.5 0.5 1
Br 24e 0.25091 0 0 1
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Figure S1: Powder X-ray diffraction spectrum for of Cs2BiAgCl6 (a) and Cs2BiAgBr6 (b)
measured at room temperature. The spectrum in (a) is the same as we obtained in Figure S6
of the Supporting Information of Ref16
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Figure S2: Comparison between the band structures of Cs2BiAgCl6 (a) and Cs2BiAgBr6
(b) calculated for the experimental (exp) crystal structures reported in Ref.16 (Cs2BiAgCl6)
and in Table S1 (Cs2BiAgBr6) and the optimized (opt) crystal structures. The dashed lines
indicate the band edges (black for the valence band top in each case, red and blue for the
conduction band bottom obtained from the calculation on the optimized and experimental
crystal structures, respectively). The optimized crystal structures are obtained as described
in Ref.16

9



Figure S3: Projected densities of states calculated for Cs2BiAgCl6 (a) and Cs2BiAgBr6 (b)
within DFT+SOC. The grey shaded peak appearing just above -8 eV in the valence band
corresponds to the states localized on the Cs atom. The total density of states is plotted
with a black line everywhere. Blue lines correspond to the p states, red lines correspond to
the s states and light blue lines correspond to d states. These states are assigned to Bi, Ag,
Cl or Br according to the legend. For Bi we distinguish between the spin-orbit split Bi p 1/2
(continuous line) and Bi p 3/2 (dashed line).
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Figure S4: Convergence of the direct band gap at with respect to the empty states cutoff
and polarizability cutoff for Cs 2 BiAgCl 6 (a) and Cs 2 BiAgBr 6 (b) . All band gaps are
obtained from calculations at Γ-point only. The white dot and dashed white lines highlight
the parameters used in our final calculations.
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Figure S6: Plot of the quasiparticle energy (a), correlation self energy, Σc (b) and the
difference between exchange self energy and the exchange-correlation potential, Σx − Vxc
(c) with respect to corresponding Kohn-Sham eigenvalues, for calculations without (empty
black circles) and with (blue dots) semicore states for Ag. Both calculations are performed
for Cs2BiAgCl6.
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Figure S7: Overlap of the radial part of the 5s, 4d, 4p and 4s pseudo-atomic electron density
of Ag as a function of the distance from the nucleus. The inset shows a schematic diagram
of the energies of each orbital.
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Figure S8: Room temperature optical absorption spectra of Cs2BiAgCl6 (a) and Cs2BiAgBr6
(b). The spectrum (a) is the same as the one we reported in Figure 2 of Ref.16
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