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1 Computational Parameters

The only computational parameter in MOLGW! calculations is the choice of Gaussian basis
set: aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-PV5HZ.

For PARSEC and RGWBS calculations,?? pseudopotentials are generated using a mul-
tireference fitting scheme in the Atomic Pseudopotential Engine (APE),*® with different
pseudopotentials generated for LDA and GGA calculations.®” The core electrons of the O in
monoxide anion calculations are represented using Troullier-Martins pseudopotentials with
radial cutoff 1.45 a.u.® Computational parameters for PARSEC / RGWBS, including the
optimized bond lengths used for the monoxide anion calculations, are listed in Table 1.

The GW calculations and extrapolations to the complete basis set limit follow the meth-
ods outlined in the article, and the parameters for basis sets used in GoWy and evGW
calculations are listed in Table 2. For purposes of extrapolation, perturbative GW calcula-
tions are performed on n,. different basis sets by varying N, where N is the total number
of states included in the sum-over-states. The cutoffs IV are spaced evenly according to their
DFT energies (Eppr(/V), shown in eV), with AE (also in eV) indicating the increments
between the basis sets. Ny.x is the total number of states in the largest perturbative GW
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calculation. N, is the total number of states for eigenvalue self-consistent GW calculations.
While only the QP-HOMO and QP-LUMO energies need to be computed in perturbative
GW, quasiparticle energies are computed and updated for quasiparticles up to index nqgp at
each step of a evGW calculation in RGWBS.

The TDDFT eigenvalues reported in the article are computed using the basis set cor-
responding to Ny.. of Table 2. For the BSE, the total number of states used in each
calculation and the DFT energy of the highest included state are summarized in Table 3.
Due to the high cost of GW calculations, GW energies are only computed for the lowest 65
quasiparticles for input to the BSE; the highest computed GW energy lies ~5 eV above the
vacuum level. The remaining quasiparticle energies for the BSE calculation are set to the
DFT eigenvalues. By comparison to calculations that instead apply a “scissors operator”
to the remaining higher-energy states, it appears that imposing this cutoff affects computed
absorption energies < 0.1 eV.

Benchmarks from RGWBS — GW energies extrapolated to the complete basis-set limit
and GW-BSE and TDDFT energies from finite basis set computations — are tabulated in
the following section.

Table 1: PARSEC and RGWBS computational parameters (a.u.): radial cutoff for mul-
tireference pseudopotentials, real-space grid spacing, radius of spherical domain for species
of various oxidation states and the anion monoxide, and bond length of monoxide anions.

Element | 7, h  R(d™) R(d“s) R(d"™s?) R(XO™) r(XO7)

Cu 1.50 0.22 12. 16. 20. 18. 3.189
Ag 1.60 0.25 12. 16. 20. 18. 3.646
Zn 1.30 0.20 10. 12. 16. 18. 3.212
Cd 1.55 0.25 10. 12. 16. 18. 3.752

Table 2: RGWBS calculation parameters for perturbative and self-consistent GW'.

Specjes Ncalc AFE Nmax EDFT(Nmax) Nev EDFT(Nev) nqQp
Cut or Agt 7 20 ~5700 180 ~1070 60 65
Cu or Ag° 6 10 ~4600 90 ~1350 40 65
Cu~ or Ag™ 6 5  ~4600 60 ~1990 35 55

Zn*t or Cd?t | 8 20 ~4600 220 ~1050 80 65
Zn™ or Cd* 11 10 ~4800 160 ~1080 60 65
Zn° or Cd° 5 10 ~4600 90 ~1870 50 65

Table 3: Total number of states used for GW-BSE calculations in RGWBS, and DF'T energy
of highest included state (eV).

BSEQGW@QLDA BSEQGWQGGA

Element Ndlo ELDA(Ndw) NdIOS ELDA(Ndws) NdIOSQ ELDA(NdeQ) Ndlo EGGA(Ndlo)
Cu 1074 60.126 878 30.173 - - 1074 60.116
Ag 1073 60.004 890 30.349 - - 1076 60.025
Zn 1051 80.045 868 50.338 878 30.115 1051 80.034
Cd 1052 81.884 863 50.219 890 30.098 1052 81.779




2 Excitation Energies

Table 4: Negative ionization energies and GW QP-HOMO energies (eV) for atoms with d*°

occupation.

Table 5: Negative electron affinities and GW QP-LUMO

Atom —IE9 12 G()WO evGW G()W()FLDA eVGWFLDA GQWO evGW
QLDA QGGA

Cu -20.29 | -20.51 -21.97 -19.75 -21.28 | -19.84 -21.27

Ag -21.48 | -22.17  -22.95 -21.34 -22.15 | -21.76  -22.56

Zn -39.72 | -40.34  -41.59 -39.55 -40.85 | -39.61 -40.83

Cd -37.47 | -38.30 -38.98 -37.47 -38.19 | -37.87 -38.55

energies (eV) for atoms with d'°

occupation.
Atom | —EAW | GoW, evGW  GoWol'ipa evGWTipa | GoWo evGW
QLDA QGGA
Cu -7.73 | -8.08 -7.75 -7.21 -6.95 | -8.18  -7.87
Ag -7.58 | -7.91  -7.65 -7.08 -6.85 | -7.91 -7.67
Zn -17.96 | -18.25 -18.03 -17.42 -17.28 | -18.34 -18.13
Cd -16.91 | -17.21 -16.97 -16.38 -16.20 | -17.20 -16.98

Table 6: Negative ionization energies and GW QP-HOMO energies

occupation.
Atom | —IE!L13-15 GoWoy evGW  GoWol'tpa evGWT'ipa | GoWy evGW
@QLDA QGGA
Cu -773 | -836  -8.40 -7.43 -745 | -846  -8.55
Ag -7.58 | -8.05 -8.18 -7.11 -7.25 | -7.96  -8.12
Zn -17.96 | -18.74 -18.72 -17.69 -17.72 | -18.71  -18.72
Cd -16.91 | -17.57 -17.54 -16.51 -16.53 | -17.48 -17.47

(eV) for atoms with d'%s



Table 7: Negative electron affinities and GW QP-LUMO energies (eV) for atoms with d'%s

occupation.
Atom —EAH’w’N G()W() evGW G()W()FLDA GVGWFLDA G()W() evGW
QLDA QGGA
Cu -1.24 | -142  -0.82 -0.89 -0.16 | -1.47  -0.90
Ag -1.30 | -1.533  -1.03 -0.95 -0.35| -1.53  -1.06
Zn -9.39 | -9.63 -9.08 -9.06 -8.43 | -9.65 -9.13
Cd -8.99 | -9.28  -8.82 -8.66 -8.13 | -9.26  -8.82

Table 8: Negative ionization
d*°s? occupation.

energies and GW QP-HOMO energies (eV) for atoms with

Atom | —IE 8 | GoWy evGW  GoWol'ipa evGWTipa | GoWo evGW
QLDA QGGA

Cu -1.24 | -1.46  -1.50 -0.32 -0.46 | -1.64 -1.56

Ag -1.30 | -1.51  -1.50 -0.58 -0.67| -1.66  -1.52

Zn -9.39 | -9.54 -9.68 -8.99 -8.72 | -9.69  -9.88

Cd -8.99 | -9.17  -9.27 -8.23 -8.32 | -9.09 -9.25

Table 9: Experimental, TDDFT, and GW-BSE energies for the d'® — d°s (D) transition.

BSEQ@ BSEQ@
Atom | Expt.2 'V | TDDFT | GoWy evGW  GoWol'tpa evGWTipa | GoWy evGW
@QLDA @QLDA QGGA
Cu 3.26 2.05 2.48 3.90 3.02 4.37 1.82 3.22
Ag 5.71 4.57 5.20 5.90 5.56 6.25 4.84 5.54
/n 10.35 8.19 9.96 11.10 10.44 11.53 9.23 10.34
Cd 11.02 9.35 | 10.48 11.20 10.88 11.55 | 10.12 10.83

Table 10: GW-BSE energies for the d'® — d°s ('D) transition (diagonal approximation).

Table 11: Experimental, TDDFT, and GW-BSE energies for the d'° — d°p ('F) transition.

BSE@ BSE@
Atom G()Wo evGW GOWOFLDA evGWFLDA GoWo evGW
QLDA QGGA
Cu 2.19 3.59 2.72 4.03 1.53 2.89
Ag 4.99 5.66 5.34 6.00 | 4.63 5.30
Zn 9.67 10.79 10.15 11.20 8.95 10.04
Cd 10.29  11.00 10.68 11.34 9.92 10.61

BSE@ BSE@
Atom | Expt.? 1019 | TDDFT | GoWy evGW  GoWolipa evGWTipa | GoWy evGW
@QLDA @QLDA QGGA
Cu 8.78 7.29 8.40 9.37 8.71 9.88 7.72 8.72
Ag 11.05 9.42 | 10.11 11.00 10.67 11.36 9.76 10.63
/n 17.92 1545 | 17.23 18.54 17.91 18.98 | 16.55 17.82
Cd 18.11 1591 | 17.12 17.95 17.64 18.31 | 16.75 17.57




Table 12: GW-BSE energies for the d'* — d%p ('F) transition (diagonal approximation).

BSEQ BSEQ@
Atom | GoWy evGW  GoWyl'ipa evGWTipa | GoWy evGW
QLDA QGGA
Cu 7.75 8.70 8.02 9.12 7.11 8.06
Ag 9.63 10.45 10.13 10.77 9.29 10.10
VA 16.70  17.98 17.36 18.38 | 16.04 17.29
Cd 16.74  17.55 17.24 17.88 | 16.39  17.17

Table 13: Experimental, TDDFT, and GIW-BSE energies for the d'® — d’p (D) transition.

BSEQ BSEQ
Atom EXpt 9-11,19 TDDFT GO WO evGW Go WOPLDA QVGWFLDA G()WO evGW
@QLDA @QLDA QGGA
Cu 8.86 740 | 8.59 9.65 8.93 10.14 | 791 9.00
Ag 10.77 949 | 10.26  11.22 10.86 11.60 | 991 10.86
Zn 18.01 15.57 | 17.60  18.92 18.27 19.35 | 16.92 18.21
Cd 18.41 1597 | 1737 18.24 17.93 18.63 | 17.00 17.86

Table 14: GW-BSE energies for the d'° — d°p (*D) transition (diagonal approximation).

Table 15: Experimental, TDDFT, and GW-BSE energies for the d'° — d°p (IP) transition.

BSE@ BSE@
Atom GOWO evGW GOWDFLDA eVGWFLDA GOWO evGW
QLDA QGGA
Cu 7.97 9.02 8.29 9.44 7.32 8.38
Ag 9.79  10.70 10.35 11.05 9.46  10.35
Zn 1712 18.41 17.77 18.81 | 16.45 17.71
Cd 17.01  17.86 17.55 18.23 | 16.66  17.48

BSEQ@ BSEQ
Atom EXpt‘ 1L TDDET Go Wo evGW Go WolLpa evGWFLDA GQ Wo evGW
QLDA QLDA QGGA
Cu 9.12 7.87 9.06 10.03 9.33 10.49 8.37 9.36
Ag 11.15 10.02 | 10.73  11.60 11.24 11.93 | 10.36 11.22
7n 18.29 16.20 | 17.96  19.30 18.64 19.71 | 17.27  18.56
Cd 18.11 16.66 | 17.81  18.64 18.30 18.96 | 17.43  18.24

Table 16: GW-BSE energies for the d'° — d’p (*P) transition (diagonal approximation).

BSE@ BSE@
Atom G()WO evGW GOWOFLDA GVGWFLDA GOWO evGW
QLDA QGGA
Cu| 8.57 9.50 8.82 993 | 7.89 8.83
Ag | 1040 11.20 10.88 11.51 | 10.02  10.82
Zn | 17.58  18.88 18.25 19.29 | 16.89  18.16
Cd | 17.56  18.36 18.04 18.68 | 17.18  17.95




Table 17: Experimental, TDDFT, and GW-BSE energies for the d'°s — d'%p transition.

BSEQ@
Atom EXpt 9,11,19,20 TDDFT GQWQ evGW GQW()FLDA eVGWFLDA
QLDA @QLDA
Cu 3.81 4.23 3.51 3.70 3.81 3.81
Ag 3.74 4.08 3.39 3.56 3.59 3.64
Zn 6.08 6.84 6.03 6.11 6.10 6.12
Cd 5.68 6.20 5.52 5.57 5.60 5.59

Table 18: GW-BSE energies for the d'°s — d'%p transition (diagonal approximation).

BSE@
Atom GOWO evGW GOWOFLDA GVGWFLDA
QLDA
Cu 2.78 3.13 3.01 3.11
Ag | 294 3.0 3.04 3.08
7n 5.84 5.91 5.87 5.89
Cd 5.33 5.38 5.39 5.38

Table 19: Experimental, TDDFT, and GW-BSE energies for the d'°s?> — d'%sp transition.

BSE@
Atom EXpt 11,21 TDDFT GQ Wo evGW Go WOPLDA QVGWFLDA
QLDA QLDA
Zn 5.80 5.80 5.52 5.75 5.70 5.81
Cd 5.42 536 | 511 533 5.30 5.29

Table 20: GW-BSE energies for the d'°s* — d'%sp transition (diagonal approximation).

BSE@
Atom G()WO evGW G()W()FLDA eVGWFLDA
QLDA
Zn 5.49 5.72 5.67 5.78
Cd 5.10 5.25 5.28 5.32
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