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S1. OPTICAL PROPERTIES OF ALL CONFIGURATIONS
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Figure S1: The relative dielectric function €,(E) is defined as €,(E) = ¢;(E) + ie(E),

where €; and €y are the real and imaginary parts of the dielectric function, respectively, and

E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and

(b) we show the €;(E) and €;(E) as a function of photon energy for Ti*"-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of
the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.



S1.2. V3t
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Figure S2: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢ (E) and €;(E) as a function of photon energy for V**-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.



S1.3. Cr3t
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Figure S3: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢ (E) and €3(E) as a function of photon energy for Cr®-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.



S1.4. Crft
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Figure S4: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢ (E) and €3(E) as a function of photon energy for Cr®-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.



S1.5. Mn?2t
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Figure S5: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢;(E) and €3(E) as a function of photon energy for Mn?*-substituted
t-Y'SZ configurations, respectively. The optical absorption spectrum is shown in (c). The

color of the curve indicates different approximation level, where purple curve stands for

GoW-BSE and the green curve indicates the GoWq-IPA.



S1.6. Mn3t

(b) Imaginary part of the dielectric

(a) Real part of the dielectric function (eq) function (e2)

1. — 1.4 ———

o ] GoWyBSE —— GoW¢-BSE ——

ol GoWq-IPA —— 127 1 GoWyIPA ——
z 12| z | ’
5 1t S 08}
5 08 5 06
~ 06 T o4l

04t

0.2 | 021

0 S 0 .
0 2 4 6 8 10 0 2 4 6 8 10
Energy (eV) Energy (eV)
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Figure S6: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢;(E) and €3(E) as a function of photon energy for Mn3*-substituted
t-Y'SZ configurations, respectively. The optical absorption spectrum is shown in (c). The

color of the curve indicates different approximation level, where purple curve stands for

GoW-BSE and the green curve indicates the GoWq-IPA.



S1.7. Mn*t
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Figure S7: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢, (E) and e;(E) as a function of photon energy for Mn**-substituted
t-Y'SZ configurations, respectively. The optical absorption spectrum is shown in (c). The

color of the curve indicates different approximation level, where purple curve stands for

GoW-BSE and the green curve indicates the GoWq-IPA.



S1.8. Fe?t
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Figure S8: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢ (E) and €3(E) as a function of photon energy for Fe*"-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.



S1.9. Co3t
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Figure S9: The relative dielectric function €,(E) is defined as €,(E) = €;(E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the €;(E) and e(E) as a function of photon energy for Co®-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.
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S1.10. Ni?t
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Figure S10: The relative dielectric function €,.(E) is defined as €.(E) = € (E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢ (E) and €3(E) as a function of photon energy for Ni**-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.

11



S1.11. Ni3t
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Figure S11: The relative dielectric function €,.(E) is defined as €.(E) = € (E) + iea(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the ¢ (E) and €3(E) as a function of photon energy for Ni**-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.
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S1.12. Cu?t
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Figure S12: The relative dielectric function €,.(E) is defined as €,.(E) = € (E) + iea(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the €;(E) and €;(E) as a function of photon energy for Cu®*-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.

13



S1.13. Zn?t
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Figure S13: The relative dielectric function €,(E) is defined as €,.(E) = € (E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the € (E) and ey(E) as a function of photon energy for Zn**-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.
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S1.14. Ru’t
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Figure S14: The relative dielectric function €,(E) is defined as €,.(E) = € (E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the €;(E) and €;(E) as a function of photon energy for Ru**-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.
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S1.15. Ru*f
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Figure S15: The relative dielectric function €,.(E) is defined as €,.(E) = € (E) + iex(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the €;(E) and e;(E) as a function of photon energy for Ru'*-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.
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S1.16. Os*t

(b) Imaginary part of the dielectric

(a) Real part of the dielectric function (e7) function (e2)
12 T ]| GeW,BSE —— O8] GgWyBSE ——
o GoW-IPA —— 05 1 GoWyIPA ——
0 w 04F
= Tr =
] =]
s 09 ¢ 5 03}
© S
:): 08 :;: 02 |
0.7
06 | o1
0.5 0

0 2 4 6 8 10 0 2 4 6 8 10
Energy (eV) Energy (eV)

(c) Calculated optical absorption spectrum

[ GoW,-BSE ——

GoWq-IPA ——

Absorption (arb. units)

250 500 750 100012501500 1750200022502500
Wavelength (nm)

Figure S16: The relative dielectric function €,.(E) is defined as €,.(E) = € (E) + iea(E),
where €; and €5 are the real and imaginary parts of the dielectric function, respectively, and
E is the photon energy (eV) related to wavelength A (nm) through E = #2322 In (a) and
(b) we show the €;(E) and €3(E) as a function of photon energy for Os**-substituted t-YSZ
configurations, respectively. The optical absorption spectrum is shown in (c¢). The color of

the curve indicates different approximation level, where purple curve stands for GoWy-BSE

and the green curve indicates the GoW,-IPA.
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S2. PROJECTED DENSITY OF STATES AND EXCITON FOR EACH CONFIG-
URATION

S2.1. Ti*t
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Figure S17: DFT projected density of states (PDOS) for Ti*"-substituted tetragonal
YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is
aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the
black dashed line indicates the position of the VBM.

Hole Electron

Figure S18: Hole and electron density distributions associated with the first exciton with

a relative strength greater than 0.1 in Ti**-substituted t-YSZ. The corresponding
excitation energy E... = 4.36 eV. The hole and electron density locate at different atoms

inside the same polyhedron indicates a Type-I exciton, as discussed in
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Figure S19: DFT projected density of states (PDOS) for V3*-substituted tetragonal YSZ
(t-YSZ). The energy is referenced to the valence band maximum (VBM), which is aligned
at 0 eV. Positive and negative values correspond to the spin-up and spin-down channels,

respectively. The gray background represents the total density of states, and the black
dashed line indicates the position of the VBM.

Hole Electron

Figure S20: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in V3*-substituted t-YSZ. The corresponding excitation

energy Fe,. = 1.09 eV. The hole and electron density highly localized at V3* cation

indicates a Type-II exciton, as discussed in
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S2.3. Cr3t
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Figure S21: DFT projected density of states (PDOS) for Cr¥*-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.

Hole Electron

Figure S22: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Cr3*-substituted t-YSZ. The corresponding
excitation energy E... = 0.99 eV. The hole and electron density predominately localized at

Cr®* cation with a small fraction of hybridization with ligand O 2p-orbital, indicating a

Type-II exciton, as discussed in .
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S2.4. Crf*
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Figure S23: DFT projected density of states (PDOS) for Cr®"-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.

Electron

Figure S24: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Cr%"-substituted t-YSZ. The corresponding
excitation energy E.,.. = 2.76 eV. The hole density located at multiple O 2p-orbital across
Zr and Y-centered polyhedron, while the electron density localized at Cr 3d and O

2p-orbital within the Cr-centered polyhedron, indicating a Type-I' exciton as discussed in

yection 1111
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S2.5. Mn?2t
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Figure S25: DFT projected density of states (PDOS) for Mn?"-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.

Hole Electron
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Figure S26: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Mn?"-substituted t-YSZ. The corresponding
excitation energy E,,. = 1.91 eV. The hole density is predominately localized at Mn?**
cation, and the electron density extended to Zr 4d-orbitals in other polyhedra. This

character indicates a Type-II exciton as discussed in [Section 11T
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S2.6. Mn3t
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Figure S27: DFT projected density of states (PDOS) for Mn3*-substituted tetragonal
YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is
aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the
black dashed line indicates the position of the VBM.
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Figure S28: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Mn3*-substituted t-YSZ. The corresponding
excitation energy F.,. = 1.31 eV. The hole density is predominately localized at Mn?*
cation, and the electron density extended to ligand O 2p-orbitals and Zr 4d-orbitals in
other polyhedra. This character indicates a Type-II’ exciton as discussed in W
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S2.7. Mn*t
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Figure S29: DFT projected density of states (PDOS) for Mn**-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.
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Figure S30: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Mn**-substituted t-YSZ. The corresponding

excitation energy E.,. = 1.81 eV. The hole and electron density localized at Mn** cation

with significant hybridization with ligand O 2p-orbital, indicating a Type-II" exciton, as

discussed in |Section II1|
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Figure S31: DFT projected density of states (PDOS) for Fe*T-substituted tetragonal
YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is
aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the
black dashed line indicates the position of the VBM.

Hole Electron

Figure S32: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Fe?*-substituted t-YSZ. The corresponding
excitation energy E,,. = 0.70 eV. The hole and electron density highly localized at Fe3*

cation indicates a Type-II exciton, as discussed in [Section 11l
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S2.9. Co3t
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Figure S33: DFT projected density of states (PDOS) for Co®*T-substituted tetragonal
YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is
aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the
black dashed line indicates the position of the VBM. For this specific PDOS, we did not

add any gaussian smearing due the narrow gap.
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Figure S34: Hole and electron density distributions associated with the first exciton with

a relative strength greater than 0.1 in Co®*-substituted t-YSZ. The corresponding
excitation energy E.,. = 0.89 eV. The hole and electron density highly localized at Co3*

cation with hybridization with O 2p-orbital, indicating a Type-II' exciton, as discussed in

yection 1111
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S2.10. Ni?*
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Figure S35: DFT projected density of states (PDOS) for Ni?*-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.
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Figure S36: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Ni**-substituted t-YSZ. The corresponding
excitation energy F.,. = 0.57 eV. The hole and electron density highly localized at Ni**

cation, indicating a Type-II exciton, as discussed in .
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Figure S37: DFT projected density of states (PDOS) for Ni**-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.

Hole Electron

Figure S38: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Ni**-substituted t-YSZ. The corresponding
excitation energy F.,. = 1.50 eV. The hole and electron density localized at Ni** cation

with significant hybridization with ligand O 2p-orbital, indicating a Type-II" exciton, as

discussed in [Section III|
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S2.12. Cu?t
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Figure S39: DFT projected density of states (PDOS) for Cu?*-substituted tetragonal
YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is
aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the
black dashed line indicates the position of the VBM.

Hole Electron

Figure S40: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Cu?*-substituted t-YSZ. The corresponding
excitation energy E,,. = 1.66 e¢V. The hole and electron density localized at Cu?* cation

with significant hybridization with ligand O 2p-orbital, indicating a Type-II" exciton, as

discussed in [Section
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S2.13. Zn?t
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Figure S41: DFT projected density of states (PDOS) for Zn*T-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.

Hole Electron

Figure S42: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Zn?*-substituted t-YSZ. The corresponding

excitation energy F... = 0.52 eV. The hole and electron density locate at different atoms

inside Zr-centered polyhedron indicates a Type-I exciton, as discussed in .
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S2.14. Ru?t
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Figure S43: DFT projected density of states (PDOS) for Ru**-substituted tetragonal
YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is
aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the
black dashed line indicates the position of the VBM.

Electron

Figure S44: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Ru®T-substituted t-YSZ. The corresponding
excitation energy E.,. = 1.84 eV. The hole and electron density localized at Ru®* cation

with significant hybridization with ligand O 2p-orbital, indicating a Type-II" exciton, as

discussed in [Section II1|
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S2.15. Ru*f
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Figure S45: DFT projected density of states (PDOS) for Ru**-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.
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Figure S46: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Ru**-substituted t-YSZ. The corresponding
excitation energy E,,. = 1.26 eV. The hole and electron density highly localized at Ru**
cation with significant hybridization with ligand O 2p-orbital, indicating a Type-IT’

exciton, as discussed in [Section 111l
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S2.16. Os*t

2

>

_e [ ' | i “ [ Y_4d
8 4r -|— Os-5d
0 — Zr-4d
T Ofemammntin — O-2p
wn

>4 L ]

5 | | | | | [ 1 |,

£ 6 -5 -4-3-2-10 12 3 4 5 6

2 E-E g, (€V)

Figure S47: DFT projected density of states (PDOS) for Os*"-substituted tetragonal

YSZ (t-YSZ). The energy is referenced to the valence band maximum (VBM), which is

aligned at 0 eV. Positive and negative values correspond to the spin-up and spin-down
channels, respectively. The gray background represents the total density of states, and the

black dashed line indicates the position of the VBM.
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Figure S48: Hole and electron density distributions associated with the first exciton with
a relative strength greater than 0.1 in Os**-substituted t-YSZ. The corresponding
excitation energy E.,. = 0.86 eV. The hole and electron density highly localized at Os**
cation with significant hybridization with ligand O 2p-orbital, indicating a Type-IT’

exciton, as discussed in [Section III|
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