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SUPPLEMENTARY DISCUSSION

X-ray di�raction

Supplementary Figure 1 shows the powder X-ray
di�raction (XRD) patterns, measured for the various
CaS:Eu,Tb phosphors that were prepared. These were
obtained with a Siemens D5000 di�ractometer (40 kV,
40 mA) using CuKα radiation. No impurity phases can
be identi�ed from these measurements.

X-ray spectroscopy

X-ray spectroscopy was performed at the ID26
beamline at the European Synchrotron Radiation
Facility (ESRF)1. High Energy Resolution Fluores-
cence Detected X-ray Absorption Near Edge Structure
(HERFD-XANES) spectra were recorded on the Eu L3

edge (6.9769 keV) and on the Tb L3 edge (7.5140 keV).
Compared to regular XANES, with HERFD-XANES

Supplementary Figure 1. XRD measurements of the
prepared CaS:Eu,Tb powders, compared with the

reference pattern JCPDS 08-0464 for CaS.

only a small bandwidth near the maximum of a char-
acteristic X-ray emission line is integrated, yielding an
appreciable improvement in energy resolution2. For
this, an X-ray emission spectrometer based on Rowland
geometry was used. The spectrometer employs an array
of four spherically-bent crystal analyzers to select by
means of the Bragg's law only the X-rays of the desired
energy. Ge(333) crystals were aligned to the Eu Lα1

line (5.846 keV), or Ge(330) crystals to the Tb Lα1

line (6.2728 keV). The incident energy was selected
with a Si(311) double crystal monochromator. Pressed
pellets of CaS:Eu,Tb, diluted in boron nitride (BN) in
a 1:10 mass ratio were used as sample. X-ray induced
valence changes or degradation was excluded during the
measurement.

Supplementary Figure 2 shows the resulting HERFD-
XANES spectra for the CaS:Eu0.03Tb0.03 sample,
compared to the reference compounds EuS (EuII),
EuF3 (EuIII), TbF3 (TbIII) and Tb4O7 (TbIII and
TbIV). From these measurements, it is clear that

Supplementary Figure 2. Eu (left) and Tb (right)
L3 HERFD-XANES spectra of CaS:Eu0.03Tb0.03,

compared to the reference compounds EuS, EuF3, TbF3

and Tb4O7.
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the no detectable amount of Eu3+ is present in the
CaS:Eu0.03Tb0.03 sample. The same is true for Tb4+.
This indicates that, within the experimental detection
limits, the prepared CaS:Eu,Tb powders contain solely
Eu2+ and Tb3+.

Dopant distribution

Scanning electron microscopy (SEM), complemented
with Energy-dispersive X-ray Spectroscopy is applied to
verify the dopant distribution inside the prepared phos-
phors. For this, a Hitachi S-3400N scanning electron mi-
croscope, equipped with a Thermo Scienti�c Noran Sys-
tem 7 energy-dispersive X-ray detector is used.
Supplementary Figure 3 shows a SEM-EDX scan on

a 125 × 90 µm2 area of the CaS:1%Eu,1%Tb powder.
EDX maps for Eu and Tb indicate that the dopants are
well distributed in the powder, apart from some small µm
sized grains with higher Eu or Tb concentrations that can
be found here and there. Both dopants mix appreciably
as shown in Supplementary Figure 3(d) where simulta-
neous detection leads to a yellow color in the map. Fi-
nally, the dopant concentration was locally quanti�ed by
Phi-Rho-Z (φ(ρz)) quanti�cation3, and collected in his-
tograms (see Supplementary Figure 3(e))4. It is found
that the doping concentrations amount to 0.014 ± 0.008
and 0.014 ± 0.009 for Eu and Tb, respectively. The
relatively narrow distributions, quanti�ed by the above-
mentioned standard deviations, demonstrate the overall

µ

Supplementary Figure 3. Backscattered electron
image (a), and EDX maps for Eu (b) and Tb (c) for
CaS:1%Eu,1%Tb. The map in (d) displays the mixing
of Eu and Tb and the histograms (e) quantify the local

concentrations of both dopants.

homogeneity of the doping within experimentally achiev-
able limits4�6.

IR emission vs. precursors / charge compensation

To exclude that the observed broadband IR emission
is a spurious e�ect, induced by the used precursors, sev-
eral di�erent syntheses were performed using di�erent
precursors for the lanthanides. Supplementary Figure 4
shows the emission spectra of di�erent CaS:1%Eu,1%Tb
powders. This illustrates that the IR emission is indeed
always present, safely excluding that it is induced as a
consequence of the used precursors.
Although the presence of the IR emission is not af-

fected by the used precursor, small variations in the ra-
tio of the red and IR emission intensities can however be
seen, indicating that the precursors have some e�ect on
the distributions and incorporation of the dopants, pos-
sibly due to di�erent charge compensating mechanisms,
the �ux e�ect of some precursors, notably �uorides7�10,
or other hidden variables that are only of secondary im-
portance.
To acquire more information about the role of charge

compensators, especially for the trivalent Tb3+ ion,
sodium (Na+) was selected as codopant. It was found
that the addition of Na+ strongly increases the IR:red
ratio (see Supplementary Figure 4), however at the cost
of a strongly decreased overall quantum e�ciency (see
further). This could be expected as it is known that Na+

will stabilize Eu3+ as well11, which is undesired because
Eu2+-Eu3+ pairs will be generated in addition to Eu2+-
Tb3+ pairs. The former pairs will negatively impact the
quantum e�ciency because of intervalence charge trans-
fer (IVCT) quenching12,13. As a further consequence of
the Na+ addition, fewer isolated Eu2+centers will exist,
explaining the reduced red component in the spectrum.
It is hence concluded that the addition of Na+ charge
compensators negatively a�ects the luminescent proper-
ties of the Eu,Tb co-doped phosphor because it stabilizes
Eu3+. It has however no direct impact on the emission

Supplementary Figure 4. Photoluminescence
emission spectra of Eu2+ and Tb3+ codoped CaS

phosphors, prepared with a solid state reaction, using
di�erent precursors for Eu and Tb.
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spectrum of the IR-emitting Eu2+-Tb3+centers. As the
broadband IR luminescence is the main topic of this arti-
cle, the role of precursors or intrinisic or extrinsic charge
compensation will not be elaborated further.

Additional Photoluminescence spectra

High doping concentration

Supplementary Figure 5 displays the emission spectra
for CaS powders with a �xed Eu concentration of 3%
and an increasing Tb concentration. It is found that
the IR:red ratio is maximal for CaS:3%Eu,3%Tb and
decreases again for higher Tb concentrations. This re-
sult con�rms the SEM-CL mapping (Figure 4) where it
was found that the IR:red ratio is limited to the one for
CaS:3%Eu,3%Tb. For higher doping concentrations, it
is likely that defect clusters are formed containing mul-
tiple lanthanide dopants in a small region of the crystal,
probably in addition to other defects. These complex
structures strongly a�ect the local crystal structure, as
well as the associated excited state landscape. It is hence
not surprising that the radiative MMCT decay channel
gets quenched for these high concentrations.
It should also be noted that the red emission is al-

ways found in addition to the IR emission. This equi-
librium between red and IR emissions implies that the
IR emission is presumably not (only) the result of an
energy transfer from Eu2+ to another emitting center
because it would then be expected that the Eu2+ emis-
sion would vanish completely if the concentrations are
stretched su�ciently14,15.

Supplementary Figure 5. Photoluminescence
emission spectra of Eu2+ and Tb3+ codoped CaS (top)

and SrS (bottom) phosphors. The spectra were
collected upon 285 nm excitation. All spectra were

measured at room temperature.

Low temperature

Supplementary Figure 6 displays the photolumines-
cence spectra of CaS:1%Eu,1%Tb measured at 10 K.
Overall, the same spectral features and assignments ap-
ply as at room temperature (RT, see main text). In con-
trast to the RT spectra, here some phonon �ne structure
can be resolved. The zero-phonon line is indicated by the
black arrow.

Supplementary Figure 6. Photoluminescence
emission and excitation spectra of CaS:1%Eu,1%Tb,

measured at 10 K. The emission spectrum was
measured upon 490 nm excitation, the excitation

spectra were measured for 670 nm (solid line) and 850
nm (dashed line) emission.
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Di�use re�ectance spectra

The di�use re�ectance spectra of several CaS:Eu,Tb
powders, shown in Supplementary Figure 7, were ob-
tained with a Perkin Elmer Lambda 1050 UV-Vis-NIR
spectrophotometer, equipped with an integrating sphere.
The sample was kept in a powder sample holder and cov-
ered by a quartz window during the measurement.
The absorption band in the range 650 nm to 450 nm is

due to the numerous Eu2+ 4f7 → 4f65dt2g transitions.
Below 400 nm, fundamental absorption of the CaS host
is visible, overlapping with the broad Eu-to-Tb MMCT
absorption band. For more information on spectral as-
signments, see main text and Ref. 16.
As evidenced from the di�use re�ectance spectra, the

prepared powders su�er from signi�cant greying, showing
re�ectance values of 35-40% in the long wavelength region
where no Eu2+ related absorptions are expected. Fur-
thermore, the Eu2+ 4f7 − 4f65dt12g absorption strength
in the 500 nm region does not straightforwardly scale
with the Eu2+ concentration. In part, this can be ex-
plained by the di�erent greying for the di�erent powders.
Furthermore, the crystallization, dopant incorporation
and hence absorption strength of inorganic phosphors,
notably sul�des7,8, is strongly a�ected by �uxing e�ects
during the solid state synthesis, caused by, among others,
�uoride precursors for the lanthanide dopants9,10. These
observations indicate that there is margin for improving
the e�ciency of the prepared sul�de phosphors, possibly
by carefully selecting �uxing agents.

Supplementary Figure 7. Di�use re�ectance spectra
of Eu2+ and Tb3+ codoped CaS phosphors.

Photoluminescence quantum e�ciency

Photoluminescence quantum e�ciencies (QE) were
measured inside an integrating sphere (152 mm, spec-
tralon coated), using an LED (λmax = 470 nm) for ex-
citation. The re�ection of the LED and the red and IR
luminescence were collected by an optical �ber, analyzed
by an Acton SP2300 monochromator and recorded by
a ProEM 1600 EMCCD camera (both Princeton Instru-
ments). The detection setup was properly calibrated for
its spectral response17.
Supplementary Figure 8 shows the resulting internal

QE's, i.e. the ratio of the number of emitted (red+IR)
photons to the number of absorbed (blue) photons as a
function of the Eu concentration:

QEint =
Nem

Nabs
=

Nem

Ninc −Nrefl
. (1)

It is clear that these phosphors are prone to concentration
quenching, showing a drop in e�ciencies for [Eu] > 1%.
This is similar to other Eu-doped phosphors8. Further-
more, this �gure suggests that also the terbium content,
[Tb], a�ects the e�ciencies: upon increasing the terbium
content in CaS:1%Eu,Tb, QEint goes from 35% (no Tb)
to 25% (0.1% Tb) to 10% (1% Tb). These results con-
�rm the ab initio calculations that predict an additional
non-radiative decay channel, i.e. outside cross-over of
the MMCT states with the ground state of the Eu2+-
Tb3+ pair, in addition to the IR MMCT emission. A
similar trend, however of a smaller magnitude, is found
for SrS:Eu,Tb where the same outside cross-over fully
quenches the MMCT state (see main text for details).

Supplementary Figure 8. Internal quantum
e�ciencies (QEint) of the di�erent Eu

2+ and Tb3+

codoped CaS (circles) and SrS (crosses) phosphors.
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Luminescence decay

Luminescence decay pro�les were measured using a
pulsed Optical Parametric Oscillator (OPO) laser (Ek-
spla NT342B), set at 470 nm, as excitation source in com-
bination with an Andor intensi�ed CCD. The resulting
pro�les for the red and IR emission of CaS:Eu0.01Tb0.01

are shown in Supplementary Figure 9. These pro�les
were �t using the sum of three exponentials,

I(t) = I1e
−t/τ1 + I2e

−t/τ2 + I3e
−t/τ3 . (2)

The obtained parameters are given in Supplementary Ta-
ble 1. The short decay component, τ1, of the red Eu2+

4f65d1 → 4f7 and IR MMCT emissions are of the same
order of magnitude, around 500 ns. This corresponds to
the expected radiative decay rate of Eu2+ in CaS, which
is relatively fast for Eu2+ due to the high refractive index
of CaS18.
Furthermore, similar for both emission bands, τ2 and

τ3 correspond to delayed luminescence with characteristic
times of the order of 4 and 35 µs, respectively. This indi-
cates that presumably some trapping and detrapping is
involved. This observation is in correspondence with the
TL peak that shows up around and above room temper-
ature in the thermal quenching measurement (see Figure
5). The trapping/detrapping kinetics are not further in-
vestigated here as they fall out of the scope of the MMCT
luminescence that we report here.

Supplementary Figure 9. Luminescence decay
pro�les of the red and IR emission bands of

CaS:Eu0.01Tb0.01 and the corresponding �ts (in black).

Supplementary Table 1. Fit parameters of the
photoluminescence decay pro�les of CaS:Eu0.01Tb0.01

according to Supplementary Equation 2. Times in µs.

I1 τ1 I2 τ2 I3 τ3 R2

red 0.600 0.487 0.068 4.035 0.009 33.60 0.998
IR 0.645 0.537 0.075 4.430 0.013 38.49 0.990

Electronic structure of MS:Tb3+ and MS:Tb2+

(M=Ca,Sr)

In order to construct the diabatic con�gurational co-
ordinate diagram (Figure 5), the con�gurational coordi-
nate diagrams along the fully symmetric breathing mode
for the isolated Eu2+, Eu3+, Tb3+ and Tb2+ defects
are needed. This is calculated with the ab initio mul-
ticon�gurational SA-RASSCF/MS-RASPT2/RASSI-SO
approach, as described in the Methods section and in
more detail in Ref.16. The detailed analysis of the elec-
tronic structure of Eu2+ and Eu3+ doped CaS and SrS
can be found in Ref.16 and its supplementary info. An
analogous analysis for Tb3+ and Tb2+ doped CaS and
SrS can be found here.
The results of the spin-free (SA-RASSCF/MS-

RASPT2) calculations can be found in Supplementary
Tables 2-3 and in Supplementary Figures 10-13. The re-
sults after spin-orbit coupling was included at RASSI-SO
level and can be found in Supplementary Tables 6-7 and
in Supplementary Figures 14-15.
The excited state landscape of the Tb3+ doped sul�des

corresponds to the well-known structure; the 7FJ (J =
6− 0) multiplet covers the lowest 6000 cm−1 after which
a gap is found up to the 5D4 levels around 20000 cm−1.
Another small gap of 5000 cm−1 is then found before
the 5D3 level, the second emitting level of isolated Tb3+

ions. Above this level, a very dense set of spin-quintets
is found. In our calculations, the levels originating from
the 5L and 5G terms are calculated in addition to the 7F
and 5D terms.
In contrast to Tb3+, divalent terbium, Tb2+, is a more

exotic ion, which is likely not stable in CaS nor SrS. How-
ever, in order to construct the MMCT excited states of
a Eu2+-Tb3+ pair, the computation of the ground and
excited states of Tb2+ in CaS and SrS is needed. Our
results show that the 4f85d1 con�guration forms the
ground state for the Tb2+ ion in CaS. A similar picture
is found for SrS at SA-RASSCF level (see Supplementary
Fig. 11), while the 4f9 states undergo a signi�cant shift
with respect to the 4f85d1 states upon including the non-
static correlation (MS-RASPT2, see Supplementary Fig-
ure 13), leading to a near-degeneracy for the lowest 4f9

and the lowest 4f85d1 levels. Even though it is expected
that the 4f85d1 − 4f9 energy di�erence decreases when
going from CaS to SrS from extrapolating spectroscopic
information from Eu2+ to other divalent lanthanides such
as Tb2+ based on empirical models19,20, the large de-
crease of the 4f85d1 − 4f9 gap at MS-RASPT2 level is
surprising. In any case, the value of the 4f85d1−4f9 gap
does not a�ect any conclusions concerning the MMCT
emission reported here, as this is determined predomi-
nantly by the Tb3+ electron a�nity, breathing mode vi-
brational frequencies and lanthanide-ligand bond lengths
(see main text).
The 4f85d1 manifold is a very dense set of energy levels

and no energy gaps worth mentioning can be found in
the explored energy range. For this reason, Tb2+, if it
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would exist as isolated impurity in CaS or SrS, is not
expected to be luminescent. Furthermore, a rather weak
absorption strength is expected because no spin-allowed
intercon�gurational 4f85d1 → 4f9 transitions from the
ground state spin-octet exist as the highest multiplicity of

the 4f9 manifold is 6. Regardless of the rarity of Tb2+

in literature, some claims of stable Tb2+ impurities in
crystalline hosts can be found in literature, typically after
a sample was exposed to heavy gamma irradiation21,22.
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Supplementary Table 2. Spectroscopic constants of the ground and excited states of Tb3+ and Tb2+

-doped CaS octahedral defects calculated using the relativistic spin-free second order Douglas-Kroll-Hess
Hamiltonian with AIMP CaS embedding. The embedded cluster RASSCF results include basic bonding
interactions and 4f�shell radial correlation; the MS-RASPT2 ones include also dynamic correlation of 99
or 98 valence electrons in the Tb 5s, 5p, S 3s, 3p, Ca 3p closed shells and Tb 4f, 5d, 6s open shells. Tb�S
bond distances (dTb−S,e in Å), TbS6 breathing mode harmonic vibrational frequencies (ωa1g in cm−1), and
minimum-to-minimum energy di�erences (Te in cm−1) are given. See Figs. 12, 13 and text for details.

RASSCF MS-RASPT2

term dTb−S,e ωa1g Te dTb−S,e ωa1g Te

Tb3+-doped CaS

4f8(7F ) a

1 7A2g 2.744 317 0 2.707 306 0
1 7T2g 2.744 317 720 2.708 306 579
1 7T1g 2.745 317 728 2.708 306 977

4f8(5D)

1 5T2g 2.744 317 25447 2.704 304 21556
1 5Eg 2.744 317 25441 2.704 304 21595

4f8(5L,5G)

2 5T2g 2.744 317 29627 2.704 303 26060
2 5Eg 2.744 317 29466 2.704 306 26297
1 5T1g 2.744 317 29432 2.704 303 26304
1 5A1g 2.744 317 29425 2.704 304 26397
2 5T1g 2.744 317 29678 2.704 303 26675
3 5Eg 2.744 317 29730 2.704 307 26835
2 5A1g 2.744 317 30307 2.703 302 26837
3 5T2g 2.744 317 29740 2.704 304 27127
3 5T1g 2.744 317 30341 2.704 304 27298
4 5Eg 2.744 317 30291 2.704 312 27389
4 5T2g 2.744 317 30210 2.704 304 27431

Tb2+-doped CaS

4f8(5d+ 6s)1

4f8(7F )5dt12g

Octets
1 8A1g 2.878 296 0 2.834 277 0
1 8T1g 2.878 297 937 2.833 277 532
1 8Eg 2.878 296 1262 2.833 277 1046
1 8T2g 2.877 296 1900 2.832 277 1596
1 8A2g 2.877 296 2185 2.832 277 2324
2 8T2g 2.876 296 4259 2.831 277 3221
2 8T1g 2.876 296 4252 2.829 277 3324
2 8Eg 2.875 296 4353 2.831 278 3363
3 8T1g 2.873 295 7201 2.827 276 5833

Sextets
1 6A2g 2.872 295 9306 2.829 276 8260
1 6T2g 2.872 295 9630 2.827 277 8538
1 6T1g 2.870 295 9849 2.826 276 8630
1 6A1g 2.872 295 10819 2.827 276 8751
1 6Eg 2.871 295 10790 2.827 276 9338
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2 6T1g 2.872 295 10835 2.827 276 9426
2 6Eg 2.870 295 12600 2.825 276 10416
2 6T2g 2.869 295 12406 2.825 277 10693
3 6T1g 2.869 294 13451 2.825 276 11344

4f8(7F )(5de1g + 6s1a1g
)

Octets
3 8T2g 2.912 297 19170 2.869 270 19672
3 8Eg 2.910 295 21656 2.867 274 21916
4 8T1g 2.910 295 21921 2.867 269 22245
4 8T2g 2.910 294 23255 2.867 268 22808
5 8T1g 2.907 293 26530 2.862 265 25860
2 8A2g 2.936 299 35226 2.890 272 29714
5 8T2g 2.936 298 35275 2.890 271 29839
6 8T1g 2.937 299 35396 2.890 272 30077

4f9

4f9(6H)

1 6T1u 2.894 297 15462 2.858 276 11526
1 6T2u 2.894 297 15544 2.856 276 11579
2 6T1u 2.894 297 15572 2.855 277 11953
1 6Eu 2.894 297 15491 2.857 277 12121

4f9(6F )

3 6T1u 2.893 297 21392 2.855 275 16352
2 6T2u 2.893 297 21526 2.855 275 16546
1 6A2u 2.893 297 21507 2.856 275 16688

4f9(6P )

4 6T1u 2.891 296 43108 2.852 271 34262

a The energy di�erence between the Tb3+ 4f8 − 17A2g and the Tb2+ 4f85d1 − 18A1g at MS-RASPT2 level is 3056 cm−1.
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Supplementary Table 3. Spectroscopic constants of the ground and excited states of Tb3+ and Tb2+

-doped SrS octahedral defects calculated using the relativistic spin-free second order Douglas-Kroll-Hess
Hamiltonian with AIMP SrS embedding. The embedded cluster RASSCF results include basic bonding
interactions and 4f�shell radial correlation; the MS-RASPT2 ones include also dynamic correlation of 99
or 98 valence electrons in the Tb 5s, 5p, S 3s, 3p, Sr 4p closed shells and Tb 4f, 5d, 6s open shells. Tb�S
bond distances (dTb−S,e in Å), TbS6 breathing mode harmonic vibrational frequencies (ωa1g in cm−1), and
minimum-to-minimum energy di�erences (Te in cm−1) are given. See Figs. 12, 13 and text for details.

RASSCF MS-RASPT2

term dTb−S,e ωa1g Te dTb−S,e ωa1g Te

Tb3+-doped SrS

4f8(7F ) a

1 7A2g 2.794 297 0 2.779 284 0
1 7T2g 2.794 298 697 2.780 284 540
1 7T1g 2.795 298 679 2.780 284 894

4f8(5D)

1 5T2g 2.794 297 25435 2.777 285 21666
1 5Eg 2.794 297 25429 2.777 287 21710

4f8(5L,5G)

2 5T2g 2.794 297 29623 2.777 285 26203
2 5Eg 2.794 297 29477 2.778 286 26417
1 5T1g 2.794 297 29444 2.777 285 26418
1 5A1g 2.793 297 29440 2.777 286 26511
2 5T1g 2.794 297 29663 2.776 285 26828
3 5Eg 2.794 297 29709 2.777 286 26983
2 5A1g 2.794 297 30296 2.776 286 26990
3 5T2g 2.794 297 29716 2.777 285 27233
3 5T1g 2.794 297 30332 2.777 285 27410
4 5Eg 2.794 297 30283 2.779 287 27489
4 5T2g 2.794 297 30211 2.778 285 27522

Tb2+-doped SrS

4f8(5d+ 6s)1

4f8(7F )5dt12g

Octets
1 8A1g 2.951 270 0 2.932 259 0
1 8T1g 2.951 270 931 2.931 258 546
1 8Eg 2.950 269 1252 2.931 260 1046
1 8T2g 2.950 270 1934 2.929 258 1662
1 8A2g 2.949 270 2226 2.930 259 2385
2 8T2g 2.948 271 4352 2.928 258 3342
2 8Eg 2.947 271 4462 2.929 258 3510
2 8T1g 2.947 271 4361 2.927 258 3511
3 8T1g 2.946 272 7384 2.925 257 6100

Sextets
1 6A2g 2.943 273 9539 2.926 258 8462
1 6T2g 2.943 273 9887 2.925 258 8792
1 6T1g 2.942 273 10140 2.924 257 8961
1 6A1g 2.943 273 11070 2.925 258 9017
1 6Eg 2.943 273 11058 2.925 258 9594
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2 6T1g 2.943 273 11088 2.925 258 9696
2 6Eg 2.942 273 12908 2.922 257 10768
2 6T2g 2.941 273 12709 2.923 258 11019
3 6T1g 2.941 272 13788 2.922 257 11730

4f6(7F )(5de1g + 6s1a1g
)

Octets
3 8T2g 2.987 276 17374 2.972 258 17534
3 8Eg 2.986 275 19948 2.969 264 19868
4 8T1g 2.986 275 20179 2.969 257 20186
4 8T2g 2.986 274 21514 2.970 257 20737
5 8T1g 2.983 273 24847 2.967 254 23895
2 8A2g 3.012 278 32542 2.989 262 26795
5 8T2g 3.012 278 32571 2.990 262 26899
6 8T1g 3.013 278 32667 2.990 262 27101

4f9

4f9(6H)

1 6T1u 2.968 275 14718 2.949 228 1722
1 6T2u 2.968 276 14809 2.947 242 1796
1 6Eu 2.968 275 14743 2.950 305 1978
2 6T1u 2.968 276 14837 2.945 254 2244

4f9(6F )

1 6A2u 2.968 275 20764 2.949 282 6575
3 6T1u 2.967 275 20674 2.945 253 6602
2 6T2u 2.968 275 20798 2.947 242 6831

4f9(6P )

4 6T1u 2.966 275 42438 2.943 253 24351

a The energy di�erence between the Tb3+ 4f8 − 17A2g and the Tb2+ 4f85d1 − 18A1g at MS-RASPT2 level is 3274 cm−1.
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Supplementary Table 4. Oh Γ6u, Γ7u, and Γ8u states derived from the lowest energy multiplets of the 4f9

con�guration.

2J Γ6u Γ7u Γ8u

4f9(6HJ) 5 7 9 11 13 15 5 6 11
4f9(6FJ) 1 3 5 7 9 11 4 3 7
4f9(6PJ) 3 5 7 1 2 3
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Supplementary Table 5. Oh Γ6g, Γ7g, and Γ8g states derived from the 7FJ × (2T2g +
2 Eg +

2 A1g) coupling.

Total High spin Low spin
J Γ6g Γ7g Γ8g Γ6g Γ7g Γ8g Γ6g Γ7g Γ8g

4f8(7FJ)×2 T2g

6 7 6 13 4 3 7 3 3 6
5 5 6 11 3 3 6 2 3 5
4 4 5 9 2 3 5 2 2 4
3 4 3 7 2 2 4 2 1 3
2 3 2 5 2 1 3 1 1 2
1 1 2 3 1 1 2 0 1 1
0 0 1 1 0 1 1 0 0 0

7F6,5,4,3,2,1,0 24 25 49 14 14 28 10 11 21
4f8(7FJ)×2 Eg

6 4 4 9 2 2 5 2 2 4
5 4 4 7 2 2 4 2 2 3
4 3 3 6 2 2 3 1 1 3
3 2 2 5 1 1 3 1 1 2
2 2 2 3 1 1 2 1 1 1
1 1 1 2 1 1 1 0 0 1
0 0 0 1 0 0 1 0 0 0

7F6,5,4,3,2,1,0 16 16 33 9 9 19 7 7 14
4f8(7FJ)×2 A1g

6 2 3 4 1 2 2 1 1 2
5 2 1 4 1 1 2 1 0 2
4 2 1 3 1 0 2 1 1 1
3 1 2 2 1 1 1 0 1 1
2 0 1 2 0 1 1 0 0 1
1 1 0 1 0 0 1 1 0 0
0 1 0 0 1 0 0 0 0 0

7F6,5,4,3,2,1,0 9 8 16 5 5 9 4 3 7
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Supplementary Table 6. Spectroscopic constants and analyses of the spin-orbit wave functions of the ground and
lowest lying excited states of Tb3+ and Tb2+ -doped CaS octahedral defects. Tb�S bond distances (dTb−S,e in Å), TbS6

breathing mode harmonic vibrational frequencies (ωa1g in cm−1) and minimum-to-minimum energy di�erences (Te in
cm−1) are given. See Fig. 14, 15 and text for details.

State dTb−S,e ωa1g Te weights of terms larger than 10% a

Tb3+-doped CaS

4f8(7F0−6)
1 A1g 2.708 306 0 46.52 1 7T2g 38.32 1 7A2g 11.35 1 7T1g

1 T1g 2.708 306 38 45.30 1 7T2g 35.88 1 7A2g 15.04 1 7T1g

1 T2g 2.708 306 80 42.04 1 7T2g 34.07 1 7A2g 20.09 1 7T1g

1 A2g 2.708 306 333 52.47 1 7T2g 43.69 1 7T1g

2 T2g 2.708 306 381 55.40 1 7T1g 40.35 1 7T2g

1 Eg 2.708 306 400 59.96 1 7T1g 36.18 1 7T2g

2 T1g 2.708 306 2304 66.99 1 7T2g 16.04 1 7A2g 14.75 1 7T1g

3 T2g 2.708 306 2375 57.22 1 7T1g 30.90 1 7A2g

2 Eg 2.708 306 2541 52.62 1 7T2g 45.17 1 7T1g

3 T1g 2.708 306 2565 52.00 1 7T1g 43.63 1 7T2g

2 A1g 2.708 306 3534 50.80 1 7A2g 32.69 1 7T1g 13.22 1 7T2g

4 T1g 2.708 306 3656 49.37 1 7T2g 24.92 1 7A2g 22.39 1 7T1g

3 Eg 2.708 306 3773 75.99 1 7T2g 20.68 1 7T1g

4 T2g 2.708 306 3965 64.28 1 7T1g 28.09 1 7T2g

5 T1g 2.708 306 4682 49.96 1 7T2g 34.71 1 7T1g 11.46 1 7A2g

5 T2g 2.708 306 4694 39.46 1 7T1g 36.95 1 7T2g 19.71 1 7A2g

2 A2g 2.708 306 4839 52.43 1 7T1g 43.65 1 7T2g

6 T2g 2.708 306 5343 52.99 1 7T1g 35.47 1 7T2g

4 Eg 2.708 306 5528 67.11 1 7T1g 28.61 1 7T2g

6 T1g 2.708 306 5790 54.42 1 7T1g 34.96 1 7T2g

3 A1g 2.708 306 5964 51.97 1 7T1g 36.10 1 7T2g

4f8(5D4−3)
4 A1g 2.704 304 19992 58.46 1 5Eg 39.31 1 5T2g

7 T1g 2.704 304 20004 48.98 1 5T2g 48.69 1 5Eg

5 Eg 2.704 304 20012 55.95 1 5T2g 41.64 1 5Eg

7 T2g 2.704 304 20027 76.67 1 5T2g 20.84 1 5Eg

8 T1g 2.704 304 25488 86.69 1 5T2g

8 T2g 2.704 304 25508 48.60 1 5T2g 47.60 1 5Eg

3 A2g 2.704 304 25542 96.12 1 5Eg

4f8(5D2−0,
5 L10−6,

5G6−2)
4 A2g 2.704 302 28341 51.58 2 5T1g 42.28 3 5Eg

9 T2g 2.704 302 28342 51.43 2 5T1g 29.55 3 5Eg 15.16 2 5A1g

6 Eg 2.704 303 28344 51.44 2 5T1g 23.47 2 5A1g 22.09 3 5Eg

10 T2g 2.704 303 28608 41.36 3 5T2g 19.04 2 5T1g 16.07 3 5T1g 10.22 2 5A1g

9 T1g 2.704 304 28615 35.91 3 5T2g 18.30 3 5Eg 17.64 3 5T1g 17.10 2 5T1g

5 A1g 2.704 306 28717 46.92 3 5T2g 15.28 3 5Eg 14.55 4 5Eg 11.40 2 5T2g

10.55 4 5T2g

10 T1g 2.704 305 28862 33.33 3 5T1g 21.75 4 5Eg 17.32 4 5T2g 15.11 2 5T1g

7 Eg 2.704 306 28948 33.59 3 5T1g 31.05 4 5T2g 28.22 4 5Eg

11 T2g 2.704 305 28985 59.76 4 5T2g 20.43 4 5Eg 15.13 3 5T1g

12 T2g 2.704 302 29429 32.77 2 5T1g 19.78 2 5A1g 19.71 3 5T2g

11 T1g 2.704 304 29456 31.32 2 5T1g 21.41 3 5Eg 15.55 3 5T1g 14.97 3 5T2g

12 T1g 2.704 305 29596 33.44 2 5T1g 28.16 2 5T2g 11.99 3 5T2g 10.01 4 5Eg

8 Eg 2.704 304 29599 27.58 1 5Eg 20.79 1 5T2g 12.67 2 5Eg 10.45 2 5T2g

13 T2g 2.704 304 29604 61.74 1 5T2g 24.96 1 5Eg

9 Eg 2.704 305 29620 22.63 1 5Eg 22.22 2 5T2g 15.80 1 5T2g 13.65 3 5Eg

13 T1g 2.704 304 29709 38.06 2 5T2g 20.18 4 5T2g 15.21 3 5T1g

6 A1g 2.704 305 29733 44.16 2 5T2g 32.08 4 5Eg 16.54 4 5T2g
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14 T2g 2.704 303 29735 54.33 2 5T2g 19.52 3 5T1g 11.85 4 5T2g

14 T1g 2.704 303 29837 61.61 2 5T2g 15.26 2 5T1g

10 Eg 2.704 304 29850 58.00 2 5T2g

7 A1g 2.704 303 29891 34.73 2 5Eg 33.88 2 5T2g 10.77 3 5Eg

15 T1g 2.704 304 29916 24.79 1 5T1g 22.30 2 5T2g 16.99 3 5T2g 12.49 2 5Eg

11.13 4 5T2g

15 T2g 2.704 303 29938 65.13 2 5T2g 20.29 1 5T1g

5 A2g 2.704 309 29953 61.97 4 5Eg 32.48 3 5T1g

16 T2g 2.704 304 29971 20.35 2 5T2g 20.04 4 5T2g 16.78 3 5T2g 11.93 3 5T1g

16 T1g 2.704 304 29987 66.12 1 5T1g 14.64 2 5Eg 10.02 2 5T2g

11 Eg 2.704 306 30040 54.24 2 5Eg 31.73 1 5T1g

17 T2g 2.704 304 30041 57.17 1 5T1g 21.46 1 5A1g 11.14 2 5Eg

18 T2g 2.704 305 30051 48.27 2 5Eg 20.71 1 5T1g

6 A2g 2.704 306 30057 48.91 2 5Eg 42.33 1 5T1g

12 Eg 2.704 304 30063 62.76 1 5A1g 20.88 1 5T1g

17 T1g 2.704 304 30079 51.03 1 5T1g 12.57 2 5Eg

8 A1g 2.704 307 30094 60.04 2 5Eg 11.64 3 5Eg

18 T1g 2.704 305 30121 47.52 2 5Eg 38.27 1 5T1g

19 T2g 2.704 304 30148 41.03 1 5T1g 28.28 1 5A1g 20.24 2 5T2g

7 A2g 2.704 306 30175 53.43 1 5T1g 40.76 2 5Eg

20 T2g 2.704 305 30317 37.58 1 5T1g 34.96 1 5A1g 16.07 2 5Eg

13 Eg 2.704 303 30354 31.98 1 5A1g 30.73 1 5T1g 18.35 2 5Eg

9 A1g 2.704 306 30448 57.73 3 5Eg 37.09 3 5T2g

19 T1g 2.704 304 30449 34.91 2 5T1g 28.33 3 5T2g 22.24 3 5T1g

14 Eg 2.704 304 30549 34.78 3 5T2g 23.88 2 5A1g 12.65 3 5T1g 12.36 3 5Eg

21 T2g 2.704 308 30562 24.52 2 5T1g 20.31 3 5Eg 16.11 2 5A1g 15.72 4 5Eg

11.16 3 5T2g

20 T1g 2.704 305 30714 38.45 4 5T2g 21.40 3 5Eg 19.52 2 5T1g 15.37 4 5Eg

15 Eg 2.704 304 30760 29.85 4 5T2g 29.28 3 5T1g 21.27 3 5T2g 10.23 3 5Eg

22 T2g 2.704 305 30834 43.55 3 5T1g 21.80 4 5T2g 19.94 4 5Eg

21 T1g 2.704 305 31258 35.36 3 5T2g 23.34 3 5Eg 18.22 2 5T1g 14.07 4 5T2g

23 T2g 2.704 304 31315 27.00 3 5T2g 21.28 2 5A1g 21.18 3 5T1g 17.83 2 5T1g

10.92 4 5Eg

8 A2g 2.704 307 31357 40.93 3 5Eg 29.61 2 5T1g 20.03 3 5T1g

24 T2g 2.704 304 31474 37.49 4 5T2g 22.17 2 5T1g 19.79 3 5Eg 10.13 3 5T1g

16 Eg 2.704 306 31545 41.84 4 5Eg 20.12 4 5T2g 19.87 2 5T1g

22 T1g 2.704 305 31630 45.06 3 5T1g 25.24 4 5T2g 16.37 3 5T2g 12.54 4 5Eg

17 Eg 2.704 306 31938 23.81 3 5T2g 19.53 2 5T1g 14.39 3 5Eg 12.64 3 5T1g

12.04 4 5Eg 12.02 2 5A1g

25 T2g 2.704 304 31960 39.34 3 5T2g 18.20 2 5T1g 13.33 3 5Eg 11.77 4 5T2g

9 A2g 2.704 305 32061 45.39 3 5T1g 25.15 4 5Eg 17.58 2 5T1g 11.62 3 5Eg

26 T2g 2.704 305 32302 35.63 3 5T1g 23.48 3 5T2g 23.41 4 5T2g 16.15 4 5Eg

23 T1g 2.704 305 32350 31.57 4 5T2g 17.96 3 5T1g 16.48 4 5Eg 15.30 1 5T2g

10.28 1 5Eg

10 A1g 2.704 307 32425 63.53 4 5T2g 35.63 4 5Eg

24 T1g 2.704 305 32443 41.73 1 5T2g 28.25 1 5Eg 13.12 4 5T2g

11 A1g 2.704 304 33799 56.73 1 5T2g 38.19 1 5Eg

Tb2+-doped CaS

4f9

4f9(6H15/2,13/2,11/2,9/2,7/2,5/2) b

1 Γ7u 2.857 276 9595 63.54 1 6T1u 33.76 1 6T2u

1 Γ8u 2.857 276 9601 49.31 1 6T2u 48.64 1 6T1u

1 Γ6u 2.857 277 9796 53.70 1 6T1u 28.51 1 6Eu 13.88 2 6T1u

2 Γ8u 2.857 277 9870 32.98 1 6T2u 30.57 2 6T1u 28.07 1 6Eu

3 Γ8u 2.856 277 9936 62.33 2 6T1u 21.57 1 6Eu 14.84 1 6T2u

4 Γ8u 2.857 276 12037 36.94 1 6T2u 33.52 1 6T1u 16.71 1 6Eu 12.68 2 6T1u

2 Γ6u 2.857 276 12092 33.29 2 6T1u 29.92 1 6T2u 29.27 1 6T1u

5 Γ8u 2.857 277 12104 41.74 2 6T1u 27.32 1 6T2u 24.79 1 6T1u

3 Γ6u 2.857 277 12130 41.26 2 6T1u 40.81 1 6T1u 17.86 1 6Eu

14



Joos et al. Supporting Information

2 Γ7u 2.857 277 12212 47.12 1 6Eu 36.80 1 6T2u

3 Γ7u 2.857 277 14030 42.58 1 6T2u 23.47 1 6T1u 19.08 1 6Eu 13.55 2 6T1u

6 Γ8u 2.856 276 14055 48.51 1 6T2u 31.01 2 6T1u 17.62 1 6T1u

4 Γ6u 2.857 277 14081 47.33 1 6T1u 43.25 2 6T1u

7 Γ8u 2.857 276 14185 38.16 1 6Eu 30.42 1 6T1u 20.70 2 6T1u 10.52 1 6T2u

8 Γ8u 2.857 276 15438 27.66 1 6T2u 22.58 1 6T1u 15.00 3 6T1u 14.92 2 6T2u

9 Γ8u 2.857 277 15641 33.64 1 6T1u 33.04 3 6T1u 11.64 2 6T1u

5 Γ6u 2.855 276 15731 40.63 3 6T1u 37.61 2 6T2u 13.93 1 6T2u

4 Γ7u 2.855 276 15743 35.87 1 6T2u 35.61 2 6T1u 12.12 1 6Eu

10 Γ8u 2.856 276 15985 24.46 1 6Eu 24.03 3 6T1u 20.34 2 6T1u 12.39 2 6T2u

5 Γ7u 2.855 276 16200 42.92 2 6T2u 20.17 1 6A2u 15.50 3 6T1u 12.26 1 6T2u

11 Γ8u 2.855 276 16356 31.95 2 6T2u 20.29 3 6T1u 14.68 1 6A2u 11.53 2 6T1u

6 Γ7u 2.855 276 17141 38.26 2 6T1u 29.53 1 6T2u 15.15 2 6T2u

4f9(6F11/2,9/2,7/2,5/2,3/2,1/2) b

12 Γ8u 2.857 277 17329 28.26 1 6T1u 24.50 2 6T1u 23.53 1 6Eu

6 Γ6u 2.856 276 17401 37.28 1 6T2u 18.08 2 6T1u 16.98 1 6T1u 11.40 3 6T1u

13 Γ8u 2.855 275 17738 55.26 3 6T1u 42.02 2 6T2u

14 Γ8u 2.855 274 17839 49.73 3 6T1u 24.08 1 6A2u 17.14 2 6T2u

7 Γ7u 2.855 276 18023 66.38 2 6T2u

15 Γ8u 2.856 276 18414 26.95 1 6T2u 26.64 1 6T1u 21.15 2 6T1u 15.25 1 6Eu

7 Γ6u 2.856 276 18507 46.74 2 6T1u 30.14 1 6Eu 12.86 1 6T2u

8 Γ6u 2.855 275 19021 86.37 3 6T1u 13.24 2 6T2u

16 Γ8u 2.855 275 19155 70.93 2 6T2u 22.81 3 6T1u

8 Γ7u 2.855 275 19196 42.97 1 6A2u 34.87 3 6T1u 21.92 2 6T2u

9 Γ6u 2.855 275 20138 59.11 3 6T1u 40.42 2 6T2u

17 Γ8u 2.855 275 20217 45.05 2 6T2u 35.28 3 6T1u 19.30 1 6A2u

18 Γ8u 2.855 275 20969 45.43 2 6T2u 34.08 3 6T1u 20.09 1 6A2u

9 Γ7u 2.855 275 21423 44.34 2 6T2u 37.80 3 6T1u 17.40 1 6A2u

4f85d1

4f8(7FJ)5dt
1
2g High-Spin coupling c

1 Γ7g 2.833 277 0 46.64 1 8A1g 43.15 1 8T1g

1 Γ8g 2.833 277 52 46.48 1 8A1g 43.10 1 8T1g

1 Γ6g 2.833 277 100 48.21 1 8A1g 42.48 1 8T1g

2 Γ6g 2.833 277 504 55.57 1 8T1g 25.40 1 8T2g

2 Γ8g 2.833 277 506 48.67 1 8T1g 21.69 1 8Eg 21.58 1 8T2g

3 Γ8g 2.833 277 631 39.25 1 8T2g 36.61 1 8Eg 10.51 1 8T1g

2 Γ7g 2.833 277 682 44.91 1 8T2g 34.23 1 8Eg 16.78 1 8A2g

4 Γ8g 2.833 277 685 48.93 1 8T1g 26.49 1 8Eg 15.94 1 8T2g

5 Γ8g 2.833 277 1611 34.11 1 8Eg 29.08 1 8T2g 19.54 1 8T1g 10.02 2 8T2g

3 Γ6g 2.833 277 1725 41.99 1 8Eg 22.41 1 8T2g 11.50 1 8T1g

3 Γ7g 2.833 277 2045 52.80 1 8T1g 14.61 1 8Eg 11.83 2 8T1g

4 Γ6g 2.833 277 2068 25.41 1 8A2g 20.41 1 8T2g 16.62 1 8Eg 11.57 1 8T1g

6 Γ8g 2.833 277 2090 49.82 1 8T1g 13.82 1 8T2g

7 Γ8g 2.833 277 2237 28.67 1 8T2g 17.95 1 8T1g 14.45 1 8A1g 13.40 1 8Eg

4 Γ7g 2.833 277 2430 54.82 1 8T2g 24.62 1 8A1g 11.56 1 8T1g

8 Γ8g 2.833 277 2731 33.00 1 8T1g 27.62 1 8Eg 10.75 1 8T2g 10.53 2 8T2g

5 Γ6g 2.832 276 2824 52.25 2 8T2g 16.24 1 8A1g

9 Γ8g 2.831 277 2906 35.00 2 8T2g 29.60 2 8T1g 18.76 2 8Eg 11.08 1 8T1g

5 Γ7g 2.831 277 2961 43.63 2 8T1g 22.30 2 8T2g 16.44 2 8Eg 13.15 1 8T1g

6 Γ6g 2.832 277 3062 30.07 1 8T2g 25.33 2 8Eg 16.82 2 8T1g 10.29 1 8T1g

10 Γ8g 2.831 277 3256 37.51 2 8Eg 33.65 2 8T1g

11 Γ8g 2.832 275 3515 42.06 1 8T2g 13.56 1 8T1g 11.95 2 8T2g

12 Γ8g 2.831 279 3539 42.96 2 8T2g 21.96 2 8T1g 13.99 1 8T1g

6 Γ7g 2.833 277 3728 25.96 1 8A2g 20.36 1 8Eg 17.53 1 8T1g 13.74 1 8A1g

10.53 2 8T2g

7 Γ6g 2.831 277 3886 44.76 2 8T2g 16.07 3 8T1g 13.18 1 8T1g 12.57 2 8T1g

13 Γ8g 2.832 277 3917 25.62 2 8Eg 25.51 1 8Eg 20.00 1 8T2g

7 Γ7g 2.833 277 4001 30.96 1 8T2g 24.60 1 8T1g 11.88 1 8Eg

14 Γ8g 2.833 277 4178 23.85 1 8T1g 21.82 1 8Eg 18.68 2 8T1g 17.58 1 8T2g
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8 Γ7g 2.831 277 4291 66.54 2 8T1g 15.10 2 8T2g

15 Γ8g 2.831 277 4481 24.44 2 8T1g 20.90 2 8T2g 18.12 1 8T2g 15.40 2 8Eg

11.96 1 8Eg

8 Γ6g 2.831 277 4607 39.98 2 8T2g 19.06 1 8T1g 12.45 2 8T1g

16 Γ8g 2.832 277 4608 25.52 1 8T2g 22.20 1 8T1g 12.98 1 8Eg 10.14 2 8Eg

10.03 2 8T2g

9 Γ6g 2.833 277 5001 39.73 1 8T2g 21.35 1 8T1g 20.04 1 8Eg

17 Γ8g 2.831 277 5058 29.64 1 8T2g 18.73 2 8T2g 17.38 2 8Eg 11.22 3 8T1g

9 Γ7g 2.831 277 5186 58.12 2 8T2g 20.44 2 8T1g 12.06 1 8T1g

18 Γ8g 2.831 277 5300 30.17 2 8Eg 20.92 2 8T2g 14.78 1 8T2g 10.56 3 8T1g

19 Γ8g 2.830 277 5655 39.92 2 8T1g 23.90 2 8T2g 12.11 3 8T1g 11.97 2 8Eg

10 Γ7g 2.831 278 5657 52.63 2 8Eg 20.31 2 8T1g

10 Γ6g 2.831 277 5819 28.68 1 8A2g 21.25 2 8T1g 19.17 1 8T2g 17.68 3 8T1g

20 Γ8g 2.830 276 5913 34.55 3 8T1g 16.15 2 8T1g 14.55 1 8A2g 11.52 1 8T2g

21 Γ8g 2.831 278 5998 27.05 2 8T2g 18.37 2 8T1g 14.74 1 8T2g 11.21 3 8T1g

10.56 1 8A2g

11 Γ6g 2.831 277 6370 41.86 2 8T1g 18.77 1 8T2g 15.17 2 8Eg 14.22 1 8A2g

11 Γ7g 2.831 277 6450 23.77 1 8T2g 22.56 2 8T2g 18.48 1 8A2g 14.02 3 8T1g

22 Γ8g 2.830 277 6636 26.11 3 8T1g 17.71 2 8T1g 12.82 1 8T2g 11.84 2 8T2g

11.26 2 8Eg 10.47 1 8A2g

12 Γ6g 2.830 277 6834 65.74 2 8T1g 16.95 2 8Eg

12 Γ7g 2.831 277 6865 32.17 2 8T2g 17.48 1 8T2g 10.82 2 8Eg 10.67 1 8A2g

23 Γ8g 2.829 277 6978 53.06 3 8T1g 24.46 2 8T2g

13 Γ6g 2.829 277 6982 53.54 3 8T1g 22.31 2 8T2g

24 Γ8g 2.830 277 7096 45.03 2 8T2g 15.26 3 8T1g 13.67 2 8T1g 10.60 2 8Eg

25 Γ8g 2.831 277 7324 40.38 2 8T1g 30.76 2 8T2g 20.37 2 8Eg

26 Γ8g 2.830 277 7714 48.98 2 8T1g 28.32 2 8Eg 16.18 3 8T1g

4f6(7FJ)5de
1
g Low-Spin coupling c

14 Γ6g 2.827 276 8191 41.69 1 6T2g 25.93 1 6A2g 22.88 1 6T1g

27 Γ8g 2.827 276 8220 37.83 1 6T2g 23.92 1 6T1g 23.36 1 6A2g

13 Γ7g 2.827 276 8297 44.18 1 6T1g 31.66 1 6T2g 13.34 1 6A1g

28 Γ8g 2.827 276 8323 33.71 1 6T1g 28.92 2 6T1g 18.63 1 6T2g 10.33 1 6Eg

14 Γ7g 2.829 276 8513 27.80 3 8T1g 26.86 2 6T1g 15.43 1 6Eg

29 Γ8g 2.829 276 8558 24.91 2 6T1g 22.82 3 8T1g 16.71 1 6A1g 13.57 1 6Eg

10.86 1 6T1g

15 Γ6g 2.829 277 8597 72.47 3 8T1g

30 Γ8g 2.829 276 8652 41.77 3 8T1g 17.26 2 6T1g 14.91 1 6Eg

15 Γ7g 2.828 276 8719 42.74 3 8T1g 26.98 1 6Eg 15.02 2 6T1g

31 Γ8g 2.826 276 9044 28.63 1 6T1g 23.56 1 6T2g 13.32 2 6T2g

32 Γ8g 2.827 276 9162 23.56 1 6T2g 19.56 1 6A2g 18.16 1 6T1g 10.87 2 6T1g

10.27 2 6T2g

16 Γ6g 2.827 276 9295 50.78 1 6T2g

16 Γ7g 2.829 275 9721 62.49 3 8T1g 16.97 1 6A1g

33 Γ8g 2.829 276 9767 77.97 3 8T1g

17 Γ7g 2.826 277 9883 41.46 1 6T1g 21.79 2 6Eg 12.11 3 6T1g 10.94 3 8T1g

34 Γ8g 2.826 276 10063 37.01 1 6T2g 13.30 2 6T2g 12.55 3 6T1g 10.57 2 6T1g

17 Γ6g 2.826 276 10181 27.11 1 6A2g 23.42 2 6T2g 14.25 3 6T1g 14.20 1 6T2g

11.61 1 6T1g

35 Γ8g 2.827 276 10250 31.22 1 6Eg 31.11 1 6T1g 16.76 2 6T1g

18 Γ7g 2.828 276 10301 38.84 2 6T1g 18.07 1 6A1g 14.15 3 8T1g 12.80 1 6T2g

18 Γ6g 2.826 276 10838 33.37 1 6Eg 18.27 2 6Eg 18.22 3 6T1g 11.14 2 6T1g

19 Γ6g 2.826 276 10924 34.24 3 6T1g 18.82 1 6T1g 18.05 2 6T2g

36 Γ8g 2.827 276 10950 24.69 2 6T1g 20.54 2 6T2g 20.28 2 6Eg 10.88 1 6A1g

37 Γ8g 2.826 276 10988 37.67 3 6T1g 17.71 1 6T2g 12.25 2 6T1g 12.10 1 6T1g

38 Γ8g 2.826 276 11202 45.86 2 6T2g 17.70 2 6Eg

19 Γ7g 2.826 276 11246 30.98 3 6T1g 25.28 2 6T1g 20.19 1 6T2g 11.07 1 6T1g

39 Γ8g 2.827 276 11279 37.10 1 6T2g 13.80 2 6Eg 13.70 1 6A2g 12.02 2 6T2g

11.63 3 6T1g

20 Γ7g 2.826 276 11574 31.29 1 6T1g 29.47 3 6T1g 19.59 2 6T2g

40 Γ8g 2.827 276 11788 21.12 1 6T1g 19.37 2 6T2g 17.64 2 6Eg

20 Γ6g 2.828 276 11898 28.66 1 6T2g 24.97 2 6Eg 16.32 1 6Eg 14.69 2 6T1g
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41 Γ8g 2.827 276 12263 28.64 1 6T1g 26.68 1 6T2g 14.66 2 6T2g

21 Γ6g 2.827 276 12423 44.21 2 6T1g 28.97 1 6Eg

42 Γ8g 2.827 276 12440 20.34 1 6T1g 18.30 2 6T1g 14.92 1 6T2g 13.41 3 6T1g

21 Γ7g 2.826 276 12714 35.12 3 6T1g 26.86 2 6Eg 13.42 1 6T1g 12.36 2 6T2g

43 Γ8g 2.826 276 12782 28.87 3 6T1g 17.11 1 6Eg 15.74 2 6T2g 14.02 2 6T1g

13.36 2 6Eg

22 Γ7g 2.826 276 12844 26.47 3 6T1g 20.11 2 6T1g 17.47 1 6A1g 17.10 2 6T2g

22 Γ6g 2.827 276 12880 35.94 1 6T2g 20.99 1 6T1g 17.16 2 6T2g 17.08 1 6A2g

23 Γ7g 2.826 276 13406 26.04 2 6Eg 24.77 1 6T1g 15.16 1 6A1g 14.83 3 6T1g

44 Γ8g 2.826 276 13416 37.27 2 6Eg 21.33 2 6T2g 13.56 3 6T1g

45 Γ8g 2.827 276 13555 25.01 2 6T1g 15.86 1 6Eg 15.00 3 6T1g

23 Γ6g 2.826 276 13802 40.53 2 6T2g 26.34 3 6T1g 11.16 2 6T1g

46 Γ8g 2.826 276 13876 26.13 2 6T2g 24.84 2 6T1g 20.50 1 6Eg

47 Γ8g 2.826 276 14245 24.96 3 6T1g 17.46 2 6T2g 16.42 2 6T1g 11.82 2 6Eg

11.60 1 6Eg

24 Γ7g 2.826 276 14590 45.74 2 6T1g 30.17 1 6Eg

24 Γ6g 2.826 276 14764 63.66 2 6T2g 27.08 2 6Eg

48 Γ8g 2.825 276 14859 46.73 3 6T1g 25.32 2 6T2g 13.15 2 6Eg

25 Γ7g 2.825 276 15265 38.43 2 6T2g 37.12 3 6T1g

49 Γ8g 2.825 276 15887 74.18 3 6T1g 15.98 2 6T2g

a The analyses of the wave functions have been done at dTb−S= 2.700 Å (4f8), 2.850 Å (4f85d1), 2.850 Å (4f9).
b C.f. Table IV.
c C.f. Table V.
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Supplementary Table 7. Spectroscopic constants and analyses of the spin-orbit wave functions of the ground and
lowest lying excited states of Tb3+ and Tb2+ -doped SrS octahedral defects. Tb�S bond distances (dTb−S,e in Å), TbS6

breathing mode harmonic vibrational frequencies (ωa1g in cm−1) and minimum-to-minimum energy di�erences (Te in
cm−1).See Fig. 14, 15 and text for details.

State dTb−S,e ωa1g Te weights of terms larger than 10% a

Tb3+-doped SrS

4f8(7F0−6)
1 A1g 2.780 284 0 46.73 1 7T2g 38.00 1 7A2g 11.49 1 7T1g

1 T1g 2.780 284 35 45.46 1 7T2g 35.51 1 7A2g 15.27 1 7T1g

1 T2g 2.780 284 74 42.15 1 7T2g 33.64 1 7A2g 20.44 1 7T1g

1 A2g 2.780 284 302 52.31 1 7T2g 43.89 1 7T1g

2 T2g 2.780 285 345 55.64 1 7T1g 40.13 1 7T2g

1 Eg 2.780 285 362 60.20 1 7T1g 35.97 1 7T2g

2 T1g 2.780 284 2295 66.98 1 7T2g 16.08 1 7A2g 14.73 1 7T1g

3 T2g 2.780 284 2352 56.97 1 7T1g 31.00 1 7A2g

2 Eg 2.780 284 2511 52.48 1 7T2g 45.31 1 7T1g

3 T1g 2.780 284 2532 52.29 1 7T1g 43.37 1 7T2g

2 A1g 2.780 284 3534 50.98 1 7A2g 32.92 1 7T1g 12.84 1 7T2g

4 T1g 2.780 284 3650 49.25 1 7T2g 24.88 1 7A2g 22.58 1 7T1g

3 Eg 2.780 285 3757 76.19 1 7T2g 20.51 1 7T1g

4 T2g 2.780 284 3931 64.80 1 7T1g 27.72 1 7T2g

5 T1g 2.780 285 4667 49.99 1 7T2g 34.49 1 7T1g 11.68 1 7A2g

5 T2g 2.780 284 4680 39.47 1 7T1g 36.84 1 7T2g 19.84 1 7A2g

2 A2g 2.780 284 4811 52.26 1 7T1g 43.83 1 7T2g

6 T2g 2.780 285 5319 52.18 1 7T1g 35.93 1 7T2g

4 Eg 2.780 284 5495 66.95 1 7T1g 28.82 1 7T2g

6 T1g 2.780 285 5767 54.01 1 7T1g 35.20 1 7T2g

3 A1g 2.780 285 5943 51.61 1 7T1g 36.31 1 7T2g

4f8(5D4−3)
4 A1g 2.777 286 20128 58.40 1 5Eg 39.39 1 5T2g

7 T1g 2.777 286 20138 49.10 1 5T2g 48.57 1 5Eg

5 Eg 2.777 286 20145 56.09 1 5T2g 41.53 1 5Eg

7 T2g 2.778 286 20156 76.82 1 5T2g 20.71 1 5Eg

8 T1g 2.777 285 25625 86.69 1 5T2g

8 T2g 2.777 286 25646 48.67 1 5T2g 47.56 1 5Eg

3 A2g 2.777 286 25680 96.15 1 5Eg

4f8(5D2−0,
5 L10−6,

5G6−2)
4 A2g 2.777 285 28519 51.94 2 5T1g 39.46 3 5Eg

9 T2g 2.776 286 28520 51.85 2 5T1g 29.55 3 5Eg 15.00 2 5A1g

6 Eg 2.777 286 28523 51.90 2 5T1g 23.35 2 5A1g 22.00 3 5Eg

10 T2g 2.777 285 28763 42.23 3 5T2g 18.46 2 5T1g 16.38 3 5T1g

9 T1g 2.777 285 28767 36.45 3 5T2g 18.21 3 5T1g 17.49 3 5Eg 16.89 2 5T1g

5 A1g 2.777 286 28861 47.64 3 5T2g 14.66 3 5Eg 14.46 4 5Eg 11.54 2 5T2g

10.49 4 5T2g

10 T1g 2.778 285 28998 33.15 3 5T1g 21.23 4 5Eg 17.38 4 5T2g 15.25 2 5T1g

7 Eg 2.778 286 29075 33.83 3 5T1g 31.37 4 5T2g 27.57 4 5Eg

11 T2g 2.778 286 29106 60.65 4 5T2g 19.72 4 5Eg 14.93 3 5T1g

12 T2g 2.777 285 29594 34.17 2 5T1g 19.83 2 5A1g 18.84 3 5T2g

11 T1g 2.777 286 29620 32.49 2 5T1g 21.03 3 5Eg 15.26 3 5T1g 14.52 3 5T2g

13 T2g 2.777 286 29751 61.70 1 5T2g 25.16 1 5Eg

8 Eg 2.777 286 29753 28.58 1 5Eg 21.49 1 5T2g 11.99 2 5Eg 10.89 2 5T2g

12 T1g 2.777 285 29758 32.14 2 5T1g 28.77 2 5T2g 12.16 3 5T2g

9 Eg 2.777 286 29778 24.14 2 5T2g 21.99 1 5Eg 15.24 1 5T2g 12.97 3 5Eg

13 T1g 2.777 285 29863 36.72 2 5T2g 20.92 4 5T2g 15.29 3 5T1g

6 A1g 2.777 286 29887 46.83 2 5T2g 30.45 4 5Eg 16.34 4 5T2g
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14 T2g 2.777 285 29894 54.18 2 5T2g 19.58 3 5T1g 11.91 4 5T2g

14 T1g 2.777 285 30000 61.03 2 5T2g 15.42 2 5T1g

10 Eg 2.777 285 30013 55.24 2 5T2g

7 A1g 2.777 286 30047 32.86 2 5Eg 32.09 2 5T2g 11.47 3 5Eg 10.11 4 5Eg

15 T1g 2.777 285 30062 25.45 1 5T1g 23.32 2 5T2g 17.23 3 5T2g 11.20 4 5T2g

10.66 2 5Eg

5 A2g 2.778 286 30087 61.54 4 5Eg 33.26 3 5T1g

15 T2g 2.777 285 30098 64.44 2 5T2g 23.19 1 5T1g

16 T2g 2.777 286 30112 21.22 2 5T2g 19.95 4 5T2g 17.50 3 5T2g 12.22 3 5T1g

16 T1g 2.777 285 30132 69.33 1 5T1g 12.58 2 5Eg

17 T2g 2.778 286 30178 59.63 1 5T1g 21.45 1 5A1g

11 Eg 2.777 286 30182 44.17 2 5Eg 41.42 1 5T1g

18 T2g 2.778 286 30185 51.88 2 5Eg 24.24 1 5T1g

6 A2g 2.778 285 30193 49.75 1 5T1g 42.73 2 5Eg

12 Eg 2.777 286 30205 60.39 1 5A1g 19.32 2 5Eg 12.25 1 5T1g

17 T1g 2.778 285 30212 53.40 1 5T1g 10.03 2 5T2g

8 A1g 2.778 286 30230 62.25 2 5Eg 10.29 3 5Eg

18 T1g 2.777 286 30271 54.88 2 5Eg 31.17 1 5T1g

19 T2g 2.777 286 30295 35.48 1 5T1g 30.76 1 5A1g 20.58 2 5T2g

7 A2g 2.778 286 30321 47.56 2 5Eg 45.88 1 5T1g

20 T2g 2.777 286 30463 37.31 1 5A1g 34.90 1 5T1g 16.86 2 5Eg

13 Eg 2.777 286 30500 33.74 1 5A1g 29.03 1 5T1g 18.97 2 5Eg

19 T1g 2.777 285 30603 35.22 2 5T1g 28.28 3 5T2g 22.04 3 5T1g

9 A1g 2.777 286 30608 59.63 3 5Eg 35.34 3 5T2g

14 Eg 2.777 286 30704 34.87 3 5T2g 24.86 2 5A1g 13.01 3 5Eg 11.82 3 5T1g

21 T2g 2.777 286 30724 23.71 2 5T1g 20.66 3 5Eg 15.96 2 5A1g 15.23 4 5Eg

11.50 3 5T2g

20 T1g 2.777 285 30857 38.74 4 5T2g 21.62 3 5Eg 18.82 2 5T1g 15.12 4 5Eg

15 Eg 2.778 285 30893 29.64 3 5T1g 29.61 4 5T2g 21.20 3 5T2g 10.42 3 5Eg

22 T2g 2.778 286 30968 43.66 3 5T1g 21.49 4 5T2g 20.65 4 5Eg

21 T1g 2.777 286 31414 34.76 3 5T2g 24.26 3 5Eg 18.68 2 5T1g 13.47 4 5T2g

23 T2g 2.777 286 31472 27.45 3 5T2g 21.48 2 5A1g 20.50 3 5T1g 17.71 2 5T1g

11.03 4 5Eg

8 A2g 2.777 286 31529 40.83 3 5Eg 28.95 2 5T1g 20.14 3 5T1g

24 T2g 2.777 285 31621 38.06 4 5T2g 21.49 2 5T1g 19.52 3 5Eg 10.00 3 5T1g

16 Eg 2.777 286 31692 42.42 4 5Eg 19.73 4 5T2g 19.53 2 5T1g

22 T1g 2.778 285 31763 45.51 3 5T1g 24.67 4 5T2g 16.26 3 5T2g 12.79 4 5Eg

17 Eg 2.777 286 32100 23.16 3 5T2g 19.76 2 5T1g 14.61 3 5Eg 12.55 3 5T1g

12.35 2 5A1g 12.19 4 5Eg

25 T2g 2.777 285 32117 38.31 3 5T2g 19.03 2 5T1g 14.20 3 5Eg 10.86 4 5T2g

9 A2g 2.777 286 32210 44.44 3 5T1g 25.23 4 5Eg 17.95 2 5T1g 12.11 3 5Eg

26 T2g 2.777 286 32437 35.60 3 5T1g 23.17 4 5T2g 23.16 3 5T2g 16.69 4 5Eg

23 T1g 2.777 286 32489 32.22 4 5T2g 18.01 3 5T1g 17.38 4 5Eg 14.36 1 5T2g

10 A1g 2.778 286 32552 62.91 4 5T2g 36.29 4 5Eg

24 T1g 2.777 286 32577 42.50 1 5T2g 28.89 1 5Eg 12.34 4 5T2g

11 A1g 2.777 286 33943 56.68 1 5T2g 38.28 1 5Eg

Tb2+-doped SrS

4f9

4f9(6H15/2,13/2,11/2,9/2,7/2,5/2) b

1 Γ7u 2.948 233 0 63.22 1 6T1u 33.35 1 6T2u

1 Γ8u 2.948 232 5 51.48 1 6T1u 45.30 1 6T2u

1 Γ6u 2.949 253 87 51.65 1 6T1u 31.99 1 6Eu 12.87 2 6T1u

2 Γ8u 2.948 253 187 34.14 1 6T2u 31.19 1 6Eu 29.15 2 6T1u

3 Γ8u 2.947 251 298 58.20 2 6T1u 25.02 1 6Eu 15.47 1 6T2u

4 Γ8u 2.948 244 2384 38.87 1 6T2u 34.65 1 6T1u 16.67 1 6Eu

2 Γ7u 2.949 266 2436 53.31 1 6Eu 33.51 1 6T2u

2 Γ6u 2.948 247 2445 40.88 1 6T1u 24.00 1 6Eu 20.81 2 6T1u 14.11 1 6T2u

5 Γ8u 2.947 243 2511 44.12 2 6T1u 26.00 1 6T2u 23.57 1 6T1u

3 Γ6u 2.947 243 2554 52.18 2 6T1u 30.12 1 6T1u 16.55 1 6T2u
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3 Γ7u 2.948 245 4358 42.80 1 6T2u 26.16 1 6T1u 17.50 1 6Eu 11.86 2 6T1u

6 Γ8u 2.947 246 4458 38.11 1 6Eu 30.40 1 6T1u 21.23 2 6T1u

7 Γ8u 2.948 250 4470 50.10 1 6T2u 30.51 2 6T1u 15.04 1 6T1u

4 Γ6u 2.948 240 4479 49.50 1 6T1u 41.57 2 6T1u

8 Γ8u 2.948 242 5759 27.65 1 6T2u 24.52 1 6T1u 14.15 2 6T2u 13.34 3 6T1u

9 Γ8u 2.948 243 5981 36.37 1 6T1u 30.13 3 6T1u 12.85 2 6T1u

4 Γ7u 2.946 250 6093 38.74 1 6T2u 33.15 2 6T1u 10.67 1 6Eu

5 Γ6u 2.946 246 6095 38.35 3 6T1u 35.10 2 6T2u 16.95 1 6T2u

10 Γ8u 2.948 251 6318 24.18 3 6T1u 23.90 1 6Eu 19.98 2 6T1u 12.50 2 6T2u

5 Γ7u 2.947 251 6544 39.04 2 6T2u 22.95 1 6A2u 15.37 1 6T2u 13.38 3 6T1u

11 Γ8u 2.947 250 6759 30.14 2 6T2u 18.95 1 6A2u 17.27 3 6T1u 12.76 2 6T1u

6 Γ7u 2.946 250 7522 42.37 2 6T1u 26.34 1 6T2u 14.93 2 6T2u

4f9(6F11/2,9/2,7/2,5/2,3/2,1/2) b

12 Γ8u 2.948 252 7664 27.54 2 6T1u 24.35 1 6T1u 19.20 1 6Eu 11.87 1 6A2u

6 Γ6u 2.947 246 7863 31.66 1 6T2u 22.25 2 6T1u 14.28 1 6T1u 13.00 3 6T1u

10.20 1 6Eu

13 Γ8u 2.946 251 8179 60.90 3 6T1u 25.23 2 6T2u

14 Γ8u 2.946 249 8230 49.47 3 6T1u 27.42 2 6T2u 13.45 1 6A2u

7 Γ7u 2.947 247 8488 60.52 2 6T2u 12.27 3 6T1u

15 Γ8u 2.947 245 8834 27.26 1 6T2u 26.43 1 6T1u 20.42 2 6T1u 12.34 1 6Eu

7 Γ6u 2.947 251 8873 45.69 2 6T1u 25.70 1 6Eu 15.56 1 6T2u

8 Γ6u 2.945 254 9458 86.42 3 6T1u 13.25 2 6T2u

8 Γ7u 2.947 253 9499 37.83 1 6A2u 31.24 3 6T1u 30.56 2 6T2u

16 Γ8u 2.946 247 9597 72.88 2 6T2u 21.02 3 6T1u

9 Γ6u 2.946 250 10583 58.14 3 6T1u 41.29 2 6T2u

17 Γ8u 2.947 248 10598 49.58 2 6T2u 31.34 3 6T1u 18.64 1 6A2u

18 Γ8u 2.946 250 11355 45.91 2 6T2u 38.76 3 6T1u 14.77 1 6A2u

9 Γ7u 2.946 249 11813 45.04 2 6T2u 40.01 3 6T1u 14.31 1 6A2u

4f85d1

4f8(7FJ)5dt
1
2g High-Spin coupling c

1 Γ7g 2.931 259 205 47.39 1 8A1g 42.71 1 8T1g

1 Γ8g 2.931 259 257 1.00 47.26 1 8A1g 42.67 1 8T1g

1 Γ6g 2.931 259 305 0.01 48.94 1 8A1g 42.02 1 8T1g

2 Γ8g 2.931 258 718 1.26 49.09 1 8T1g 21.99 1 8Eg 20.91 1 8T2g

2 Γ6g 2.931 258 719 0.08 56.51 1 8T1g 24.54 1 8T2g

3 Γ8g 2.931 259 843 1.00 38.45 1 8T2g 36.97 1 8Eg 11.32 1 8T1g

2 Γ7g 2.931 259 894 44.54 1 8T2g 34.88 1 8Eg 16.53 1 8A2g

4 Γ8g 2.931 258 898 0.64 48.96 1 8T1g 26.57 1 8Eg 15.97 1 8T2g

5 Γ8g 2.931 259 1818 1.71 35.42 1 8Eg 28.18 1 8T2g 19.91 1 8T1g

3 Γ6g 2.931 259 1929 0.14 44.01 1 8Eg 21.72 1 8T2g 11.30 1 8T1g

3 Γ7g 2.931 258 2237 54.35 1 8T1g 14.24 1 8Eg 10.80 2 8T1g

4 Γ6g 2.931 258 2277 0.78 26.22 1 8A2g 21.60 1 8T2g 15.59 1 8Eg 12.08 1 8T1g

6 Γ8g 2.931 258 2289 52.07 51.73 1 8T1g 14.18 1 8T2g

7 Γ8g 2.931 258 2449 6.77 27.89 1 8T2g 17.99 1 8T1g 15.23 1 8A1g 14.46 1 8Eg

10.03 1 8A2g

4 Γ7g 2.931 258 2653 53.24 1 8T2g 24.80 1 8A1g 12.76 1 8T1g

8 Γ8g 2.931 258 2934 1.92 33.21 1 8T1g 28.12 1 8Eg 11.87 1 8T2g

5 Γ6g 2.929 257 3097 0.07 49.23 2 8T2g 19.49 1 8A1g 11.53 1 8T2g

9 Γ8g 2.929 258 3221 37.95 37.99 2 8T2g 26.05 2 8T1g 18.07 2 8Eg 11.29 1 8T1g

5 Γ7g 2.928 257 3298 0.01 40.81 2 8T1g 23.34 2 8T2g 16.62 2 8Eg 13.42 1 8T1g

6 Γ6g 2.929 259 3312 1.34 29.18 2 8Eg 24.16 1 8T2g 20.25 2 8T1g

10 Γ8g 2.929 258 3587 2.03 38.53 2 8Eg 29.45 2 8T1g

11 Γ8g 2.930 258 3753 1.37 39.41 1 8T2g 14.17 1 8T1g 11.57 2 8T1g

12 Γ8g 2.929 258 3855 12.92 41.45 2 8T2g 22.56 2 8T1g 13.72 1 8T1g

6 Γ7g 2.931 259 3945 25.79 1 8A2g 20.05 1 8Eg 19.21 1 8T1g 13.73 1 8A1g

13 Γ8g 2.931 258 4165 3.58 26.56 1 8Eg 22.68 2 8Eg 21.83 1 8T2g

7 Γ6g 2.928 258 4207 1.58 45.71 2 8T2g 14.46 3 8T1g 13.10 1 8T1g 13.06 2 8T1g

7 Γ7g 2.931 258 4213 33.40 1 8T2g 22.98 1 8T1g 12.63 1 8Eg

14 Γ8g 2.931 258 4400 0.10 22.95 1 8Eg 22.26 1 8T1g 21.35 1 8T2g 17.12 2 8T1g
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8 Γ7g 2.928 258 4628 67.51 2 8T1g 17.65 2 8T2g

15 Γ8g 2.929 257 4776 19.05 25.08 1 8T2g 23.84 2 8T1g 15.14 2 8Eg 13.60 2 8T2g

13.26 1 8Eg

16 Γ8g 2.930 259 4856 3.46 19.53 1 8T1g 19.51 1 8T2g 18.56 2 8T2g 11.36 1 8Eg

8 Γ6g 2.929 258 4911 1.95 40.39 2 8T2g 19.67 1 8T1g 12.78 2 8T1g

9 Γ6g 2.931 258 5217 0.44 42.11 1 8T2g 21.05 1 8Eg 19.61 1 8T1g

17 Γ8g 2.928 258 5387 18.84 26.33 1 8T2g 19.77 2 8Eg 19.56 2 8T2g 13.22 2 8T1g

9 Γ7g 2.928 258 5509 57.83 2 8T2g 18.46 2 8T1g 12.19 1 8T1g

18 Γ8g 2.929 258 5627 7.48 33.01 2 8Eg 21.15 2 8T2g 15.06 1 8T2g

10.14 2 6T1u

10 Γ7g 2.929 258 5965 50.44 2 8Eg 22.77 2 8T1g 10.11 1 8A2g

19 Γ8g 2.928 258 6014 4.45 40.93 2 8T1g 24.29 2 8T2g 12.25 2 8Eg 11.04 3 8T1g

10 Γ6g 2.929 258 6118 0.48 33.95 1 8A2g 22.69 1 8T2g 16.30 2 8T1g 15.47 3 8T1g

20 Γ8g 2.929 257 6244 0.07 26.28 1 8A2g 22.14 1 8T2g 17.25 3 8T1g 12.05 2 8T2g

21 Γ8g 2.928 259 6325 32.78 27.97 2 8T1g 26.99 3 8T1g 26.82 2 8T2g

11 Γ6g 2.928 258 6709 0.23 47.29 2 8T1g 15.70 1 8T2g 15.57 2 8Eg 10.87 1 8A2g

11 Γ7g 2.928 258 6769 24.92 1 8T2g 20.71 2 8T2g 19.48 1 8A2g 12.29 3 8T1g

22 Γ8g 2.928 258 6986 18.77 26.07 3 8T1g 17.51 2 8T1g 14.00 2 8Eg 12.60 1 8T2g

10.86 2 8T2g

12 Γ7g 2.928 258 7190 0.01 35.45 2 8T2g 14.84 1 8T2g 12.01 2 8T1g 10.79 2 8Eg

12 Γ6g 2.928 258 7190 1.00 66.65 2 8T1g 17.75 2 8Eg

23 Γ8g 2.926 258 7372 4.94 55.69 3 8T1g 23.71 2 8T2g

13 Γ6g 2.926 258 7377 0.02 57.27 3 8T1g 21.42 2 8T2g

24 Γ8g 2.928 258 7442 44.46 2 8T2g 18.32 3 8T1g 14.13 2 8T1g

25 Γ8g 2.928 258 7662 4.47 43.47 2 8T1g 28.62 2 8T2g 20.51 2 8Eg

26 Γ8g 2.928 258 8078 22.43 48.94 2 8T1g 28.28 2 8Eg 16.78 3 8T1g

4f6(7FJ)5de
1
g Low-Spin coupling c

14 Γ6g 2.925 258 8631 128.33 40.72 1 6T2g 27.08 1 6A2g 21.90 1 6T1g

27 Γ8g 2.925 258 8663 955.83 37.42 1 6T2g 25.41 1 6A2g 20.76 1 6T1g

28 Γ8g 2.926 257 8757 100.94 30.88 1 6T1g 30.16 2 6T1g 18.40 1 6T2g 10.43 1 6Eg

13 Γ7g 2.925 257 8757 0.01 40.40 1 6T1g 30.06 1 6T2g 10.38 1 6A1g

14 Γ7g 2.926 258 8902 0.03 24.39 2 6T1g 23.30 3 8T1g 14.92 1 6Eg 13.58 1 6T1g

10.10 1 6A1g

29 Γ8g 2.926 257 8960 8765.22 26.43 2 6T1g 18.31 1 6A1g 18.22 3 8T1g 15.26 1 6Eg

11.47 1 6T1g

15 Γ6g 2.926 258 9009 0.53 72.58 3 8T1g

30 Γ8g 2.926 257 9060 2295.65 47.76 3 8T1g 14.50 2 6T1g 12.60 1 6Eg

15 Γ7g 2.926 257 9128 0.27 46.48 3 8T1g 25.17 1 6Eg 13.23 2 6T1g

31 Γ8g 2.924 258 9533 1742.55 27.59 1 6T1g 20.71 1 6T2g 12.76 2 6T2g 10.30 1 6A2g

32 Γ8g 2.924 258 9630 536.30 27.07 1 6T2g 18.79 1 6T1g 16.19 1 6A2g 11.13 2 6T1g

10.39 2 6T2g

16 Γ6g 2.925 257 9749 152.04 52.23 1 6T2g

16 Γ7g 2.926 257 10120 66.19 3 8T1g 16.48 1 6A1g

33 Γ8g 2.926 257 10163 0.02 77.69 3 8T1g

17 Γ7g 2.923 257 10415 0.01 38.54 1 6T1g 21.70 2 6Eg 11.60 3 6T1g

34 Γ8g 2.924 257 10541 2672.67 34.37 1 6T2g 13.70 2 6T1g 10.18 1 6T1g

17 Γ6g 2.924 257 10656 367.85 28.35 1 6A2g 21.78 2 6T2g 15.21 1 6T2g 13.23 1 6T1g

11.94 3 6T1g

35 Γ8g 2.925 258 10694 1418.15 28.11 1 6T1g 26.02 1 6Eg 12.89 2 6T1g

18 Γ7g 2.926 257 10730 0.01 39.19 2 6T1g 15.99 1 6A1g 13.51 3 8T1g 10.85 1 6T2g

18 Γ6g 2.924 257 11326 7.12 36.09 1 6Eg 24.00 2 6Eg 13.80 2 6T1g 12.99 2 6T2g

36 Γ8g 2.925 257 11408 0.26 24.00 2 6T1g 19.82 2 6T2g 19.20 2 6Eg 10.86 1 6A1g

10.32 1 6Eg

19 Γ6g 2.924 257 11425 330.41 45.89 3 6T1g 19.88 1 6T1g 16.58 2 6T2g

37 Γ8g 2.924 257 11486 1048.00 37.27 3 6T1g 16.04 1 6T2g 12.01 1 6T1g 11.84 2 6T1g

38 Γ8g 2.924 257 11680 102.27 46.41 2 6T2g 19.57 2 6Eg

19 Γ7g 2.924 257 11738 0.12 28.63 3 6T1g 26.78 2 6T1g 20.49 1 6T2g 10.54 1 6T1g

39 Γ8g 2.924 257 11758 731.64 37.07 1 6T2g 14.34 1 6A2g 13.46 3 6T1g 10.44 2 6Eg

10.40 2 6T2g

20 Γ7g 2.923 257 12085 31.54 1 6T1g 31.08 3 6T1g 18.73 2 6T2g

40 Γ8g 2.925 257 12252 28.50 21.52 2 6T2g 20.96 1 6T1g 17.96 2 6Eg 10.15 1 6T2g
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20 Γ6g 2.925 257 12335 13.73 27.24 1 6T2g 26.80 2 6Eg 16.09 1 6Eg 12.82 2 6T1g

10.58 2 6T2g

41 Γ8g 2.924 257 12734 128.95 28.68 1 6T1g 23.65 1 6T2g 14.51 2 6T2g 10.91 1 6Eg

21 Γ6g 2.925 257 12876 2.89 43.61 2 6T1g 28.38 1 6Eg 10.13 1 6T2g

42 Γ8g 2.925 257 12909 3.60 21.78 1 6T1g 16.58 2 6T1g 16.40 1 6T2g 12.54 3 6T1g

10.21 2 6T2g

21 Γ7g 2.923 257 13223 0.10 32.23 3 6T1g 28.83 2 6Eg 14.12 1 6T1g

43 Γ8g 2.924 257 13265 849.98 27.02 3 6T1g 17.52 1 6Eg 15.28 2 6T2g 14.68 2 6Eg

14.26 2 6T1g

22 Γ6g 2.925 258 13329 48.57 34.25 1 6T2g 20.95 1 6T1g 18.03 2 6T2g 15.46 1 6A2g

22 Γ7g 2.924 257 13347 0.01 27.89 3 6T1g 20.32 2 6T2g 19.38 2 6T1g 17.17 1 6A1g

23 Γ7g 2.924 257 13902 0.01 26.17 2 6Eg 24.48 1 6T1g 16.31 3 6T1g 14.43 1 6A1g

44 Γ8g 2.924 257 13922 267.47 38.65 2 6Eg 21.81 2 6T2g 15.46 3 6T1g

45 Γ8g 2.924 257 14018 280.07 24.82 2 6T1g 14.89 1 6Eg 13.68 3 6T1g 11.58 1 6T1g

23 Γ6g 2.924 257 14298 18.06 40.08 2 6T2g 26.31 3 6T1g 11.68 2 6T1g

46 Γ8g 2.924 257 14359 1.99 26.67 2 6T1g 23.73 2 6T2g 22.26 1 6Eg

47 Γ8g 2.924 257 14728 0.34 26.29 3 6T1g 19.98 2 6T2g 14.50 2 6T1g 12.79 2 6Eg

24 Γ7g 2.924 257 15076 0.01 46.24 2 6T1g 29.23 1 6Eg

24 Γ6g 2.923 257 15269 13.06 63.39 2 6T2g 26.39 2 6Eg

48 Γ8g 2.922 257 15396 5.13 47.79 3 6T1g 24.41 2 6T2g 12.99 2 6Eg

25 Γ7g 2.922 257 15808 38.18 2 6T2g 38.16 3 6T1g

49 Γ8g 2.922 256 16446 0.45 73.91 3 6T1g 15.39 2 6T2g

a The analyses of the wave functions have been done at dTb−S= 2.700 Å (4f8), 2.950 Å (4f85d1), 2.950 Å (4f9).
b C.f. Table IV.
c C.f. Table V.
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Supplementary Figure 10. Potential energy curves at spin-orbit-free SA-RASSCF level for states of the 4f8

con�guration of the octahedral Tb3+ impurity in the alkaline earth sul�des CaS and SrS. The color of the curves
denotes the main L value of the associated 2S+1L term.

Supplementary Figure 11. Potential energy curves at spin-orbit-free SA-RASSCF level for the Tb2+ impurity in
the alkaline earth sul�des CaS and SrS. Green and red curves originate from the states with 4f8(5d,6s)1

con�gurations, indicating spin-octet and spin-sextet levels respectively. The grey curves show the levels that
correspond to the 4f9 con�guration, from low to high energy the 6H, 6F and 6P terms.
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Supplementary Figure 12. Potential energy curves at spin-orbit-free MS-RASPT2 level for states of the 4f8

con�guration of the octahedral Tb3+ impurity in the alkaline earth sul�des CaS and SrS. The color of the curves
denotes the main L value of the associated 2S+1L term.

Supplementary Figure 13. Potential energy curves at spin-orbit-free MS-RASPT2 level for the Tb2+ impurity in
the alkaline earth sul�des CaS and SrS. Green and red curves originate from the states with 4f8(5d,6s)1

con�gurations, indicating spin-octet and spin-sextet levels respectively. The grey curves show the levels that
correspond to the 4f9 con�guration, from low to high energy the 6H, 6F and 6P terms.
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other quintets

Supplementary Figure 14. Potential energy curves after spin-orbit coupling (at RASSI-SO level) for states of the
4f8 con�guration of the octahedral Tb3+ impurity in the alkaline earth sul�des CaS and SrS. The black curves

correspond to the 7F multiplets, the gold curves to the lowest-lying multiplets for which 2S + 1 = 5.

Supplementary Figure 15. Potential energy curves after spin-orbit coupling (at RASSI-SO level) for the Tb2+

impurity in the alkaline earth sul�des CaS and SrS. The colored curves originate from the 4f8(5d, 6s)1

con�gurations, whereby the color represents the spin-character of the eigenstates, ranging from green for pure
spin-octets to red for pure spin-sextets. The grey curves show the levels that correspond to the 4f9 con�guration.
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