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Table S1. Integrated absorption cross-section of the PbF,:Er**, Yb** samples used in the Judd-Ofelt

calculations, x1020 ¢cm?

Er1.5Yb1.5 Er2Yb2 Er2Yb3 Er2Yb5s Er2Yb7
‘Gun 5.982 6.628 6.628 6.757 7.825
2Hy) 0.620 0.877 0.853 0.789 0.988
“Fip 2.797 3.860 3.911 3.931 4.782
Hyp 6.099 6.860 6.715 6.747 8.450
) 0.972 1.649 1.361 1.293 1.727
“Fop 5.624 7.443 7.789 7.964 9.657
o PP 34.724 41.620 42.104 44.380 54.139

Table S2. Concentrations of the doping ions based on WDXRF and ions per cm?, unit cell parameters

of the PbF, doped with Er3*, Yb**.

Er’* Yb3* a, A
Sample name
mol.,% N, x102°¢cm™ mol.,% N, x102°¢m™

Erl.5Ybl.5 1.61 3.34 1.436 2.98 5.9301
Er2Yb2 2.106 4.36 2.141 4.44 5.9236
Er2Yb3 2.186 4.53 3.285 6.81 5.9174
Er2Yb5 2.116 4.38 5.142 10.66 5.9078
Er2Yb7.5 2.116 4,38 7.713 15,99 5.8887
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Table S3. Predicted radiative lifetimes and branching ratios of some transitions in the Erl.5YbI.5

sample.
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Table S4. Predicted radiative lifetimes and branching ratios of some transitions in the Er2Yb2 sample.
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Table S5. Predicted radiative lifetimes and branching ratios of some transitions in the Er2Yb3 sample.
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Table S6. Predicted radiative lifetimes and branching ratios of some transitions in the Er2Yb5 sample.
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Table S7. Predicted radiative lifetimes and branching ratios of some transitions in the Er2Yb7.5

sample.
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Table S8. Decay times obtained after fitting the experimental decays in Figures 3b-3d with single-

exponential (*I;3,-*1;5, and *Fg,-*I,5/, transitions) and bi-exponential (*S;,-*1;5,, transition) functions.

crystal
Erl.5YDbL.5
Er2Yb2
Er2Yb3
Er2Yb5
Er2Yb7.5

crystal
Erl.5Ybl1.5
Er2Yb2
Er2Yb3
Er2Yb5
Er2Yb7.5

crystal
Er1.5Yb1.5
Er2Yb2
Er2Yb3
Er2Yb5
Er2Yb7.5

T, MS
0.18+0.04
0.08+0.02
0.06:0.01
0.05+0.01
0.04+0.01

4 4
Il3/2' IlS/Z

4F9/2'4115/2

4S1/2'4115/2
A
0.37
0.94
1.00
0.96
1.01

T, ms
11.0+0.5
7.8+0.4
8.2+0.4
8.8£0.4
8.9+0.4

T, ms
0.44+0.05
0.36:0.04
0.38+0.04
0.36+0.04
0.37+£0.04

Ty, MS
1.08+0.24
0.94+0.21
0.64+0.14
0.56+0.13
0.25+0.06

0.58
0.12
0.08
0.05
0.03
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Table S9. Experimentally obtained $ps (%) of some transitions in the PbF,:Er**, Yb*" samples upon

excitation of the 4S;5, “Fgn, Er¥*:41;1, & Yb3":2F;, and *1;3,, levels as measured in an integrating sphere.

Excitation = Emission Er1.5Yb1.5 Er2Yb2 Er2Yb3 Er2Yb5S  Er2Yb7.5
483, — Mysp 4.4 2.6 2.9 2.6 1.9
52 nm 4S3n — Mi3n 2 1.2 1.5 1.3 0.9
BE— 4Fopn — *ysp 7 6.3 5.6 3.5 1.1
{Er¥4,, &
Yb3*:2F;),} 38.2 40 43.9 36.1 30.1
652 am 4Fop —*ysp 18.3 20.1 23.5 22 16.6
03 Wem: oz &
Yb3*:2F 5} 22.8 22.5 21.3 20.1 12.2
I
- Yb3":2F;,} 29.6 48.8 57.2 40.5 31.2
Mi3— *isp 3.5 3.1 32 2.1 1.9
1495 nm

4 4
Lizn—Lisp

0.1 W/cm? 83.2 67.2 61.4 62.4 59.1

The correction of the measured ®0s values for reabsorption was performed as follows (by analogy
with to C. de Mello Donega et al'.): a part of every crystal was ground to powder in a mortar and then
the obtained powders were diluted with BaSO, in the ration of 9/1 where the first number is the
fraction of BaSO, and the second one is the fraction of PbF, powder. Then spectra of every single
crystal and diluted powder were obtained under 378 nm excitation with a spectrofluorometer (FSS5,
Edinburgh Instruments) in the visible and NIR ranges. The visible emission was normalised to the
peak of the #S;, - “Iy3, transition at 850 nm. In the case of NIR emission bands, each band was
normalised to the long wavelength edge (1585 nm in the case of *I;3, - *I;5,, emission and 1045 nm in
the case of {Er’":*l;;, & Yb’":?F;,} emission). The corrected Pbs values were obtained according to
Wilson and Richards? as

o

l-a+ax¢p

J'Icrystald/1

a=1-
i[ owderdd T . . S . .
Where 3 , ‘crystal is the normalized emission intensity of a single crystal sample,
I

Pps

powder is the normalized emission intensity of a 9/1 diluted powder sample. The integration ranges are

500 — 580 nm for the combination of 4S5, — *I;s5, and 2H;;,» — *I;5,» bands, 610 — 705 nm for the “Fy, —
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115, emission, 920 — 1100 nm for the {Er**:*1;;, & Yb*":2F;,,} band and 1430 — 1700 nm for the *I;3,—

1,5, emission band.

The spectra that were used for the calculations are presented in figure S4.1-3.
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Figure S4.1. Visible range emission spectra of the single crystals and 9/1 diluted powders of the

PbF,:Er,Yb samples measured under 378 nm excitation with a spectrofluorometer (FS5, Edinburgh

Instruments).
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Figure S4.3. NIR range emission spectra of the single crystals and 9/1 diluted powders of the

PbF,:Er,Yb samples measured under 378 nm excitation with a spectrofluorometer (FS5, Edinburgh

Instruments).
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Figure S5. Energy transfer diagrams for the case of DS emission, where the ground state 0 is

Er3*:41;sp, excited state 1 is either Er3*:*I;5, or Er*':*ly, and excited state 2 is either Er3*:*I;,, or

EI‘3+Z4S3/2
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Figure S6. Different algorithms of JO calculation in the case of powder samples a) paper 3; b) paper 4;

c) papers >
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Table S10. The comparison of branching ratios of Er2Yb5 powder obtained with different methods.

Emission
band Crystal
4(;9/2 - 4I15/2 042
2Hyy, — *Iisp 0.97
183 — YLisp 0.67
Fop — ‘Lis2 0.91
419/2 - 4I15/2 0.83

0.73

4 4
I11/2 - IIS/Z

4 4
I13/2 - I15/2 1

Relative RMS (with 419/2)

Relative RMS (w/o 419/2)

Method A 3
0.52

0.97
0.67
0.88
0.24
0.89
1
0.26
0.12

Lifetime, ms
Method B *
0.52

0.97
0.67
0.88
0.22
0.78
1
0.68
0.19

Method C >°
0.42

0.97
0.66
0.93
0.83
0.73
1
0.68
0.11
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Figure S7. a) the excitation spectrum of the S, — *I;5, transition (detection at 540 nm); b) the
reflectance spectrum of the Er2Yb2 powder sample.
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Table S11. The comparison of Q; parameters of Er2Yb2 powder obtained with different methods.

Crystal
Q, 1.34x1020
Q, 4.70x10%!
Qs 1.79x10-20
Relative RMS

Method A3
2.73x102°
4.43x1020
2.23x1020

8.50

Method B *
1.60x1020
7.43x102!
2.34x102°

0.69

Method C ¢
1.72x10-2!
7.96x102!
2.54x1020

0.86

Table S12. The comparison of radiative lifetimes of Er2Yb2 powder obtained with different methods.

Emission
band Crystal
*Gop —*isn 0.59
Hy12 — *Lisia 0.61
1S3, — L5 0.85
‘Fo — *Lisp2 1.14
Ty — *isp2 9.47
Ty — *hisn 9.26
Ty — s 8.39

Relative RMS (with 419/2)
Relative RMS (w/o 419/2)

Method A 3

0.43
0.35
0.73
0.64
4.93
8.21
8.39
0.84

0.69

Lifetime, ms

Method B *

0.56
0.84
0.69
1.42
13.99
8.83
12.31
0.83
0.68

Method C 5-°
0.52

0.78
0.65
1.32
12.75
7.70
8.39
0.57
0.45
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Figure S8. Sample temperature as a function of incident 976 nm intensity.
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Figure S9. Measured ¢yc and slopes (k) of the ¢pyc dependence of a) total UC emission in the 400 —
900 nm range, b) emission of the Sz, — 5, transition, ¢) emission of the *Fo;, — *I;5, transition in the

intensity range of 0.1 — 350 W/cm?.
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Figure S10. Relative change in Puc of a sample versus total absorptance and slope (k) of the

Puc intensity dependence.
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Figure S11. (a) Ratio of the intensities of the *Fo, — *I;5, (Red) transition and the #S;,, — *I;5, (Green)

transition as a function of 976 nm excitation intensity in the 0.1 — 350 W/cm?; (b) Pps of the Er3*:4,3,

— 41,5, transition as a function of intensity at 940 nm excitation.
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