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Energies of Ln3" ions calculated using different approximations and spin-orbit coupling values denoted by color intensity

Basis sets:
GUESS is for ECP28MWB_GUESS (12s11p9d8f)/[5s5p4d3f], SEG is for ECP28MWB_SEG (14s13p10d8f6g)/[10s8p5d4f3g]; SEG

is used unless otherwise stated

SO-CI is for Spin-Orbit CASSCF, SO-QDPT is for Spin-Orbit XMCQDPT2; SO-CI is used unless otherwise stated

4fis CASSCF and XMCQDPT?2 with only 4f orbitals; 4/5f'and 4/5d are for CASSCF and XMCQDPT2 with 4f'and 5f or 5d orbitals,

respectively; 4fis used unless otherwise stated

Table S1 Table S2
ML, Exp. Calc. Ce** ML, Exp. Calc. Yb**
SEG basis set SEG basis set
7 doublets 7 doublets
’F ’F
2F1 2166 2292 2Fs)y 10282 | 10180
Table S3 Table S4
ML Exp. Calc. Pr3* ML, Exp. | Calc. Tm*" SEG basis set
GUESS basis set | SEG basis set 4f 4/5f
21 triplets 21 triplets 21 triplets 21 triplets
28 singlets 28 singlets 28 singlets 28 singlets
*H3F3PIGIDT!S *H3F3PIGIDT!S
3Hs 2119 2000 2176 *Hy 5765 5453 5506
3He 4307 4088 4446 *Hs 8230 8540 8550
’F, 4848 4826 4877 3Fy 12617 12863 12894
3F; 6248 6121 6324 3F; 14449 14746 14593
3Fy 6684 6426 6815 3F, 15051 15462 15328
'Gy 9704 9217 9952 'G, | 21115 21415 21664
'D, 16641 17646 17034 'D, | 27701 29259 28934
3Py 20385 22643 21502 s 34117 38594 38549
3Py 21987 23200 22129 3Py 35496 38043 37222
T 21327 24848 23120 3Py 35873 38930 38114
3P, 22142 24227 23306 P, 37484 40090 39574
'Sy 48710 50189 48722




Table S5

ML; Exp. Calc. Nd3*
GUESS basis set | SEG basis set SEG basis set SEG basis set SEG basis set
SO-CI SO-CI SO-CI SO-CI SO-QDPT
30 quartets 30 quartets 30 quartets 35 quartets 35 quartets
11 doublets 11 doublets 56 doublets 56 doublets 56 doublets
4G4F4S412H 4G 4F 4S Y 2H ‘GYF*S4*D2H2G2K 2D 2P
2G2K 2D 2P
Tip 1880 1765 1913 1925 1918 1912
Ti3n 3860 3713 4018 3969 3956 3942
Tisp 5910 5796 6262 6085 6068 6043
4Fs) 11290 12362 11744 11298 11202 10794
4Fsp 12320 13008 12482 12322 12246 11834
2Hop | 12470 13655 14164 12436 12444 12154
4Fqpn 13280 13971 13519 13481 13254 12839
4S3p 13370 14068 13758 13044 13483 12990
“Fopn 14570 15335 15107 14729 14558 14190
2Hy1, | 15800 15600 16170 15817 15894 15658
‘Gsp | 16980 19153 17678 17694 17700 17188
2Gypn | 17100 20110 18709 17231 17270 16842
4Gy | 18890 21399 20121 19352 19374 18893
Nd [ 41 4S “4F 4G “DPH(1)2G 2K 2P 2D(1) 2I 2L 2D(2)’H(2) %F
4
48
" m
‘G
‘D
PH(D)
G
K
2p
"D(1)
: -
2L
D) |
PHE) L]
; =

Figure S1




Table S6

ML Exp. Calc. Er** SEG basis set
SO-CI SO-CI SO-CI SO-QDPT
13 quartets 30 quartets 35 quartets 35 quartets
11 doublets 56 doublets 56 doublets 56 doublets
412H T4F4S4G2H2G K ?D 2P 21 4T4F 4S 4G “D 2H
2G2K?D?P 2
Ti3p 6482 6184 6674 6672 6675
Thp 10111 9993 10516 10528 10578
o 12352 13163 12709 12814 12915
“Fop 15176 - 15614 15982 16025
4Ssp 18291 - 19149 18253 18323
2Hyyp 19000 21598 20331 20387 20577
“Fyp 20373 - 21022 21580 21611
“Fsp 22068 - 22946 23629 23674
“Fap 22409 - 23474 23190 23267
2Hypp 24434 29827 25277 25441 25622
‘Gup 26271 - 27978 28002 28090
2Gypy 27238 - 29227 29243 29301
2Gyp 28022 - 30381 30441 30617
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Table S7

ML Exp. Calc. Pm*" SEG basis set
41 SO-CI 41 SO-CI 4/ SO-CI 4f'SO-CI 4 SO-QDPT | 4/5/SO-CI
30 quintets 30 quintets 35 quintets 35 quintets 35 quintets 35 quintets
60 triplets 60 triplets 99 triplets 99 triplets 99 triplets 99 triplets
44 singlets 75 singlets
SISSSESG3G | SISSSF3G3GPL®D | *1°SSF 3G D 3G LD SISSSF 3G D 3G 3L *D 3P 3K 3H 3M 3F 31
SL3DS3P3KSH | PPKPHIL'D'G'T | 3P3K3H3M3F3 'L 'D
'G 'T'H 'K 'D(2)
315 1591 1537 1528 1519 1515 1505 1515
S 3212 3226 3199 3176 3180 3161 3179
31, 4926 4981 4941 4914 4925 4901 4922
3Ty 6690 6739 6680 6699 6728 6702 6724
°F) 12315 12384 12382 12391 12388 12369 12187
F, 12715 13077 13088 13009 13039 13015 12835
°F; 13548 14081 14083 13952 13955 13923 13753
35S, 14139 13612 14449 13592 13613 13581 13354
F4 14520 15126 15107 14856 14920 14894 14721
3Fs 15885 16136 16131 16115 16133 16103 15937
Ks 16871 18320 18435 17996 18175 18546 18091
’Gy 17459 18870 18892 18689 18694 18668 18405
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Table S8

ML Exp. Calc. Ho*" SEG basis set
SO-CI SO-CI SO-CI SO-CI SO-QDPT
30 quintets 30 quintets 35 quintets 35 quintets 35 quintets
60 triplets 60 triplets 99 triplets 99 triplets 99 triplets
44 singlets 75 singlets
SI3SSF 3G 3K SISSSESG3KPH 3G 3L | *I5SPF3G D 3G3L?D | SI°SSF3G-D 3K *H 3G 3L 3D
H3G3L 3D 3P SD3PIL'D'G I SPK3H3M F 31 'L 3P 3M3F 31
'D!'G'T'H 'K 'D(2)
31, 5049 5525 5549 5485 5450 5440
31g 8550 9484 9495 9340 9325 9318
315 11110 12248 12284 12079 12110 12118
3y 13155 14475 14418 14401 14482 14491
5Fs 15374 16289 16594 16240 16290 16338
’S, 18325 19769 19138 19249 19740 19800
Fy 18444 20604 20849 20330 20358 20359
3F3 20511 22556 22728 22007 21972 22007
°F, 20969 23164 22871 22135 22760 22809
°F, - 23199 23413 23226 23202 23270
Ky | 21246 24891 23725 23233 24877 25167
3Ge | 22016 24698 24760 24672 24674 24748
5Gs | 23831 25756 25985 25371 25777 25918
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Table S9

ML; Exp. Calc. Sm*" SEG basis set

SO-CI SO-CI SO-CI SO-CI

21 sextets 21 sextets 18 sextets 18 sextets

48 quartets 80 quartets 48 quartets 80 quartets

42 doublets 98 doublets
6H OF 6P 4] OH OF 6P 4] 4F 6H OF P 4] 4F ‘M 6H OF 4] 4F 4M 4G “K 4L
“F “M “G M 4G 4K 4L 4G 2L %K 2P ’F 2L 2K 2P 2N 2F ?M H ?D

*Hyp 1045 1051 1045 1037 1055
*Hy) 2255 2303 2292 2275 2300
*Hyp | 3573 3679 3663 3636 3664
“Hizn | 4959 5094 5077 5038 5071
F)p 6254 6757 6743 6741 6769
°H;sp | 6434 6478 6466 6399 6434
F3/ 6504 6918 6911 6906 6933
Fs) 7014 7310 7308 7300 7322
F1 7874 8051 8049 8036 8064
®Fo 9040 9239 9232 9209 9247
°Fi1p | 10433 10937 10918 10881 10925
‘Gsp | 17825 19628 20029 20013 18716
‘Fs3p | 18821 19307 19721 19707 19414
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Table S10

ML; Exp. Calc. Dy*" SEG basis set

4 SO-CI 4 SO-CI 4f'SO-CI 41 SO-CI 4 SO-CI 4SO-QDPT 4 SO-CI 451 SO-CI 4/5d SO-CI

18 sextets 21 sextets 18 sextets 18 sextets 18 sextets 21 sextets 21 sextets 21 sextets 21 sextets

48 quartets 80 quartets 48 quartets 80 quartets 99 quartets 96 quartets 48 quartets 48 quartets 48 quartets

42 doublets 98 doublets 63 doublets
SHOF“I4F*M | SHCF °P4I4F | SH °F °P 4l “F *M *G 6H OF 4] 4F “M 4G ‘K ‘L OH OF 41 4F M 4G | H °F °P 4 4F M 4G “K 4L 6H OF SP 4] 4F “M 4G
G M 4G 4K 4L 2M 2P 2D 2L 2F 2L 2K 2P 2N 2F 2M 2H 2D 4K 4L 4D “4H “P 4D 4H 2L 2K 2P 2N 2F

“Hy3p | 3462 3923 3925 3955 3960 3773 3803 3919 3905 3919
“Hy,, | 5780 6772 6781 6811 6806 6500 6540 6767 6758 6767
Hy 7538 8794 8807 8845 8850 8522 8576 8791 8800 8791
F i1 7621 9066 9079 9101 9118 9086 9122 9061 8897 9030
*Hyp 8885 10357 10369 10407 10396 10193 10220 10353 10371 10353
%Fop 8947 9930 9949 10014 10032 9937 10035 9934 9863 9911
°Hs;, | 10083 11519 11531 11568 11493 11534 11496 11515 11536 11516
F7p 10870 12045 12061 12109 12104 11835 11870 12045 11946 12019
F5) 12268 14034 14047 14079 14080 13269 13338 14031 13902 14002
Fs3) 13060 15584 15595 15613 15617 14151 14204 15577 15427 15547
°F 1) - 16553 16562 16572 16586 14625 14621 16544 16381 16513
‘Fop | 20987 22060 22117 22536 22543 21991 22564 22133 22739 22152
Iisp | 22113 28431 26968 25670 24334 26860 24454 28511 29112 28526
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Table S11

ML; Exp. Calc. Eu** SEG basis set

4f 4f 4f 4f af 4f 451 4f5d

7 septets | 7 septets | 7 septets 7 septets 7 septets 7 septets 7 septets 7 septets

5 quintets | 5 quintets | 62 quintets | 62 quintets 62 quintets 62 quintets | 62 quintets | 62 quintets

3 triplets | 3 triplets 91 triplets 3 triplets 3 triplets 3 triplets 3 triplets
1 singlet 86 singlets
F 5D 7F 5D 3p 7F 5D 5L, F 5D 5L 5G SH F 5D 5L 5G SH F 5D 5L 5G 5H 5F 51 3P
5G SH 5F SESIB3P303M SE3P IS lQ IN
P IS 3K 3H3F 31 T'L'G

F, 380 384 410 377 377 377 377 386 378
F, 1045 1103 1149 1036 1037 1036 1039 1060 1045
F; 1882 2078 2119 1875 1875 1875 1881 1909 1894
F4 2877 3224 3250 2823 2823 2822 2831 2861 2850
’Fs 3909 4478 4490 3848 3852 3847 3857 3884 3878
"Fe 4939 5805 5806 4958 4943 4956 4968 4986 4976
Dy 17267 19841 17750 17633 17823 17633 17827 17268 17965
D, 19030 20698 19466 19484 19442 19484 19446 18857 19564
D, | 21504 22461 22330 22147 22102 22147 22135 21508 22242
Dy | 24390 25209 25750 25361 25191 25359 25370 24717 25495
Lg 25257 - - 30771 29395 30769 30776 29379 30151
Dy | 27633 29027 29585 28954 28396 28952 28963 28168 28952
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Table S12

ML Exp. Calc. Tb*" SEG basis set
4f 4f 4f 4f 4f 451 4/5d
7 septets 7 septets 7 septets 7 septets 7 septets 7 septets 7 septets
5 quintets 5 quintets | 62 quintets 62 quintets 62 quintets 62 quintets 62 quintets
3 triplets 3 triplets 3 triplets 91 triplets 91 triplets 91 triplets
1 singlet
F D F 5D 3P "F’DSLSG | FSDSL3GSH F 3P F 5D 3L 3G SH 5F 51 3P 30 3M 3K 3H 3F 31
SH SF 31 3P 'S
’Fs 2037 1942 1930 2119 2116 2145 2150 2146
"Fy 3281 3171 3164 3542 3538 3541 3538 3541
F; 4268 4105 4099 4703 4698 4717 4715 4717
F, 4931 4793 4755 5584 5578 5612 5612 5613
F, 5379 5249 5184 6191 6184 6225 6227 6225
"Fy 5616 5475 5396 6502 6491 6535 6539 6536
Dy | 20394 20157 20713 21683 21693 20807 20476 20772
Dy 26187 25999 26554 27459 27450 27141 26808 27106
Ly | 26315 - - 32495 32495 31456 30800 31311
D, 28063 30393 28388 29475 29529 29056 29177 29420
SD SL 5G SH ST SF 3P 30 3M 3K 3H 3F 31
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Table S13

ML Exp. Calc. Gd*" SEG basis set

4f 4f 4f 4f5f 4f5d

1 octet 1 octet 1 octet 1 octet 1 octet

48 sextets 37 sextets 48 sextets 48 sextets 48 sextets

5 quartets 5 quartets 85 quartets 85 quartets 85 quartets

41 doublets
8S 6P 6] 5D 83 6P 6] 6D 6G 83 6P 6] 6D 6G °F °H “D “N “H “L “K “F ‘G

6G SF 6H 4D 6F 4D ZQ 2G 2F
P, 32100 34899 34446 34393 32834 34332
Ps) 32702 35286 34930 34892 33275 34825
P 33282 36242 35955 35958 34349 35893
Ly 35843 45309 42476 40775 38893 40573
Ty 36185 45234 42401 41116 39226 40911
Ty7 36240 44772 41939 40914 39012 40704
1110 36461 45144 42311 41427 39528 41218
L5/ 36579 44913 42079 41456 39549 41243
l13 36614 45036 42203 41588 39682 41377
Do) 39536 45540 44036 43247 41360 43082
Dyy | ~40468 46160 44693 44706 42812 44537
Dy 40581 46359 44929 44760 42899 44604
%Dy, | ~40729 46454 45048 45046 43169 44884
%Ds;, | ~40862 46614 45236 45183 43316 45025
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Table S14. Energies of some hypersensitive transitions in lanthanides (cm™) calculated in this work compared with other
calculations and experimental data

Ln (4 Transition Calculated (this work) Calculated [83] Exp. LnBr3[112]
Pr3* (482 3H,—3F, 4880 5488 4800
Nd** (4F%) 9n—*Gsp 17690 21748 17300
Pm3* (4/%) S1,—3G, 18870 23074 17459 «
Sm** (4f%) ®Hs,—°F 1) 6760 7329 6200
Eu’* (41 "Fo—F, 1040 1132 1020¢
TFy—3D, 22140 23991 21500
Tb3* (4/%) TFs—Fs5 2150 1885 2040¢
Dy3* (4f°) ®Hys5p—°F 11 8370 8739 7700
Ho** (4119 SIg—5Gg 24700 26380 22200
Er3* (4111 T15p—2Hi 1 20330 22591 19200
4115/2—>4G11/2 27980 30842 26500
Tm*" (4/'2) SHe—>H, 5450 5814 5500
3Hg—F4 12860 12883 12600

aIn LaCls [111]

Table S15. Energy levels of Pr3* (em™!) calculated in this work compared with other calculations and experimental data
ML, Our calc. Calc. [85] Exp. [111]

3Hs 2180 2216 2152
*He 4450 4545 4389
3F, 4880 4977 4997
3F; 6320 6463 6415
3Fy 6820 7075 6855
1Gy 9950 10345 9921
D, 17030 17594 17334
3Py 21500 22589 21390
Py 22130 22594 22007
s 23120 22345 22212
P, 23310 23484 23161

Table S16. Energy F; levels of Tb*" (cm™!) calculated in this work compared with other calculations and experimental data

ML, Our calc. Calc. [85] Exp. [111]
Fs 2145 2229 2037
F, 3541 3321 3281
Fs 4717 4296 4268
F, 5612 5016 4931
F, 6225 5493 5379

Fy 6535 5732 5616




