Color control of Pr** luminescence by electron-hole recombination energy transfer in CaTiO,
and CaZrO,.
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I. INTRODUCTION

Here we describe the details and collect the results of ab
initio calculations on the electronic structure of Pr, Ti, and
Zr ions in CaTiO5:Pr’* and CaZrO5:Pr*. They use wave
function theory and the embedded cluster approximation
and have been performed with the MOLCAS package.!

The relativistic second-order Douglas-Kroll-Hess (DKH)
many-electron Hamiltonian?® has been used in all cal-
culations.  All the calculations include a first, spin-
orbit coupling free step: SA-CASSCF/MS-CASPT2. In
it, the spin-orbit coupling operator is removed from the
Hamiltonian and state-average complete-active-space self-
consistent-field variational calculations*® are done on a
many-electron active configurational space. The defini-
tion of the active space is case specific and will be de-
tailed in each respective section. These SA-CASSCF cal-
culations take care of the non-dynamic electron correla-
tion. They are in fact multi-configurational SCF calcula-
tions in which the molecular orbital coefficients and the
configuration interaction expansion coefficients are varia-
tional. Subsequently, multi-state second-order perturba-
tion theory calculations’* are performed. They take into
account the dynamic correlation effects onto the ground
and excited states of the embedded clusters. In these MS-
CASPT2 calcualtions, the (occupied and empty) molecular
orbitals optimized in the SA-CASSCF calculations are used
and some selected electron shells are correlated; the lat-
ter are case specific and their choices are described in the
correspondint sections. Although we call all these calcula-
tions with the general name SA-CASSCF/MS-CASPT2, some
of the calculations are in fact RASSCF/RASPT2 rather than
CASSCF/CASPT?2: i.e., instead of configurational complete-
active-spaces defined with some orbitals, restricted-active-
spaces are used which are defined with larger sets of or-
bitals and are more flexible from the configurational point
of view. In the cases where spin-orbit coupling is not basic
to understand the excited states, these are all the calcula-
tions performed.

In cases where spin-orbit coupling effects are compulsory,
like those involving Pr, a second step is given in order to take
them into account. In the second step, the full DKH Hamil-
tonian is used, the atomic mean-field integrals approxima-

tion (AMFI)!! is adopted for its spin-orbit coupling part, and
restricted-active-space state-interaction spin-orbit calcula-
tions (RASSI-SO)!'? are done. The RASSI-SO calculations
are a particular means to use the spin-free-state-shifting op-
erator (SFSS)!? in order to efficiently and effectively com-
bine spin-orbit couplings calculated with non-dynamically
correlated wave functions (e.g. CASSCF), together with
spin-orbit coupling free energies calculated with dynamic
correlation (e.g. CASPT2). In them, we chose the trans-
formed CASSCF wave functions (first-order wave functions
of the MS-CASPT2 method) of the spin-orbit-free states of
interest as a many-electron basis, and the MS-CASPT2 en-
ergies as shifting factors.

A. CaTiO; and CaZrO; AIMP embedding potentials

The Hamiltonians of the otherwise isolated clusters are
supplemented with the ab initio model potential (AIMP)
embedding operators'# of CaTiO, and CaZrOs, which have
been obtained in this work and are available from the
authors'® and in the supplementary materials. The em-
bedding potentials have been calculated in self-consistent
embedded-ions (SCEI)'® Hartree-Fock (HF) calculations
and they are made of: 1) total-ion embedding AIMPs repre-
senting Ca?", Ti**, and Zr** cations and O%~ anions, which
are located at experimental sites of the host lattices within a
cube made of 3 x 3 x 3 unit cells and centered on Ca?*, Ti**,
or Zr*", depending on the case; and 2) a set of (4750 for
Ca centered clusters and 5170 for Ti or Zr centered clusters)
additional point charges situated at lattice sites and gener-
ated by the zero-multipole method of Gellé and Lepetit,'”
which closely reproduce the Ewald potential'® within the
clusters.

The experimental crystal structures of CaTiO; and
CaZrOg are Pcmn orthorombic (Ref. 19). We used a cu-
bic idealization of them with Ti-O and Zr-O distances equal
to the experimental averages: Space group number 221,
Pm-3m cubic, with respective lattice constants a=3.912 A
and a=4.1927 A. Sites (a) at (0,0,0) with coordination
number 12 are occuppied by Ca; sites (b) at (1/2,1/2,1/2)
with coordination number 6 are occupied by Ti or Zr; and
sites (c) at (1/2,1/2,0) are occupied by O. The CaTiO5 unit
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FIG. S1: Representations of the CaTiO; unit cell. Upper panel:
centered on Ti (red). Lower panel: centered on Ca (orange). Oxy-
gens are represented in green.

cell is represented in Fig. S1.

The effect of the AIMP embedding potentials of the two
perovskites on the studied clusters is to include: 1) host
electrostatic interactions (made of long-range point-charge
or Madelung contributions and short-range charge density
Coulomb contributions), 2) host-cluster exchange interac-
tions, and 3) Pauli repulsion interactions from the host
(non-orthogonality repulsive contributions due to cluster-
host antisymmetry requirements). The Pauli repulsions
from the O 2p shells as obtained in the SCEI calculations
are known to be underestimated®® and they are corrected
here following the prescriptions in Ref. 20, i.e. increas-
ing their associated projection constants in order to pro-
duce right local structures in small embedded clusters ex-
tracted from the perfect host: The use of the CaTiO3 SCEI
constants (B (Ozp)=0.575 a.u.) gave a ground state Ti-O

bond length of 2.003 A in a CASSCF/CASPT2 calculation
on the (TiOzCagTig)*** embedded cluster and the corrected
ones (B(Ozp)=1.725 a.u.) give d(Ti-O0)=1.957 A, the ex-
perimental one being 1.956 A. Accordingly, the B (O4,) pro-
jection constants of CaZrO5 have also been corrected by a
factor of 3.

B. Pr’' in CaTiO,

Pr3* is assumed to substitute for Ca** in CaTiO5 and local
and non-local charge compensations are assumed to take
place. We have modelled the states localized in non-locally
compensated Pr’* defects using the (PrO;,)?'~ embedded
cluster. Non-local long-range charge compensation leads to

a constant vertical shift of the electrostatic potential map
that does not have any effect on the shapes of the poten-
tial energy curves nor on their relative energies. Thus, such
kind of long-range charge compensation requires no ma-
nipulation of the embedding potentials of the perfect hosts.
We have also calculated the energy levels of Pr*" with the
(PrO;,)?°~ embedded cluster, which are useful to calculate
the Pr®* ionization potential in the host and Pr-to-Ti and Pr-
to-Zr metal-to-metal charge transfers at the diabatic level of
calculation,??2 For the sake of completeness, we have also
calculated the energy levels of Pr’* and Pr*" as substitu-
tional defects at the Ti site. For this purpose we used the
(PrOg)°~ and (PrO¢)® embedded clusters.

We performed all-electron calculations and used the fol-
lowing basis sets to expand the cluster molecular orbitals:
Gaussian atomic natural orbital relativistic basis sets ANO-
RCC for Praseodymium?® and Oxygen,?* with respective

contractions (25s22p15d11f4g2h)/[9s8p5d4f3g2h]
(quadruple-zseta  with  polarization quality) and
(14s9p4d)/[5s4p3d] (quadruple-zseta with polariza-

tion without f-functions quality), plus the 3s and 3p
atomic orbials of Ti** obtained in the SCEI calculations,
with contraction (20s15p)/[1s1p], in all Titanium atoms
adjacent to the clusters; these second-neighbor basis sets
are used to help enforcing the cluster-host orthogonality.2®
We performed calculations on O, clusters using actual Dy,
symmetry. The basis set sizes are: 551 symmetry adapted
basis functions for the (PrO;,)?'~ and (PrO;,)?°" clusters,
and 351 symmetry adapted basis functions for the (PrOg)°~
and (Pr06)8_ clusters. The moieties showing the atoms
that provide basis sets to the embedded cluster calculations
are shown in Fig. S2.

The details of the SA-CASSCF/MS-CASPT2/RASSI-SO
calculations on the Pr3* clusters are basically identical to
those used for Pr** in CaF, in Ref. 26. We used a CAS space
made of 2 electrons in 13 molecular orbitals (1 electron in
13 MOs for Pr**) of main character Pr-4f, Pr-5d, and Pr-6s:
1 agy, 3 tyy, 3 tay, 2 €4, 3 ty,, and 1 a;,. We used the follow-
ing state-averages for the molecular orbital optimizations:
For the 4f2 configuration of Pr’**, 1 3A,, and 1 °E, levels;
4°T), and 2 °Ty,; 3 'Ajg, 1 'Ay,, and 3 'E,; and 2 Ty,
and 4 ! T,,. For the 4f5d and 4f 6s configurations of Pr3t,
13A,,,23%A,,, and 3 3E, levels; 6 3T}, and 5 3T,,; 1 'A;,,
2'A,,,and 3 'E,; and 6 1 T}, and 5 ' T,,. For the 4f configu-
ration of Pr**, 1 2A,, level; and 1 3T;, and 1 3T,, levels. For
the 5d and 6s configurations of Pr**, 1 °E, and 1 ?A,,; and
1 ZTZg. In the MS-CASPT2 calculations we correlated all va-
lence electrons except those with main character Pr-4d. We
used the standard IPEA value (0.25 au).?” In the RASSI-SO
calculations we included all spin singlet and triplet states
for Pr**, and all spin doublets for Pr**.

The potential energy curves of the Pr®" levels in the Ca-
site of CaTiO4 are shown in Fig. S3. The main free-ion char-
acter is used to identify the states of the 4f2 configuration.
The states of the 4f5d(e,) and 4f5d(t,,) configurations
show no significant horizontal offset and no significant gap
between them. This is a consequence of the very small field
created at the dodecahedral Ca site.
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FIG. S2: Upper panel: Atoms providing basis sets to the (PrO;,)*'~
and (PrO,,)?°~ embedded cluster calculations. Lower panel:
Atoms providing basis sets to the (PrO¢)°~ and (PrOg)®~ embed-
ded cluster calculations. Pr atoms are shown in violet, O in green,
and Ti in red.

The assignments and spectroscopic constants of all states
after spin-orbit coupling, as well as their analyses in terms
of the contributions from spin-orbit coupling free states, are
shown in Table S2. The results without spin-orbit coupling
and without (SA-CASSCF) and with (MS-CASPT2) dynamic
correlation are shown in Table S3.

The potential energy curves of the Pr’* levels in the Ti-
site of CaTiO5 are shown in Fig. S4. In this case, the lig-
and field splitting of the 4f 5d states is so large that all the
4f5d(t,,) states lie below 4f% —' S, the lowest of them
overlapping the upper 4f2—3 P levels. Details are shown in
Tables S4 and S5.

C. Pr®"/Pr*' mixed valence pairs in CaTiO,
D. Pr’'-to-Ti*" metal-to-metal charge transfer in CaTiO,

Here we show the calculated metal-to-metal charge
transfer (MMCT) configuration coordinate energy diagram
of Pri*-Ti*" pairs in CaTiOs, i.e. the energy diagram with
the states of the Pr’*-Ti** and Pr*'-Ti®" pairs in CaTiO,.
We calculated the MMCT diagram at the diabatic level?!?2
and corrected it by shifting the diabatic energies of the Pr**-
Ti** pair at dp,_o=2.700 A and dr;_o=1.956 A (relative to
the Pri*-Ti*" ground state) to their correct adiabatic values
as calculated in the (PrO;,TigO,,)?"~ cluster embedded in
CaTiO;. In this way, for this particular structure we remove
the errors inherent to the approximation of considering the
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FIG. S3: Potential energy curves of Pr** and Pr*' in the Ca-site
of CaTiO; along the PrO,, breathing mode. The states of the
(PrO;,)*'~ cluster with dominant 412 configuration are shown in
full lines with colors: black for main free-ion charcter *H, 5 6, or-
ange for °F, 3 ,, cyan for 'G,, red for 'D,, green for mixtures of
3Py 12 and 'Ig, and bright green for 'S,. The states of main config-
urational characters 4f5d(e,) and 4f5d(t,,) are shown in blue
and maroon respectively. Pr*" states are shown in dashed ma-
genta lines. Green and red emissions from the lowest level of the
®Py 1, and 'I; manifold (usually referred to as *P, emission) and
the lowest D, level (D, emission), respectively, are indicated.

electron transfer as the addition of an independent Pr** ion-
ization, plus an independent electron attachment on Ti**,
plus a change of electrostatic interactions. For other struc-
tures, this procedure assumes the approximation that the
energy correction is the same.

In the adiabatic calculations, we used the
(PrO;,Tig0,,)%"~ cluster shown in Fig. S6 and performed
SA-CASSCF/MS-CASPT2 calculations. These are all-
electron calculations with the following basis sets to expand
the cluster molecular orbitals: Gaussian atomic natural
orbital relativistic basis sets ANO-RCC for Praseodymium,?®
Titanium,?® and Oxygen,?* with respective contractions
(25s22p15d11f4g)/[7s6p3d2f1g] (double-zseta with
polarization quality), (21s15p10d)/[5s4p2d] (double-
zseta quality), and (14s9p4d)/[3s2p1ld] (double-zseta
with polarization quality). We performed the calculations
on the O, cluster using actual D,;, symmetry with a total of
783 symmetry adapted basis functions. = We used a CAS



Barandiaran, Bettinelli, and Seijo

Suplemental material

R . 3+ . . .
Energy /cm’ CaTIO3:PI‘ * in Ti site

60000

50000

40000

30000

20000

10000

-10000

-20000

-30000

-40000

-50000

FIG. S4: Potential energy curves of Pr°* and Pr** in the Ti-site of
CaTiO; along the PrO; breathing mode. The states of the (PrOg)°~
cluster with dominant 4f2 configuration are shown in full lines
with colors: black for main free-ion charcter *H, 54, orange for
3F, 3.4, cyan for 'G,, red for ' D,, green for mixtures of *P, ; , and
1., and bright green for !S,. The states of main configurational
characters 4f 5d(t,,) are shown in blue. Impurity-trapped-exciton
states are shown in maroon. Pr** states are shown in dashed ma-
genta lines.

space made of 2 electrons in 27 MOs of main character
Pr-4f and Ti-3d g for spin singlet and triplet u states,
and 2 electrons in 27 MOs of main character Pr-4f and
Ti-3d u for spin singlet and triplet g states. And we used
the following state-averages for the MO optimizations. For
the 4f? configuration of Pr** and the g MMCT states: 13
%A1g, *Ayg, and °E, states (in actual >A; D,y irrep); 15Ty,
and >T,, levels (in actual *By,, *By,, and B;, Dy, irreps);
18 'Ay,, 'A,,, and 'E, states (in actual 'A, Dy, irrep); and
12 1T1g and 1T2g levels (in actual 1B1g, 1Bzg, and 133g D,
irreps). For the u MMCT states: 35 3A;,, 3A,,, and 3E,
states (in actual 3A, D, irrep); 35 3Ty, and °T,, levels
(in actual By, B,,, and 3By, Dy, irreps); 35 'A;,, Ay,
and 'E, states (in actual 'A, D,, irrep); and 35 'T;, and
5 T,, levels (in actual 'B,,, 'B,,, and 'B;, D,, irreps).
In the MS-CASPT2 calculations we correlated all valence
electrons except those with main character Pr-4d. We did
not include spin-orbit coupling in these calculations. The
resulting MMCT diagram for CaTiO5:Pr* /Ti** is shown in

- . 4
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FIG. S5: Potential energy curves along the electron transfer reac-
tion coordinate of the mixed valence pair Pr** /Pr** in CaTiO,.

FIG. S6: PrO;,TigO,, moiety. Pr is shown in violet, O in green,
and Ti in red.

Fig. S7. The Pr-to-Ti electron transfer reaction coordinate
is represented in Fig. S8.
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FIG. S7: MMCT diagram of Pr**/Ti*" pairs in CaTiOs.

FIG. S8: Pr-to-Ti electron transfer reaction coordinate.

E. Ligand-to-metal charge transfer in CaTiO; and CaZrO,

For the LMCT states O-to-Ti in CaTiO; and O-to-Zr in
CaZrO;, we performed SA-CASSCF/MS-CASPT2 calcula-
tions on the (TiOzCagTig)*?* and (ZrOgCagZrg)3?* clusters
(as represented in Fig. S9) embedded in their respective
hosts.

ol

FIG. S9: (TiO¢CagTig)***cluster. Ti is shown in red, O in green,
and Ca in gold.

We did all-electron calculations with Gaussian atomic
natural orbital relativistic basis sets ANO-RCC for Ti-
tanium,?®  Zirconium,?® Calcium,?® and Oxygen.*
For the innermost Ti atoms we used the contraction
(21s15p10d6f4g)/[7s6p4d3f2g] (quadruple-zseta with
polarization quality) and for the outermost Ti atoms
(21s15p10d)/[5s4p2d] (double-zseta quality except for
f functions); equivalently, for the innermost Zr atoms
(21s18p13d6f4g)/[8s7p5d3f2g] (quadruple-zseta with
polarization quality) and for the outermost Zr atoms
(21s18p13d)/[6s5p3d] (double-zseta quality except for f
functions); for O (14s9p4d)/[5s4p3d] (quadruple-zseta
with polarization quality except for f functions); and for
Ca (20s16p6d)/[5s3p2d] (double-zseta with polarization
quality). We performed calculations on O, clusters using
actual D,, symmetry. The basis set sizes are: 630 sym-
metry adapted basis functions for the (TiOgCagTig)32"
cluster and 693 symmetry adapted basis functions for the
(ZrOgCagZrg)%?* cluster.

In order to make a choice of active orbitals for the
CASSCF calculations, we did a preliminary Hartree-Fock
calculation on (TiOgTig)'®* at dy;_o=1.95 A. This gives the
following frontier orbital energies (in hartree): occupied
MOs with dominant character Oy,: a;,(0,,,)=-0.436,
€4(05,5)=-0.416, t1,(02,;)=-0.379, ty,(0,,,)=-0.378,
t2u(02p)=-0.312, t1,(0,,,)=-0.305, t1,(0,,,)=-0.281;
and unoccupied MOs with dominant character of Ti:
tyg(Tigg)=0.301,  e,(Tizg)=0.401,  a;4(Tis)=0.553,
t1,(Tigp)=0.661. This suggest that the lowest
0,,—Ti LMCT excitations will be t1,(05,,)—t5,(Tizg),
t1u(Ogpr) —to, (Tigy), and ty,(Ogpr)—ty, (Tigg). This was
confirmed with MS-RASPT2 calculations with a restricted-
active-space RAS in which one hole only was allowed in
the 18 MOs with dominant character O,, and one electron
only was allowed in the 3 MOs t,, with dominant character
Tisy. In such calculations, the mentioned LMCT excitations
lie in 40600-49800 cm™' whereas all others are in the
range 57500-78300 cm ™.

Accordingly, we used a configurational CAS in which: for
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spin singlet ant triplet g LMCT states, 6 electrons are dis-
tributed in all possible ways (compatible with spin and spa-
tial irrep) in the 6 MOs of main characters t;,(0,,,) and
tog(Tigq Or Zruq); and for spin singlet ant triplet u LMCT
states, 12 electrons are distributed in the 9 MOs of main
characters t1,(0ypr), t2,(Ogpr), and t,, (Tizgq or Zruy). We
used the following state-averages for the MO optimizations:
1'Aj,, 1Ay, and 1 'E, levels; 1 'Ty, and 1 'Ty,; 1 '4,,,
1'Ay,, and 2 'E,;; 21Ty, and 2 'Ty,; 1 %Ay, and 1 °E,;
13Ty, and 1°Tyy; 1°A,,, 1%A,,, and 2 °E,; and 2 ' T}, and
21T,,. In the MS-CASPT2 calculations we correlated all va-
lence electrons. We did not include spin-orbit coupling in
these calculations. The results are summarized in Table S1.

TABLE S1: Spectroscopic constants of the O-to-Ti and O-to-Zr
LMCT states after MS-CASPT2 calculations on the (TiOgCagTig)3**
and (ZrO4CagZrg)**" clusters embedded in CaTiO; and CaZrO,

respectively. Ti-O and Zr-O equilibrium distances dy;_o, and
Az 0 (A), breathing mode harmonic vibrational frequencies
gy, (em™), and minimum-to-minimum transition energies

T, (cm™"). The allowed absorptions (*A,,—'T;,) are highlighted.

Level dTi—O,e wal Te er—O,e wal T

CaTiO4 CaZrOg

e

Ground state

1'4,, 1957 794 0 2105 775 0
LMCT states

1 lAzg 2.001 775 20720 2.143 744 43360
2.000 786 21110 2.139 732 44010
1.999 777 23490 2.145 763 44960
1 3A2g 1.999 775 23790 2.145 761 45680
1 1T1g 1.995 793 26650 2.140 765 48910
1 1T2g 1.995 793 26720 2.139 764 48720
" 2.006 817 27240 2.147 505 48430
” 2.006 800 27790 2.150 830 48810
1 3TZg 1.996 791 27830 2.141 767 50550
1 3Tlg 1.996 792 28030 2.141 769 50020
114, 2.006 801 28620 2.152 767 50530
23E, 2.007 803 29200 2.150 965 50050
13T, 2.005 807 29320 2.147 736 49410
134, 2.006 801 29630 2.152 771 51290
114,, 2.008 801 29800 2.150 771 49650
" 2.010 777 28900 2.155 711 49450
11T, 2.004 783 29470 2.145 782 49290
21T, 2.003 746 30410 2.147 898 51130
23T, 2.001 724 30500 2.148 763 50620
31Ty, 2.006 812 30710 2.147 732 52800
134, 2.008 801 30890 2.151 771 50910
33T, 2.009 803 31110 2.145 668 53130
41T, 2.004 789 31140 2.149 688 55140
43T, 2.008 799 31690 2.162 755 54540
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TABLE S2: Spectroscopic constants and analyses of the spin-orbit wave functions of the electronic states of Pr®* and Pr*" at the
Ca site of CaTiO;. Pr-O equilibrium distances dp, o, (A), breathing mode harmonic vibrational frequencies Wq,, (ecm™), and

minimum-to-minimum transition energies T, (cm™'). The analysis of the spin-orbit wave functions corresponds to dp,_o=2.7 A
Manifold averages and mean square deviations are indicated when meaningful. See Fig. S3.

State dpoe @q,, T, weights (%) of terms larger than 10%

Pr3+

4f?2 manifold
(dpr—0,6)=2.698+0.002; {w,, )=498+2

*H, 1E, 2.698 497 0 57.09 1°T,, 3712 1°Ty,
1Ty, 2.698 496 330 60.50 1°T,, 27.18 2°T,
1A, 2.699 495 510 92.13  2°Ty,
1T, 2.698 498 540 7345 1°T, 1885 1°E,

Hs 2E, 2.698 497 2290 55.28 1°T,, 24.85 1°T,, 19.30 2°Ty,
2 Ty, 2.698 496 2540 58.92 1°T,, 2335 2°T, 1215 1°E,
2Ty, 2.699 496 2580 66.14 2°T,, 29.23 1°T,,
3Ty, 2.698 497 2990 67.54 1°T,, 27.86 1°E,

"He 1Ay 2.698 497 4390 98.27 1°Ty,

24, 2.698 498 4560 95.66 1°T,,
3 Ty, 2.698 496 4740 36.51 1°T,, 36.04 2°T;, 1323 1°Ty,
3E, 2699 495 5000 76.85 2°T, 16.57 1°T,,
4T, 2.698 497 5350 61.98 1°E, 2446 1°T,
4 Ty, 2.698 498 5520 33.73 1°E, 2999 2°T,, 1569 2°T,, 1479 3°Ty,
°F, 4E, 2699 502 5680 56.25 3°T,, 40.66 2°T,,
5 Ty, 2699 499 6130 38.85 2°T,, 2567 1°E, 15.09 3°Ty,
°F3, 2A,,CF;) 2.698 500 7014 98.46 2°T,,
5T, 2699 501 7080 73.65 2°T,, 24.01 3°T,
'G, 3A,('G) 2698 499 7120 56.69 1'A;, 39.87 3°Ty,
6 Toq 2699 502 7470 67.17 33T, 22.00 2°T,
5E, 2.699 500 7470 3538 2°T,, 3316 1'E, 29.00 3°T,
6 T), 2.699 501 7940 58.47 3°T,, 21.58 1'T;, 1856 2°T,,
7 Ty, 2698 497 8720 66.91 1°A,, 2236 1'T,,
4A,,CF) 2.698 500 10029 59.84 3°T, 38.64 1'Aj
6 E, 2.699 498 10840 6449 1'E, 2235 2°T,, 1266 3°T),
7 T 2.699 497 11460 7581 1'T,, 1585 3°T,
8 Ty, 2.698 498 11960 7329 1'T,, 1518 1°%A,,
D, 7E, 2.698 502 19170 92,57 2'E,
9 Ty, 2.698 497 20990 88.38 2'T,, 10.14 4°T,,
16,°Py 5A; 2.698 499 24360 61.21 2'A;, 3822 4°T,
8 E, 2.698 507 24410 98.70 3 'E,
3Py, Is 6 A, 2.698 500 24550 60.72 4°T,, 3854 2'A;,
3 Ay, 2.698 500 24670 99.76 1 'Ay,
P, 8T, 2.698 503 25160 100.00 4°Ty,
°P, 9E, 2.698 503 26380 93.69 4°Ty,
10 T 2.698 498 26430 80.27 4°T,, 10.21 3'Ty,
9Ty, 2.699 485 27000 99.80 2Ty,
11 Ty, 2.699 494 27380 89.30 3Ty,
12 Ty, 2.697 496 27670 99.14 4T,
Sy 7Ay 2.698 497 51440 98.94 3'A;,
4f5de, submanifold
(dpr—0,0)=2.802%0.002; (w,, )=488+1
1Ty, 2.701 488 49650 80.44 1'T,, 10.72 1°Ty,
1E, 2.702 488 50020 63.07 1'E, 2559 1°T,,
2Ty, 2.701 488 50730 58.34 1°T,, 20.00 1°T, 1652 2'T,,
2E, 2.701 488 51050 4235 1°T, 1898 1'E, 1736 1°T, 1597 2°T,,
1Ty, 2.702 487 51180 4538 1°T;, 30.66 1!T;, 10.25 13T,
14, 2.701 486 51420 88.93 1°T,,
1A, 2.702 487 51890 61.44 2°T, 3246 1°T,,
3 Ty, 2.702 488 52170 28.68 1°E, 2351 1°T, 1588 2°T, 1531 2'T,,
2Ty, 2.702 489 52460 36.08 1°E, 3518 2°T, 1039 2°T,,
3Ty, 2.702 487 53310 4336 1°%T,, 22.71 1!T;,, 20.58 23T,
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4T, 2.701 487 53320 32,57 1°%T,, 2209 1°T, 1500 1'T, 10.89 1°3E,

24, 2.703 490 53700 59.49 1°%T, 22.00 23T, 17.43 1A,

3 E, 2.701 486 54080 67.58 1°T,, 19.11 13Ty,

4Ty, 2.703 493 54120 39.26 1!T, 37.75 1°Ty,

5 Ty, 2.702 488 54360 4291 2°T, 1679 1°T,, 16.02 13%E, 13.84 13T,
5 Ty, 2.703 489 54580 34.07 2'T,, 2821 1%E, 1325 1°Ty,

4E, 2.702 490 54580 44.99 23T, 2418 23T, 1549 1!E,

2A,, 2.703 489 55400 73.37 23T,, 16.00 33T,, 10.25 13T,

6 Ty, 2.702 488 55430 43.47 23T,, 29.43 13%E, 13.41 13T,

6 Ty, 2.702 489 55640 62.52 23T, 1250 2!T,,

5E, 2.707 481 55890 62.87 2'E, 11.70 3°T,, 11.57 33Ty,

7 Ty, 2.702 488 56110 63.12 2°%T;, 12.40 1°3E,

7 Ty, 2.707 493 56660 37.76 33T, 14.81 13%A,, 1337 2T, 12.13 43T,

4f5dt,, submanifold
(dpr—0,¢)=2.708%0.001; (e, )=4962

34, 2.707 498 55960 54.23 1'A;,, 23.17 33T, 16.08 23T,

6 E, 2.703 504 56130 63.62 23T, 2222 23T,

8 Ty, 2.708 496 57000 46.83 4°T, 4213 23E,

9 Ty, 2.707 497 57120 35.67 1%A, 2590 3°T,, 19.18 33Ty,

7E, 2.708 497 57250 31.13 3%Ty, 17.46 43T, 1557 33T, 12.03 4°3T,,
11.53 2!E,

8 Ty, 2.704 494 57660 4390 2'T;, 19.09 33T, 11.40 43T, 1024 2°3E,

10 Ty, 2.707 497 57660 33.68 3°Ty, 29.41 1°A,,

3 A, 2.708 497 58260 59.43 3°T,, 1594 23T, 13.18 1'A,, 11.35 43T,

4A, 2.708 496 58700 57.70 3°T, 2574 1'A;, 1230 43T,

9 Ty, 2.708 496 58770 52.43 23E, 15.02 43T, 13.13 33T,

8 E, 2.707 495 58940 73.29 43T, 15.02 33Ty,

10 Ty, 2.708 496 59010 4422 3°T, 18.83 1°%A;, 11.07 2!Ty,

11T, 2.708 496 59420 50.23 4°T,, 26,54 3°%E, 1276 2Ty,

11 Ty, 2.708 497 59530 58.77 33T, 1831 13A,, 12.77 33Ty,

9E, 2.708 496 59900 54.00 33T, 3584 33T,

12 Ty, 2.708 496 60160 24.44 3T, 19.20 3°%E, 19.10 2%E, 18.52 33T,
13.81 43Ty,

12 Ty, 2.708 495 60220 40.11 1°%A,, 2820 33T, 19.27 33T,

10 E, 2.708 496 60490 78.32 4°T,, 10.56 2'E,

13 Ty, 2.708 495 60820 51.52 43T, 2497 23E,

13 Ty, 2.708 495 60830 73.72 43T,, 13.65 33E,

5A1, 2.708 496 60850 72.34 43T, 1431 33T, 12.84 53T,

4 A,, 2.707 495 61200 58.79 4°T,, 20.87 33T, 17.41 1A,

14 T,, 2.708 496 61320 3238 2%, 2574 3'T,, 2173 4°T, 1136 3°3E,

14 Ty, 2.708 496 61840 27.50 33%E, 27.39 53T, 13.17 43T, 13.10 31T,

6Ay, 2.708 495 62450 86.45 5°T;, 11.96 4°Ty,

15 Ty, 2.708 496 62650 50.45 5°T, 30.51 3°3E,

15 Ty, 2.708 496 62990 4570 3°%E, 2758 3T, 11.14 5°T, 10.55 43T,

16 T, 2.709 496 63310 69.62 3'T,, 10.76 3°3E,

5 Ay, 2.708 496 63760 68.16 1!A,, 29.46 43T,

11E, 2.708 496 63910 94.26 5°Ty,

16 Ty, 2.708 495 63920 82.33 5°Ty,

17 Ty, 2.708 495 64980 91.51 4!T,,

12 E, 2.708 496 65560 95.65 3'E,

17 Ty, 2.708 495 65870 96.90 4'T,

18 Ty, 2.708 494 69480 91.51 5!Ty,

4f 6s submanifold
(dpr—o0,6)=2.724+0.000; (w,, )=465+1

1g

13 E, 2.724 465 100999 77.37 63Ty, 22.64 53T,

18 Ty, 2.724 465 101074 79.13 63T, 11.93 53T,

19 Ty, 2.724 465 101350 3837 6!T, 34.02 6°3°T, 27.62 5°3T,
19 Ty, 2.724 466 101790 48.06 2%A,, 33.11 53T, 16,53 5!T,,
6A,, 2.724 465 101921 63.88 5°T,, 36.13 24,

7 Ay 2.724 465 103790 99.99 6°Ty,

20 Ty, 2.724 465 104040 65.64 63T, 2406 6'T;, 10.31 53T,
14 E, 2.724 466 104550 77.36 53T, 22.64 63T,

20 Ty, 2.724 466 104696 54.95 53T, 3237 2°3%A,
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21 Ty, 2.724 465 104762 62.09 5°T,, 3757 6Ty,
21 Ty, 2.724 465 105118 71.49 5T, 18.97 23A,,
7 Ay, 2.724 465 105129 63.87 2!A,, 36.13 53T,
Pr4+
4f1 manifold
(dpr—0,)=2.606+0.001; (w,, ) = 51240
Fs;y 1T, 2.606 512 0°? 81.09 12T, 18.89 12T,
1T, 2.606 512 383 63.65 12A,, 36.35 12T,
*Frp 1Ty, 2.606 512 2722 100.02 12Ty,
2T, 2.607 512 3589 63.65 12T,, 36.35 172%A,,
2Ty, 2.607 512 3810 81.11 12T, 1890 12T,
5d! and 6s' manifolds
’E, 1T, 2.661 429 59993 98.78 1°E,
2Ty, 2Ty, 2.667 434 71492 98.77 12T,
1Ty, 2,668 433 72940 100.02 12Ty,
%Sy 1T, 2.747 349 107428 100.00 124,

2 The minimum-to-minimum 1E, — 1 T, energy difference between the ground states of Pr®* and Pr** is 64630 cm™!.
g 8u gy g

10
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TABLE S3: Spectroscopic constants of the clusters (PrO;,)*'~ and (PrO,,)?*~ embedded in CaTiO, calculated without in-
cluding spin-orbit coupling, witout (SA-CASSCF) and with (MS-CASPT2) dynamic correlation: Pr-O equilibrium distance
dp,—o. (A), breathing mode harmonic vibrational frequency Wqy, (cm™), and minimum-to-minimum transition energie

T, (cm™). Manifold average values of dp, o, and w, 1 (E their root mean square deviations) are given when meaningful.

SA-CASSCF MS-CASPT2
main state dpr—0,e Wq,, T, dpy—oe Wq,, T,
config./term
Pr3* 4f? 2.720%0.000 5390 2.698+0.001 502+1
*H, 1°Ty, 2.720 539 0 2.698 502 0
1°Ty, 2.720 539 218 2.698 502 109
2°Ty, 2.721 539 800 2.699 503 743
1°E, 2.720 539 374 2.698 502 1901
°F, 23Ty, 2.720 539 5961 2.698 502 4827
33Ty, 2.721 539 6228 2.699 503 5132
13A,, 2.720 539 6123 2.698 502 6393
G, 1'A), 2.720 539 6172 2.697 502 5445
1'E, 2.721 539 7425 2.699 503 6980
1Ty, 2.720 539 7045 2.699 502 7926
11Ty, 2.720 539 6493 2.698 502 8367
'D, 2'E, 2.720 539 20332 2.698 501 16759
21Ty, 2.720 539 20339 2.698 502 18812
I, 3'E, 2.720 539 25133 2.698 502 21870
2'A, 2.720 539 25344 2.698 502 21875
114, 2.720 539 25438 2.698 502 22113
°P, 43Ty, 2.720 539 27167 2.698 502 23059
1, 2'T, 2.720 539 25376 2.699 500 24486
3Ty, 2.720 539 25050 2.699 502 24731
41Ty, 2.721 539 25415 2.697 502 25116
'S, 3'A;, 2.720 539 58040 2.698 502 48643
4f5de, 2.72340.001 537+1 2.702+0.001 495+1
11Ty, 2.722 537 50465 2.701 494 47984
1'E, 2.723 536 51614 2.702 496 48629
1°1, 2.721 537 52069 2.701 495 49929
13Ty, 2.721 536 52568 2.701 494 50633
11T, 2.725 537 53533 2.704 495 50786
21Ty, 2.723 536 56592 2.703 495 51535
1°E, 2.721 536 54270 2.701 494 51728
2°Ty, 2.723 537 54742 2.702 495 52277
23Ty, 2.722 537 54739 2.702 494 52486
21Ty, 2.724 537 59229 2.702 495 55125
4f5dty, 2.728+0.001 538+1 2.708+0.001 4961
1'Ay, 2.729 539 54780 2.709 497 53675
2'E, 2.727 539 58013 2.708 498 54030
1°A,, 2.728 538 56222 2.708 497 54933
3°Ty, 2.728 539 57818 2.708 496 55608
33Ty, 2.729 539 57907 2.709 497 56049
23E, 2.728 538 58637 2.708 497 56425
43Ty, 2.729 539 59096 2.709 496 56610
1°%A,, 2.729 539 59442 2.709 497 56964
43Ty, 2.728 539 61281 2.708 496 57872
31Ty, 2.728 539 61750 2.707 496 58558
3°E, 2.729 539 62001 2.709 497 59027
1'Ay, 2.729 538 62595 2.709 495 59898
3Ty, 2.723 537 65439 2.703 495 59979
5°Ty, 2.728 538 64937 2.708 496 60577
41Ty, 2.728 538 67681 2.708 496 62086
3'E, 2.729 538 68816 2.708 496 62784
4Ty, 2.729 538 68924 2.709 495 63111

11
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51Ty, 2.730 538 71225 2.709 494 66214

4f6s 2.749+0.001 518+1 2.724+0.000 461+1
63Ty, 2.748 518 109407 2.724 465 99624
61Ty, 2.748 516 110380 2.724 463 100444
234, 2.749 519 109685 2.724 465 100510
53Ty, 2.749 519 110191 2.725 466 100650
214,, 2.748 517 110743 2.724 464 101131
51T, 2.749 517 111172 2.724 465 101352
Prt 411 12Ty, 2.626 554 66832 2.606 512 63481
12A,, 2.626 554 66963 2.606 512 63630
12Ty, 2.626 554 68122 2.607 512 65097
Sde! 12%E, 2.634 542 162653 2.661 429 127625
Sdtig 12Ty, 2.641 540 167916 2.668 433 139626
6s? 1%A,, 2.667 494 229594 2.747 349 174946

12
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TABLE S4: Spectroscopic constants and analyses of the spin-orbit wave functions of the electronic states of Pr** and Pr*" at
the Ti site of CaTiO;. Pr-O equilibrium distances dp,_o, (A), breathing mode harmonic vibrational frequencies Wq,, (cm™), and

minimum-to-minimum transition energies T, (cm™!). The analysis of the spin-orbit wave functions corresponds to dp,_o=2.05 A
Manifold averages and mean square deviations are indicated when meaningful. See Fig. S4.

State dpro, Wqy, T, weights (%) of terms larger than 10%
Pr3+
4f?2 manifold
*H, 1A, 2.067 1183 0 97.84 1°Ty,
1Ty, 2067 1183 929 88.36 1°Ty,
1E, 2.067 1183 1841 39.49 1°T,, 3452 13T, 2296 2°T,
1T, 2.067 1178 2945 81.97 23Ty,
SHy 2Ty, 2.067 1189 3166 79.93 1°T,, 11.89 1°T,,
2E, 2.067 1185 3529 63.53 2°T, 3441 1°Ty,
2T, 2.068 1188 3922 81.13  1°T,,
3T, 2.067 1183 4961 84.13  2°Ty,
He 3E, 2.067 1186 5436 58.13 1°T,, 3040 1°T,, 10.63 2°T;,
24, 2.067 1183 5773 91.45 2°Ty,
3 Ty 2.067 1186 5984 83.24 1°T,, 11.88 1°Ty,
1A, 2.067 1187 6515 97.39  1°T,,
4Ty, 2.068 1191 7985 64.77 1°E, 17.89 37Ty,
4T, 2.068 1192 8184 85.99 1°E,
°F, 4E, 2.068 1184 8564 56.09 2°T,, 2321 1'E, 17.90 3°Ty,
5T, 2.069 1188 9042 72.05 2°T,,
G, 3A,(G) 2067 1178 9599 83.14 1'Aj,
°Fy 2A,,CF;) 2.068 1188 9699 97.54 2°T,,
%F, 5Ty 2.068 1186 9862 90.21 2°T,,
5E, 2.060 1193 9868 53.98 3°T,, 4424 1'E,
6 Ty, 2.070 1194 10755 7154 3°T, 1270 2°T,, 1152 1°E,
6 Ty, 2.069 1186 11312 67.22 3°T, 2632 1'Ty,
6 E, 2.068 1190 12212 41.95 2°T,, 2922 1'E, 27.08 3°T,
7 Toq 2.069 1191 12387 85.17 1°A,,
4A, 2.069 1197 12419 92.27 3°Ty,
7 Tig 2.067 1192 13563 67.37 1'T, 2289 33T,
8T, 2.068 1188 17292 90.63 1'T,,
D, 7E, 2.068 1189 22289 90.59 2'E,
9T, 2.065 1180 22876 90.12 2'T,,
Ts 54, 2.067 1186 23846 98.96 2'Aj,
Py 6A 2.068 1189 26191 98.54 4°Ty,
°p, 8Ty, 2.068 1189 26825 99.59 47Ty,
3 Ay, 2.068 1188 27049 99.82 1'A,,
°P, 8E, 2.068 1189 27929 87.53  4°Ty,
10 Ty, 2.067 1185 28036 91.36  4°Ty,
9T, 2.065 1185 28261 99.30 2Ty,
11 Ty, 2.065 1186 28575 99.62 3T,
9E, 2.071 1197 30448 95.30 3'E,
12 T, 2.068 1191 33685 99.48 4'T,,
Sy 7A 2.067 1186 51762 98.96 3'A
4f'5dt,, submanifold
1E, 2.058 1191 29941 70.71 13T, 22.35 13T,
14, 2.059 1187 30149 77.00 1!'A;, 19.70 13Ty,
1Ty, 2.058 1191 30203 81.42 1°T, 1099 1°T,,
1T, 2.059 1185 30786 40.14 1°T, 36.26 1'T, 13.51 1°34,,
2Ty, 2.058 1195 31326 52.56 13T,, 2735 13T, 1754 1'Ty,
1A, 2.059 1194 31885 94.95 13T,
2T, 2.059 1192 32089 77.63 13T,
2 E, 2.060 1189 32278 48.67 1'E, 1731 13T, 16.15 23T, 1416 13Ty,
244, 2.057 1192 32580 65.14 13T, 19.21 1'A;, 1345 23T,
3 Ty, 2.059 1189 33236 26.22 1%A,, 23.04 13T, 1889 23T, 13.99 13E,
11.25 13T,
3E, 2.058 1194 33308 55.45 1°T,, 15.08 1'E, 1228 1°T;, 10.92 23T,

13
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3 Ty, 2.059 1191 33394 71.22 23T, 11.55 23E, 10.81 1'T,,
4T, 2.059 1190 33745 3739 1'T, 2225 13T, 2057 134,
4E, 2.059 1193 34531 67.70 23T, 2271 1!E,
4Ty, 2.059 1188 34586 54.70 13E, 2320 11T,
5 Ty, 2.058 1190 34720 28.11 23T, 26.88 13E, 2532 1°34,
3 Ay, 2.059 1193 35037 80.03 23T, 15.11 13Ty,
6 Ty, 2.059 1191 35097 37.23 1%E, 27.12 23Ty,
5Ty, 2.060 1188 35556 31.03 1°%A,, 24.68 13E, 23.67 11T, 11.27 23T,
7 Thy 2.060 1190 36733 35.11 2°E, 2759 3°T, 2290 2'T,
6 Ty, 2.060 1197 36901 51.96 13A,, 2540 1T,
4Ay, 2.062 1201 37010 92.20 33Ty,
7 To 2.061 1195 37734 70.78 23E, 10.63 3°T,
8Ty, 2.061 1198 37950 49.41 3°T, 2255 23T, 1385 21T,
S5E, 2.062 1198 38068 62.31 2°T,, 22.60 2!'E,
9 Ty, 2.061 1197 38196 41.66 23E, 37.69 23T,, 1396 3°3T,
2 Ay, 2.061 1197 38304 50.73 23T,, 44.34 1'A,,
8 T, 2.062 1198 38328 42.07 2'T,, 3436 3°T,
10 Ty, 2.060 1195 38629 58.28 21T, 2019 23T, 13.42 23E,
6 E, 2.060 1200 38622 58.75 2'E, 28.21 23T,
7E, 2.061 1201 39204 81.43 3°T, 15.66 2!'E,
9 Ty, 2.060 1200 39194 86.19 23T,
10 Ty, 2.061 1198 40028 4489 33T, 43.64 2'T,, 1009 2°3E,
3 Ay, 2.061 1196 40686 5248 1'4,, 47.39 23T,
11 Ty, 2.060 1194 42914 93.64 31Ty,

4f'¢1rr q,, Submanifold
4 A,, 2.031 1154 64103 59.97 21'4,, 40.03 33T,
11 T,, 2.031 1154 64112 59.57 23A,, 26.62 3°T, 13.80 3!T,,
12 T,, 2.033 1161 66092 57.96 31T, 2851 3°T, 13.53 43T,
8 E, 2.033 1163 66106 86.39 3°T,, 13.62 43T,
12 Ty, 2.033 1162 66107 86.41 33T,
13 Ty, 2.031 1158 67202 40.41 2°%A,, 40.31 33T,, 19.27 31T,
5 Ay, 2.031 1157 67199 59.96 33T,, 40.03 2!A,,
14 Ty, 2.035 1171 70522 86.47 43Ty,
9E, 2.035 1172 70523 86.37 43T, 13.62 33T,
13 Ty, 2.035 1170 70537 57.17 4T, 2922 43T, 13.60 33T,
5 Ay, 2.035 1170 71684 99.98 43Ty,
14 Ty, 2.035 1169 71690 66.24 43T, 33.77 41T,

4f'¢rrg,, submanifold
10 E, 2.037 1030 79353 69.42 3'E, 15.54 43T, 1501 5°3T,
15 Ty, 2.037 1023 79405 70.37 3%E, 16.13 5°T,
15 Ty, 2.037 1036 79423 71.84 33E, 17.18 4°3T,,
11 E, 2.040 1008 81718 4534 53T, 41.74 43T,
6 Ay, 2.040 1015 81734 86.41 4°T,, 13.57 53T,
16 Ty, 2.040 987 81763 71.91 43T,, 11.05 53T,
16 Ty, 2.039 1020 81860 50.07 53T, 36.64 43T,
17 Ty, 2.040 1001 81895 4230 41T, 4217 53T,
6A, 2.039 1031 81931 85.23 53Ty, 14.77 63Ty,
17 Ty, 2.038 1037 82181 31.54 53T, 2712 43T, 19.75 5!T;, 11.20 63Ty,
12 E, 2.038 1029 82644 36.35 4°T,, 33.08 53T, 3056 3'E,
18 Ty, 2.038 1016 82747 3411 4'T,, 2847 33%E, 2434 5°T, 1268 4°T,
18 Ty, 2.036 1039 82986 57.59 51T, 1930 33%E, 13.52 4°3T,,
7 AL, 2.044 999 86023 85.23 63Ty, 14.77 53Ty,
7 Ay, 2.044 1024 86103 86.41 5°T,, 13.57 43T,
19 Ty, 2.043 1012 86166 67.24 5°T,, 18.28 6°Ty,
13 E, 2.043 1021 86179 4733 5°T,, 39.76 6°T,,
19 Ty, 2.043 1022 86190 70.29 63T, 1443 5!T,
20 Ty, 2.042 1021 86373 4322 51T, 3439 63T, 1098 5°3T,
20 Ty, 2.042 1015 86468 63.08 5°T,, 21.48 6!T,
14 E, 2.043 1022 87275 54.12 63T, 45.86 53T,
21 Ty, 2.043 1013 87449 49.13 5'T,, 40.93 63T,
21Ty, 2.043 1079 87704 70.58 61T, 19.81 53T,

14
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Pr4+

*Fs;y 1Ty, 2.019
1Ty, 2.020

*Frp 2Ty, 2.020
2 Ty, 2.023
1T, 2.023

1148
1152
1152
1163
1161

0 a
3336
3850
7979
9126

4f1 manifold

80.19
87.65
80.19
87.64
100.02

124,
12T,
12T,
12T,
121,

19.81
12.35
19.81
12.35

# The minimum-to-minimum 1A;, — 1 I, energy difference between the ground states of Pr3* and Pr*t is -49590 cm~1.
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TABLE S5: Spectroscopic constants of the clusters (PrOg)°~ and (PrOg)®~ embedded in CaTiO, calculated without including
spin-orbit coupling, witout (SA-CASSCF) and with (MS-CASPT2) dynamic correlation: Pr—O equilibrium distance dp, o, (A),
breathing mode harmonic vibrational frequency Wqy, (cm™), and minimum-to-minimum transition energie T, (cm™).

SA-CASSCF MS-CASPT2
main state dpr_o gy, T, dpr—o, g, T,
character
Pr3+ 4f2
*H, 13Ty, 2.087 1221 0 2.066 1182 0
2 3T1g 2.088 1221 1992 2.067 1184 1916
1 3T2‘g 2.089 1225 1574 2.068 1188 2377
1 3Eg 2.089 1227 2615 2.069 1192 5322
ng 1 1A1g 2.087 1218 6530 2.066 1180 6866
3Fg 2 3T2g 2.089 1226 7818 2.068 1189 7467
1 1Eg 2.088 1222 7058 2.067 1186 7599
3 3T1g 2.090 1230 7505 2.070 1196 8350
1 3A2g 2.089 1227 8670 2.069 1191 9856
1 1T1g 2.088 1221 7068 2.065 1181 10152
11T, 2.087 1221 9395 2.065 1179 14207
'D, 2Ty, 2.089 1227 19694 2.068 1188 20049
2 1Eg 2.089 1225 22829 2.068 1189 20562
I, 2'A, 2.087 1223 24162 2.067 1186 21273
1 1A2g 2.089 1225 26779 2.068 1188 24503
3Pg 4 3T1g 2.088 1225 27904 2.068 1190 24707
2 lTlg 2.087 1222 24518 2.065 1183 25700
3 1T2g 2.087 1222 24894 2.065 1183 26028
3 1Eg 2.091 1231 28441 2.071 1197 27763
41T, 2.090 1228 27856 2.068 1191 31118
'S, 3'A;, 2.087 1223 57673 2.067 1186 48989
4f5dt,,
114, 2.083 1213 31526 2.059 1186 28337
13T, 2.083 1216 33486 2.057 1192 28905
1'T, 2.085 1207 35438 2.060 1187 29829
13T, 2.084 1219 34413 2.058 1194 29940
11E, 2.084 1216 35660 2.060 1188 30756
134, 2.083 1214 35895 2.059 1186 31278
23T, 2.085 1219 37539 2.058 1193 31867
13E, 2.083 1213 36837 2.059 1187 32565
11T, 2.084 1207 38622 2.060 1187 33175
134, 2.084 1220 36160 2.062 1194 33560
23E, 2.084 1220 38862 2.062 1194 34871
21T, 2.083 1207 43271 2.059 1189 35470
33T, 2.086 1225 40724 2.061 1202 35640
23T, 2.087 1226 40694 2.061 1201 35813
21E, 2.084 1214 42556 2.060 1192 35915
21T, 2.086 1212 43149 2.062 1196 36258
1'A,, 2.084 1218 40608 2.061 1192 36842
31T, 2.084 1213 47277 2.060 1194 39991
4f¢ITE,alg
214,, 2.052 1218 74820 2.030 1150 62788
23A,, 2.052 1223 74661 2.031 1150 62807
31T, 2.054 1197 75729 2.032 1159 63910
33Ty, 2.052 1243 75730 2.032 1163 63933
43Ty, 2.054 1242 78999 2.035 1171 68032
41T, 2.056 1203 79146 2.035 1168 68053
4f¢ITE,eg
31'E, 2.060 1006 87752 2.036 1038 77795
3°E 2.063 982 87326 2.037 1039 77827
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43T, 2.062 993 88417 2.039 1026 79551
53T, 2.067 982 87938 2.040 1007 79660
41T, 2.062 967 88521 2.038 963 79878
51T, 2.052 1157 89579 2.035 1056 80448
53Ty, 2.071 966 91156 2.045 1012 83605
63Ty, 2.066 1003 91512 2.043 1024 83625
51T, 2.062 1058 91897 2.043 1001 84051
61Ty, 2.053 1178 93003 2.038 1079 84448
Prt 4f1 12A,, 2.038 1183 -50718 2.018 1148 -51389
12T, 2.039 1187 -48361 2.020 1153 -48517
12Ty, 2.042 1194 -44966 2.024 1162 -44067
5dty, 12Ty, 2.030 1163 24587 2.010 1117 4834
Prrea, 1%A,, 1.996 1259 71221 1.979 1250 32247
Prrie, 12E, 2.024 799 84919 1.991 1097 48408
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