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Supplementary Methods 1: Material Synthesis.

All reagents were handled in a Ny filled glove box (Vigor) with Oy < 0.1 ppm and H,O < 0.1 ppm. Na,O
(Alfa Aesar), SrCO3 (99.5%, Alfa Aesar), PrgO1(> 99.5%, Alfa Aesar), Tb,O; (> 99.998%, Alfa Aesar),
CeOy (> 99.9%, Alfa Aesar), and Li;O (> 99.9%, Alfa Aesar) were used as starting materials. The metal
oxides and SrCO3 powders were dried by heating to 500° C for 12 h with a heating rate of 10° C/min in a box
furnace (using alumina crucibles) under ambient atmosphere. The reagents were then cooled with the furnace
off to ~ 120° C, and then cooled to room temperature in the antechamber of the glovebox under vacuum. These
dried reagents were stored in amber bottles in the glove box. An MTI-KSL-1100X-S-UI-LD furnace was used.
All crucibles were purchased from MTTI.

Synthesis of 2-Ln (Ln = Ce, Pr).
Na,;L.nO3 (2-Ln, Ln = Ce, Pr) was synthesized following prior published work[1].

Synthesis of 1-Ln (Ln = Ce, Pr).

Polycrystalline powder samples of SroLnO4 (1-Ln, Ln = Ce, Pr) were synthesized using traditional solid-state
methods by intimately mixing SrCOj3 and PrgO;; (CeO-) in molar ratio 2.0:1 (Sr:Ln), using an agate mortar
inside the glove box. The powder mixtures were pressed in to 15 mm diameter pellets outside the glovebox.
The samples were fired under a flow of O in tube furnace (quartz tubes with a diameter of 55 mm was used).
The O, flow was controlled using a regulator set to 2 psig and an oil bubbler at the end of the line to ~ 1 bubble
every 2-3 sec. The pellets were placed on alumina boats and placed at the center of the quartz tube (lining up
with the center of the heating zone in the furnace). The line was then purged with O, for ~ 5 min. The firing
was performed at 1100° C for 24 h with a cooling/heating rate of 3° C/min. O, flow was stopped 30 min after
the furnace cooled to room temperature. The samples were taken out of the quartz tubes in air and placed into
the antechamber of the glovebox as quickly as possible in order minimize contact with ambient atmosphere.

Synthesis of 0-Ln (Ln = Pr, Tb).

Polycrystalline powder samples of LigL.nOg (0-Ln, Ln = Pr, Tb) were synthesized similarly to 2-Ln by inti-
mately mixing Li;O and PrgO;; (Tb,O7) in molar ratio 9.6:1 (20% excess Li»O). Following the similar proce-
dure to 2-Ln, the firing was performed at 700° C for 12 h with a cooling/heating rate of 3° C/min.



Supplementary Methods 2: Characterization.

Powder X-ray diffraction (PXRD).
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Supplementary Figure 1. PXRD of different compounds. a, 2-Pr (Na;PrOs). b, 2-Ce (Na;CeO3). ¢, 1-Pr
(SroPrQy). d, 1-Ce (SroCeQy). e, 0-Pr (LigPrOg). £, 0-Tb (LigTbOg). Data is shown in black dots, Rietveld
refinements in orange, the corresponding phases in blue, and the difference curves in grey. The broad hump
near 20 = 20(°) corresponds to polycarbonate dome background from the sample holder. All data was collected

at 7' = 300 K. Quantitative Rietveld refinements to the laboratory XRD data were carried out using Bruker
TOPAS 5 suite[2].



2-Pr 2-Ce 1-Pr 1-Ce 0-Pr 0-Tb

Space group Cae Cae Pbam Pbam R3 R3

Point group Doy Doy Coy, Coy, Se S
a(A) 5.963(3) 6.074(3)  6.123(8) 6.118(9)  5.608(5)  5.549(6)
b(A) 10.319(9) 10.365(6) 10.280(3) 10.349(5) 5.608(5)  5.549(6)
c(A) 11.732(1) 11.774(8)  3.580(6)  3.597(1) 15.982(4) 15.709(7)
a(®) 90 90 90 90 90 90
B() 109.9(1) 110.1(1) 90 90 90 90
+(°) 90 90 90 90 120 120

din_rn (A)  3.407(3),3.487(6)  Dsy  3.589(6) 3.597(11) 5.608(5)  5.549(6)

Supplementary Table 1. Crystal structure information.



Inelastic neutron scattering.

Broadband inelastic neutron scattering measurements using £; = 300, 500, and 700 meV revealed a number
of flat modes, common across all compounds. The flat modes are attributed to vibrational excitations and
the dispersive background visible in the £; = 800 meV is attributed to a hydrogen recoil line with the clear
quadratic, %, dependence typical of recoil processes and previously observed by Sensei etal. At energies
above around 400 meV, the flat modes are in the frequency range of OH stretching mode from a OH impurity
in the starting materials and identified to be < 3 wt% from laboratory powder X-ray diffraction of the Na,O
and Li,O starting materials. The OH stretches show a strong () dependence at higher () ruling them out as
CEF transitions. After accounting for the OH stretching mode, we were able to identify clear crystal-electric
field transitions in O-Pr and 1-Pr. Broadband inelastic neutron scattering data was reduced and analyzed in
MANTID on the SNS analysis cluster, ORNL. All diagonalization were carried out using pycrystalfield[3].
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Supplementary Figure 2. Overview of INS data measured on SEQUOIA. a, 0-Ln. b, 1-Ln with incident
energy of I£; = 500 meV. The CF transitions are indicated by red arrows.



STXM O K edge XAS.

The O K-edge STXM data were background subtracted using the MBACK algorithm in MATLAB. The data
were normalized by fitting a first-order polynomial to the post-edge region of the spectrum and setting the
edge jump at 5416 eV to an intensity of 1.0. The spectra was fit to pseudo-voigt lineshapes using in-house built
python scripts. Approximate peak positions were determined using first and second derivatives of the spectrum.
The edge was modeled using a step function. The TEY and TFY data were normalized to the maximum of the
My edge. To facilitate comparisons to previously reported O K and Pr M5 4 edge spectra for PrO,, the energy
position of the step fucntion was optimized near the value used previously.
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Supplementary Figure 3. STXM O K edge XAS. a, STXM O K edge data plotted together for 2-Pr, 0-Pr,
and PrOs to show the differences in 4 f hybridization between them. b, Fits to PrO,. Data obtained from [4].

All data was collected at 7" = 300 K.



STXM Pr M edge XAS.
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Supplementary Figure 4. STXM Pr )/; 4 edge XAS. a, STXM Pr Mj; 4, edge data plotted together for 2-Pr, 0-
Pr, and PrO, to show the differences in peak intensities corresponding to difference in hybridization. b, Pr M 4
edge XAS calculated using atomic multiplet theory[5] for a Pr** system which does not include Pr-4 f/O-2p
hybridization. As explained in the main text, the calculation does not capture the satellite peaks and predicts a
structured M, edge which is clearly absent in the data. PrO, data was obtained from[4] . All data was collected
at and calculations performed at 7" = 300 K
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Supplementary Figure S. STXM Pr )/ , edge XAS fits. a, 2-Pr (NayPrOs3). b, 0-Pr (LigPrOg). ¢, PrO,. Fits
were carried out in in-house built python scripts using pseudo-voigt functions and setting the step jump to 1.0.
The data was post-edge normalized.



CEF (7 — I, meV)* N, 44 ° 18

Tar T

PrO, ~ 130 3.65(9) 3.176(4) 1.963(6)
2-Pr ~ 168 2.73(11) 3.540(4) 2.207(5)
0-Pr ~ 260 1.08(3)  6.062(4) 3.177(1)

% From abinitio calculations, INS, and FIRMS measurements.

® From O K edge XANES.

¢ From Pr M5 4 XANES. The notations A, B and A’, B’ correspond to the notations in Fig3 in the main text. /
also corresponds to normalized intensity of the peaks and not the integrated intensity.

Supplementary Table 2. Difference in degree of hybridization between PrO,, 2-Pr, and 0-Pr evident from
CEF transitions, O K edge, and Pr M5 4 edge XAS.



Pr Ms 4 edge XMCD.
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Supplementary Figure 6. Pr )5, edge XMCD in 2-Pr. a, Total fluorescence yield (TFY) isotropic data
measured under p,H = 0,45, —5 T. As expected, the TFY data looks similar to the STXM data except for
a small bump at ~ 938 eV which corresponds to Cu from the sample holder. b, Total electron yield (TEY)
isotropic data measured under p,/{ = 0,+5,—5 T. The signal from Cu is not visible in the TEY data. c,
XMCD data measured in both TEY and TFY modes. Given the poor signal of TFY, only the TEY was used for
XMCD analysis in the main text. The data was normalized to the maximum of the M5 edge.
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Supplementary Figure 7. Pr M5, edge XMCD in 0-Pr. a, Total fluorescence yield (TFY) isotropic data
measured under p, = 0,45, —5 T. As expected, the TFY data looks similar to the STXM data except for
a small bump at ~ 938 eV which corresponds to Cu from the sample holder. b, Total electron yield (TEY)
isotropic data measured under p,H = 0,45, —5 T. The signal from Cu is not visible in the TEY data. c,
XMCD data measured in both TEY and TFY modes. Given the poor signal of TFY, only the TEY was used for
XMCD analysis in the main text. The data was normalized to the maximum of the M5 edge.
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Supplementary Figure 8. Pr )/ 4 edge. a, Total electron yield (TFY) isotropic data measured under p,H =
0 T and the corresponding fits for comparisons for O0-Pr. b, Partial fluorescence yield (PFY) isotropic data
measured under p,H = 0 T and the corresponding fits for 0-Pr. As expected PFY data looks similar to the
STXM data. The branching ratio (BR) for TEY is 0.52(3) and for PFY is 0.43(2) in line with STXM data. c,
Total electron yield (TFY) isotropic data measured under 11,/ = 0 T and the corresponding fits for comparisons
for 2-Pr. d, Partial fluorescence yield (PFY) isotropic data measured under p,// = 0 T and the corresponding
fits for 2-Pr. As expected PFY data looks similar to the STXM data. The branching ratio (BR) for TEY is
0.51(4) and for PFY is 0.42(3) in line with STXM data.
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Supplementary Note 1: Data Analysis.

CF splitting of Pr'** in (goc >> Acr regime.

The strong spin orbit coupling of a 4f! ion, entangles the electron spin, S = 1/2 and high orbital angular
momentum L = 3 to give rise to a J = 5/2 ground state (*F; s2) and a J = 7/2 excited state CF; 2). The
sixfold degeneracy of the 2Fj, ground state is removed under the crystal field. Under a highly symmetric
Oy, symmetry, the *F, ground state is split into a doublet I'; and a quartet I's. Any deviation from the Oy,
symmetry will remove the degeneracy of the I's state resulting a maximum splitting of ?Fj , state into three
Kramers doublets. The Kramers doublets are given by I'7 = sin 6|2, £3) + cos 0|2, ¥2), where sin®§ ~ 1/6,
Iyy = |5,+8), and Iy, = af3,£2) + V1 —a?|3,F32), respectively. The CF Hamiltonian for a perfect
Oy, symmetry is written as Hepr = BYOY + B0 4+ B0 + B0} where B™ are the second, fourth, and
sixth order terms and OAZ1 are the corresponding Stevens operator equivalents[6]. Further constraints includes,
B} = 5% BY and B§ = —21 x Bi.In the J.g = 1/2 limit, the maximum allowed terms in the CF Hamiltonian
are less than 2J meaning that the sixth order terms is zero; BS = 0, evaluated in the total angular momentum
|, m;) basis. In this limit, the essential physics is limited to ?F5 5 as is the case for Ce** systems.

CF splitting of Pr** in (soc << Acr regime.

The Oy, crystal field splits the seven f orbitals to ground state as,, and excited triply degenerate ¢y, and t5,
states. In the presence of spin-orbit coupling, the seven f orbitals mix yielding 14 KD in line with the 14

states extracted from |, m;) states. In the |m;, m,) basis, the nature of the I'; KD is given as [['T) = A \/g | F
= B\ HF2 T + O 21 1) D\ 32, T, where o = £ ~ 0,18 and (4%/B) ~ 2.6

and (02 /D' ~ 0.33. The first two components of I'; KD (m; = —3,—2) identifies with being derived
from |3, + g}, ;, +3), states in |j,m;) basis, while the last components (m; = 1,2) identifies with being

derived from |2, 43), [T, +3) states. In the Jog = 1/2 limit, the contributions from |%,+£2), |2, £2) states
are negligible with the essential physics limited to 2 F} /2 SOC manifold as described above. In the |m;, my)
basis framework the O, CF Hamiltonian must be diagonalized with the entire set of 14 LS basis states and
thereby making higher-order terms as non-zero, B¢ # 0, while the constraints for B} and By still apply in the
Oy, symmetry. This framework overcomes the point-charge model established in the |j, m;) basis and gives a
better approximation of the ground state for covalent lanthanide systems. The parameter o defines the ratio
of [j,+2) to |j,%3). For the original I'; KD, o ~ 0.25 indicates the ground state wavefunction is primarily
defined by the m; = 1,2 (|7, j:%)) components which agrees well with the I'; wavefucntion derived in the

|7, m;) basis above.

CF splitting of Pr*" in (soc ~ Acr regime.

Given the large CF energy scale for Pr** as described in the main text, CF and SOC interactions now compete
with each other. Therefore, CF cannot be considered as a perturbation on the SOC energy scale and thereby
making the J.;; =1/2 picture invalid. The presence of competing interactions drastically changes the single-
ion picture which further affects the macroscopic properties of the system as described in the main text. In order
to understand the implications of intermediate coupling, we study the evolution of the single-ion properties of
Pr** in the toy model Hamiltonian HE&5e = BIOY + B0} + BYOY + BLO! constrained by Oy, symmetry for
an isolated PrOg unit. We calculate, the eigen energies, ground state wavefucntion composition, «, and g,, as
a function of Bg for fixed values of Bg as shown in figs S9,S10, and S11. Here, Bg > 0 as is expected for
a six coordinate system. BY < 0 flips the first excited state quartet as the ground state and the T'; KD as the
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excited state and is expected for a eight coordinate system with cubic symmetry as is the case for PrO,. With
B2 =0 (Fig. S9), for small values of BY, the system can be considered as a traditional lanthanide where the
Jer = 1/2 limit still applies. As expected the value of o remains close to 0.25 with the eigen states split as
expected for the O;, CF. As BY increases, the system begins to deviate from the Jog = 1/2 limit and moves
towards the Seg =1/2 where the Acr >> (soc as described in the main text. For nonphysically large values
of BY, the eigen states relax to 3 states where the ground state KD corresponds as,, the first excited state with
three degenerate KD corresponds to triply degenerate ¢,,, and the second excited state with three degenerate
KD corresponds to triply degenerate ¢5,. The values of « tends towards 1 as we move towards the Seg = 1/2
limit. This indicates that, with increase in CF energy scale, the |j, j:g) character adds on to the ground state
I'; KD with the final wavefunction in the Ser = 1/2 limit having equal contribution from |j, £2) and |j, +3)
states. This is also evident from the evolution of g,, which shows a dip to almost zero and increases again. As
described in the main text, Pr** systems do exhibit unusually small ¢ values which is in line with intermediate
coupling scheme established here.

CF Hamiltonian for Pr** in 1-Pr.

We begin constraining the Hamiltonian for 1-Pr under a perfect O, CF while the real symmetry is Cy, in
order to reduce the number of parameters for fitting, High" = BY0OY + BIO! + B0 + BLO!, where B,
and B§ were constrained under O, symmetry. Also, B} was constrained to be > 0 as described in the above
section for a six coordinate system. The energy scale of the uncommonly large A¢cpp in 1-Pr is comparable
in magnitude to (soc of Pr*™. In the Jog = 1/2 limit, treating the Pr** ion as isoelectronic Ce3T, 7:[10].5” was
fit to the observed three transitions in INS data. However, we find that these calculations fail to accurately
describe the experimental thermo-magnetic data often overestimating. Therefore, we move to intermediate
coupling where we diagonalize the 7:[}3;3];’" with the entire set of 14LS basis states as described above. Initial
guesses for the steven’s coefficients B} and B{ were obtained in the |j,mj) basis by setting the first excited
state to 1 ¥ = 168 meV. We note here that, point change based estimation of Steven’s coefficients is not
appropriate for Pr*™ given the anomalously large Pr-4 f/O-2p covalency. With the initial guesses for BY and
BR, we start fitting the susceptibility data (T > 50 K, to avoid the region with short-range correlations) and
eigen energies and degeneracies to the Hamiltonian 7:[%}31;’“. With the newly estimated values for BY and By,
we begin to relieve the cubic constraints on B} and Bg to account for the slight distortion from perfect O,
symmetry. Again, fitting to the susceptibility and eigen energies and degeneracies yields newly estimated
values for the stevens coefficients. However, to account for the full distortion from the O, symmetry, we
introduce BY parameter resulting in a total of 5 independent variables to be fit with the final Hamiltonian being
HEGE™ = BYOJ+ B0+ BLOL+BYOY+BLOL. Although, the true symmetry of 1-Pr (Chy,) requires [m| = 2, 6
in addition to |m| = 0,4 (in B!" coefficients), any mixing induced by these parameters would not induce any
further loss of degeneracy and hence their effects can be parameterized with |m| = 0, 4 parameters. Therefore,
we use the truncated Hamiltonian 7:110}13 ". The final fitting was carried out by providing different weights to
susceptibility and eigen energies. The final fit parameters and results are provided in Table S3. This yields
a set of new KD’s with the ground state wavefucntion expressed as a “renormalized” I'; with o!~F" = 0.36.
The ground state wavefucniton is given as [I'7) = 0.428 | #3,£1) — —0.293 | F2,F1) + —0.344 |+
1,£3) — 0.783 | £2, F1).This yields a slightly easy-plane anisotropic g with g *" = 1.37 and g1~ " = 0.79.

xy

CF Hamiltonian for Pr** in 0-Pr.

We then constrained the Hamiltonian for O-Pr using a similar method established for 1-Pr. The Hamiltonian
was written as Hop' " = BYOY + BYOY + BiO; + BYOY + BiO4. Again, the removing the cubic constraints
and introduction of BY parameters is essential to account for the distortion from perfect O;, symmetry. The
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final fit parameters and results are provided in Table S3. This yields a set of new KD’s with the ground state

wavefucntion expressed as a “renormalized” I'; with a®~F" = 0.22. The ground state wavefucniton is given as

IT7) = —0.278 | F3,£43) — 0.314 | F2,F1) + 0.391|£1,+1) — —0.819 | +2, F1). This yields a slightly
1—-Pr

easy-axis anisotropic g with g,,~" = 0.63 and gl=P"™ = 1.1 and is comparable to g values extracted from first

principles calculations(g,, ~ 0.7, g, ~ 1.3).

CF Hamiltonian for Pr** in 2-Pr.

We then constrained the Hamiltonian for 2-Pr using a similar method established for 1-Pr. The Hamiltonian
was written as Hp'" = BYOY + BIOY + BLO4 + BYOY + BLO}. Again, the removing the cubic constraints
and introduction of B) parameters is essential to account for the distortion from perfect O;, symmetry. The
final fit parameters (fitting to susceptibility for 7' > 50 K) and results are provided in Table S3. This yields a
set of new KD’s with the ground state wavefucntion expressed as a “renormalized” I'; with o>~" = 0.38. The
ground state wavefucniton is given as [I';) = —0.407 | F3,£3) — 0.331 | F2,F1) + 0.351 |+ 1,+3) — —
0.776 | + 2, F3). This yields a slightly easy-axis anisotropic g with g1 ©" = 1.25 and g!~"" = 0.37 and is
comparable to g values extracted from first principles calculations(g,, ~ 1.4, g, ~ 0.4).

XMCD sum rule analysis.

The quantitative sum rule analysis proposed for XAS and XMCD measurement relates the expectation values
of the spin ((S,)), orbital (L.)), and dipole term ((7)) in the valence state. The expression developed by Thole
and Carra are given as[7, 8, 9, 10]:

(L) Jatsns, Au(E)dE

= (S1)
3np, 3 Jatoons, H(E)AE
3 A(E)E — 2 [.. Au(E)dE
(Serr) = —5nn o, 3 2 Jug (S2)
2 5 fM4+M5 w(E)dE

where, (Serr) = (S.) +3(T%), n(E) is the energy dependence of the isotropic XAS, Au(E) is the energy
dependence of the XMCD, and n,, is the number of holes in the system.Thus once can estimate the orbital
and Spin moments as forpital = — <Lz> mBs Hspin = -2 <Sz> uB, and Mtotal = Morbital T Mspin - Evaluation
of (L) is straightforward yielding values reported in the main text. However, evaluation of (S.) requires
quantitative information about (7. ), In most cases, the dipole term is negligible, however for lanthanides with
unquenched orbital angular momentum, the dipole term is significant. Therefore, we use the macroscopic bulk
magnetization measured at i,y = 5 T and 7" = 20 K to extract the absolute total moment (ji;,¢4;). From these
values, we can extract fi,;, based on the relation fiiorqr = [lorbital + spin. With this, we can estimate the
magnetic dipole contribution based on (S.rs) = (S,) +3(T) with out any sophisticated theoretical modeling.

CF modeling of Pr*" with hybridization.

In order to include hybridization in our CF model, we introduce an orbital reduction parameter x [11]. The
modified CF Hamiltonian is written as Hes = x2 BYOJ + x* BIOY + k* BIO} + 18 BYOY + k® BLOE. In
this framework, the SOC constant ((so¢) is also reduced by . Here k = 1 corresponds to the mode described
in sections 3.1-3.6. By including x we correct for the metal-ligand covalency driven delocalized states. We
begin the fitting process similar to the above method by starting from perfect O, CF Hamiltonian. We find

13



initial guesses for BY, BY, and « until the first excited state is roughly closer to the observed eigen energy.
With this, we find a reasonable x = 0.9 that accounts for the hybridization. After the initial guess, we fit to
the susceptibility data, eigen energies. and eigen degeneracies by allowing all parameters to vary similar to the
above model. The value of (so¢ is always constrained to be « times the SOC value from the above model. The
results obtained from this approach are listed in Table. S8 and the fits are shown in Fig. S12.
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I'; 0-Pr 1-Pr 2-Pr
BY * 1.3(3) —12.43 —5.26
BY * 0.54(1) 0.76 0.38
B * 2.29(1) 3.43 1.85
B * —0.007(1) —0.001 0.003
B * 0.11(1) 0.45 0.112
Csoc * 112 112 112
Jaw ~ 1.4 ~ 0.9 ~11 =11
A? 0.352 0.241 0.428  0.407
B“ 0.215 0.331 0.293  0.331
(O 0.454 0.363 0.344  0.351
D¢ 0.79 0.837 0.783  0.776
ab 0.18 0.22 0.36 0.37
A?/B2 26 0.53 2.13 1.51
C#D?* 0.33 0.18 0.19 0.20

“ Coefficients for the ground state wavefucntions as defined in Fig. 1 caption of the main text

b o as defined above

Supplementary Table 3. Fit parameters for the three different materials. The small value of BY for 0-Pr is
indicative of how close the PrOg unit is close to a perfect O, symmetry. The true symmetry being Sg where
only a mirror symmetry is broken from the ideal Oj, symmetry. Furthermore, the relatively large value of B for
0-Pr is indicative of the first excited state being almost 1.5 larger (= 266 meV) than for 1-Pr and 2-Pr (= 168

meV). All units are in meV.

0-Pr 1-Pr 2-Pr

E™ k- g™  E¢  E™ K€
KD1 0O 0 0 0 0 0
KD2 267 255.1 168 160.8 =« 155.1
KD3 270 260.01 335 328.6 233 244.1
KD4 428.2 387 383.6 x 398.1
KD5 662 668.8 x 8326 x 562.1
KD6 701.3 * 923 *  640.1
KD7  x 823.6 * 1100 x* 7381

™ Observed from INS or IRMS
¢ PCF Calculation

Supplementary Table 4. Observed and calculated Eigen energies of the different materials studied. All units

are in meV.
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I'; 0-Pr 1-Pr 2-Pr

BY  *® 1.04 —17.11 —7.94
B 045 112 0.54
B ® 281 531 213
BY =  —0.001 —0.008 —0.018
B 013 080  0.20

(soc  * 100 100 100
Jaow =~14 =0.9 ~ 1.1 ~1.1
A® 0352 0336 0.408  0.413
B* 0.215 0.315  0.263  0.298
C* 0454 0.409 0.338  0.37
D* 079 0.788  0.806  0.777

¢ Coefficients for the ground state wavefucntions as defined in Fig. 1 caption of the main text
> o as defined above

Supplementary Table 8. Fit parameters for the three different materials obtained by including hybridization.
The small value of BY for O-Pr is indicative of how close the PrOg unit is close to a perfect O}, symmetry. The
true symmetry being S where only a mirror symmetry is broken from the ideal O;, symmetry. Furthermore,
the relatively large value of B for 0-Pr is indicative of the first excited state being almost 1.5 larger (=~ 266
meV) than for 1-Pr and 2-Pr (= 168 meV). All units are in meV.
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Supplementary Note 2: First-principles calculations.

In a first step, sets of scalar-relativistic (SR) multiconfigurational wavefunctions were calculated with the com-
plete active space (CAS) self-consistent field approach[12, 13, 14]. Subsequently, these wavefunctions were
employed in single-state, multireference CAS second-order perturbation theory (PT2)[15, 16] calculations in
order to obtain more accurate energies including effects from dynamic correlation. An imaginary shift of
0.20 au was used with PT2 in order to minimize intruder-state effects. SR effects were introduced with the
second-order Douglas-Kroll-Hess Hamiltonian.[17, 18, 19, 20] In a second step, spin-orbit (SO) coupling was
introduced using the restricted active-space state-interaction (RASSI) formalism[21] and the atomic mean-field
integrals (AMFI).[22] Henceforth, PT2-SR and PT2-SO labels will be used to identify results obtained with
only a SR treatment (‘spin-free’ states belonging to a well-defined spin multiplicity) or with both SR and SO
coupling treatments.

Embedding was achieved using a similar strategy as in our previous work on actinide and lanthanide
systems.[23, 24] Geometries for the systems under investigation are shown in Fig S13. Within 0-Pr, the
[PrOg]®~ ion is isolated by Li* cations and adopts a nearly octahedral geometry (O;,) with a Pr—O bond length
of 2.32 A and bond angles within 90£2.5°. In 2-Pr, edge-shared [Pr,O;0]'?~ dimers occur, in a honeycomb
lattice, with structures obeying C symmetry. The individual [PrOg]'2~ monomers, labeled with ¢ and b in
center panel of Fig S13, both comply with C5 local symmetry and exhibit geometries that are significantly dif-
ferent between themselves and significantly distorted from O},. For instance, the Pr—O bond lengths are more
than 0.1 A larger in monomer a vs. b, and the bond angles vary around 90+10° in both monomers.

Supplementary Table 9. Electronic structure of the Pr** ion.

System PT2-SR  AFE PT2-SO AF

Pri+ R 0.000 %F;;,  0.000

2fy 395

Calculated data for the low-energy electronic states of [PrOg]'?~, with PT2-SR and PT2-SO, are collected
in Table S10 (isolated O, structure), Table S11 (structure from 0-Pr) and Table S12 (structures from 2-Pr).
Selected natural orbital (NO), natural spin-magnetization orbital (NSO) and spin magnetization plots [m3},(r)
for quantization along the W = X, Y and Z magnetic axes] are shown in Fig S15. Details regarding the
generation of NSOs and mj, (r) can be found in Reference [25]. Note that the NSO spin populations add up to
twice the spin expectation value for a given quantization axis, 2(Sy), while m3},(r) corresponds to the usual
spin density if it is calculated without SO coupling. Regardless of the [PrOg]?~ structure considered, the spin-
free GS is 2 A, (or of 2A4,, parentage for the non-O)}, cases) with a single configurational wavefunction derived
from the 4f @l configuration.

Data obtained for the binuclear [PryO;9]*?>~ embedded-cluster model of 2-Pr are gathered in Table S13
(energies and magnetism), Fig S16 (localized CAS NOs showing the magnetic orbitals), and in Fig S17 (PT2-
SO NOs and populations, NSOs and spin magnetization plots). The lowest energy S = 1 spin-triplet and
S = 0 spin-singlet states are generated by the spin pairing of the 4f a}, electrons localized at the two Prit
centers (Fig S16). The resulting wavefunctions are single-configurational and described by the Pry agu + Pry
agu (S = 1) and Pry agu + Pry aéu (S = 0) configurations. The energy difference obtained with PT2-SR,
which identifies with the Heisenberg exchange coupling (.J), is 4.2 meV. With SO coupling, there are four
low-energy states split by 1.5 meV. These states can be regarded to originate from the GS Kramers doublets
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of the individual mononuclear systems. Analysis of the SO wavefunctions showed that the lowest energy SO
state has the largest (one-state) contribution (37%) from the lowest energy S = 0 spin-free state while the next
three SO states with energies ranging between 0.7—1.5 meV have largest (one-state) contributions (also 37%)
from the lowest-energy S = 1 spin-free state. The strong SO coupling in the GS of the complex is reflected in
the NO and NSO populations shown in Fig S17, and also in the small spin expectation value ({.S,) = 0.536)
along the Pr—Pr internuclear axis (magnetic Y-axis, the magnetic axes are also depicted in Fig S17).

Supplementary Table 10. Electronic structure of an Oj, [PrOg]®~ isolated free ion.

Atomic Spin-free states J Kramers doublets
multiplet AE*  AE° multiplet SF comp. AE®  AE°
’F *Ay, 0.000 0.000  *Fy;,  582A,, +42°Ty, 0.000 0.000
Ty, 115 170 542Ty, +44°Ty, 135 143
’Tv., 252 256 54°Ty, +44°*Ty, 135 143

2F7/2 582T2u + 422A2u 385 397
53%Ty, + 46%T,, 503 511
50%Ty, + 46*Ty, 503 511

100%Ty, 576 558
Main values of the g tensor in the ground Kramers doublet
gx 1.116  0.906
gy 1.116  0.906
gz 1.116  0.906

“The O;, geometry was obtained by symmetrizing the PrOg unit of LigPrOg. All energies are in meV units.
®State-averaged calculations without symmetry constraint.
“State-averaged calculations with Dy, symmetry constraint.
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Supplementary Table 11. Electronic structure of a [PrOg]®~ unit of 0-Pr.¢

Atomic Spin-free states J Kramers doublets
multiplet AE® AE° multiplet SF comp.© AE®  AE°
’F *Ay, 0.000 0.000  *Fy;,  65°As, +35°Ty, 0.000 0.000
Ty, 129 158 76%Ty, + 24Ty, 141 241
129 184 80Ty, +20%Ty, 151 246
148 184
Ty, 270 498 2Frp 65°Ty, + 35245, 388 396
272 544 6521, +20%Ty, 513 662
273 544 80Ty, +20%T,, 516 707
100%Ty, 588 820
Main values of the g tensor in the ground Kramers doublet
gx 1.015 0.714
9y 1.018 0.714
gz 1.095 1.229

?All energies are in eV units. Selected orbital isosurfaces and populations are shown in Figure 15.
b[PrOg]®~ isolated ion of Fig S13 (top panel).

°[PrOg]®~ embedded-cluster model of Fig S13 (top panel).

YMagnetic axes are depicted in Fig S15.
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Supplementary Figure 13. Embedded cluster models and bare ion geometries used in the present study:
[PrOg]®~ and [Pry0,0]'*~ with surrounding embedding pseudocharges (left panels) and without (right panels).
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oy, t2u tlu

1.00 0.00 0.00

Supplementary Figure 14. Ground-state natural orbitals: Ground-state natural orbitals (+0.03 au iso-
surfaces) of Pr 4f AO parentage and corresponding populations calculated with CAS-SR for an O, [PrOg]®~
isolated ion with a Pr—O bond length of 2.23 A.).
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Supplementary Table 12. Electronic structure of the [PrOg]®~ embedded crystal-model system of 2-Pr.*

Atomic Spin-free states J Kramers doublets
multiplet AE® AE¢ AE? multiplet SF comp.? AFEY AFE¢ AFE“
F 24y, 0000 0.000 0000 *F5  57%Ay, +43*Th, 0.000  0.000  0.000
63°Ty, +37°Ty, 118 136 168
°Ty, 089 118 096 69°Ty, +31°Ty, 162 163 231
099 120 099
156 159 201 2F7/2 592Ty, + 382 As, 387 389 394
63Ty, + 37%T1, 479 498 536
°Ty, 214 248 323 17°Tyy +23°To, 529 537 623
237 268 349 94°Ty, + 6*Th, 597 601 754
306 312 502
Main values of the ¢ tensor in the ground Kramers doublet?
9x 1.694 1.490 1.772
gy 1.649 1.310 1.536
9z 0.110 0.406 0.049
Expectation values?
Magnetic X -axis direction®
(Ly) —1.359 —1.265 —1.429
(Sz) 0.256 0.260 0.268
Magnetic Y -axis direction®
(Ly) —-1312 —1.155 -1.315
(Sy) 0.243 0.250 0.254
Magnetic Z-axis direction®
(L) —-0.306 —0.558 0.217
(S.) 0.125 0.177 —0.119

@All energies are in eV units. Selected orbital isosurfaces and populations are shown in Figure S15.

bStructure a in Fig S13.
“Structure b in Fig S13.
dStructure a plus embedding in Fig S13.
®Magnetic axes are depicted in Fig S15.
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Supplementary Table 13. Electronic structure of the [Pr,0;4]'2~ embedded crystal-model system of 2-Pr.

Atomic Spin-free states J Spin-orbit states
multiplet AFE (eV) multiplet AFE (eV)
2pPn 4 2P S=0 0.0000 2FJ +%F3 37% (S =0)  0.0000
S=1 0.0042 37% (S =1)  0.0007

37% (S =1)  0.0008
37% (S =1)  0.0015

Heisenberg exchange coupling (J) 4.2 meV ~1 meV*
Expectation values
Magnetic X -axis direction’
(L) —2.767
(Sy) 0.566
Magnetic Y -axis direction®
(Ly) 0444
(Sy) 0.536
Magnetic Z-axis direction”
(L.) —0.296
(L) 0.367
(S.) 0.090

“With SO coupling, spin is not a good quantum number.

®Magnetic axes are depicted in Figure S17. The magnetic Y-axis corresponds to the Pr—Pr internuclear axis.
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SFNO 1.00 0.00 0.00 0.00
SO NO 0.65 0.14 0.10 0.10
NSO(Z) 0.65 0.14 —0.10 —0.10

4 6

mag. axes  Z-axis direction  X-axis direction  Y-axis direction
m(r) ms (r) m§ (r)

(L,) =—-1205 (L) =—-0.865 (L,)=—0.865

(S:) =+40.295 (S;) =+0.254 (S,) = +0.254

_&.

SFNO 1.00 0.00 0.00 0.00
SO NO 0.57 0.05 0.18 0.20
NSO(Z) +0.57 +0.05 —0.18 —0.20

e s

mag. axes  Z-axis direction  X-axis direction  Y-axis direction

m(r) m% (r) my (r)

(L.) = +0.217 (L,)=-1.429 (L,)=—1315
(S.) = —0.119  (S,) = +0.268 (S,) = +0.254

+-

Supplementary Figure 15. Selected natural orbitals (NOs, +0.03 au isosurfaces) and their populations, with
and without SO coupling, calculated for the [PrOg]®~ embedded cluster model of 0-Pr (top panel) and 2-
Pr (bottom panel). Also given are the spin populations corresponding to the natural spin orbitals (NSOs,
isosurfaces identical with those of the NOs) calculated for the Z direction of the spin magnetization, along the
magnetic Z-axis, for the GS Kramers component with (S.) > 0. Plots of the spin magnetization [m3,(r)] for
quantization along the W = X, Y and Z magnetic axes are also given with isosurface of +0.001 au. Color
code for magnetic axes: red for Z-axis, green for X-axis, blue for Y-axis.
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S=1 T T weight = 100%
S=0 0 { weight = 100%
Supplementary Figure 16. Localized CAS orbitals characterizing the electron pairing in the lowest-energy
spin-triplet (S = 1) and spin-singlet (S = 0) configurations of [PryO9]'>~ embedded-cluster model of

NayPrO;. The localization was achieved by arbitrary rotations among the CAS NOs and a subsequent CAS
configuration interaction was performed to tailor the wavefunction configurational admixture.

e s

SO NO 0.63 0.59 0.18 0.18 0.17 0.14 0.06
NSO(Y) 0 63 0 58 —0.18 +0.18 —0 17 +0 14 —0.06
SO NO 0.05 0.00 0.00 0.00 0.00 0.00 0.00
NSO(Y) —0.05 0.00 0.00 0.00 0.00 0.00 0.00
mag. axes ms (v m3(r
(L) = —2 444 (Lr> = —2 767 (L.) = —0 296
(S,) = +0.536  (S,) = +0.566 (L,) = +0.367
(S.) = +0.090
(S,) = —0.062

Supplementary Figure 17. Top panel: Selected natural orbitals (NOs, £0.03 au isosurfaces) and their popu-
lations calculated with PT2-SO for the [Pry0;(]*?~ embedded cluster model of 2-Pr. Also given are the spin
populations corresponding to the natural spin orbitals (NSOs, isosurfaces identical with those of the NOs) cal-
culated for the Y direction of the spin magnetization, along the magnetic Y-axis. Bottom panel: Plots of the
spin magnetization [m3, (r)] for quantization along the W = X, Y and Z magnetic axes are also given with
isosurface of +0.001 au. Color code for magnetic axes: red for Z-axis, green for X-axis, blue for Y-axis.
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