Supplementary Information (SI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2025

Supporting Information

Valence Activity of SO-Coupled Atomic Core Shells
in Solid Compounds of Heavy Elements

Shi-Ru Wei?, Han-Shi Hu?, W. H. Eugen Schwarz>* and Jun Li*®%*

# Theoretical Chemistry Center, Department of Chemistry; and Engineering Research Center of
Advanced Rare-Earth Materials of the Ministry of Education; Tsinghua University, Beijing
100084, China.

® Physical and Theoretical Chemistry Lab, Department of Chemistry and Biology, Faculty of
Science and Technology, University of Siegen, Siegen 57068, Germany.

¢ Department of Chemistry, Southern University of Science and Technology, Shenzhen 518055,
China.

4 Fundamental Science Center of Rare Earths, Ganjiang Innovation Academy, Chinese Academy
of Sciences, Ganzhou 341000, China.

*Corresponding authors: W. H. Eugen Schwarz, eugen.schwarz@uni-siegen.de

and Jun Li, junli@tsinghua.edu.cn

This PDF file includes:

Supplementary Text

Figs. S1 to S39

Tables S1 to S21

Supplementary References (1 to 97)


mailto:eugen.schwarz@uni-siegen.de
mailto:junli@tsinghua.edu.cn

Contents

Section 1. Quantum Chemical Methods for 5£°6d° Oxides [UO3] & [ThOz].....c.ccoeoveiveeieieeeeeenn. 3
DITErent METNOMAS. ... evieeieieie ettt ettt e et et e e s aeeseeneese et e eseensenseeseeseensenseeseensenes 3
SOIA [UO3] PRASES.....uiiieiiiieeiiiciie ettt ette ettt e et e e eeveeeteeetbeeetteesebeeeaseeesseeessseassaeasseeenseeenseeensseennses 3

Section 2. Computational MethodoIOZy ...............cccooviiiiiiiiiiiiiiecee e e b e s b e 4
TADIE ST ...ttt ettt et e ettt et e et e e ete et e e et e eabeeateeabeenteen b e enteenteenteenteenteenteenteenteenteenteenteenteans 5

Section 3. Geometric OPtimMIZAtion.................ccoooiiiiiiiiiiiie e et b e s e e 5
TADIE S2...eeeeeee ettt ettt ettt e e et e ettt e et e e be et e et e enteeateenteenteeateenteenbeenteenteenseenteenseenteenteans 6
TADIE S3..cee ettt ettt ettt ettt et e et et et e e te e te e beente e teenbeeateeateenteenteenteenteenteenteenteenteenteens 7
2 R USRS 7
TADIE S ettt ettt et ettt et e et et e et e et e e teeateante e teenbeente e teenteeaseenteenseenteenteenteenteenseens 8

Section 4. Effect of SO Coupling on Band Gap and Band Structure.................c.cocovveviiieniieeenieecneenne, 8
TADIE S5ttt ettt ettt et et e bt et e et e e te e teeabeente et e enteenteenteenteenseenteenteenteenteenteenteenteens 9
21 o (T YOS 10
K21 o) (S TSP PTRSTRSTR 10
TADLE S8ttt ettt ettt ettt ettt a et et et e n e et et e eRe e Rt et e beeRten e et e st ene et et e st eneensetenseeneentens 11
21 o) (T TSRS 11
TADLE S0ttt h ettt s et b etk e st st eeh ettt e st h ettt e st e st senes 12
K21 o) (S TSP PTRSTRSTR 12
a2 ettt bttt a e bttt a bt ke R et n e e bt b et et e st bt et et enteneebente e eneenas 12

Section 5. U-6p “pushing from below” and SO splitting in 6-[UO3] ..........ccooeviiiiiiiiiiiicieeieeeie, 13
Fig. S3. RDF fOr U and OO .........oooiviiiiieiiieeeeeeeeeeee ettt ettt neseaas 13
Fa. S ettt h ket a st a ARtttk n et n et e et ene s st e aens 14
S8 TS0 OSSO 14
TADIE S12... ettt ettt ettt s e h e e bt et e e e n e bt ek e e e a e e st b e ket e st ehe e b et ent st eaenbeteneenea 15
I SO, ettt b e et a bttt a e h e bt et n e h e b et et eh e ehe et et eneeneebeete e eneenas 15
FaZ. ST ettt h ket ARt h Ao Rt h etk n et n et e et ne e st senes 16
a8 ettt a ettt ettt h et a bkt e n e et ke A et n e eh e ket et e st ehe et et enteneebeateneeneenas 17
Fa g S ettt h et a ekttt a e h e bt A et a e bt b et et st ehe et et et eneebe et et eneenen 17

Section 5a. U-6p Valence Admixture in Various Phases and under PreSSure..............cocccvueevvvveecreeserveannn, 18
a8, ST0-S33 ettt bttt a bttt a e h et et et a e h e b et et n e e bt e b eneen et enbe e st enn 18

Section 6. From Molecular U(OH); to Solid 6-[UOs]: SO Coupling vs. Crystal Field Splitting......... 32
I S34. eeeeeeeeeeeeteeeeaeteeeeheet e et h ket a bt h et et h e b et et n e ehe et et et e st beebe e eneenes 32
FIZ. S3AD. et h ettt ettt n et a et ne e s e tens 34
Fig8. S358-S35d ettt ettt e h e a et e teene et e te st ententeteeneeneennan 35
FIZ. S30. ettt a bttt a bt b e b et R e bt b et en e en e e bt et et eneene et e ae e eneenen 38
TADLE ST13 . ettt h ket s ettt h et s bt h ettt e sttt ettt ne e st tens 39
TADLE STttt h ettt s et h etk s bt h ettt e st h ettt ne e st tens 39
Fa g S 37 ettt ettt etttk a bkt R e h e e e A et Rt bt b et e nten e ebe et et ene bt be et et eneenan 40
K21 o) (S T TSP PTRSRTR 41
TADLE SOttt ettt h et s ettt h et s et st h ettt e st h ettt ne e st tens 42
Fag. S ettt ettt a bt bt h e bkt a e bt b e A et a e bt b et ent st ehe et et eneebe et e te e eneenin 43
TADIE S17 ettt h et s bt bt st et et h e ket n e ae b et et ene bt e b et e st st eheete it st enea 44
621 o) (S TSP PTPSRTR 45

Section 7. SOC in High-Pressure Phases ...............ccoccioiiiiiiiiiiii e 45
TADLE SOttt h ettt b ettt s e Rttt e st h ettt ne e st aens 46
TADIE S200..... ettt bttt h bttt a btk e e et ae btk e b e st ebeeb et et ene e bt teteneenea 47
TADIE S21 ..ottt h ettt h bt e et h ke e e a e ae bt e b en e bt e b et et e st e bt tenteneenea 48
FiZ. 030 ettt h bt st h et ARt h et n et n ettt ne e st e tens 49

ST REFETEICES .......cneiiiiiiiiiiie ettt sttt et e bt et sa et st e et e et e sbeesbeesaaesareeas 50-53



Section 1. Quantum Chemical Methods for 5f%6d° Oxides [UO3] & [ThO2]

Different methods

It is well-known that the pure Local Density Approximation (LDA) and Generalized Gradient
Approximation (GGA) tend to underestimate the band gaps of solids (/-4). A typical example for
the failure is the Mott insulator [UO;]: popular middle-quality GGA density functionals
miscalculate the electronic structure of [UOz] even qualitatively, predicting metallic conductivity
instead of the experimental gap of about 2.1 eV (5-7). The introduction of the semi-empirical
DFT+U method(5, 8, 9) with two adjustable parameters U and J can often reduce the band-gap
problems. One can then reproduce the band gaps and also the geometric crystal parameters by
fitting the additional “+U” parameters to the specific system. U =4.5 eV and J = 0.54 eV (10),
have often been used for [UO>] and then also for other [UOx] phases (for x from 2 to 3) (//-24).
The advantage of the DFT+U approach is that it does not change the computational expenses. It
has been widely used in actinide solids and surfaces research (5, 25-44). However, an occupation
matrix control (OMC) should be included to guarantee for a correct ground state was reached
(21-24, 44-46). Yet the problem remains that sometimes no choice of the U-J parameters yields
approximately correct band gaps, such as for [ThOz] (37) or a-[UOs] (12).

Both [ThO:] and the various [UOs] phases have similar electronic structure with an O-2p®
dominated valence band and an An-5f° type conduction band. Even simple GGA functionals can
correctly predict a positive band gap, but qualitatively too smaller in magnitude by about an eV.
Empirical DFT+U improves these results in some cases, but can’t solve the problem for [ThO:]
or a-[UOs]. In contrast to the GGA, the Hartree-Fock (HF) method always overestimates the
band gaps (3). A hybrid mixture can give better results (47). Using the HSE range-separated
hybrid functional, He et al. (/7) found a too big band gap for a-[UO3], while Wen et al. (45)
found a reasonable band gap for [ThOz], well agreeing with the experiment. More advanced but
more costly methods such as density matrix embedding theory, dynamical mean-field theory, and
the Green’s function (GW) approach etc. can yield more reliable results (3, 49).

Solid [UO3] Phases

[UO3] is an economically important uranium oxide in the highest oxidation state, which appears
in the nuclear fuel cycle, also in the spent fuel. Seven polymorphs of [UOs] have been identified
experimentally, including a-, B-, y-, 8-, €-, (- and n-[UOs] (50, 51). Further, slightly different
structures have been communicated for -, and {-[UOs]. Pickard et al. were the first to perform
density functional calculations (LDA and GGA), theoretically reproducing the geometric
structures of a-, -, and n-[UO3] (52). Then He et al. calculated electronic and geometric
structures for a-, 8-, and y-[UOs] at the LDA+U and HSE levels (/7). Geng et al. calculated the
0-[UO3] phase at the GGA level (/8). Brincat et al. systematically verified the stationarity of the
a-, B-, y-, 0-, and n-[UO3] phases at the GGA+U level, and compared the relative stabilities of
different phases under geochemical pressures (/3). High pressure-induced phase transition of
[UO3] were studied in more detail by Ma et al.,, with GGA+U, they predicted three new
structures for [UO3] (/2). Shields et al. examined the effects of pressure on the structure and
vibrational properties for a-, B-, y-, and 6-[UO3] by DFT+U approaches (/7). All these works
neglected spin-orbit coupling.



Our present computational research focuses on the electronic-structure of solid [UO3] phases,
including the SO coupling and the U-6p semi-core orbital mixing effects. Different density
functional approximations are compared to obtain a more reliable picture for the electronic
structures of the different [UOs] polymorphs. The various calculated literature results need a re-
evaluation in view of the considerable SO coupling effects. We here also explore the Pauli-
repulsion and core-valence mixing effects of the SO split U-6p1/2, 6p32 semi-core shells, known
in molecular chemistry as “pushing from below” PFB.

In the next Section 2 we describe the applied computational methodology. Then our results are
discussed with respect to five points: Section 3, the geometric structures of the [UOs] phases;
Section 4, the SO coupling effect on band structure and valence-conduction band gaps; Section 5,
the PFB phenomenon, particularly impressive for the SO coupled high-symmetry 8-[UO3] phase;
Section 6 the relation of the solid phase to molecular single-center complexes and CF quenches
the SO coupling; and Section 7 the impact of SO coupling on the high-pressure phases. In a
concluding section, we summarize some general chemical insights concerning the often
neglected spin-orbit coupling, and the decreasing core-valence gap for the heaviest elements. We
highlight the evidences of these effects in all phases of [UO3], and stress that more attention must
be paid to the spin-orbit coupling in heavy element chemistry.

Section 2. Computational Methodology

For the solid-state investigations of [UOz3], the Vienna Ab initio Simulation Package (VASP)
(53-56) was used in Geometry Optimization, Band Structures and Density of States (DOS)
calculations. The AMS-BAND package (57-61) was also used, in particular for further wave-
function analyses. For comparison, molecular U(OH)s was studied using the AMS-ADF package
(62-64).

The investigations were carried out by applying Kohn-Sham density functional approximations,
at first at the scalar-relativistic (SR) level, then with inclusion of SO coupling. The wavefunction
was represented by a Kramers and geometric symmetry restricted single closed-shell
configuration. We have used the density-gradient Perdew—Burke—Ermzerhof (PBE) (65, 66), the
PBE+U approach (5, 8, 9) (with U =4.5¢eV,J =0.54 eV (10) and Uesr = 3.96eV), the exchange-
hybrid approach of Heyd-Scuseria-Ernzerhot (HSE06) (67) functional and a quasi-particle
energies improvement by a single-shot GoWo Green function approximation (68-72) based on the
PBE. For comparison, both scalar relativistic (SR) and SO coupled calculations were carried out.
The Zero Order Regular Approximation (ZORA) (73-75) was used in the AMS codes, and also
in the VASP code based on the projector augmented wave (PAW) method (76-78).

With VASP, the cut-off energy of the plane-wave basis sets was set to 500 eV, with a I'-centered
Brillouin zone sampling (see Table S1). Different k-meshes were used in order to control the
computation time. For highly symmetrical and smaller unit cells as for [ThOz] and 8-[UOs], we
always used the better k-meshes. For the other phases, we also used less k points, namely for the
geometric structure optimization which does not require the full number of k points. For the
single point DOS calculation with PBE or PBE+U, we use a satisfactory bigger k-mesh.
However, for HSE calculation, we have to use a smaller k-mesh because of computing speed
limitations. Some simple tests did show that the quality of the k-mesh had little effect on the
band gaps.



Table S1. k-meshes for all phases.

phace | SPace oiﬁ?nr?fiﬁin DOS DOS DOS DOS
group (PBE) (PBE) | (PBE+U) | (HSE) (GoWo)
[ThO.] | Fm3m | 15x15x15 | 15x15x15 | 15x15x15 | 15x15x15 | 15x15x15
P3ml 9x9x6 9x9x6 | 9x9x6 | 9x9x6 | 9x9x6
a-[UOs] | Comm | 10x10x8
C2 9x5x8
B-[UOs] | P2, 7x3x3 9x3x5 | 9x3x5 | 5x2x2
(U0, |_Fddd 5x5%5 5x5x5 | 5x5x5 | 2x2x3
14, 5x5x7 5x5x7 | 5x5x7 | 2x2x2
1-[UOs] | P2:12121 | 7x7%5 9x9x7 | 9xOx7 | 4x4x3
5[UOs] | Pm3m | 9x9x9 | 1Ix11x11 | 11x11x11 | 1Ix11x11 | 1Ix11x11
x[UOs] | P63mmec | 9x9x4 | 11x11x5 | 11x11x5
y-[UOs] | Fm3m | 9x9x9 | 13x13x13 | 13x13x13 | 9x9x9
2-[U0s] | Pm3n 7x7x7 | 1Ix11x11 | LIxIIxI1 | 9x9x9

With AMS-BAND, localized NAO and STO basis sets of TZ2P quality were used with a frozen
mall-core. For the molecular calculations, all-electron STO basis sets of TZ2P quality (79, 80)
were used. The convergence criterion of the electronic SCF steps was set to 1x10° eV. The solid
geometry optimizations were done by a conjugate-gradient algorithm at the scalar-relativistic
SR-PBE level. The ionic steps were converged for Hellmann-Feynman forces less than 0.01
eV/A.

VASPKIT (87) was used for Generating input files and post-processing in VASP calculations.
Band structures from HSE and GoWy calculations were produced by Wannier function
interpolation using Wannier90 (82). Mulliken population (83), Inverse Crystal Orbital Bond
Index (ICOBI) (84) and Crystal Orbital Hamilton Populations (COHP) (85, 86) analyses were
carried out with the Aathen Lobster-5.0.0 program (87, 88). The VESTA (89) and AMS-GUI
was used to produce iso-surfaces for crystalline orbitals and molecular orbitals.

Section 3. Geometric Optimization

Although PBE+U can describe the electronic structure better than PBE because PBE+U
improves the predicted band gap, becoming closer to the experimental data, we find that the
optimized geometric structure from PBE better agrees with experimental data than PBE+U
(Table S2). Anyway, there is no essential difference. We compare three possible a-[UOz3] phases
from experiment and DFT calculation in Table S3, in our calculation, the structures of P3m1 a-
[UOs] and C2 a-[UQO;3] are almost the same. Structure data for six phases are summarized in
Tabel S4. Structures for six normal phases and two high-pressure stable phases P63/mmc x-[UO3]
and Fm3m y-[UOs] [UOs] phases (/2) are shown in Fig. S1.



Table S2. Lattice parameters for all [UO3] phases and [ThOz], using the conventional cell,
comparing PBE (this work), PBE+U (Brincat (/3) and Wen (48)) and experimental results (/3).

Phase Space Eormula Method Lattice parameters (A)
group |units per cell a(A%)* | b(A%)? | ¢ (A%)®
Exptl. | 4.17 417 417
5-[UOs] | Pm3m 1 PBE |4.16 (-0.2)|4.16 (—0.2)|4.16 (-0.2)
PBE+U®| 420 (0.7) | 420 (0.7) | 4.20 (0.7)
Exptl. 3.97 3.97 4.17
a-[UOs]| P3ml 1 PBE |3.81(—4.0)|3.81(—4.0) | 4.15 (0.5)
PBE+U"|3.85 (-3.0)|3.85 (-3.0)| 4.18 (0.2)
Exptl. 10.34 14.33 391
B-[UOs]| P2 10 PBE |10.78 (4.3)|14.32 (0.0)| 4.10 (4.9)
PBE+U”[10.81 (4.6) | 14.33 (0.0)| 4.19 (7.2)
Exptl. 9.79 19.93 9.71
v-[UOs]| Fddd 32 PBE | 9.86(0.7) |20.17 (1.2)] 9.85 (1.4)
PBE+U"| 9.94 (1.5) |20.68 (3.8)] 9.93 (2.3)
Exptl. 6.90 6.90 19.98
v[UOs]| 14 16 PBE | 6.97 (1.0) | 6.97 (1.0) |20.17 (1.0)
PBE+U®| 7.02 (1.7) | 7.02 (1.7) |20.68 (3.5)
Exptl. 7.51 5.47 5.22
1-[UOs]| P21212: 4 PBE | 7.57 5.54 5.4
PBE+U’| 7.76 (3.3) | 5.56 (1.6) | 5.34 (2.3)
Exptl. 5.60 5.60 5.60
[ThO,] | Fm3m 4 PBE | 5.62(0.4) | 5.62 (0.4) | 5.62 (0.4)
PBE+U®| 5.67(1.3) | 5.67(1.3) | 5.67 (1.3)

“The percentage deviation of computed structural data from the experimentally derived ones.

b Brincat’s work using PBE+U with Uerr = 4.0 eV
“Wen’s work using PBE+U with Uer = 4.0 eV




Table S3. Comparison of 3 possible structures of a-[UOs], from PBE optimizations with
VASP.

Phase a-[UO3]
Space Group C2mm * P3ml C2
# of formula units per cell 1 1
# of U-O bonds 8 8 8

2x2.074 2x2.075 2x2.075
2x2.105 6x2.247 2x2.217

U-O distances

(in A)
4x2.365 4x2.262
Average 2.23+0.2 2.21+0.1 2.20+0.1
0-U-O Angle (degree) 90 78.0 77.6~78.6
Energy per unit (eV) —37.72 —38.04 —38.04

¢ with an imaginary frequency

Fig. S1. Structures of 8 phases, optimized by PBE. (A) a-[UO3], (B) B-[UOs], (C) 141-y-[UO3],
(D) 1-[UOs], (E) §-[UOs], (F) P6s/mmc x-[UOs] at 80GPa, (G) Fm3m y-[UOs] at 80GPa, (H)
[ThO-].
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(G) y-[UO,] (80 GPa)




Table S4. Structure data for one [ThO:] and five [UO3] phases: Phase name, space group,
atoms per unit cell, number of atoms per atom type, coordination number CN, metal-O bond
distances in A (the short uranylic ones < 2 A are highlighted in blue). From quantum-chemical
scalar-relativistic Kohn-Sham-PBE optimizations with VASP.

Phase | 5-[UOs]| a-[UOs] B-[UOs] y-[UOs] [1}16)3] [ThO:]
Space group | Pm3m P3ml P2, Fddd/14, P2,2:2; | Fm3m
units/cell 1 1 10 8 4 1
atom type | Ul Ul ult | vzl us | ua | vt | v2]| ul Thl

# type/cell 1 1 2 4 2 2 4 4 1 1
# M-O 6 8 6 6 6 6 6 6 7 8
Strut. Motif [, [(=0=U=0=) NN
. U0 6o, (20=U=0=)-4(«—0-) Th(-0-)s
196 | 1.80 | 1.79 1.88
L84 503 | 181 | 1.80 [PX182[2XLALE g,
2.11
6x2.08 | 2x2.08 2x2.12
distances : 330
. A .
(in A) 6x2.25 |2x2.32 2x2.28 23234\ 00| 224
2x2.35
2.32
2x2.41 244
2x2.47 2248|550 Sa7 | 8243
221 | 208 | 218 | 222 | 221 | 212
Average 2.08 2.21 221 2.43
2.15 2.17

@ Here, U=0 indicates a short ‘triple’ bond = 1.8 to 1.9 A; U=0 indicates a ‘double’ bond = 2.1
A; Th-O indicates a ‘single’ bond 2.3 A or longer.

Section 4. Effect of SO Coupling on Band Gap and Band Structure

Here, we discuss the energies of the valence band Maximum E(VBM), of the conduction band
minimum E(CBm), the respective energy gap AEg,,, and their changes Agpc from the SR
approximation to the more realistic SO coupled level. We define:

AE 4, (SR) = ESF™ — EGg™ > 0
AE 44, (SOC) = ESGE — Egpel > 0
AsocE(VBM) = Eg5¢' — EgR™ > 0
AsocE(CBm) = E6T — EGR™ < 0
AsocAE gap = AE 5, (SOC) — AE 30,y (SR) = AgpcE(CBmM) — AgocE(VBM) < 0




Table S5. Calculated band gaps (in eV) of several [An-5f° Q23] phases, at various DFT levels
(PBE, PBE+U, HSE, GoWo@PBE), scalar-relativistic approximation and with spin-orbit
coupling (+SOC), using VASP, at the bottom compared with the experimentally derived value
(Exptl.). Blue calculated values are too small by more than =% eV, red values are too large by
+/2 €V (A in parentheses is the calculation error). AgocAE 4y, is the reduction of the band gap due

to SOC.

phase 5-[UO3] | a-[UOs] | B-[UOs] | y-[UOs] | y-[UO3] [-[UOs]| [ThOs]
Space group Pm3m | P3ml P2, Fddd 14, |P212:21| Fm3m
167 | 168 | 144 | 189 | 189 4.45

PBE (A=0.5)|(A=1.0)| (A=—0.7)| (a=—0.5)|(a=0.5)| 171 |(a=1.4)
075 | 131 | 098 | 146 | 146 435

PBE+SOC | A~ 1 4y |(a=—1.4)|(A=—1.2)| (a=0.9)| (A=0.9)| ¥ |(a=125)
225 | 197 | 234 | 279 | 279 4.83

PBEYU ami0.n)| (A= 0.7 | (a=+0.2) [ (a=+0.4) | (a=+0.4)| 270 | (a=1.1)
126 | 149 | 177 | 237 | 237 474

PBEXUFSOC | 0 0)|(a=1.1)|(A=0.4)| (a=0.0) [ (A=0.0)| 21> |(a=12)
326 | 296 | 3.14 | 3.68 | 3.69 6.15

HSE (A=11.1)| (A=10.3)| (A=+1.0)| (A=+1.3) [ (a=+1.3)| 300 | (A=r0.3)
228 | 242 | 261 | 323 | 323 6.03

HSEFSOC 1 a—10.1)| (A=-0.2) [ (A=+0.4) | (A=10.8)| (A=+0.9)| >0 | (a=+0.1)
336 | 3.26 6.12

GoWo@PBE (A=+1.2)|(A=+0.6) (A=+0.2)
224 | 267 6.01

GoWo@PBEFSOC] (\ 16 1y | (A=+0.0) (A=+0.1)

Exptl. 217 | 263 | 217 | 238 | 238 5.75~6.00
AsocBEgqy | =10 | =05 | =05 | =04 | ~04 | ~0.5 | =~0.1

As shown in Table S5, different methods significantly affect the band gaps, but all show similar
AsocAE gy, for a given phase. The different software AMS-BAND and VASP also show similar
AsocAEgqy, (Table S6). We display Agoc E(CBm), AsocE(VBM), the total reduction of the band
gap by SO coupling, AgocAEyqy,, and the AO populations at the VBM, from the DFT-PBE
calculations of the a-, B-, y-, n-, 8-[UO3] and [ThO:] phases in Table S7. A part of the SO
induced band gap reduction AgocAE g, of the current [AnO»;3] phases is due to the SO splitting
of the An-5f dominated conduction band minimum CBm (0.25 to 0.3 eV for [UOs], 0.42 for 6-
[UO3], <0.1 eV for [ThOz]). That is understandable in terms of the overall atomic SO splitting of
about 0.8 for U-5f (and also for U-6d, see Tables S13-S14), which is reduced by the lower
symmetry of the atoms’ environment in the crystal. Concerning the O-2p dominated valence
band maximum VBM, its rise due to SO splitting is typically about 0 to 0.2 eV. This may be
understood as due to the donation of the O-2p pairs into the formally empty U-5f6d valence shell.
However, the SO induced rise of the VBM of 0.5 eV for 6-[UO3] comes as a surprise. Below we
trace it back to the usually missed antibonding U-6p semi-core admixture to the upper O-2p

valence states. We note that the U-6p semi-core SO splitting is an order of magnitude larger than
the U-5f and 6d SO splitting (see Table Tables S13-S14).



Table S6. Comparison of VASP and BAND software. Band gaps AE,),, and reductions by
spin-orbit coupling SOC AgocAE .y, in €V,

phase a- B- | Fddd y- | 141 y- - 8- Fm3m
software [UOs3] | [UO3] | [UOs] [UOs3] | [UOs] | [UOs] | [ThO3]
Space group | P3ml1 | P2, Fddd 14, |P212:2;|Pm3m| Fm3m
AE PBE 1.68 1.44 1.89 1.89 1.91 1.67 4.45
VASP 99v | pPBE+SOC| 1.31 0.98 1.46 1.46 1.38 0.75 4.35
AsocAEgqp —-04 | —0.5 0.4 —0.4 —0.5 —0.9 —0.1
AMS. |AE PBE 1.59 1.36 1.81 1.81 1.84 1.58 4.41
BAND 99P | PBE+SOC| 1.26 | 0.99 1.46 1.51 1.37 0.71 4.41
AsocAEgqp —-03 | 04 —0.3 —0.3 —0.5 —0.9 0.0

Table S7. Breakdown of energy changes (in eV) due to spin-orbit coupling (SOC) for the six
different An(5f6d)’-oxide phases: AsocE(CBm) and AsocE(VBM), and the total reduction of the
band gap by SOC, AgocAE 4y, from SOC calculations. The An-np core+valence, the An-5f and
the An-6d valence AO populations at the VBM, from scalar-relativistic calculations. Kohn-Sham
DFT-PBE approximation, VASP code.

Oxide Phase | 8-[UOs] | a-[UOs] | B-[UOs] | y-[UOs] | n-[UOs] | [ThO,]
Space group Pm3m | P3ml P2, | Fddd/14, | P2:12121 | Fm3m

BsocE(CBM) /1 45 | 030 | —026 | —024 | 031 | —0.05

eV
ASOCEe(\ZBM) / +0.50 +0.07 +0.20 +0.19 +0.22 +0.05
An-np at VBM 12% 3% 7% 6% 5% 5%
An-5f at VBM 12% 1% 13% 14% 10% 6%
An-6d at VBM 0% 1% 1% 1% 1% 1%

AsocAEgap/€V | —092 | —037 | —0.46 | —043 | —0.53 | —0.10

The AO populations at the VBM are very similar from PBE(SR) and HSE(SR) calculations
(Table S8). In order to distinguish U-6p semi-core anti-bonding and U-7p valence-Rydberg
bonding admixtures, a LOBSTER band analysis was performed on the VASP crystal wave-
function (Table S10): there is a 5.4% U-6p admixture at the VBM of 3-[UQO3] what is expected to
contribute up to %4 eV spin-orbit energy raise. We can even directly see the anti-bonding
character of O(2p)-U(6p) at VBM (Fig. S2).

We have carefully tested the different basis functions sets used in LOBSTER. The LOBSTER
prescription appears to work better. We find that both the inner semi-core U-6p and the outer
semi-Rydberg 7s,7p basis functions are important for the valence shell. Even the U-6s*-core
orbital has lost ca. 4 e due to the Pauli-restricted overlap interactions with the six neighbor
formal O?"-2p® ligands, and the U-6p®-semi-core shell has lost ca. ¥ e. The poly-centric nature of
0-U-O bonding appears also to mix in diffuse U-7sp hybrids (Table S9). The AO population
results for the VBM of 6-[UO3] from LOBSTER and VASP are consistent (Table S10). We also
performed an ICOBI analysis for the U-O bonding in 6-[UO3] (Table S11).
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Table S8. 6-[UO3s] at the VBM, I' point: Mulliken populations of atomic U-s,p,d,f orbitals
from SR-VASP calculations with PBE vs. HSE density functionals.

CO Crystal Orbitals || AO — U-s U-p U-d U-f
Density Functional — | CO type| | PBE|HSE | PBE |HSE | PBE |HSE | PBE |HSE
U-5f Ty 0.0510.04 0.61|0.64
U-5fToy virtual 0.7810.81
U-5f Ao 0.97(0.97
O-2p/U-6p Tiu 0.12]0.12 0.12]0.12
O-2p/U-5f Tau valence 0.2410.21
O-2p/U-5f Tu 0.01(0.01 0.36(0.36
0-2s/U-Ts Aig 0.06|0.06
0-2s/U-6d E, semi-core 0.13]0.13
U-6p T1u ¢ 0.8810.88
U-6s Aig core [0.98(0.98

“ The ‘degeneracy-driven bonding and anti-bonding’ orbitals of U-6p/O-2s type appear at the R
point. At the I point, there are three degenerate U-6p orbitals.

Table S9. Atomic orbital Mulliken populations of 6-[UOs] from Kohn-Sham calculations
(VASP and AMS-BAND), using the AMS-BAND and LOBSTER analyses. Different basis
functions were compared and we found 7s and 7p basis function can improve the results in
Lobster.

Atom Shell BAND |LOBSTER |[LOBSTER |LOBSTER|LOBSTER

code (7s,7p) (7s,--) (--7p) (=)

6S 2.09 1.74 1.94 1.98 1.99

6P 5.99 542 5.94 5.49 5.94

SF 2.77 2.22 222 2.22 2.22

U 6D 1.66 1.80 1.77 1.80 1.76
7S —0.41 0.56 0.26 -/- -/-
7P 0.02 0.63 -/- 0.66 -/-

eff.charge +1.88 +1.63 +1.87 +1.85 +2.09

0-2s 1.87 1.82 1.83 1.84 1.85

o O-2p 4.72 4.72 4.79 4.78 4.85
0-3d 0.03 -/- -/- -/- -/-

eff.charge —0.62 —0.55 —0.62 —0.62 —-0.70

Charge spilling ¢ - 1.42% 1.55% 1.48% 1.70%

“Charge Spilling is a measure for the quality of the reproduction of the crystal wave-function by
the restricted atom-centered basis in the LOBSTER software. It should be smaller than 5%, in
the range of 1%.
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Table S10. 8-[UQOs]: The U-7s,6p,7p,6d,5f AO populations of the crystal orbital at the VBM
at the I' point, from VASP-LOBSTER calculations. Gerade U s,d orbitals do not contribute at
the I" point to the O-2p band.

AO |VASP|LOBSTER
U-7s 0 0
U-6d| 0 0
U-5f| 12% 11%
U-7p 6.2%

12%
U-6p 5.4%

Table S11. ICOBI for 6-[UQO3], under 0, 40, and 80 GPa, from VASP-LOBSTER calculations.

ICOBI

Pressure / GPa 80 40 0

U-O length/ pm 189.2 196.3 208.1
6s-2s 0.000 0.000 0.000
6s-2p 0.013 0.009 0.006
7s-2s 0.062 0.059 0.053
7s-2p 0.024 0.028 0.034
6p-2s 0.001 0.001 0.000
6p-2p 0.036 0.027 0.017
Tp-2s 0.057 0.065 0.074
Tp-2p 0.047 0.049 0.052
6d-2s 0.164 0.153 0.133
6d-2p 0.398 0.398 0.392
5f-2s 0.058 0.047 0.033
5f-2p 0.432 0.442 0.460
total 1.292 1.278 1.254

Fig. S2. 8-[UO3] iso-surfaces of the 3-degenerate T1u type crystal orbitals at VBM, with iso-
value = 0.02 e/A°.
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Section 5. U-6p “pushing from below” and SO splitting in 6-[UQOs3]

Fig. S3. RDF for U and O (A) Top: U atom: Radial orbital density distributions D(r) (in
atomic units; calculated for U®" with ZORA-PBE using ADF) vs. the nuclear distance (in pm).
The outer core closed shells are bold: 6s (dark blue), 6p (green: scalar-relativistic in full; 6p1,»
between 6s and 6p, dark & dashed, 6p32 larger than 6p, bright & dotted). The partially occupied
valence orbitals are thin: inner 5f (blue), middle 6d (black), outer 7s (rose red) and 7p (beige:
scalar-relativistic in full; inner 7pi1» dark & dashed, outer 7ps» bright and dotted). The gray
vertical dashed line indicates the U-O bond length of 208 pm. (B) Bottom: Similar, but without
valence-Rydberg U-7s,7p; instead the orbitals of bonded O in reverse, starting at 208 pm: O-2s
(lilac) and O-2p (red).

(A) 1.2 : |

1.0 +

D(r)

(B)

D(r)
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Fig. S4. Band structure of 6-[UQs3] (energies w.r.t. the lower Fermi edge, in eV). Scalar
relativistic Kohn-Sham PBE approximation. Atomic core bands up to U-6s (only this highest one
shown here) in dark blue; U-6p and O-2s semi-core bands in green and lilac; O-2p dominated
valence band in red; conduction bands: the lowest ones of U-5f character in blue and the higher
U-6d7s dominated ones in black. The U-6p and O-2s semi-core orbitals are strongly mixed; the
O-2p is mixed with O-6d, U-5f and U-6p.

E(eV)

9%x0-2p Valence Band
-10 - i

-20 4 ]
3xU-6p semi-core Band

-30 1 i

-40 1 1xU-6s core Band i

r X M r R X

Fig. S5. Complete pCOHP of 6-[UQOs3] (projected crystal orbital Hamiltonian population, ener-
gies in eV, zero at lower Fermi edge), showing the interactions of U-6s,6p,5f,6d,7s, 7p with O-2p.
The interactions of the filled (semi-)core orbitals 6s and 6p are in bold dark blue and green.

u-o
(208pm)

-1.5 -10 -05 00 05 10 15
-pCOHP
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Table S12. Different overlaps S of a 7p STO function 7pg(r) = N¢-t%-e™*", with the more
compact 6p12 and the more extended 6p3/2 spinor of U at same center.

&(7p) 6p1/2 6p32
1.5 0.112 0.154
2.0 0.281 0.359
2.5 0.485 0.583
3.0 0.676 0.768
35 0.819 0.884
4.0 0.903 0.928

Fig. S6. Partial DOS for 0-[UQO3], from VASP and Lobster calculation.
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The band structure of 3-[UO3] in Fig. S4 consists of four physically distinct sections. Our results
correspond to the common ones, referred to in the introduction, but add some important new
aspects. The four sections are: (i) The horizontal non-interacting core levels lying more than 40
eV below the Fermi edge, the highest one being U-6s. (ii) The weakly valence-active U-6p and
0O-2s semi-core levels leading to hybridized bands, in which bonding and antibonding effects
largely compensate each other, the so-called degeneracy-driven non-bonding covalence.(90) (iii)
The polar-covalent U-O bonding levels due to mixing of formally empty U%"-5f,6d,7s,7p and
formally filled O*-2p valence levels, caused by coordinative donation of O-2p pairs into U
valence shell. (iv) Above the semi-conductor gap of about 2 eV there comes the U-5f dominated

empty conduction band.
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Fig. S7. Phase relations of interacting atomic orbitals at two different k-points in 6-[UQO3].
(A) Left: Translation symmetric I" point: O-pn/U-fr, O-pc/U-fo, O-po/U-po interactions for all 3
equivalent components. In parentheses, the numbers of similarly interacting components at the X,
M and R points. (B) Right: translation anti-symmetric R point: O-pn/U-dn, O-pc/U-do, O-po/U-
so, O-so/U-po with direction multiplicity. In parentheses, the numbers of similar interactions at
the X and M points.

(A) At T(0,0,0) (B) At R(0.5,0.5,0.5)

7y 3 x U-6d/0-2p m-bonding/anti-bonding

. ’b . (2atM,1atXand 0 atr)

2 x U-6d/0-2p o-bonding/anti-bonding
. . . 3 x U-5f/0-2p w-bonding/anti-bonding _ . ' ) (1atM,1atXand0atr)
e '\J (2atX,1atMand 0 atR)
~. 3 x U-5f/0-2p o-bonding/anti-bonding - .
. . . (2atX,1atMand 0 atR) ..
\_\. . .\KJ 1 x U-7s/O-2p o-bonding/anti-bonding
. ) .\ .j"\*. 3 x U-6p/0-2p a-bonding/anti-bonding . P'S
_/ N/ vy \J -

And 3 x pure O-2s core , 3 x pure U-6p core . . .
~ 3 x U-6p/0-2s g-bonding/anti-bonding
o . . (2atM,1atXand 0 atTl)

And 7 x U-5f virtual atom-like orbitals !

The projected crystal orbital Hamilton populations (pCOHP) in Fig. S5 clearly show the different
interactions in sections (ii), (iii) and (iv). Applying a conventional projected density of states
analysis (pDOS, see Fig. S6), it is easy to overlook the U-6p contribution in the valence shell
because of the small amount of U-6p. But U-6p is in fact radially extended enough to interact
with O-2p rather strongly (see Fig. S3). Even though U-6p mixing %age in the valence region is
rather low, it can significantly push the O-2p energy level higher by Pauli-repulsion (see Fig. S5)
and overlap interaction.

In order to demonstrate the two mechanisms for “U-6p outer core to push SO splitting into O-2p
valence”, we perform a frozen-U-6p°-shell calculation (Fig. S8 left) using AMS-BAND, and
compare it with a 6p-in-valence calculation (Fig. S8 right). Apparently, the different Pauli-
repulsions by the U-6p12 and U-6p3/2 do not create the full SO splitting in the O-2p valence shell.
One quarter is due to direct mixing of U-6p into the O-2p band (at the VBM at the I' point; see
Tables S7-9).

Wadt (97) had questioned Tatsumi & Hoffmann’s insight concerning of U-6p influencing the
bond angle of uranyl, because relativistic effective core potentials (RECP) with U-6p® in a frozen
core also predict a linear structure. Obviously, U-6p admixture into the valence shell is not
correctly simulated by his early crude effective core potential model, different U-6p12 and U-
6p32 exert different Pauli-repulsions and cause the mentioned % fraction of SO splitting, largest
at the I' point (1.35 eV of the total 1.76 eV, Fig. S8).
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Fig. S8. Spin-orbit coupled (SOC) and scalar (SR) bands of 6-[UQOs], PBE calculations with
AMS-BAND, energies in eV, with Zero at the lower Fermi edge. Red and blue lines are,
respectively, the SR O-2p valence and U-5f conduction bands; the purple lines are the SOC
bands. The SO splitting of the O-2p band at the VBM at the I point is indicated by a red double-
arrow. (A) Frozen atomic U-6s%6p12%6ps»* cores. (B) U-6s,6p12,32 together with U-5f,6d,7s,7p
and O-2s,2p in the optimized valence shell.

(B)
E(eV)

16x0-2p and U-5f SOC 6 16x0-2p and U-5f SOC
L} I 1 1 = L] 1 T

r X M r R X r X M r R X

-6

Fig. S9. All-electron band structure of 6-[UQOs3], energies in eV, Zero at the lower Fermi edge,
PBE approximation. Left: Scalar (SR) projected bands with O-2p in red, and (enhanced) U-5f in
blue, U-6d in green (U-6p not indicated). Right: SR bands in red (valence O-2p type) and blue
(conduction U-5f type) vs. the SO split bands (all in purple). The SO splitting at the VBM and
CBm are highlighted by red double-arrows.

E(eV)] ' T ' T ] E(eV) | T

7xU-5f SR
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In Fig. S9 and Fig. S10, we compare the projected bands and SO splitting, to verify that O-2p
dominated valence crystal orbitals show a significant SO effect only if admixture of U-6p semi-
core orbitals is admitted. The U-5f,6d,7p SO coupling alone due to the dative O-2p—U-5f,6d,7p
bonding causes a hardly visible SO splitting in the O-2p valence band.

A flat band of non-degenerate pure O;-U-5fxy.-a2u character (upper region of Fig. S10) is the
CBm. The other 6 U-5f type orbitals undergo varying degrees of crystal field splitting, which
competes with SO coupling and reduces the latter. At the I' point, the strong ligand field of Oy
symmetry raises the T1,* and T2y * type U-5f orbitals, which are the anti-bonding counterparts of
the o/m U-5f/O-2p coordination bonds. Therefore, the weakest U-5f SO coupling in the
conduction band is found at I'. In contrast, at the R point, the translation symmetry allows g-type
U-6d/O-2p bonding without u-type U-5f involvement (Fig. S7). Consequently, the conduction
band orbitals are of dominant U-5f character with biggest SO splitting at the near-degenerate R
point.

Section 5a. U-6p Valence Admixture in Various Phases and under Pressure

Figs. S10-S33 show the scalar-relativistic (SR) projected band structures, and the spin-orbit
coupled (SOC) band structures, for all experimentally known and theoretically predicted [UOs3]
phases and for [ThO2], under various pressures (for the experimentally known ones under 0, 40,
and 80 GPa; for the high-pressure phases predicted by Ma et al. ((/2) under 80, 160, and 240
GPa). Our conclusion is that the SOC in the O-2p dominated valence band is determined by the
U-6p semi-core admixture, throughout. The relevance of SOC in the high-pressure phases is
further discussed in Section 7 below.

Fig. S10. Band structure of 8-[UQOs3] at 0 GPa. Left: Projected SR bands, O-2p in red, U-5f in
blue (in the valence band enhanced % 4), U-6p in green (enhanced x 12) (U-6d here not
highlighted). Right: SR bands, O-2p type in red, U-5f type in blue, all SOC ones in purple. The
SO splittings at VBM and CBm are highlighted by red double-arrows. PBE-approximation.
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Fig. S11. Band structure of 8-[UO3] at 40 GPa. See the legend of Fig. S10.
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Fig. S12. Band structure of 8-[UO3] at 80 GPa. See the legend of Fig. S10.
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Fig. S13. Band structure of a-[UQOs3] at 0 GPa. See the legend of Fig. S10.
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Fig. S14. Band structure of a-[UQO3] at 40 GPa. See the legend of Fig. S10.
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Fig. S15. Band structure of a-[UQO3] at 80 GPa. See the legend of Fig. S10.
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Fig. S18. Band structure of -[UOs3] at 80 GPa. See the legend of Fig. S10.
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Fig. S19. Band structure of y-[UQOs3] at 0 GPa. See the legend of Fig. S10.
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Fig. S20. Band structure of y-[UQO3] at 40 GPa. See the legend of Fig. S10.
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Fig. S23. Band structure of n-[UQO3] at 40 GPa. See the legend of Fig. S10.
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Fig. S24. Band structure of n-[UO3] at 80 GPa. See the legend of Fig. S10.
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Fig. S25. Band structure of [ThOz] at 0 GPa. See the legend of Fig. S10.

E(eV) T ' | - E(eV) S
6 *ﬂb ‘\ P——— <
R ——
N ’- o= =
4 CBm ] 4 CBm 0-2p and Th-5f SOC|
2 - . 24 4
Fermi—----------------------VBM --------------------------- -1 Fermi- VBM —
-2 4 E 24 ]
-4 s -4 4 _
| 6x0-2p SR
-6 - B -6 - -
-8 T T T T T -8 T T T T T
r XUIK r L w X r XUIK r L W X

E(eV) ] !
4 - CBm

Fermi 4 e MBM -
-2 4

4




Fig. S27. Band structure of [ThOz2] at 80 GPa. See the legend of Fig. S10.
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Fig. S28. Band structure of P63/mmc x-[UQs3] at 80 GPa. See the legend of Fig. S10.
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Fig. S29. Band structure of P63/mmc x-[UQOs3] at 160 GPa. See the legend of Fig. S10.
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Fig. S31. Band structure of Fm3m y-[UQs] at 80 GPa. See the legend of Fig. S10. Bottom:

HSE density functional instead of PBE.
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Fig. S32. Band structure of Fm3m y-[UOs] at 160 GPa. See the legend of Fig. S10. Bottom:

HSE density functional instead of PBE.
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Fig. S33. Band structure of Fm3m y-[UOs] at 240 GPa. See the legend of Fig. S10. Bottom:
HSE density functional instead of PBE.
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Section 6. From Molecular U(OH)s to Solid 6-[UQOs]: SO Coupling vs. Crystal Field Splitting

In this section, we apply a simple molecular model to better understand the relation between
crystal field (CF) and SO Coupling (SOC) effects around the U atom. In general, a group of
degenerate orbitals such as U-6p,5f,6d is split by a low-symmetry CF, and also by SOC, but the
two perturbations interfere with each other. We define the level splitting changes by ligand field
(CF) and SO coupling (SOC) as:

_ pmax min
ACFE — Lcr T EcF
—_ pmax min
ASOCE — Lsoc — ESOC
_ pmax min
ACF+SOCE - ECF+SOC — LECcF+soc

AsocAE = AcrisocE — AcrE

P-Levels: In cases of high geometric symmetry, such as O, for U in the 6-[UO;3] phase, the
degeneracy of p-states is not lifted by the CF, and the SOC is not attenuated in the crystal lattice:

AsocAE = AcrisocE = AsocE

while the degeneracy of d- and f-states is broken. l.e. in 3-[UQOs] the bare-atom like triply-
degenerate semi-core 6p and the 6p-mixed valence orbitals keep their full SOC despite the CF
(Fig. S34A), which may only shift the levels. In contrast, D4 and lower symmetries of the other
[UOs] phases restrain the SOC splitting (Fig. S34B).

Fig. S34a. Sketch of atomic p-levels, shifted and split by a crystal field (CF) and by spin-orbit

coupling (SOC) with parameter 4. (A) Top: O, symmetry (e.g. [U(-O-)s] type), CF parameter €.
(B) Bottom: weak symmetry breaking CF of strength §(D4), e.g. [U(=0)2(:-O-*)4] type.
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Concerning the SOC of an atomic p-level, we choose as basis (px - B, Dy - f, P, - @), yielding
the SOC-Hamiltonian matrix:

~ [0 i -1
HSOC :E —i 0 —l
-1 i O

with eigen-solutions E; = —A for (1,—i,1)"/v3 and E;3 = +4/2 for (1,i,0)t/v2, and
(—1,i,2)t/V/6 (in general 4> 0 for 1-electron p-levels).

The Hamiltonian matrix for a D4, CF perturbation along the z-axis is:

% 0 0
2
0 0 -1

where & means the overall shift by the totally symmetric component of the CF. The resulting
eigen-values of Hp + Hgq are:

El =£+1/2(A+6) (E3/2u)

1
Ez3=e—7, [(8 +2) +/982 — 654 + 9,12] ((E120)
E4, E,, and E; as a function of §/4 are shown in Figure 35a.

For a weak CF in comparison to strong SOC, |6| < A4, this can be approximated and simplified,
to order O(|48]), by :

1 1
E1,2:8+Eli26
E3=£—A

The splittings by pure SO coupling, and by a pure CF are, respectively, 3/2:4 and 3/2-68. Strong
SO coupling reduces a small Dy, CF splitting from 3/2 6 to about 1 6 .

Vice versa for small SO coupling in comparison to a strong CF, A < |6, the eigenvalues can be
approximated and simplified, to O(4), by :

E., —eti5+s
ab = ETHOES

E.=¢—6
In the case of a strong Dy, CF, the pure SO splitting of */2-4 is reduced by about 1-1 .
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Fig. S34b. Sketch of atomic d and f levels, shifted and split by an Oy, crystal field (CF) and by
spin-orbit coupling 4 (SOC). (A) Top: d-levels, CF parameters € and 9. (B) Bottom: f-levels, CF
parameters €, 01 and 02.

(A) 5%D strong O, -CF: 6 >>A

E :3/25 G,, :3/25
g 32g
A E =[5/2:6 AirisocE =
............................................................... 5/2-5 + 1/2.,\0
£ E, :1-8+A
DS/Z rmet 1')‘0 29 D 3/2:2,
A _E=|5/2-A — b T : =6 _Lt A AE=1/2:A,
A D: - % G,y i =G - 1/2,

D, :-&-3/24,

Free(SOC) <30C Free(SR) _dCF CF(SR) _#S0¢_ CF(SOC)

(B) 7xF strong O,-CF: &, ,>>A,

E, :5,+3/2

_Tiaz__ﬂ..,.....,.....................f..QZ{:.E;:'.:'.Z'.".}'ASOCAE =3/2-A,
G,, :0,-342A,
A,E = 61 * 52 AcrisocE =
............................................................... G,,, : 1744, 5, + 6.4 32
—_—— - — T34,
F,,:—&e+3/2:4, £ Tt 0 Eyp i = 124,
ASOCE =17/2 ']lF =F-__—£— Agu - 61 Egp -9,

F,:—&g-2A

D Levels: d and f levels are split already by the high-symmetric O, CF. The d levels are found in
the textbooks (e.g. (92)), where €, A and & now refer to the SOC and O;-CF parameters of the d-
orbitals (assuming the approximation of same radial orbital functions for the different states):

E1=£—8+A (ES/Zg)
3 5
E2=£+56+Za (63/29)

1 5
E3:£—6—El—za (Gg/zg)

with a=.8%+2/56A+22 —(6+1/54)

E4, E,, and E; as a function of §/4 are shown in Figure 35b.

34



For strong CF and weak SOC, A4 «< |48,
3
E1=£+28 (GS/Zg)

EZ =e—0+4 (ES/Zg)

1
E3=¢-6 —El (G3/29)

that is, the atomic SO splitting of 5/2-A is reduced to 3/2-A for the spatial triplet (E2[Espg] &
E3[G32¢]), while the spatial doublet (E1[G3n2g]) 1s not split at all.

For strong SOC and a weak CF, |6| < 4,
Ei=2+3/28 (G324)
E;=A-6 (Es)z4)
E3 =-3/24—8 (G3/24)-

F Levels: f levels in an O, CF were considered by Atanasov et al.(93, 94), where CF parameters
€, 8, and &, occur:

E1 =&+ 62 + 3/21 (El/Zu)

5, 1. 1 [,

Era=e+— — Ao 8" =284+ (7/2 D% (G3/20)
6, 1. 1 [,

E3,5=£——2 _Zlii 61" — 6.4+ (7/2-2)? (Es/2u)

E,, E; 4, and E3 5 as a function of §/4 are shown in Figure 35c.

For strong CF and weak SOC, 4 < 84, 65,

31
Ei=¢+96; +7 (E1/2u)

31
E;~&e+8; — Y (G3/24)

A
E;~ ¢ 3 (Es/2u)

A
E,~ &+ 1 (G3/24)

Es~&—8; (Espu)

Figures S35a-S35d show the full variation of the energy splittings jointly caused by CF and SOC
for the P, D and F shells. Obviously, the quenching influence of the CF on the SO splitting
increases from the atomic p-orbitals to the d-orbitals and more so to the f-orbitals.
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Fig. S35a. Orbital energy levels of an SO split P-shell (SO splitting energy parameter 4, whose
value is fixed to 1) in a Dy, crystal field (CF splitting energy parameter 6). Left: The 3 levels in
Blue, Green (2xEi/24,) and Red (1xE3u). The energy levels without SOC are in Black (dashed):
Az and Ey, become degenerate for zero Dy, CF (T, at Oy symmetry). Right: Energy shift due to
SOC in the CF, AgocAE, between the two limits, 1.5 4 for zero D4, CF, and 0.5 A for large CF.
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Fig. S35b. Orbital energy levels of an SO split D-shell (SO splitting energy parameter 4,
whose value is fixed to 1) in a Oy crystal field (CF splitting energy parameter §). Left: The 3
levels in Blue (2xGgz/2g), Green (2XG3jg) and Red (1xEsjpg). The energy levels without SOC are
in Black (dashed): T2, and E; become degenerate for zero O, CF. Right: Energy shift due to
SOC in the CF, AgocAE, between the three limits, 2.54 for zero O, CF, A4 for large CF (8<0) and
0.54 for large CF (8>0).
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Fig. S35c¢. Orbital energy levels of an atomic SO split F-shell (SO splitting energy parameter 4,
whose value is fixed to 1) in an O crystal field (CF splitting energy parameters &, and §,). Left:
The 5 levels, 2 x G3/2y in Blue and Green, 2 X Esp, in Pink and Yellow, and 1x Ejpy in Red. The
energy levels without SOC are in Black (dashed): Azu, Tiuw and T2y become degenerate for zero
Oy, CF. Right: Energy shift due to SOC in the CF, AgocAE, between the three limits, 3.54 for
zero Oy, CF, 1.54 for large CF(6>0) and 0.754 for large CF(6<0).
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Fig. S35d. Orbital energy levels of an SO split F-shell in an O crystal field (SO splitting
energy parameter 4; CF splitting energy parameter §; and &, ). Left: The more common
“positive CF” case, A =(1+x), 6 = +1(1 —x)and §, = +2%(1 —x), for x € [-1,1],
indicating the energy splitting from pure CF to pure SOC (comparable CF and SOC for x = 0)
into 5 levels: 2 x G3zpu (Blue, Green), 2 X E3py (Pink, Yellow), and (Espnu) and 1 % Ejou (Red).
Right: The “negative CF” case, A = (1 4+ x), §; = —1(1 —x) and §, = —2%(1 —x) .

(A) &>0 (B) 6<0

39 ] ¢
24 | G

32u

I
1
1
1
1
1
1
I
1
1
1
1
| pure SOC
1
1
1
1
1
1
1
1
1
1
1
[}

1
! i
1 1
! I
1 1
! I
1 1
I
> 04 jpureCF(O) pure SOC = |
B —_— B o1 « —_—
= = I
wi 1 w
-14 :
I -14 |
I 1
b 1
-2 1 : —2 1
1
[ 1
344 |
- -3 1
! 1
: GJ/ZU 1
—4 - -4 1 !
T T T T T T T T T T T T T T T T T T
~1.00 -0.75 —0.50 -0.25 0.00 025 0.50 075 1.00 ~1.00-0.75 —0.50 —0.25 0.00 0.25 0.50 075 1.00
X X

37



For common positive CF and smaller SOC, the upper Tiu f-level is only SO-split by 2Y4/3%% =
0.64 of the free-atomic SO-splitting, while the SO splitting of the middle Tzu f-level remains
negligible.

Coming back to the case of the semi-core U-6p levels, an MO level scheme of O, U(OH)s with
D(U-O) = 208 pm as in solid 0-[UO3] was shown in Fig. S36(A). Semi-core U-6p mixes into the
O-2p dominated valence orbitals, shifting the O-2p/U-5f 3Ty bonding orbitals above the O-
2p/U-6d 2E, and O-2p/U-7s 3Ajg orbitals, which is the well-known effect in molecular U-
compounds called “pushing from below” (PFB). The slightly U-5f bonding 4T, orbital of
dominant O-2p character is also pushed up due to U-6p admixture. The HOMO is 1Tz O-2p, of
weakly O-O antibonding type, and corresponding to its symmetry without admixture of U-spdf.
The corresponding symmetry characters of the crystal orbitals in 6-[UQO3] are shown in Fig. S36B.

Fig. S36. Molecular and solid-state interactions of U with O. (A) Left: Scalar-relativistic
orbital level sketch for molecular octahedral U(OH)s (D(U-O) = 208.1 pm, as in 8-[UO3]; linear
UOH with optimized D(O-H) = 96.8 pm). Scalar ZORA computations at the scalar relativistic
Kohn-Sham-PBE level with ADF. Atomic, and O, molecular, orbital symmetry labels (*
meaning anti-bonding), and orbital energies £ (in eV). The lower-energy atomic-core orbitals up
to U-6s/1A1; are omitted. The atomic orbital admixtures in the U(OH)s molecular orbitals are
indicated by colors and dotted lines: O-2s in brown, O-2p in red, U-6p in green, U-5f in blue, U-
6d in black, U-7s in purple, U-7p in beige. (B) Right: Band structure of 6-[UQOs], from scalar-
relativistic KS-PBE calculations with VASP. The corresponding symmetry characters of the
crystal orbitals in 6-[UO3] and the molecular orbitals in U(O-H)e are displayed.
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Table S13. Energy levels and splitting 45cE by SOC (in eV) of AOs for bare U*", SR- and
SOC-ZORA PBE-DF calculations with ADF.

E/eV AsocE /eV
SR SOC

B P3n | —1541

TP 15.85 Py |=17.05 1.64
7S —-21.81 Sip | —21.77
Dsn | —21.85

6D 22.25 Din | —22.65 0.80
_ F7n | —24.94

5F 25.64 Fsr | -25.76 0.82
B P3n | —43.14

6P 45.50 P, | —51.79 8.65
6S —70.22| Sin | —69.89

Table S14. Energy levels and splitting AgycE by SOC (in eV) of AOs for bare U®*, SR- and
SOC-ZORA PBE-DF calculations with ADF.

E/GV AsocE /CV
SR SOC
Psp —-39.16

7P 40.11 Pis "4 62 3.46
7S -49.58 | Sin -49.53

B Dsp | —55.56
6D 56.24 Dsn | —56.98 1.42

_ F7n | —70.81
5F 71.62 Fs» 7190 1.11

B Psp —83.09
6P 86.07 Pus 9401 10.92
6S |—114.39| Sip |—114.10

The 7 rather pure U-5f lowest CB orbitals of 6-[UO3] at the R-point (6T1u, 3T2u and 2A», at/near
CBm) are nearly degenerate without strong CF splitting (but significant SO splitting see Fig. S8).
In contrast 7 rather pure U-5f dominated CB orbitals at the I'-point of 6-[UO3] (5T1u, 2T2u and
1A2y) are similar to the 7 almost UMOs of U(OH)s in Fig. S36A. The mainly difference between
solid 0-[UO3] and molecular O;-U(OH)s is that there are more electronegative O per U in the
molecule. In our molecular model there is only one-sided interaction by U on each O atom.
Therefore, the pushing up to the VBM is more pronounced in the solid than in the molecule,
making 4T, to be the VBM above 1Tg.

The biggest SO splitting is found in the unperturbed atom without CF (Tables S13-S14). We
studied the SO splitting in the O, molecule at different bond lengths of U-O. Most triply-
degenerate MOs keep their coordinative-dative O-2p/U-51,6p,6d mixture. We present MO level
data (SR & SOC) and AO populations in Tables S15-S16. Contraction of the U-O distances

39



cause more U-6p/O-2p anti-bonding interaction. Remarkably, for larger SO splitting in the
occupied orbitals, there occurs smaller SO splitting in the virtual orbitals. The U(OH)s molecule
has U-6p admixture in the occupied orbitals 1Ty, 2T1uv*, 3T1u and 4Ty (Fig. S37) they exhibit
larger SO splitting for larger U-6p mixing (see Table S16 and Fig. S38). Shorter U-O distances
increase the U-6p admixture into the valence 4T, MO, pushing it up to become the HOMO for
the short distance of D(U-O) = 187.3 pm, lying then above 1Ts. The enhanced PFB by U-6p at
short U-O distances suggests that An-oxides under high pressure may give us new insights into
the semi-core and valence interactions. Similar results will be shown for the d-[UQs] solids under
different pressures in Section 7. In summary, high pressure enhances the U-6p participate in
valence interactions, causing smaller AggcE in the lowest 1T, U-6p semi-core crystal orbital,
but bigger AgocE in the higher O-2s semi-core and the various O-2p valence orbitals.

Fig. S37. U(OH)s molecule with Du-0=208 pm: molecular structures and iso-surfaces for the
T1z(HOMO) and 4 important T1, MOs, with iso-value = 0.03 e/bohr>.

o 0

0, U(OH), T,y (O-2p, HOMO) 4T,, (U-5f,6p/O-2p)

£ 44

3T,, (U-5f,6p/0-2p) 2T,,* (U-6p/O-2s) 1T,, (U-6p/0-2s)

Our U(OH)s SO splitting for virtual molecular orbitals at the normal bond length of 208pm fit
excellently to those experimentally derived results (95, 96), both indicating an SO splitting of
about 0.2 eV and 0.3 eV for the O,-CF-split 5T1,* and 2T2,* levels, respectively. There is a no
such strong CF splitting in U(OH)s (U-O = 208pm) with A = 1.2 eV, and we further confirm
quenching of the f-SO splitting by the CF due to the bond length shortening. We can even see the
CF quenching of the SOC directly in the band structure of 0-[UQO3], from I to R, in the main text
in Fig. 4 right: for the case where the CF becomes weaker (A smaller), and the SOC effect
becomes stronger. When the CF is too strong, for example for A > 3 eV at the I point of 6-[UQO3],
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Table S15. MO levels of Octahedral U(O-H)s molecule with fixed D(U-O) = 187.3, 208.1,
228.9 (in pm) as in 6-[UO3] (and 10% shorter or longer) and linearly arranged optimized D(O-H)
=97.4, 96.8, 96.8 pm, respectively. Scalar (SR) ZORA computations compared with spin-orbital
coupling (SOC) at the Kohn-Sham-PBE level with ADF: Molecular orbital energies £ (in eV),
Symmetry labels, and bonding characterization.

E/eV
Symmetry
187.3 208.1 228.9 MO type
SR | SOC | SR | SOC | SR | SOC | SR | sOC
—0.63 -2.93 —4.53 Eiu
—0.87 -3.32 -4.97 5T1*
—0.68 -3.10 —4.68 G3u
-1.17 -3.63 -5.00 Esu U-5f virtual
-1.33 -3.83 -5.27 2T *
~-1.34 -3.92 -5.43 Giu
244 | 245|453 | —4.63 | —=5.74 | —=5.86 | 1A | Espu
—-6.38 —6.60 —6.79 Ging
—-6.39 -6.61 —6.80 1T1g
—6.40 —6.62 —6.81 Eing 0-2pa weakly
—-5.71 —7.14 -7.35 G3u antibonding
—6.35 -7.31 —7.41 4T,
~7.42 —-7.56 —7.48 Eiu
—7.86 -7.60 -7.51 G32u
-7.88 -7.61 ~7.50 1T
—7.87 -7.62 —7.51 Es/u O_2p7[ Weakly
-9.17 -8.42 —~7.98 Espg bonding
-9.21 —-8.46 -8.00 1T
-9.24 -8.48 -8.03 Gsg
—-9.42 -10.09 -10.78 G3/2u
—-9.64 -10.42 -10.98 3T ?
-10.38 —-11.12 -11.39 Ei2u ,
O-2ps bonding
~11.24|-11.23|-11.91|-11.92{-11.99 | -12.00 | 3A1g | Eing
—13.22|-13.23|-12.70|-12.72|-12.23 |—-12.24| 2E; | Gang
-19.25 —20.45 -21.61 Gsnu .
-20.17 -21.63 -22.78 2T 1u* O-2s semi core
—22.11 —23.18 —23.59 Ei2u | (anti-bonding with
—23.53|-23.52|-23.80|—23.80|—23.84|—23.84 | 2A1g | Eing U-6p and non-
bonding)
—24.11|-24.11|-23.92|-23.92|—23.84|—-23.84| 1E; | Ging
—-26.36 -25.29 2471 Gau ; ;
27.06 26.07 25.69 1Ty, 22| U-6p semi core
-30.60 -30.77 -31.43 Eipe | (bonding with O-2s)
—47.10|—46.97 | -48.65 | —48.55|—49.81|—49.69| 1A | Eing U-6s core

a) Both 3Ty and 4Ty are O-2ps-2px mixed.
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Table S16. MO levels and AO population of Octahedral U(O-H)s molecule with fixed D(U-O)
= 187.3, 208.1, 228.9 (in pm) as in 0-[UO3] (and 10% shorter or longer) and linearly arranged
optimized D(O-H) = 97.4, 96.8, 96.8 pm, respectively. In the middle: Symmetry label and
bonding characterization of selected canonical molecular orbitals. Left side: splitting of the
molecular orbital energies by spin-orbit coupling, AsocE in eV. Right side: some AO %ages of
the MOs at the scalar relativistic ZORA PBE level, all-electron TZ2P basis sets calculations with

ADF.
AsocE/eV Svmmet MO tvpe Admixture | Admixture for| Admixture
187.31208.1 | 228.9 y y yp for 187.3 pm | 208.1 pm |for 228.9 pm
5Thu* 1% O-2ps 13% O-2ps | 13% O-2ps
0 e
0.25 1 049 | 0.56 | 2Ta* U-5f virtual ll‘S(y/: 8_32(11)’ 17% O-2p 20% O-2p
1Az 100% U-5f | 100% U-5f | 100% U-5f
0.02 | 0.02 | 0.02 | 1Ty 99% 0-2p | 99%0-2p | 98% O-2p
O-2pr weakly 5% U-5f; | 10% U-5f;
- 10% U-6p
1.71 | 0.42 | 0.13 | 4Ty, | antibonding 305 Uo7 1% U-6p
°oY-'P 3%U-Tp | 2%U-7p
0.01 | 0.02 | 0.00 1 T2y O-2pr weakly | 18% U-5f 20% U-5f 24% U-5f
0.07 | 0.06 | 0.05 | 1Ty bonding 14%U-6d | 14%U-6d | 14% U-6d
23% U-5f; 15% U-5f; 8% U-5f;
a) B 5 )
0.96 | 1.03 | 0.61 | 3T, 02 8% U-bp | 6% U-bp | 6% U-6p
3A1g bonding 0% U 0% U 3% U-7s
2E, 15% U-6d 14% U-6d 12% U-6d
34% U-np 40% U-np 30% U-np
2.86 | 2.73 | 1.98 2Tu* 28% O-2s 36% O-2s 50% O-2s
O-2s semi 14% O-2p 5% O-2p 1% O-2p
core (anti- o . o . o .
bonding with 81% O-2s 80% O-2s 80% O-2s
2A1 3% O-2p 2% O-2p 1% O-2p
¢ |U-6p and non- o o .
bonding) 13% U-ns 11% U-7s 6% U-ns
0 _ 0 -
1Ee %025 | u'Ves | 29 Ued
0 - 0 =
U-6p semi 36% U-np 44% U-np 60% U-np
424 | 548 | 6.72 1T core (bonding | 51% O-2s 43% O-2s 33% O-2s
with 0-2s) | 4% O-2p 3% O-2p 1% O-2p
89% U-6s 96% U-6s 0
1A, U-6s core 9% O-2sp 1% 0-2p 99% U-6s

a) Both 3Ty and 4Ty are O-2ps-2pz mixed.
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Fig. S38. Spin-orbit splitting of the T1u molecular orbitals versus the U-np admixture.
Octahedral U(OH)s with three different U-O distances. Correlation line: AgpcE/eV =+ 0.1-U-np

(in %) R?=0.95 (without intercept).
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the SO splitting is quenched, and we may neglect the 0.02 to 0.03 eV of SO splitting for all U-5f

mixed orbitals. We note that the SO splitting of O-2p is of the same order. In U(OH)s, for
occupied Ty molecular orbitals, we found a positive correlation between the SO splitting energy

and the U-6p % admixture, shown in Fig. S38.

In Tables S17 and S18, we further confirm that a slight change from O structure to a stretched or
compressed Dy, structure (while keeping the average bond length) will significantly reduce the SOC.

43



Table S17. MO levels for vertically compressed uranylic D4, symmetric Oy, and vertically
stretched D4, complex-molecule U(O-H)s, with linearly arranged U-O-H, with optimized D(O-H)
for fixed D(U-O). Computations at the scalar and SOC relativistic ZORA Kohn-Sham PBE
levels with ADF. Molecular orbital energies £ in eV, internuclear distances in pm. As Pyykkd’s
paper (97) shows, optimized Raxial and Requatorial have a nearly linear relationship. Therefore, we
can keep the average bond length at 187 pm for the two Dy structures: 4*182 pm + 2*197 pm
and 4*192 pm + 2*177 pm.

E/eV MO symmetry
Stretched uranyl CoLan;;e}fls ed
U-Ouy: 2%197 ,
o On symmetric U-Oax: 2*177
U-Ocq: 4182 | (1.0: 6%187 | .0y 4%192 O Da MO type
1o +H10 a
Mean:187 -5
-5 Mean: 187_|_10
SR [ soc [ SR [ soc [ SR [ soC | SR [soC | SR [soC
- —0.72 —0.63 | —0.56 Eiou « |_Eiu
093 =071 | -0.87 068 0-79 060 | 5T G E* B
—0.78 | —0.56 ' -1.04 | —0.81 72 An* | B
~1.18 | -1.13 —1.17 | —1.46 | -1.42 Espu | Bow* | Esnu U-5f virtual
- —128 | -1.33 | - —1.13 | 2Ty* « | B
138 0 1.34 | -123 5% Gy | E*
243 | 244 | 244 | 245 | 243 | 244 | 1A% | Espu | B | Esou
—6.77 | -7.07 - —5.92 | —5.46 Ax | Ein
605 347 | —6.35 571 o6 =588 | 4Ty G £ | B
' —5.84 742 ' ~7.15 Einu " | Eu 0-2p. weakly
_ —6.07 _ _ —6.43 Ezne antibonding
008 =00 | —6.30 | 638 | % a4 1T)g Gz | Ee Eine
—6.77 | -6.77 —6.40 | —6.03 | —6.04 Eine | Ase | Eing
3 —7.44 B B -7.93 Espu
738 o1 | —7.88 | 786 | B0 sy, | O | B TR,
—8.40 | —8.38 -7.87 | =7.40 | -7.39 Espu | Bow | Eaou .
o4 |0 917 | g g 077 Esne | p | o O-2pxweakly bonding
' 916 | -921 | _,, ' 983 | 1Ty | ¢ | Eung
—9.88 | —9.88 ' —8.59 | —8.60 22 By, | Eane
—9.70 | -9.57 - —9.46 | —9.50 A | Einu
g7g | 29:60 | —9.64 942 995 |9:83 | 3T, G £ | B
0 [-1038 -1038 | 777 [-10.39 Eiou * | Eu 020 bondin
—11.07 | —11.07 | —11.24 | —11.23 | =11.13 | =11.12 | 3A1s | Eise | Ate | Eine Po &
—12.84 | -12.84 | - ~13.92 [ -13.91 Az | Eing
1379 1379 222 | BB 066 1267 2P | O Bl | Eine
—20.04 | -19.16 —20.48 | —19.53 Ax* | Einu
— - ~19.25 — « | G
20,30 240} =20.17 20,10 212 | 2Tw B [ 0-2s semi core
—22.09 —22.11 —22.10 Eiou Evs | (ani-bonding with U-
—23.06 | -23.07 | -23.53 [ ~23.52 [ ~23.30 [ -23.30 | 2Ay, | Eine | Aip | Einy | andnon_ﬁondin)
4t —aant] . [ass a8t [ o [Aw | Eus |7 s
—24.63 | —24.63 ' [ -23.62 | —23.63 8 22 1 B, | Eane
—25.58 | —25.51 9636 —28.89 | =31.02 U Az | Einu U-6p semi-core
57gp | Z27:20 | -27.06 T e 122889 1T | | | Ean (bonding
7 1-30.86 —30.60 “%-26.98 Eiou " | By with 0-2s)
~47.16 | —47.03 | —47.10 | —46.97 | ~47.17 | -47.04 | 1Ai; | Eing | Aie | Eine ngrfso‘;‘iig

a) Both 3Ty and 4Ty are O-2ps-2px mixed.
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Table S18. The energy level splitting AgocE of MO by SOC (in eV) for Vertically compressed
uranylic D4, symmetric O;, and vertically stretched Ds, complex-molecule U(O-H)s with
linearly arranged U-O-H, with optimized D(O-H) and fixed D(U-O).

AsocE/eV
Stretched Compressed
Uranyl On uranyl Sym-
U-Oq: 2x197 | symmetric | U-On: 2*177 | oy MO type
U-Ocq: 4x182 U-O: U-Ocq: 4*192
%k
Mean:187+10 6187 Mean:187 5
-5 —10
5T1u>l<
0.23 0.25 0.24 2T * U-5f virtual
1A2u
0.88 1.71 1.15 4Ty, O-2px weakly
antibonding
0.73 0.96 0.39 3T1® O-2ps bonding
O-2s semi core (anti-
2.67 2.86 2.60 2Tw* | bonding with U-6p and
non-bonding)
U-6p semi core
3.01 4.24 2.82 1T (bonding with O-2s)

a) Both 3Ty and 4Ty are O-2ps-2px mixed.

Section 7. SOC in High-Pressure Phases

The phase transitions and electronic structures of actinide solids under high pressure are an
important and active research field. [UOs] under high pressure has been discussed in detail (72,
13). the a-phase is the most stable among the common ones at all pressures. However, there are
three new phases predicted to be more stable under very high pressure, with space groups
P6smmc, Fm3m and Pm3n, here referred to as x-[UOs], y-[UO3] and z-[UQs] respectively.

For these 5f%-actinide oxides (and for most other materials), the general rule is that the band gap
decreases for high pressure, eventually becoming metallic conductors. For the a- and 9-[UO3]
and [ThO:] phases, the geometric structures and coordination numbers of An do not change
under pressure. We see that an increasing pressure increases the PFB with increasing U-6p
mixing into the O-2p band at the VBM, thereby enhancing the SO splitting of the valence band
(see Table S19). For example, a-[UO3] at 0 GPa, we see in the projected band Fig. S13 (left) that
some bands with some more U-6p admixture (green color) still lie under the VBM level.
Although these bands have important SO splitting, it still does not have an influence on the VBM
level or the size of the band gap. However, at higher pressures, the increasing U-6p mixing
pushes those bands up close to or even beyond the original VBM (Figs. S14-S15 left). Thereby
the significant SO splitting originating in the U-6p admixture changes the energy values of the
VBM and the band gap.
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Remarkably, for the VBM of the -, y- and n-[UOs] phases, the conclusion is the opposite (see
Table S19). Although higher pressure in deed pushes more U-6p admixture into the VBM orbital,
the SO splitting becomes smaller! Apparently, this is because there is a very big structure change
and change of coordination number of U under pressure; CN increases form 6 or 7 to 8-12. The
stronger and lower symmetric CF at higher pressure quenches the SOC at the VBM.

Table S19. Orbital energy level changes by SOC, AggcE/eV, at CBm and VBM, for different
phases of [UO3], and for [ThO:], the An-np and An-5f % contribution at VBM, the SO change of
the gap, AsocAEgqp, and the SOC-suppressed SR gap, AEyq,(SR), all energies in eV.
Calculations with VASP at the SR-ZORA PBE approximation. All at 3 different pressures: 0, 40,
80 GPa for the common phases a-, B-, y-, 0-, N-[UOs] and [ThO:]; 80, 160, and 240 GPa for the
predicted (/2) high-pressure phases x-[UOs], y-[UOs]. We have studied the electronic structures
of the common (meta-)stable phases a-, -, y-, 8-, n-[UOs] and [ThO2] under 0, 40 and 80 GPa
pressure at the PBE density functional approximation, with results in Table S18 for SOC energy
shifts of the valence band maximum (VBM), the conduction band minimum (CBm), the band
gap, and the U-np and U-5f atomic orbital admixtures at the O-2p VBM.

AsocE | AsocE . .
Phase | orice | Presre | (Cim) | (vBM) | Apan i | ArSEn | Asoctu | Bfga (S5O
/ eV / eV
0 —0.30 +0.07 3% 1% —-0.37 1.68
a-[UOs] P3ml 40 —-0.29 +0.18 5% 2% —0.47 2.04
80 —-0.23 +0.36 14% 22% —0.59 1.94
0 —0.26 +0.20 7% 13% —0.46 1.44
B-[UOs] P2, 40 —0.31 +0.06 2% 11% —0.37 1.32
80 —0.06 +0.06 3% 13% —0.12 0.72
0 —0.24 +0.19 6% 14% —0.43 1.89
v-[UOs] 14, 40 —0.18 | +0.14 7% 30% -0.32 1.38
80 —-0.12 +0.15 6% 23% —-0.27 1.11
0 —0.42 +0.50 12% 12% —0.92 1.67
8-[UO;] Pm3m 40 —-0.35 +0.65 15% 21% —-1.00 1.47
80 —0.26 +0.72 17% 27% —0.98 1.11
0 —0.31 +0.22 5% 10% —0.53 1.91
N-[UOs] P2,2,2, 40 —0.15 +0.12 5% 2% —-0.27 0.92
80 —0.12 —0.02 9% 34% —0.10 0.66
80 —0.11 —0.03 9% 35% —0.08 0.66
x-[UOs] | P63mmc 160 —-0.07 —0.04 10% 36% —-0.03 0.39
240 —-0.05 —0.06 11% 38% +0.01 0.14
80 +0.04 +0.29 6% 3% —-0.25 0.75
y-[UOs]1® | Fm3m 160 +0.05 | +0.35 7% 3% -0.30 0.51
240 +0.03 +0.42 8% 3% —0.39 0.25
0 —-0.05 +0.05 5% 6% —0.10 4.45
[ThO:] Fm3m 40 —-0.03 +0.09 9% 5% —0.12 4.56
80 —0.02 +0.15 11% 7% —0.17 4.50

a) Only data for Fm3m-[UOQs] is calculated by HSE. Because under PBE it is a metal, while HSE give us a band gap.
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For all these solids, the strong CF at the high pressure destroys the high degeneracy of the atomic
5f atomic orbitals more and more, dominating the conduction band. Therefore, the SO splitting at
the CBm is reduced. The high-pressure-stable y-[UO3] phase has a very special structure: there
are 6 equivalent next-nearest O atoms around the U atom, similar to 6-[UOs]. Therefore triply-
degenerate orbitals are found at the VBM, at the I' point (Figs. S31-S33). Similar to the SO
splitting results of molecular U(OH)s, we found a positive correlation for d-[UQO3] between the
SO splitting energy and the U-6p % admixture to the various crystal orbitals of Tiu symmetry
shown in Tables S20-S21 and Fig. S39. In conclusion, for high pressure phases, it is even more
important not to neglect SOC, because high pressure may enhance the spin-orbit coupling at the
VBM, leading to easily observable effects.

Table S20. Crystal orbitals energy levels of PBE-SR and PBE-SOC in VASP, for 8-[UOs],
under 0, 40, and 80 GPa, with D(U-O) = 189.2, 196.3, 208.1 (in pm) The energy zero point is
Fermi energy of 0 GPa.

E/eV
80 GPa 40 GPa 0 GPa Symmetry
189.2 196.3 208.1 O type
SR SOC SR SOC SR SOC SR SOC
6.71 4.88 2.36 Eipu
646 6.67 4.5 4.77 1.96 2.21 6T 176G,
5.89 4.26 1.94 Espu
361 556 | >0 3.8 1.52 130 | °™ G
5.33 5.06 3.75 3.40 1.47 LO5S | 2An | Bsmv | jepoe
140 1102 [ o o 8.41 sos 295 | ooy | B
' 11.86 ' 8.96 ' 5.16 o Giu
7.92 5.83 3.02 « | Esmu
786 o9 376 gy | 292 [T300 | 2T Ganu
5.91 589 | 4.11 4.07 1.64 1.57 1A2s | Espu
1.67 077 | —0.54 Gane
1.68 1.66 0.78 0.75 034 =556 | T Eine | O-2prweakly
491 290 | 0.28 2 |_Giou | antibonding
4.19 2.53 2.23 0.82 0.23 =g 4Tw Einu
~ —0.56 | -1.20 | -2.15 G
036 /=53 12b = 216 "¢ 1Tz Espu | O-2prweakly
_ 299 | 332 | —3.81 Espg bonding
303 T30 | 330 339 385 T3gs | M2 G,
- -131 | -191 | -2.82 o |_Gim
M2 e | MY e | 20 [Tk | 2T Evn | 50 bondin
0.15 | 015 | —136 | 137 | —322 | —323 | 3Aw | Euin Po &
—3.76 | —3.80 | —431 | -435 | -5.02 | -5.05 | 2E, Gane
B —4.96 | -7.33 | —10.65 " G3pu | O-2s semi core
675 030 | 207 [Tia29| 122 [Tiage | 2T Eiou | (U-6p anti-
—14.47 | -1447 | 1553 | -1554 | —16.83 | -16.84 | 2A1; | Eip, | bonding &
—15.88 | —14.45 | -1642 | -15.19 | -17.20 | -16.39 | 1E, Gsne | non-bonding)
B -19.22 | -1948 | —19.86 Gspu | U-6p semi core
1992 75551 72922 o307 2972 430 | '™ [T, |(0-2s bonding)
—38.89 | —38.84 | —40.42 | 4037 | —42.64 | 4259 | 1A1; | Euine U-6s core

a) Both 3Ty and 4Ty are O-2ps-2px mixed.
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Table S21. CO levels and AO populations of 3-[UOs3] with U at O, symmetry position, under 0,
40, and 80 GPa pressure, yielding D(U-O) = 208.1 pm, 196.3 pm, and 189.2 pm, respectively. In
the Middle: symmetry label and bonding type of the crystal orbital. Left side: splitting of the
crystal orbital energies by spin-orbit coupling, AgocE in eV. Right side: dominant AO %-ages of
the COs at the scalar relativistic DF-PBE level calculations with VASP.

AgocEleV AO Admixtures in the COs
Sym- co
80GPa40GPa GPa | loiry type D(U-0): 189.2pm | D(U-O): 196.3pm D(U-0): 208.1pm
18921 196.3 208.1 at 80 GPa at 40 GPa at 0 GPa
6T0o 89%U-5f 92% U-5f 95% U-5f
o 2% O-2s 2% 0-2s 1% O-2s
0.5210.63 | 0821 5 100% U-5f 100% U-5f 100% U-5f
2A2,9 U-5f 93% U-5f 96% U-5f 98% U-5f
virtual,
sT,#n| conduction | 52%U-5f, 40%0-2p | 55%U-5f, 39%0-2p | 59%U-5f, 38% O-2p
v 5% U-6p, 2% U-7p | 3% U-6p,2% U-Tp | 2% U-6p, 1% U-7p
048 | 0391029 F oy 81%U-5f, 19%0-2p | 80%U-5f, 20%0-2p | 78%U-5f, 22% O-2p
1A, 100% U-5f 100% U-5f 100% U-5f
0.02 | 0.02 [0.02| 1Ti® | O-2psvalence 100% O-2p 100% O-2p 100% O-2p
non-&weakly
238 | 2,08 | 1.56 | 4T,,a»| anti-bonding | 59%0-2p, 22%U-5f | 66%0-2p, 18% U-5f | 78%0-2p, 11%U-5f
: : ' u with PFB | 11% U-6p, 8% U-7p | 9% U-6p, 8% U-Tp | 5% U-6p, 6% U-Tp
81% O-2 80% O-2 78% O-2
0.01 | 0.02 [0.03| 1Ty O-2px valence 1902, U_Slf) 200/(:, U_sl; 2202, U_Slf)
weakly
008 | 0.08 |0.07 | 1T | U-fdbonding | 2200 8 25%% U-64 5% U-5d
0 - 0 - 0 -
005 | 0.05 0,00 |37, 9 72% 0-2p, 25%U-5f| 70%0-2p, 26%U-5f | 67%O0-2p, 30%U-5f
’ ’ ’ hu O-2ps valence | 2% U-6p, 2% U-7p | 2% U-6p, 2% U-7p 1% U-6p, 1% U-7p
3A149 U'?S’;g%r]gng 39%0-2p, 62%U-7s | 51%0-2p, 50%U-Ts | 65%0-2p, 35%U-Ts
2E,9 79%0-2p, 21%U-6d | 77%0-2p, 23%U-6d | 75%0-2p, 25%U-6d
s34 | 295 |414 |27, #9 36%0-2s, 46%U-6p | 40%0-2s, 45%U-6p | 48%U-2s, 41%0-6p
: : ' tu 0-2s 13% U-7p, 5% U-5f | 11% U-7p, 4% U-5f | 10% U-7p, 2% U-5f
AL @?}‘)‘;ﬂ& 90%0-2s, 6%U-6s | 91%0-2s, 4%U-6s | 93%0-2s, 2%U-6s
e - - 5% U-Ts 5% U-7s 6% U-7s
non-bonding)
1EgY 82%0-2s, 18%U-6d | 83%0-2s,17%U-6d | 85%0-2s, 15%U-6d
332 | 370 444 1T, U-6p semi- core| 46%U-6p, 54%0-2s | 49%U-6p, 51%0-2s | 55%U-6p, 46%0-2s
: : ' " | (O-2s bonding) 1% U-5f 1% U-5f 1% U-5f
AL U-6s 94% U-6s 96% U-65 98% U-6s
le core 2% 0-2s 1% O-2s 2% 0-2s

a) Both 3T1u and 4Ty are O-2ps-2pr mixed.

b) These COs are at I point , see Fig. S36

¢) These COs are at R point, see Fig. S36
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Fig. S39. Spin-orbit splitting of the Tiu crystal orbitals versus the U-np admixture. Solid 6-
[UO3] at three different pressures. Correlation line: AgocE/eV = + 0.09-U-np (in %), R?=0.98
(without intercept)

| m D(U-0)=208.1 pm .
| ® D(U-0)=196.3 pm Semi-Core
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Valence
6 - 2T1U*
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| A
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