X-ray Spectroscopy and
Electronic Structure of Actinyl
lons
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A Bonding Scheme for Actinyl lons
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Uranium Valence Orbital Amplitudes T ™ |

IO--—Sf P‘/Ss ™
{from Hay et al. J. Chem. Phys., 71, 1767 (1979)}

® 6d - diffuse poor O-2p overlap

® 6p - pseudo-corg

more 2p overlap thabf

® Include 6p in valence set !




Uranium 5f and 6p
Same axial symmetry — will hybridize!

Uses “Orbital Viewer” by D.Manthey (http://www.orbitals.com/orb/ov.htm)



0.075 0.142
Compare : 6p(s) 0.258




Uranium 5f — Oxygen 2p Overlap




Vacuum‘ _______________________________________________________
e U 6

Empty U,5f
Valence
vaence ¥ ime———
-11.0 O 2
Full <P
-20.6 S 1,
Pseudo -236 Pam, U’Gp
Core 283 S, 0O,2s
-34.7 S 1,
Core
4 T SgSu O,1s
Hard -17.2 keV pu,su U,2p3/2
Core .21.7kev S, U,2s



T T T T

20,000 cm* lt000cm* "y 7 7 7 7 7 T22000dm:t - " T 7 ]
8 @ Progression in O-U-O stretch, ~ 710 cm-1 \

~ a
eis small! _ [ @ V |
> Absorption cpmpletely Polarised! J\'k MN W\\ﬁ k’wi
I\\AAFJL rr;\,wkﬁ,rw.,u,\’q
_Il h )!L | J\ }\ A Tfi ' f\@ U\

' |H?3000cml {\ oy * T2a000cmt © 77 Is000cm?
ML ‘JJM

2 M ' 'JLMLT 7 b L

T

| {.L!LIJL ‘

B [26,000cm* © ' [27.000 cm@ [28000cm™ =
6
A MU‘U
il
-2

CM x‘iO

Fig. 4. ISingle crystal polarised absorption spectrum of Cs,UO,Cl, at 4.2 K;I from Ref. [29]



One- and Two-Photon Absorption of Cs,UO,Cl, at 5K
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Advantages of TPA

*Only Origins and progressions in  gerade modes are allowed — simple sharp spectrum!

*Access to regions where one-photon absorption is to 0 strong
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All due tos ® f, f; transitions!
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Oxygen-(Ka)-XAS shows O-2p content of
empty metal-based m.o.s —i.e. Covalency!
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Polarised O-la X-ray Absorption

Dallera, Tagliaferri, Giarda, Brookes, Braicovich (ESRF, INFM)



Oxygen 1s Core-Hole State Energies

Final state orbital 5i(p,) |5i(s,) |6ds,) |6d(p,)
XAS Band (B) (C) (C) (D)
U022+ DFT Energies /eV 531.9 536.8 533.8 537.3
UO,Cl,>~ DFT EnergiegeVv |531.44 |534.13 |534.30 |535.81
Experimental Energigsv [531.4 |534.1 |~534 |536.5
O-2p coefficient (rel. intensity)| 0.33(0.36)| 0.56(1.00)| 0.23(0.17)| 0.49(0.79)
Experimental intensities (rel.) | ~0.6 1.0¢ ~1.1

Jennifer Green, T. Hutchings




Oxygen-1s X-ray Emission
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Rb[UO,(NO,),] — U, XAS(L,, edge) - (2R, ® o©d)

Locating 6d 4

—V ile— 21V

G, =82eV
G, =20eV 1

No 6d,

17,160 17,180 17,200 eV

from Templeton and Templeton, Acta Cryst. A38, 6871
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Rb[UO,(NO,),] - Uranium XAS - L1 Edge, (& np)

RbUQ, (NQ), I s, * (“U-5f.") Eigenvector (ADF/DFT):
o L. Edge 1 U(5f,): +0.756
e U(6p,): +0.712

G,.=16.0 eVv
G..=2.0eVv " 17 eV

0,(2p,) = O,(2p,): +0.642
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eV

from Templeton and Templeton, Acta Cryst. A38, 6371



X-ray Absorption: gUO,; M5 Edge
3d;, ® 5f

D.A. Zatsepin, S.M. Butorin et al., J. Phys. Condens. Matter, 14, 2542 (2002)
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Cs,UO0.,Cl,:
U-0O, 177.4 pm
O-U-0, IR /915 cm?

U,-O, 179 pm; U,-O, 188 pm
O-U-O, IR/835cm?




More Consequences of Hybridizatlon

5(S,)* S, (HOMO) : 0.515f; —0.356p, - 0.392p,(O,)

e Small Oxygen content in HOMO (cf. XES)

* No change in U-Cl distance on Excitation



Summary

Contributions to the U-O bond:
S5f, - low overlap (0.142) - quite small

6d, - diffuse, poor overlap (0.075) - small
6d, - good overlap (0.312) — large — {but sensitive to equal ligands}

“5fs" —much larger interaction th&f, despitesmaller overlap (0.07)!

5f5-6p, hybridization
AND
Large6p, overlap(0.258)!

Critical for O-U-C** linearity.



Which X-ray transitions are best for studying
U valence shell (5f, 6d) electronic-structure?

Energy / keV

For the5f shell:
. 20 M5, 3d., @ 5f:
P —&— Energy/keV _
—E=— Width/eV G=4.0ev
+ 15
>
n= 381 eV . = For the6d shell:
— /| S
G=03leV) " = N7, 4f,,® 6d:
- G=0.31 eV
- 5
N7@ d) OR rely on RIXS
e =250 line-narrowing:
PV OPILILIILLee (e.g. Kuiper et al.

PRL23, 5204 (1998)

Not always applicable!
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Rb[UO,(NO,),] — U, XAS(L,, edge) - (2R, ® o©d)

Locating 6d 4
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No 6dd

17,160 17,180 17,200 eV

from Templeton and Templeton, Acta Cryst. A38, 6871






How Good Is Theory?

Excited State Energy Deviations
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O-U-O Frequencies and Bond-Lengths

O-U-O Bond

Frequencies Lengths/pm
State Energy Experiment CASPT2 Experiment CASPT2
Ground State 0 832 819 177.4 178.3
11 20096 715 712 184.2 183.6
" 20407 710 703 184.9 184.4
v 21316 696 698 185.9 182.6
V, VI 22051 711 711 183.9 184.6
VII 22406 717 721 185.1 184.6
VIII 22750 711 714 185.2 184.7
IX,X 26222 725 722 184.8 184.2
Xl 27720 705 703 184.9 185.4
XIl 27757 708 703 184.9 185.4




