
X-ray Spectroscopy and 
Electronic Structure of Actinyl 

Ions
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Uranium Valence Orbital Amplitudes

{from Hay et al. J. Chem. Phys., 71, 1767 (1979)}

6p ; 

more 2p overlap than .

Include 6p in valence set !

 - pseudo-core

5f

6d -  diffuse;  poor O-2p overlap



Uranium 5fs and 6ps  
Same axial symmetry – will hybridize!

Uses  “Orbital Viewer”  by  D.Manthey (http://www.orbitals.com/orb/ov.htm) 
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Uranium 5fs – Oxygen 2ps  Overlap
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Absorption completely Polarised!

Progression in O-U-O stretch, ~ 710 cm-1

20,000 cm -1 21,000 cm -1 22,000 cm -1

23,000 cm -1 24,000 cm -1 25,000 cm -1

26,000 cm -1 27,000 cm -1 28,000 cm -1

eeee is small!



One- and Two-Photon Absorption  of Cs UO Cl  at 5K2 2 4
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•Only Origins and progressions in gerade modes are allowed – simple sharp spectrum!

•Access to regions where one-photon absorption is to o strong

Advantages of TPA
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264 cm-1

260-268 cm-1

III + (16,16)n1

III + (16,18)
(rel. int. 0.40%)

n1

III + (16,17)
(rel. int. 0.075%)

n1

III + + n n1 4

´ 30
265 cm-1

IV
TPA

Cs UO Cl2 2 4

U-Cl Symmetric Stretch:

� @    U-Cl Huang-Rhys parameters 0 ! 

30

29

28

27

26

25

24

23

22

21

20

31

e /r2 12

e /r2 12

V 4

V 4

2.95

4.86

3.54

3.17

0.27 0.16

3.4

~4.2

4.1

F

D

G

F

D

F

D

P

G,F(7/2)

F,D(5/2)

F,D(5/2)

D,P(3/2)

0.02

3.45

3.54

5.00

3.02

Eg

Eg

Eg

Eg

B2g

B2g

B2g

B1g

B1g

B1g

A1g

A2g

E
ne

rg
y/

10
 c

m
3

-1

Calc. Obs.
Energies and Magnetic Moments

(sd)

(sd)

(sf)

(sf)

D¥ h

D¥ h

D4h

D4h

I,II
III

IV

V,VI
VII
VIII

IX,X

XI,XII

XIII,XIV

All due to ssss u ®®®® fdddd, fffff transitions!

Barker, Thorne
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Excited State Absorption

O-Ka X-ray Absorption

O-Ka Emission



Oxygen-(Ka)-XAS shows O-2p content of 
empty metal-based m.o.s – i.e. Covalency!
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Polarised O-Ka X-ray Absorption

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

PPPP
PPPPSSSS

0



~1.1-1.0c~0.6Experimental intensities (rel.)

0.49(0.79)0.23(0.17)0.56(1.00)0.33(0.36)O-2p coefficient (rel. intensity) 

536.5~534 534.1531.4Experimental Energies/eV

535.81534.30534.13531.44UO2Cl4
2- DFT  Energies/eV

537.3533.8536.8531.9UO2
2+ DFT  Energies /eV

(D)(C)(C)(B)XAS Band

6d(ppppg)6d(ssssg)5f(ssssu)5f(ppppu)Final state orbital

Oxygen 1s Core-Hole State Energies

Jennifer Green, T. Hutchings
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Polarization

Low intensity
i.e. low O 2p content

Oxygen-1s X-ray Emission
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But where is 6dd?
i.e. l = 2, ml = 2
Start from l = 1,
ml = 1 !



Rb[UO2(NO3)3] – U, XAS(LIII edge) - (2p3/2 ®®®® 6d) 

17,160 17,180 17,200 eV

No 6d dddd

2.1 eV

p3/2

dssss , ddddd

3.1 eV

dpppp

6
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3

4
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0

dpppp

dssss

ddddd

from Templeton and Templeton, Acta Cryst. A38, 62 (1982)

Locating 6d dddd
GGGGnat = 8.2 eV
GGGGinst = 2.0 eV
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If S(fpppp) > S(fssss):
Why is ssss u

* more 
anti-bonding than ppppu

*?

f-p hybridization?

U-LI X-ray 
Absorption (2s® np)

Small 6pp – O,2pp overlap ® small 5fp-6pp mixing

U-LIII X-ray 
Absorption (2p® 6d)

Predicts parallel 
intensity only!



Rb[UO2(NO3)3] - Uranium XAS - L1 Edge, (2s ®®®® np)

ssss u* (“U-5f s”) Eigenvector (ADF/DFT):

U(5fssss):  +0.756

U(6pssss): +0.712

O1(2pz) = O2(2pz) : +0.642

{

5f + 6p 5f - 6p

from Templeton and Templeton, Acta Cryst. A38, 62 (1982)
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X-ray Absorption:  g-UO3 M5 Edge
3d5/2 ® 5f

D.A. Zatsepin, S.M. Butorin et al.,  J. Phys. Condens. Matter, 14, 2542 (2002)
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1.7 eV
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fs

4
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1

Cs2UO2Cl4 :
U-O, 177.4 pm
O-U-O, IR / 915 cm-1

g -UO3:
U1-O, 179 pm; U2-O, 188 pm
O-U-O, IR / 835 cm-1
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f(3,2)
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Sum

GGGG= 4.0 eV



More Consequences of Hybridization!
5f (ssssu)* ssssu, (HOMO)  :  0.515fssss – 0.356pssss - 0.392pssss(O1)

• Small Oxygen content in HOMO (cf. XES)

• No change in U-Cl distance on Excitation



Summary
Contributions to the U-O bond:

6dssss - diffuse, poor overlap (0.075)  - small 

6dpppp - good overlap (0.312) – large – {but sensitive to equatorial ligands}

“5f ssss” – much larger interaction than 5fpppp despitesmaller overlap (0.07)!

5fssss-6pssss hybridization
AND
Large6pssss overlap(0.258) !

Critical for O-U-O2+ linearity.

5fpppp - low overlap (0.142) - quite small 



0

5

10

15

20

25

L1 L2 L3 M
1

M
2

M
3

M
4

M
5

N1 N2 N3 N4 N5 N6 N7

Shell

E
ne

rg
y 

/ k
eV

0

5

10

15

20

Li
ne

w
id

th
 / 

eV

Energy/keV

Width/eV

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

nnnn = 381 eV
GGGG= 0.31 eV

For the 5f shell:

M5,  3d5/2 ®®®® 5f:

GGGG= 4.0 eV

For the 6d shell:

N7,  4f7/2 ®®®® 6d:

GGGG= 0.31 eV

OR rely on RIXS
line-narrowing:
(e.g.  Kuiper et al.
PRL 23, 5204 (1998)

Not always applicable!

L1(®®®® p)

L3(®®®® s,d)

M5(®®®® p,f)

N7(®®®® d)
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Rb[UO2(NO3)3] – U, XAS(LIII edge) - (2p3/2 ®®®® 6d) 
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Locating 6d dddd





How Good is Theory?

Excited State Energy Deviations  
Cs2UO2Cl4
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185.4184.970370827757XII
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184.7185.271471122750VIII

184.6185.172171722406VII

184.6183.971171122051V,VI
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178.3177.48198320Ground State

CASPT2ExperimentCASPT2ExperimentEnergyState

Bond 
Lengths/pm

O-U-O 
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O-U-O Frequencies and Bond-Lengths

Kristine Pierloot, JCP123, 204309 (2005)

Q: Why is the O-U-O asym stretch weakened more (915 ®®®® 731 cm -1)?


