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Fine X-ray pho to elec tron spec tral  (XPS) struc ture of ura nium di ox ide UO2 in the
bind ing en ergy (BE) range 0-~40 eV was as so ci ated mostly with the elec trons of the
outer (OVMO) (0-15 eV BE) and in ner (IVMO) (15-40 eV BE) va lence mo lec u lar
orbitals formed from the in com pletely U5f,6d,7s and O2p and com pletely filled U6p
and O2s shells of neigh bor ing ura nium and ox y gen ions. It agrees with the rel a tiv is tic
cal cu la tion re sults of the elec tronic struc ture for the UO8

12–(Oh) clus ter re flect ing ura -
nium close en vi ron ment in UO2, and was con firmed by the X-ray (con ver sion elec tron, 
non-res o nance and res o nance O4,5(U) emis sion, near O4,5(U) edge ab sorp tion, res o -
nance pho to elec tron, Au ger) spec tros copy data. The fine OVMO and IVMO re lated
XPS struc ture was es tab lished to yield con clu sions on the de gree of par tic i pa tion of
the U6p,5f elec trons in the chem i cal bond, ura nium close en vi ron ment struc ture and
in ter atomic dis tances in ox ides. To tal con tri bu tion of the IVMO elec trons to the co va -
lent part of the chem i cal bond can be com pa ra ble with that of the OVMO elec trons. It
has to be noted that the IVMO for ma tion can take place in com pounds of any el e ments 
from the pe ri odic ta ble. It is a novel sci en tific fact in solid-state chem is try and phys ics.

Key words: X-ray pho to elec tron spec tros copy, con ver sion elec tron spec tros copy, X-ray emis sion
spec tra, res o nant X-ray emis sion spec tra, X-ray ab sorp tion spec tros copy, res o nant
X-ray pho to elec tron spec tros copy

INTRODUCTION

While study ing ura nium com pounds with the
XPS method it has been tra di tion ally sug gested that
only low bind ing en ergy in com pletely filled elec -
tronic shells (0-~15 eV BE) par tic i pate in the chem -
i cal bond for ma tion. To a cer tain de gree, it is a con -
se quence of the wide spread use of vis i ble and ul-
tra vi o let ex ci ta tion sources in atomic and mo lec u lar
spec tros copy. Hence, X-ray emis sion stud ies were
also fo cused on these elec tron en er gies, ne glect ing
the fact that quan tum me chan ics does not for bid the 
par tic i pa tion of rel a tively deep (~15-~50 eV BE)

filled elec tronic shells in the IVMO for ma tion and

that their in flu ence on the over all in ter atomic bind -

ing in var i ous com pounds may not be neg li gi ble

when com pared to the con tri bu tion of OVMO

(0-~15 eV BE). How ever, it has been shown dur ing 

the last few years that un der cer tain con di tions the

IVMOs can be formed in com pounds com posed of

al most any el e ment of the pe ri odic ta ble [1–5].

These find ings are ex tremely im por tant in

solid-state phys ics and chem is try.
This work con sid ers new data on the chem i cal

bond na ture us ing UO2 as an ex am ple. These data

were ob tained us ing mod ern X-ray spec tral meth -

ods, such as: X-ray pho to elec tron, con ver sion elec -

tron, non-res o nant, and res o nant X-ray O4,5(U)

emis sion, near O4,5(U) edge ab sorp tion, res o nant

pho to elec tron and ox y gen Au ger spec tros copy; as

well as the rel a tiv is tic elec tronic struc ture cal cu la -

tion for the UO8
12–(Oh) clus ter re flect ing an ura -

nium close en vi ron ment in UO2. Since IVMO for -

ma tion is gen eral, the data for ura nium di ox ide can

be used for the study of the chem i cal bond na ture
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not only in ac ti nide com pounds, but also in com -
pounds of other el e ments.

EX PER I MEN TAL

X-ray pho to elec tron spec tros copy (XPS) and
OKLL Au ger spec tra of solid UO2 [6] were mea sured
at room tem per a ture us ing an elec tro static spec trom e -
ter (Hewlett-Packard, HP 5950A) em ploy ing a
mono chro matic AlKa1,2 (hn = 1486.6 eV) ra di a tion
in a vac uum of 1.3×10–7 Pa. The de vice res o lu tion
mea sured as full width on the half-max i mum
(FWHM) of the Au4f7/2 line on the stan dard rect an -
gu lar golden plate was 0.8 eV. The bind ing en er gies
[eV] were mea sured rel a tive to the bind ing en ergy of
the C1s elec trons from hy dro car bons ab sorbed on the
sam ple sur face which equals to 285.0 eV. The FWHM 
were mea sured rel a tive to the width of the C1s line of
hy dro car bons (1.3 eV). The er ror in de ter mi na tion of
elec tron bind ing en er gies and the line widths did not
ex ceeded 0.1 eV and that of the rel a tive line in ten si ties
was less than 10%.

The con ver sion elec tron spec tra (CES) were
mea sured with the same spec trom e ter us ing an ex tra
ac cel er at ing elec tronic sys tem and wid ened up to
~2500 eV en ergy range with out any sig nif i cant
changes of de vice pa ram e ters. The sam ple prep a ra tion 
has been de scribed in [7].

X-ray O4,5(U) emis sion spec tra (XES) of UO2

were mea sured with a spec trom e ter RSM-500 with
an en ergy res o lu tion of 0.3 eV. Spec tra were re corded
at the X-ray tube volt age of 1 kV (15 mA) and 3 kV (5
mA). The sam ples were set tled on a sil ver plate which
served as an X-ray tube an ode [8].

Res o nant X-ray O4,5(U) emis sion spec tra
(RXES) were col lected at the undulator Beamline
7.0.1 of the Ad vanced Light Source (ALS) at the
Law rence Berke ley Na tional Lab o ra tory [9]. Ex per i -
ments were done in the XES branchline cham ber at
ap prox i mately 6.7×10–4 Pa. The RXES spec tra were
mea sured with the in ci dent beam at ~75° to the sub -
strate sur face. The beam size was less than 1 mm2. The 
graz ing-in ci dence flu o res cence grat ing spec trom e ter
with a two-di men sional po si tion sen si tive de tec tor
was used to mea sure the RXES spec tra. The en er gies
were cal i brated us ing the elas tic scat ter ing fea tures.
The to tal elec tron yield spec tra were mea sured in cur -
rent mode with the in ci dent beam per pen dic u lar to
the sub strate sur face.

Res o nant pho to elec tron (RXPES) and to tal
elec tron yield spec tra of UO2 were mea sured at the
Rus sian-Ger man Beamline BESSY II in Berlin. A
thin UO2 film on me tal lic ura nium foil was used as a 
sam ple [10].

The self-con sist ing field rel a tiv is tic Xa dis crete
vari a tion (SCF Xa-DV) cal cu la tion re sults for the
UO8

12– (Oh) clus ter at RU-O = 2.37×10–10 m [11]

were used for the in ter pre ta tion of the XPS and
other spec tral data.

RE SULTS AND DIS CUS SION

X-ray pho to elec tron spec tros copy (XPS). The
low bind ing en ergy (0-40 eV) XPS from UO2 can
be con di tion ally sub di vided into two en ergy ranges
(fig. 1). The first one, 0-13 eV, shows the struc ture
at trib uted to the OVMOs built mostly from the in -
com pletely filled outer U5f,6d,7s and O2p AOs
(tab. 1). The sec ond one, 13-40 eV, shows the
IVMO re lated fine struc ture. These IVMOs are
built mostly from the com pletely filled in ner va lence 
U6p and O2s AOs. The OVMO XPS struc ture has
typ i cal fea tures and can be sub di vided into the four
com po nents. The IVMO spec tral range ex hib its
pro nounced peaks and can be sub di vided into six
com po nents (fig. 1). Tak ing into ac count the MO
com po si tions and photoionization cross-sec tions
(tab. 1, [12]) the the o ret i cal spec tral in ten si ties for

 4 Nu clear Tech nol ogy & Ra di a tion Pro tec tion –2/2004

Fig ure 1. XPS (a) and CES (b) from UO2. The cor re -
spond ing the o ret i cal spec tra are given bel low the ex -
per i men tal spec tra as ver ti cal bars. The shape of
sub tracted back ground and spec tra de com po si tion
are shown. The ex per i men tal spec tral in ten si ties are
given in ar bi trary units, the the o ret i cal in ten si ties are
nor mal ized in %.



some en ergy ranges were de ter mined (tab. 2, fig.

1). De spite the ap prox i ma tion im per fec tions, one

can see a good qual i ta tive agree ment be tween the o -

ret i cal and ex per i men tal data. For ex am ple, the cor -

re spond ing the o ret i cal and ex per i men tal FWHMs

and rel a tive in ten si ties of the outer and in ner va -

lence bands are com pa ra ble. A sat is fac tory agree -

ment also was achieved be tween the the o ret i cal and

ex per i men tal bind ing en er gies for some elec tronic

orbitals (tab. 2). The worst agree ment was reached

for the mid dle (4g7
– - 8g8

–) IVMO re gion. The rel a -

tiv is tic cal cu la tion en abled the in ter pre ta tion of the

XPS fine struc ture in the whole range 0–40 eV.
Thus, the peak at 1.9 eV BE is at trib uted to

the U5f elec trons, and the outer va lence band – to

the outer va lence U5f,6d,7s,7p and O2p AOs and

to a lesser de gree – to the U6p AO. Prac ti cally, such

ex per i men tal ev i dence es tab lishes the fact that the

U5f elec trons can par tic i pate in the chem i cal bond
with out loosing their f-na ture. The ex per i men tal in -
ten sity ra tios OVMO/IVMO with (and with out)
tak ing into ac count the U5f line in ten sity are 0.98
(0.56), which slightly dif fers from the cor re spond -
ing the o ret i cal val ues 1.16 (0.53) (tab. 2). The 15% 
in the pa ren the ses is due to the U5f elec trons. Since
the U5f AO prac ti cally does not par tic i pate in the
IVMO for ma tion, one of the rea sons for the dif fer -
ence be tween these data can be the in crease of the
ox y gen co ef fi cient x in UO2+x, which leads to the
de crease of the ex per i men tal U5f in ten sity. As so ci -
at ing, for ex am ple, the OVMO in ten sity only with
the U6d17s25f3 and 2O2p4 elec trons, and the
IVMO in ten sity – with the U6p6 and 2O2s2 elec -
trons in ura nium di ox ide, one can get a cor re spond -
ing the o ret i cal OVMO/IVMIO ra tio of 1.15,
which is some what higher than the cor re spond ing
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Table 1. MO composition and energies E0
(a) [eV] for the UO8

12–(Oh) at RU-O = 2.37 (RXa-DVM), photoionization
cross-sections si [12] and conversion one-electron partial probabilities ai [15]

MO Q
–E0

(a),

[eV]

MO composition

U O

6s 6p1/2 6p3/2 6d3/2 6d5/2 7s 5f5/2 5f7/2 7p1/2 7p3/2 2s 2p1/2 2p3/2

si 1.14
ai 0.07

0.89
49.38

1.29
23.55

0.61
6.55

0.55
7.71

0.12
0.01

3.67
0.07

3.48
0.04

0.07
8.23

0.10
4.39

0.96 0.07 0.07

O
M

V
O

  8g7
+

14g8
+

11g6
+

13g8
+

16g8
– 

12g6
–

  8g7
–

11g6
–

15g8
–

  7g7
–

0
0
0
0
0
0
0
0
0
0

–6.09
–5.85
–4.18
–2.33
–1.78
–1.52
–1.50
–0.77
–0.73
–0.08

0.42

0.39

0.84
0.41

0.47
0.90

0.01

0.12

0.78

0.01

0.75
0.94
0.81
0.16

0.92
0.91

0.15

0.04
0.04
0.05

0.03
0.03
0.01

0.01

0.10
0.02
0.02
0.04

0.04
0.06
0.06
0.01
0.01

0.02
0.11
0.03
0.10
0.04
0.01
0.06

0.02
0.05

14g8
(-b)

13g8
– 

 12g8
+     

10g6
+

  7g7
+

11g8
+

10g6
– 

11g8
– 

12g8
– 

 6g7
–

 9g6
–

10g8
– 

 5g7
–

  6g7
+

  9g6
+

10g8
+

  9g8
+

2
4
4
2
2
4
2
4
4
2
2
4
2
2
2
4
4

0.00
3.97
4.14
4.19
4.60
4.62
4.93
5.08
5.16
5.19
5.69
5.81
5.83
6.10
6.16
6.19
6.72

0.01

0.01

0.01

0.02
0.02

0.07
0.08

0.11

0.05
0.10

0.04

0.92

0.06
0.06

0.03
0.04

0.05
0.01
0.01
0.06
0.01
0.04
0.02

0.05

0.01

0.01

0.02
0.05

0.02
0.02
0.02

0.32
0.16
0.66
0.13
0.43
0.89
0.21
0.03
0.30

0.18
0.63
0.76
0.32
0.08
0.25

0.07
0.68
0.84
0.34
0.87
0.57

0.74
0.83
0.58
0.97
0.75
0.31
0.11
0.61
78.0
0.57

O
M

VI

 9g8
–

4g7
–

8g6
–

 5g7
+

 8g8
+

 8g6
+

8g8
–

7g6
–

 7g6
+

4
2
2
2
4
2
4
2
2

16.60
19.11
19.30
19.51
19.51
19.94
20.93
26.73
43.27

0.01

0.99

0.04

0.95

0.63

0.34

0.03
0.06
0.02

0.06

0.01 0.01
0.03

0.01

0.01

0.33
0.98
0.93
0.94
0.95
0.93
0.63
0.04
0.01

0.01

0.01

0.02

0.01
0.01

(a) Cal cu lated en er gies are shifted down to ward the neg a tive val ues by 7.5 [eV] of ab so lute scale
(b) Up per filled or bital 14g8

– (2 elec trons), fill ing num ber for ng6
± and ng7

± MO is 2, for ng8
±– 4 elec trons



ex per i men tal one 1.03 [13]. How ever, as so ci at ing

the OVMO in ten sity only with the U6d27s25f2 and

2O2p4 elec trons, and the IVMO in ten sity – with

U6p6 and 2O2s2 elec trons, one can get the the o ret i -

cal ra tio of 0.87, which is some what lower than the

cor re spond ing ex per i men tal value [13]. These re -

sults within the mea sure ment er ror, at least, do not

con tra dict the sug ges tion of the di rect par tic i pa tion

of the U5f elec trons in the chem i cal bond, and the

rel a tiv is tic cal cu la tion re sults re flect cor rectly the

par tial U5f elec tronic den sity (tab. 1). These data

show that about one U5f elec tron par tic i pates di -

rectly in the chem i cal bond for ma tion and the va -

cant U5f states are lo cated near the ab sorp tion edge.
In the IVMO XPS range the good agree ment

was reached only for the 9g8
–, 8g8

–  and 7g6
– orbitals

char ac ter iz ing the spec tral width. Tak ing into ac -

count the com pa ra bil ity of the the o ret i cal data and

ex per i men tal to tal rel a tive in ten sity, one can sug gest 

that the cal cu lated en er gies of the 4g7
– – 8g6

+ IVMO 

dif fer sig nif i cantly from the cor re spond ing ex per i -

men tal data (tabs. 1 and 2).

Tak ing into ac count the rel a tiv is tic cal cu la -
tions for the UO8

12–(Oh) clus ter and ex per i men -
tal data on the core-va lence lev els bind ing en ergy 
dif fer ences for ura nium [1], in the MO LCAO
(mo lec u lar orbitals as lin ear com bi na tions of
atomic orbitals) an ap prox i ma tion of a sche matic 
di a gram of mo lec u lar orbitals can be built (fig.
2). This di a gram en abled the un der stand ing of
the real XPS struc ture of ura nium di ox ide. In this 
ap prox i ma tion one can sep a rate for mally the
antibonding 9g8

–(5), 8g6
–(6) and cor re spond ing

bond ing 8g8
–(8), 7g6

–(9) IVMOs, as well as the
quasiatomic (in a cer tain ap prox i ma tion) 4g7

–,
5g7

+(6), 8g8
+, 8g6

+(7), 7g6
– IVMOs at trib uted

gen er ally to the O2s – U6p1/2 elec trons. These
ex per i men tal data show that the bind ing en er -
gies of quasiatomic IVMOs formed mostly from
the O2s AOs have to be of the same or der of mag -
ni tude. The bind ing en ergy must be around 22.5
eV, since DEO = 508 eV and for UO2 Eb(O1s) =
= 530.5 eV (fig. 2). These data only par tially
agree with the the o ret i cal re sults. Tak ing into ac -
count that DEU = 360.6 eV and DE1 = 362.9 eV,
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Ta ble 2. XPS and CES pa ram e ters for the UO8
12–(Oh) clus ter at RU-O = 2.37 nm (RXa-DVM), and the U6p

elec tronic state den sity ri (e–) in UO2

MO
–E(a),
[eV]

XPS CES Experimental U6p
electronic state

density ri
[e– units]

Energy(b),
[eV]

Intensity
[%]

Energy(b),
[eV]

Intensity
[%]

Experiment Theory Experiment Experiment Theory Experiment U6p3/2 U6p1/2

14g8
–(c)

13g8
–  

12g8
+ 

10g6
+ 

 7g7
+

11g8
+ 

10g6
–  

11g8
–  

12g8
–  

6g7
–

9g6
–

10g8
–  

5g7
–

 6g7
+

 9g6
+

10g8
+ 

 9g8
+

 SIi
(d)

1.90
5.87
6.04
6.09
6.50
6.52
6.83
6.98
7.06
7.09
7.59
7.71
7.73
8.00
8.06
8.09
8.62

1.9 (1.4)
5.3 (2.5)

7.4 (1.9)

9.4 (1.6)

29.3
  0.3
  0.3
  0.1
  0.1
  0.3
  1.7
  1.3
  5.1
  3.8
  0.5
  4.5
  2.0
  0.7
  0.3
  1.5
  1.9

53.7

21.4
19.1

  7.4

  1.7

49.6

3.7 (2.5)

  8.0 (4.5)

0.1

0.9
1.1
0.9

0.5

0.8

1.7
2.5

8.5

  7.5

  7.3

14.8

0.5

0.5

0.1

0.1

9g8
–

4g7
–

8g6
–

 5g7
+

 8g8
+

  8g6+
 8g8

– 

7g6
–

Sat

SIi
(d)

 7g6
+

18.50
21.01
21.20
21.41
21.41
21.84
22.83
28.63

45.17

17.7 (3.1)
19.6 (3.0)

22.4 (3.2)

23.8 (3.3)
27.9 (3.5)
31.1 (2.3)

47.0 (6.0)

15.3
  2.6
  2.2
  2.2
  4.4
  2.1
10.1
  7.3

46.2

~9.7

16.9
  8.1

  6.9

  9.9
  7.3
  1.3

50.4

17.8 (3.1)

20.7 (3.1)

23.9 (3.4)
27.9 (3.4)
31.2 (2.5)

29.2

2.2
0.5
0.7

15.8
43.1

91.5

~0.1

32.3

  3.6

  9.3
37.7
  2.3

85.2

2.7

0.8

3.5

0.2

1.6
0.1

1.9

(a) Cal cu lated en er gies (tab. 1) are shifted down to ward the neg a tive en er gies by 1.9 eV for com par i son with the ex per i men tal data
(b) En er gies from the spec tral de com po si tion. FWHMs [eV] are given in pa ren the ses
(c) Up per filled MO 14g8

– (2 elec trons), fill ing num ber for the ng6
± and ng7

± MOs is 2, and for the ng8
± – is 4 elec trons

(d) To tal in ten si ties and the U6p elec tronic state den si ties



one can find D1 = 2.3 eV [3]. Since the bind ing
en ergy dif fer ence for the 7g6

–(9) and 9g8
–(5)

IVMO is 10.2 eV, and the U6p atomic spin-or bit
split ting is DEso(U6p) = 10.0 eV [3], one can
eval u ate that per tur ba tion is D1 = 0.2 eV which
is lower than the cor re spond ing value of 2.3 eV
found from the core–IVMO bind ing en ergy dif -
fer ence. This dis tinc tion, ap par ently, can be at -
trib uted to the IVMO for ma tion and this com -
par i son can not be quite cor rect. The 8g8

– (8) and 
7g6

–(9) IVMO lines are some what nar rower
than the cor re spond ing antibonding 8g6

– (6) and 
9g8

– ones, which can be ex plained by a par tial
loss of the antibonding na ture of these MOs due
to the im pu ri ties of 3% of the O2p and 3% of the
U7p AOs, re spec tively (tabs. 1 and 2, fig. 2, see
also [3]. Fig ure 3a gives the ex pected XPS drawn
on the ba sis of the o ret i cal and ex per i men tal data. 
This spec trum has to be taken into ac count for
more cor rect cal cu la tions of the elec tronic struc -
ture of UO2. 

Con ver sion elec tron spec tros copy (CES). One of
the ex per i men tal con fir ma tions for IVMO for ma tion
in UO2 is the high res o lu tion con ver sion elec tron
spec tral struc ture [14]. The qual i ta tive iden ti fi ca tion
of the CES was done on the ba sis of the XPS pa ram e -
ters us ing the OVMO and IVMO con cept [3, 6]. As a
re sult, it be came ob vi ous that the CES pa ram e ters can
also be a quan ti ta tive mea sure for the cor rect ness  of
the o ret i cal cal cu la tion (figs. 1, 3b).

The to tal con ver sion tran si tion of the E3 –
multipole for the 235mU nu cleus (T1/2 = 26.3 ±
0.2 min. for UO3) from the first ex cited state
(spin I1 =1/2+, E1 = 76.5 ± 0.4 eV) to the ground 
nu cleus state (spin I0 = 7/2–, E0 = 0 eV) is ac com -
pa nied by low en ergy elec tron photoemission.
The con ver sion pro cess is en er get i cally per mit ted
for the U6s26p65f36d17s27p0 elec trons, whose
shell can par tic i pate ef fec tively in the OVMO and
IVMO for ma tion in ura nium com pounds.

For com par i son with the ex per i men tal CES
spec trum, we de vel oped the cor re spond ing the o ret -
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Fig ure 2. MO sche matic di a -
gram for the UO8

12– (Oh) clus -
ter built tak ing into ac count the
the o ret i cal and ex per i men tal
data. The chem i cal shift dur ing
the clus ter for ma tion is not
shown. The ar rows in di cate
some ex per i men tally mea sur -
able bind ing en ergy dif fer ences.
The ex per i men tal bind ing en er -
gies [eV] are given to the left
side. For clar ity, en ergy lev els do 
not re flect real en ergy scale



i cal one which is based on rel a tiv is tic cal cu la tions
and rel a tive one-elec tron par tial con ver sion prob a -
bil i ties (tabs. 1 and 2, fig. 1, [15]). Since the U6p
con ver sion cross-sec tion is much higher than that
for the other elec tronic shells, the CES spec trum
from UO2 re flects rather the U6p par tial elec tronic
den sity, and the U6p1/2 cross-sec tion is about 2.1
times higher than the Up3/2 one. With this in mind,
one can note a sat is fac tory qual i ta tive agree ment be -
tween the XPS and CES data (fig. 1). Com par i son
of the XPS and CES data gives three im por tant con -
clu sions: 1) the U6p shell par tic i pates ef fec tively in
the IVMO for ma tion, 2) the U6p shell par tic i pates
sig nif i cantly in the OVMO for ma tion, and 3) the
U5f elec trons from the 14g8

–(1) OVMO and elec -
trons from the quasiatomic 4g7

–(6), 5g7
+(6),

8g8
+(7), 8g6

+(7) IVMOs, as ex pected, prac ti cally
are not ob served at 19.6 and 22.4 eV, and the
9g8

–(5), 8g8
–(8), 7g6

–(9). IVMO en er gies slightly
dif fer from the cor re spond ing the o ret i cal val ues and 
to a greater ex tent agree with the ex per i men tal XPS
pa ram e ters (figs. 1 and 2).

The iden ti fi ca tion of the XPS and CES struc -
tures is given in tab. 2 and fig. 3. Tak ing into ac -

count con ver sion cross-sec tions and in ten si ties, the
par tial U6p3/2,1/2 elec tronic den sity in UO2 was
eval u ated (tab. 2). As a re sult, the OVMOs were
found to in clude 0.6 U6p elec trons (tab. 2), which
agree better with the the o ret i cal re sult for 0.2 e–. In
this case, mainly  U6p3/2 elec trons par tic i pate in the
chem i cal bond. For the IVMO re gion an agree ment 
was also reached in some cases. Fig ure 3b gives the
spec trum drawn on the ba sis of the the o ret i cal and
ex per i men tal data. This spec trum has to be taken
into ac count for more cor rect cal cu la tions of the
elec tronic struc ture of UO2.

We would like to note that, de spite ap prox i -
ma tion im per fec tions, the cal cu la tion re sults for the
UO8

12–(Oh) clus ter re flect ing ura nium close en vi -
ron ment in UO2 are in good agree ment with the ex -
per i men tal data. It al lowed for the first time a re li -
able in ter pre ta tion of the peaks of at least the IVMO 
ceil ing and bot tom. These re sults can be also used
for the in ter pre ta tion of other X-ray spec tra (Au -
ger-, emis sion, ab sorp tion) of UO2.

X-ray O4,5(U) emis sion spec tros copy (XES). X-ray
O4,5(U) emis sion spec tra re flect ing the
U5d5/2,3/2®U6p3/2,1/2,np,5f [O4,5(U)¬P2,3,O6(U)]
elec tronic tran si tions were ob served in the pho ton en -
ergy range 60 < hn  < 120 eV. Its struc ture was dis -
torted in the higher en ergy re gion due to the in ter fer -
ence with ab sorp tion spec trum (fig. 4). Ear lier [16], the 
low en ergy struc ture was as so ci ated with the ter nary
elec tronic tran si tions in volv ing the core ura nium shells
U5d5/2,3/2¬U6p3/2,1/2 (fig. 4, tab. 3). How ever, by ig -
nor ing the par tic i pa tion of U6p3/2,1/2 elec trons in the
IVMO for ma tion one can not prop erly iden tify fine
spec tral struc tures in X-ray  O4,5(U) emis sion spec tra.

In our pre vi ous pub li ca tion on the in ter pre ta tion
of fine struc ture in ter pre ta tion [8] we took into ac count
the fact that the U6p shell is not core shell and par tic i -
pates ef fec tively in the IVMO for ma tion. The low en -
ergy band in the O4,5(U) XES from UO2 is wide and
poorly re solved de spite a rel a tively high res o lu tion of
the spec trom e ter in the en ergy range 70-80 eV (fig. 4,
tab. 3). It can be par tially ex plained by an ex tra elec -
tronic tran si tions not in cluded in tab. 3. Al ter na tive ex -
pla na tion can be the for ma tion of the higher ura nium
ox i da tion state ox ides on the sam ple sur face (the vac -
uum was 0.67×10–4 Pa), which can sig nif i cantly con -
trib ute to the emis sion at 1 kV.

As the volt age on the X-ray tube in creases to 3 kV,
the con tri bu tion to the emis sion from the sam ple bulk (i. 
e. UO2) grows and the spec trum changes. Thus, the
peaks in the low en ergy range at 73.5, 76.2, and 79.6 eV,
a small shoul der at 85,1 eV and two peaks at 95.8 and
104.7 eV be come nar rower, while the peak at 91.4 eV
di min ishes. Also, the sur face de com po si tion in this case
can not be ex cluded. Tak ing all this into ac count one can
at trib ute peaks at 91.4 and 98.4 eV to the elec tronic
tran si tions from the outer va lence band to the U5d5/2,3/2

shells, and those at 95.8 and 104.7 eV to the tran si tions
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Fig ure 3. XPS (a) and CES (b) from UO2 with sub -
tracted back ground. The cor re spond ing ex pected
spec tra ob tained on the ba sis of the the o ret i cal and ex -
per i men tal data are given bel low the ex per i men tal
spec tra as ver ti cal bars. The spec tral in ten si ties are
given in ar bi trary units, the the o ret i cal in ten si ties are
nor mal ized in %



U5f®U5d5/2,3/2. It has to be noted that the XPS and
XES data are in good qual i ta tive agree ment (fig. 4,  tab.
3).

In the low en ergy tran si tion en ergy range in volv -
ing the bond ing MOs (U5d5/2¬8g8

–) at 73.5 eV for
UO2 cal cu lated on the ba sis of the XPS data no nar row
peaks were ob served (fig. 4), while the peaks re flect ing
the tran si tions from the cor re spond ing antibonding
MOs (U5d5/2¬8g8

– and 5d3/2¬8g8
–) can be dis tin -

guished de spite of their low in ten sity. Cal cu la tions show
that if the antibonding 9g8

– or bital con sists of 63% of
U6p states, the cor re spond ing bond ing 8g8

– one is 34%
(fig. 2). There fore, the tran si tions U5d5/2¬8g8

– in UO2

can hardly be sep a rated from the wide band due to its
low in ten sity. How ever, this con sid er ation can be done
only in the ap prox i ma tion that the MOs keep a par tial
AO na ture. Also, dur ing the XES for ma tion an ini tial
state with a hole on the U5d level tran sits into the fi nal
state with a hole on one of the MOs, while dur ing the
XPS for ma tion the ini tial state does not have any holes
and the fi nal one has a hole on one of the core or va lence
level. This dif fer ence can lead to a sig nif i cant dif fer ence in 
the struc tures of the con sid ered spec tra, and the
compariso of the XPS and XES is ap prox i mate. The
more strict com par i son re quires pre cise the o ret i cal cal cu -
la tions for the emis sion spec tra.

The ob tained data show that the O4,5(U) XES
struc ture of UO2 can be iden ti fied only tak ing into
ac count the ef fec tive IVMO for ma tion from, in par -
tic u lar, the rel a tively deep U6p and O2s AOs. These
re sults are an other ex per i men tal con fir ma tion of the 
ef fec tive IVMO for ma tion in UO2.

X-ray near O4,5(U) edge ab sorp tion spec tros copy
(XAS). The X-ray near O4,5(U) edge (near the U5d) ab -
sorp tion spec trum in the ex ci ta tion en ergy range
90-120 eV ex hib its an un usual struc ture for X-ray ab -
sorp tion spec tra from solid ma te ri als. This struc ture

con sists of the two res o nant bands of dif fer ent widths
and in ten si ties. The to tal elec tron and to tal quan tum
yield spec tra from ura nium ox ides has been shown to
be sim i lar by shape, en ergy po si tion, and width; the
only dif fer ence was in the in ten sity ra tio [17]. Since the
ab sorp tion edge of the low in ten sity peak is 97.5 eV,
which is close to the U5d5/2 bind ing en ergy for UO2

(97.3 eV), this peak was at trib uted to the U5d5/2®U5f 
tran si tion (fig. 5). In this case the U5d3/2®U5f ab sorp -
tion peak is sup posed to be at about 8 eV higher since
U5d3/2 bind ing en ergy is 105.5 eV [10] and lower in -
ten sity is due to the lower U5d3/2 pop u la tion and the
se lec tion rule (the to tal quan tum num ber j = 3/2 is less
than j = 5/2). This ex plains the shoul der at 107 eV in
the quan tum yield spec trum from UO2. The work [18]
con sid ers in the ionic ap prox i ma tion for U4+ the tran si -
tion U5f2(3H4)®U5d95f3(3G3, 

3H4, 
3I5) and finds out 

that the low en ergy peak re flects gen er ally the
U5d5/2®U5f3 tran si tions, and a shoul der at 107 eV is
due to the U5d3/2®U5f3 tran si tions. The main in ten -
sity of the higher en ergy peak was at trib uted to the
U5d®U7p,8p and 6f tran si tions. For the qual i ta tive
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Ta ble 3. X-ray O4,5(U) emis sion (U5d5/2,3/2¬U6p,5f,np) tran si tions [eV] in me tal lic U and UO2 on the ba sis of XPS
and XES

U UO2

N Transitions XPS XES N Transitions XPS XES

1 U5d5/2¬8g8
– 73.5 73.5

1* U5d3/2¬U6p1/2 76.0 2 U5d3/2¬7g6
– 77.6 76.2

78.0

2* U5d5/2¬U6p3/2 77.4 3 U5d5/2¬9g8
– 79.6 79.6

4 U5d3/2¬8g8
– 81.7 83.3

5 U5d3/2¬8g6
– 85.9 85.1

3* U5d3/2¬U6p3/2 86.0 6 U5d3/2¬9g8
– 87.8 87.4

7 U5d5/2¬OVMO 91.2 91.4

4* U5d5/2¬U5f7/2,5/2 95.4* 8 U5d5/2¬5f5/2 95.4 95.8

9 U5d3/2¬OVMO 99.4 98.4

5* U5d3/2¬U5f5/2 104.0* 10 U5d3/2¬5f5/2 103.6 104.7

11 109.2

* Val ues ob tained on the ba sis of the ex per i men tal eval u a tion tak ing  into ac count  the  ex per i men tal  U5d5/2,3/2-U5f  bind ing  en ergy dif fer -
ences for UO2,06

Fig ure 4. X-ray O4,5(U) emis sion spec tra re flect ing
the U5d¬U6p,5f,np tran si tions in UO2 mea sured at
1 and 3 kV



com par i son fig. 5 gives the re sults of the the o ret i cal cal -
cu la tions of the den sity of the va cant and filled U5f elec -
tronic states for the UO8

10–(Oh) clus ter re flect ing ura -
nium close en vi ron ment in UO2. For com par i son the
the o ret i cal spec trum was shifted by 1.9 eV (the U5f
bind ing en ergy in UO2) to the right. This com par i son
shows that the low en ergy peak, ap par ently, must be at -
trib uted to the U5f va cant states. It has to be noted that
right af ter these states (to the right by the en ergy scale
on fig. 5) the va cant U7p states are lo cated, and the
tran si tions U5d®U7p can take place. These data at
least do not con tra dict the sug ges tion of di rect par tic i -
pa tion of the U5f elec trons in the chem i cal bond. In -
deed, at trib ut ing the XAS struc ture of UO2 at 100 eV
(fig. 5) to the antibonding MOs, one can see that the
cor re spond ing bond ing OVMO states have to be filled
with the U5f elec trons.

Res o nant X-ray pho to elec tron spec tros copy (RXPS).
The pa per [10] con sid ers the elec tron photoemission un -
der the ex ci ta tion hn around the O4,5(U) edge from
UO2 formed on the sur face of ura nium foil (fig. 6). The
res o nance was ex pected to ap pear at the ex ci ta tion en er -
gies 100-113 eV (see fig. 5). In deed, the more in tense
peaks ap pear in the spec trum ex cited at  hn = 110 eV
(fig. 6). If ear lier [19] only the OVMO (0-13 eV BE) in -
ten sity change was ob served, the au thors of [10] for the
first time ob served the res o nance in UO2 and ThO2 for
the OVMO and IVMO elec trons in the bind ing en ergy
range 0-40 eV (fig. 6). In this case to a first ap prox i ma -
tion this struc ture for the ac ti nide (An) com pounds can
be de scribed by the fol low ing ex ci ta tion and de cay pro -
cesses:

An5d IVMO OVMO 5f h

An5d IVMO OVMO f

k m n

k m n

10

9 5

( ) ( )

( ) ( )

+ ®

+

v

1 (1)

An5d (IVMO) (OVMO) 5f (e /r)

An5d (IVMO) (OVMO

9 k m n 1 2

10 k

+ + ®

) 5f em n 1- + (2)

An5d (IVMO) (OVMO) 5f e /r)

An5d (IVMO) (OVMO

9 k m n 1

10 k

+ + ®( 2

) 5f em 1 n- + (3)

An5d (IVMO) (OVMO) 5f e /r)

An5d (IVMO) (OV

9 k m n 1

10 k 1

+

-

+ ®( 2

MO) 5f em n + (4)

It has to be noted that to gether with this pro -
cess a reg u lar photoemission takes place. Since the
con sid ered res o nant spec tra are mostly due to the
Au ger elec trons rather than to the photoemission,
they re flect mostly the Annp and An5f par tial state
den si ties. The ob served wash out of the struc ture in
the ~15-40 eV en ergy range was ex plained by the
IVMO for ma tion. Since dur ing the res o nance the
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Fig ure 5. To tal elec tron yield from UO2. The
U5d5/2,3/2 bind ing en er gies are given above the spec -
trum. The den sity of the U5f oc cu pied (full) and va -
cant (hol low) states is shown bel low the spec trum as
ver ti cal bars

Fig ure 6. RXPS from UO2 formed on the me tal lic
ura nium foil col lected at dif fer ent SR ex ci ta tion en er -
gies. Num bers show en er gies of hn in eV. In ten si ties
are nor mal ized to the cur rent of SR beam. The bind -
ing en er gies for UO2 are given bel low the spec tra. The 
C1s bind ing en ergy from the ab sorbed hy dro car bons
on the sam ple sur face was ac cepted to be 285.0 eV



larg est in ten sity changes are ex pected for the
U5f,6p re lated peaks, the ob tained data al lows three 
im por tant con clu sions. First – the peak at 1.9 eV is
at trib uted to the lo cal ized U5f elec trons. Sec ond –
the U5f elec trons par tic i pat ing di rectly in the chem -
i cal bond are delocalized which re sults in the in -
crease of OVMO in ten sity. Third – the U6p elec -
trons par tic i pate ef fec tively in the IVMO and
prob a bly OVMO for ma tion, which re sults in the
in tense res o nant struc ture in the IVMO en ergy
range. This struc ture re flects the par tial U6p elec -
tronic den sity in this spec tral re gion.

Res o nant X-ray O4,5(U) emis sion spec tros copy
(RXES). The RXES from UO2 col lected at ex ci ta tion
en er gies 104.4, 107.2, 113.8, and 120 eV [9] are
shown on fig. 7. The RXES struc ture de pends
strongly on the near res o nance ex ci ta tion en ergy. The
fixed en ergy non res o nant XES (fig. 7) is given bel low
the spec tra for com par i son (see fig. 4). One can see a
sat is fac tory agree ment be tween the res o nant and
non-res o nant spec tra. Thus, the peaks A and B sep a -
rated by about 8 eV are at trib uted to the tran si tions
U5d5/2,3/2¬OVMO. They are ob served in both res o -
nant and non-res o nant spec tra. Fig ure 7 shows that
peak B is more in tense in the RXES from UO2. It in -
di cates that the tran si tion U5d3/2¬OVMO pre vails
over the U5d5/2¬OVMO one. The peak A grows in
the non-res o nant spec tra. It has to be noted that the
filled U6p states pres ent in the OVMO (0.6 e– of the
U6p elec trons in UO2, see tab. 2) and the tran si tion
from the MOs con tain ing the U6p elec trons also
should ap pear in the con sid ered spec tra. In deed, peak
B is ob vi ously struc tured.

The RXES from UO2 and UO3 col lected at
101 eV ex ci ta tion en ergy show a sig nif i cant dif fer -
ence (fig. 8). Un like the UO3 one, the UO2 RXES

shows the two peaks at trib uted to the ff-ex ci ta tion
[9]. The ff-ex ci ta tion is ex pected to ap pear with a
higher prob a bil ity in the spec tra of com pounds
with the more ionic type of bond, like UO2. A more
re li able in ter pre ta tion of the ff-ex ci ta tion pro cess re -
quires more cor rect cal cu la tions of the RXES struc -
ture tak ing into ac count the many-body per tur ba -
tion and the charge trans fer ef fect.

The ob served RXES tran si tions agree with the 
sug ges tion that the filled U5f and prob a bly U6p
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Fig ure 7. Res o nant X-ray O4,5(U) emis sion spec tra
from UO2 col lected at dif fer ent SR ex ci ta tion en er -
gies hn [eV]. Cor re spond ing non-res o nant spec trum
is given be low for com par i son (see fig. 4)

Fig ure 8. Res o nant X-ray O4,5(U) emis sion spec tra
from UO2 and UO3 col lected at the ex ci ta tion SR en -
ergy hn = 101 eV. The spec trum from UO2 ex hib its
the struc ture re flect ing the ff-ex ci ta tion pro cess

Fig ure 9. Au ger OKLL spec tra from Al2O3 and UO2

col lected at the AlKa1,2 (1486.6 eV) ex ci ta tion en ergy



states are pres ent in the outer va lence band. This
agrees with the data of other con sid ered meth ods.

Au ger OKLL spec tros copy of ox y gen. Au ger
OKLL spec trum from, for ex am ple Al2O3, where the
IVMOs do not form ef fec tively, con sists of the three
well ob served struc tured lines re flect ing the
OKL2-3L2-3 (O1s¬O2p), OKL1L2-3 (O1s¬O2s,2p), 
OKL1L1 (O1s¬O2s) tran si tions (fig. 9). In pre vi ous
work [20], we have es tab lished a quan ti ta tive cor re la -
tion of the rel a tive Au ger in ten sity, char ac ter iz ing the
par tial den sity of the filled ox y gen elec tronic states, on
the O1s XPS bind ing en ergy, char ac ter iz ing the to tal
den sity of the va lence elec tronic states on the ox y gen
ion (fig. 10). The rel a tive Au ger in ten si ties are given as
area ra tios OKLL/O1s. The Au ger OKLL spec trum of 
UO2 dif fers sig nif i cantly from the cor re spond ing spec -
trum of Al2O3, SiO2, and Bi2O3 (figs. 9, 10 and tab. 4). 
The OKL2-3L2-3 FWHM for UO2 is sig nif i cantly
lower (G < 5 eV) than the cor re spond ing FWHMs for
other ox ides. It can be ex plained by the fact that the par -
tial O2p den sity OVMO band for UO2 is sig nif i cantly
nar rower than that for other stud ied ox ides (fig. 9).
The OKL1L2-3 and OKL1L1 Au ger re gions for UO2

ex hibit more com pli cated struc tures than those for the
other stud ied ox ides. It can be ex plained by the IVMO
for ma tion from the U6p - O2s in ter ac tion. The rel a tive
de crease of in ten sity of the OKL2-3L2-3 and OKL1L2-3

Au ger lines for UO2 when com pared to the other stud -
ied ox ides (fig. 10) ap par ently can also be at trib uted to
the IVMO for ma tion.

The re sults of the si mul ta neous reg is tra tion of the 
Au ger OKLL and XPS O1s,2s,2p spec tra of UO2 and
other ox ides in the bind ing en ergy range 0-540 eV al -
lowed a qual i ta tive eval u a tion of the rel a tive va lence
elec tronic ox y gen state den sity in UO2 and an ex per i -
men tal con fir ma tion for the IVMO for ma tion in this
ox ide.

We would like to note that a sim i lar com plex
study was done also for other ac ti nide com pounds,
these re sults are par tially re flected in [3].

CON CLU SIONS

(1) Us ing UO2 as an ex am ple we an a lyzed
new data on the chem i cal bond na ture ob tained by
the X-ray pho to elec tron, con ver sion elec tron,
non-res o nant and res o nant X-ray O4,5(U) emis sion, 
near O4,5(U) edge ab sorp tion, res o nant pho to elec -
tron and Au ger OKLL spec tros copy tak ing into ac -
count the data of the rel a tiv is tic elec tronic struc ture
cal cu la tions for the UO8

12–(Oh) clus ter re flect ing
ura nium close en vi ron ment in UO2.

(2) De spite the tra di tional opin ion that be -
fore the chem i cal bond for ma tion the An5f- elec -
trons get pro moted to, for ex am ple, the An6d
atomic orbitals, the the o ret i cal cal cu la tions show
and ex per i men tal data con firm that the An5f
atomic shells (~1 U5f elec tron) can par tic i pate di -
rectly in the for ma tion of mo lec u lar orbitals in ac ti -
nide com pounds. About 2 U5f elec trons weakly
par tic i pat ing in the chem i cal bond are lo cal ized at
–1.9 eV,  ~1 U5f par tic i pat ing in the chem i cal bond 
is delocalized in the OVMO bind ing en ergy range
from –4 to –9 eV, and the va cant U5f elec tronic
states are gen er ally delocalized in the low pos i tive
en ergy range (0-5 eV).

(3) The U6p elec trons (0.6 U6p elec trons)
were ex per i men tally shown to par tic i pate sig nif i -
cantly in the OVMO for ma tion be side the IVMO
for ma tion, which agrees with the the o ret i cal data.

(4) It was es tab lished that, for ex am ple, the
bond ing 8g8

–(8) and cor re spond ing antibonding
9g8

–(5) IVMO are formed gen er ally from the
U6p3/2 and O2s AOs and their cal cu lated com po si -
tions (63% of U6p3/2 and 33% of O2s and 34% of
U6p3/2 and 63% of O2s AOs) dif fer slightly from
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Fig ure 10. De pend ence of the rel a tive Au ger
OKL2-3L2-3 and OKL1L2-3 in ten si ties on the O1s
bind ing en er gies for: Bi2O3, Al2O3, SiO2, and UO2

Ta ble 4. The O1s bind ing en er gies Eb [eV] and rel a tive
Au ger OKL2-3L2-3 and OKL1L2-3 in ten si ties I(a) [rel.
units] for ox ides: Bi2O3, Al2O3, SiO2, and UO2

N Oxides Eb I1 I2

1
2
3
4

Bi2O3
Al2O3
SiO2
UO2

529.4 ± 0.2
531.4 ± 0.3
532.4 ± 0.1

530.5

1.27 ± 0.07
0.99 ± 0.08
0.68 ± 0.08

0.81

0.38 ± 0.05
0.29 ± 0.02
0.23 ± 0.03

0.23

(a) Rel a tive in ten si ties were taken as spec tral area ra tios (Au ger
OKLL)/(XPS O1s) mea sured dur ing the same ex per i ment



the ex per i men tal data (75% of U6p3/2 and 21% of
O2s and 22% of U6p3/2 and 75% of O2s AOs).
Elec trons from these orbitals in the ag gre gate were
sug gested to strengthen the chem i cal bond in ura -
nium di ox ide.

(5) The rel a tiv is tic cal cu la tions con firm an
ear lier sug ges tion made on the ba sis of the non-rel a -
tiv is tic cal cu la tions that the filled U6p3/2 and O2s
AOs par tic i pate mostly in the IVMO for ma tion,
while the U6p1/2 com po nent par tic i pates to a lesser
ex tent.
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PROU^AVAWE  ELEKTRONSKIH  STRUKTURA  AKTINIDA
SAVREMENIM  RENDGENSKIM  SPEKTRALNIM  METODAMA  – 

PRIMER  URANIJUMOKSIDA  UO2

Fina spektralna struktura rendgenskog fotoelektrona uranijumdioksida UO2 u oblasti 
energije veze od 0-~40 eV, uglavnom je povezana sa elektronima spoqa{wih (0-15 eV) i unutra{wih
(15-40 eV) valentnih molekulskih orbitala obrazovanih od nekompletno popuwenih U5f,6d,7s i
O2p quski i kompletno popuwenih U6p i O2s quski susednih uranijumovih i kiseonikovih jona.
Ovo je u saglasnosti sa rezultatima relativisti~kih prora~una elektronske strukture UO8

12–(Oh) 
klastera koji odra`ava uranijumovu neposrednu okolinu u UO2, a {to je potvr|eno podacima
rendgenske spektroskopije (konverzijom elektrona, nerezonantnom i rezonantnom, O4,5(U)
emisijom, O4,5(U) apsorpcijom u blizini granice, rezonantnim fotoelektronom O`eovskim
elektronom). Uspostavqena je fina spektralna struktura rendgenskog fotoelektrona  povezana sa
spoqa{nim i unutra{wim valentnim molekulskim orbitalama koja vodi zakqu~ku o stepenu
u~e{}a U6p,5f elektrona u hemijskoj vezi, o strukturi uranijumovog neposrednog okru`ewa i
me|uatomskim rastojawima u oksidima. Ukupan doprinos elektrona sa unutra{wih valentnih
molekulskih orbitala apsolutnoj vrednosti hemijske veze mo`e se uporediti sa doprinosom onih
sa spoqa{wih orbitala. Mora se zapaziti da unutra{we valentne molekulske or bit ale doprinose
jediwewima makog elementa iz periodnog sistema. Ovo je nova nau~na ~iwenica u hemiji i fizici
~vrstog stawa.


