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Abstract�Fine structure of the X-ray photoelectron and conversion spectra of low-energy (0�40 eV) elec-
trons of uranium dioxide UO2 was analyzed based on the electronic structure calculations for the UO8

12� clus-
ter with Oh symmetry, simulating the nearest surrounding of uranium in UO2, by the relativistic X

�
discrete

variation method. It was predicted theoretically and validated experimentally that, in UO2, the U5f electrons
(�1 U5f electron) can directly participate in chemical bonding: �2 U5f electrons weakly contributing to
chemical bonding are localized at �1.9 eV; �1 U5f electron participating in chemical bonding is delocalized in
the range of outer valence molecular orbital energies from �4 to �9 eV; and unfilled U5f states are localized
mostly at low (from 0 to 5 eV above zero) energies. It was shown experimentally that the U6p electrons
actively participate in formation of not only inner valence but also outer valence (0.6 U6p electron) molecular
orbitals. The density of the U6p states in UO2 was estimated experimentally. The composition and sequence
of the inner valence molecular orbitals at energies within 13�40 eV were also elucidated.

X-ray photoelectron spectroscopic (XPS) studies of
uranium oxides showed that the spectra of low-energy
electrons in UO2 and UO3 at binding energies Eb
within 0�40 eV markedly differ in the structure
[1�4]. The U(VI) ion in the trioxide UO3 has the elec-
tronic configuration {Rn}5f 0, and the U(IV) ion in the
dioxide UO2, the {Rn}5f 2 configuration (where {Rn}
is the electronic configuration of radon), and the X-ray
photoelectron spectrum of UO2, by contrast to UO3,
exhibits at �Eb� = 1.9 eV a fairly narrow intense line
of U5f electrons weakly contributing to the chemical
bonding.

Also, at low binding energies (within 0�40 eV) of
electrons of uranium oxides and other actinide com-
pounds, the lines observed have, for the most part,
a width of several electron-volts. This is in many
cases larger than the width of the lines of electrons
from deeper-lying inner shells [5]. For example, the
half-width �, eV, of the line of the O1s electrons
(�Eb� = 530.5 eV) of UO2 was estimated at 1.6 eV,
while that of the O2s electrons (�Eb� = 23.3 eV), at
4 eV, and this line has a fine structure [3, 4]. These
data contradict the indeterminacy relationship �E�� �
h/2�, where �E is the natural width of the level from
which a photoelectron was removed; ��, lifetime of
the hole state of the ion formed; and h, Planck’s con-
stant. Indeed, the lifetime of the hole �� tends to
decrease with increasing absolute value of the level
energy, and the lines in the X-ray photoelectron spec-
tra of separate atoms should become narrower with

decreasing binding energy of the electrons. In the case
of UO2 and UO3, the situation is the opposite. This
stimulated extensive theoretical and experimental stu-
dies on the nature of the chemical bonding in actinide
compounds. These studies showed that one reason for
broadening of the lines in the X-ray photoelectron
spectra in the region of low binding energies of elec-
trons of actinides in compounds is formation of outer
valence molecular orbitals (OVMOs) with energies
from 0 to �13 eV and inner valence MOs (IVMOs)
with energies from �13 to �50 eV with active partici-
pation of the filled An6p atomic shells of actinides [4].
These spectra essentially reflect the structure of the
valence band (from 0 to 50 eV) and are represented
by bands with widths of several electron-volts. More
recent studies [5] showed that, under appropriate con-
ditions, inner valence MOs can be formed in com-
pounds of all elements.

Previously, it was commonly believed that the
An5f electrons involved in chemical bonding are pre-
liminarily excited to, e.g., the An6d atomic orbitals.
At the same time, calculations showed that the An5f
shells of the atoms can directly participate in forma-
tion of the MOs of actinide compounds [6�8]. This is
of principal importance and needs experimental verifi-
cation. The validity of the electronic structure cal-
culations for actinide compounds can be judged from
comparison of the theoretical and experimental partial
densities of the An5f and An6p electrons.
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Fig. 1. (a) X-ray photoelectron and (b) conversion electron
spectrum of UO2. Vertical lines under the spectra represent
the corresponding theoretical spectra. The contour of the
subtracted background is shown, and resolution of the spec-
tra into individual components is illustrated. The intensity
in the experimental spectra is given in arbitrary units, and
that of the theoretical spectra is normalized in %.

The qualitative analysis of the structure of the
X-ray photoelectron spectra of uranium oxides [3, 4]
allowed tentative identification of the lines in the con-
version electron [9�11] and high-resolution O4,5(U)
X-ray emission [12] spectra of UO2 and UO3. These
findings provide additional experimental evidence of
formation of IVMOs in uranium oxides. Correct anal-
ysis of the fine structure of the X-ray photoelectron,
conversion, and O4,5(U)-emission spectra of UO2 and
UO3 was precluded by the lack of the results of relati-
vistic calculations of their electronic structure. For
UO3, such calculations were recently carried out,
which allowed full identification of the fine structure
of the X-ray photoelectron and conversion spectra of
this oxide [13, 14].

In this study, we analyzed the fine structure of the
low-energy X-ray photoelectron and conversion elec-
tron spectra of UO2 at electron binding energies with-

in 0�40 eV. To this end, we utilized the results of
relativistic calculations by the X� discrete variation
method (RX�-DVM) of the electronic structure of
the UO8

12� cluster with Oh symmetry, simulating the
nearest surrounding of uranium in UO2.

EXPERIMENTAL AND CALCULATION
TECHNIQUES

The X-ray photoelectron spectrum of UO2 was
recorded at room temperature on an HP5950A electro-
static spectrometer using AlK�1, 2

(h� = 1486.6 eV)
monochromated exciting radiation in a 1.3�10�7 Pa
vacuum and a low-energy electron gun to compensate
the electrostatic charging of the sample during photo-
emission of photoelectrons from its surface. The reso-
lution of the spectrometer was estimated at 0.8 eV
from the halfwidth of the line of the Au4f7/2 elec-
trons. The binding energies Eb, eV, are referenced to
that of the C1s electrons of hydrocarbons on the
sample surface, taken equal to 285.0 eV. On a gold
substrate, Eb(C1s) = 284.7 eV and Eb(Au4 f7/2) =
83.8 eV [4]. The spectrum of the O1s electrons of
UO2 was represented by a single line with a halfwidth
� = 1.6 eV. At the same time, the halfwidth of the
line of the C1s electrons of the hydrocarbons was
1.3 eV. The binding energies of the electrons and line
widths were determined accurately to within 0.1 eV,
and relative line intensities, to 10%.

The UO2.06 sample for the X-ray photoelectron
study was a dense thick layer with a mirror surface.
It was prepared from a finely dispersed powder by
grinding in an agate mortar and pressing into indium
on a metal support. The characteristics of the X-ray
photoelectron spectrum of this sample (electron bind-
ing energies) were identical, within the measurement
error, to those of UO2 formed on the metal plate sur-
face [4]. In measurements of the conversion electron
spectrum on the same spectrometer, utilizing an addi-
tional electron accelerating system, we used an indium
substrate for implantation of the uranium isomer by
electrostatic collection in an oxygen atmosphere of the
235mU recoil atoms yielded by �-decay of 239Pu [11].
The lines were identified and the conversion spectrum
was calibrated on the basis of the X-ray photoelectron
spectrum of UO2. The spectral background due to
elastically scattered electrons was subtracted from
the X-ray photoelectron spectrum by the Shirley tech-
nique [15]. In the case of the conversion electron
spectrum, this background was subtracted both by the
Shirley technique and by exponent [11]. The relative
intensities of the lines differed by no more than 5%.
Figure 1 demonstrates the conversion electron spec-
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trum, from which the background was subtracted by
exponent.

The UO8
12� cluster with Oh symmetry, simulating

the nearest surrounding of uranium in UO2, is a body-
centered cube with an edge of 2.74 	 and a bond
length RU�O = 2.373 	, whose center is occupied by
the uranium atom, and apices, by eight oxygen atoms
(ligands L) [16]. The calculations for this cluster were
carried out in the relativistic approximation by the
X� discrete variation method [17, 18], based on solv-
ing the Dirac�Slater equation for four-component
spinors with the correlation exchange potential [19].
The extended basis of numerical atomic orbitals ob-
tained by solving the Dirac�Slater equation for iso-
lated atoms included, along with filled, vacant states
U7p1/2 and U7p3/2. Also, the basis took into account
the cluster symmetry: Using the projection operator
technique [17], we obtained linear combinations of
ordinary atomic orbitals AOs, transformed by irreduc-
ible representations of the Oh double group. The rela-
tivistic basis sets were obtained using an original
symmetrization routine utilizing the irreducible re-
presentation matrices of the majority of the double
groups from [19] and the transformation matrices
from [20, 21]. Numerical Diophantine integration in
calculating the matrix elements of the secular equation
was carried out using a set of 22000 points spread
over the cluster space, which afforded agreement of
the energies of the molecular orbitals no worse than
within 0.1 eV. The local correlation exchange poten-
tial was in the X� form with the parameter � equal to
the weighted average of the atomic parameters. Since
the clusters were fragments of a crystal, the self-con-
sistency was achieved by utilizing the procedure of
renormalization of the population densities of the
valence AOs of the ligands. This procedure takes due
account of the stoichiometry of the compound and the
pattern of charge redistribution between the ligands
and the surrounding crystal. To correctly estimate the
combined influence of all the relativistic effects in
UO2, we carried out nonrelativistic calculation by the
X� discrete variation method for this cluster with
identical crystallographic and calculation parameters.

RESULTS AND DISCUSSION

The X-ray photoelectron spectrum of low-energy
electrons (0�40 eV) of UO2 can be arbitrarily divided
in two parts (Fig. 1). The first part at energies within
0�13 eV exhibits a structure due to electrons of the
OVMOs formed mostly by the outer valence U5 f, 6d,
7s and O2p AOs of the neighboring atoms, incom-

pletely filled with electrons (Table 1). The second part
of the spectrum at energies within 13�40 eV exhibits
a fine structure due to electrons of the IVMOs. These
orbitals mostly arise from strong interaction of elec-
trons of the completely filled inner valence U6p and
O2s AOs of the nearest U and O atoms. The strong
correlation of the spectral parameters of the IVMO
part of the spectrum with the structure of the nearest
surrounding of uranium in various compounds was
the reason for division of the MOs of interest into
OVMOs and IVMOs [4, 5]. The X-ray photoelectron
spectrum of the OVMO electrons exhibits character-
istic features and can be resolved into four compo-
nents. In the region of the IVMO electrons, the spec-
trum contains prominent maxima and can be resolved
into six components (Fig 1). Formal as it is, this res-
olution of the spectra into components allows quali-
tative and quantitative comparison of the characteris-
tics of the X-ray photoelectron spectrum with those
of the conversion electron spectrum and with the re-
sults of the relativistic calculation of the electronic
structure of the UO8

12� cluster with the Oh symmetry.

Table 1 presents the results of the relativistic cal-
culations of the electronic structure for the ground
state of the UO8

12� cluster and the composition of the
MOs. After photoemission of the electron, the mole-
cule changes into an excited state with a hole in an
individual level, and more rigorous comparison of the
experimental and theoretical binding energies of the
electrons utilizes the calculated values for the transi-
tion state [24]. However, it can be roughly assumed
that, in the valence band, the electron binding energies
calculated for the transition state are constantly shifted
to energies of larger absolute value compared to those
of the ground state. Therefore, to compare the calcu-
lated and experimental binding energies, we increased
in this work the corresponding theoretical values by
1.9 eV (Table 2). Taking into account the composition
of the MOs (Table 1) and photoionization cross sec-
tions ([22], the 
i parameters for the U7p electrons
were calculated by V.G. Yarzhemskii), we determined
the theoretical intensities for the individual ranges
of the spectrum (Table 2, Fig. 1). Comparison of the
experimental X-ray photoelectron spectrum with the
theoretical data should take into account the fact that
the X-ray photoelectron spectrum of UO2 reflects the
band structure and consists of bands broadened due to
solid-state effects. Despite approximations used in the
calculations, the theoretical and experimental data
agree satisfactorily. Indeed, the theoretically predicted
widths and relative intensities of the outer valence and
inner valence bands are comparable with those derived
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Table 1. Composition (fractions) and energies E0,* eV, of the MOs of the UO8
12� cluster for RU�O = 2.37 � (RX

�
�DVM),

photoeffect cross sections �i**, and one-electron partial conversion probabilities �i***
�����������������������������������������������������������������������������������

MO

�

Q

�

�E0,

� Composition of MO
� � ����������������������������������������������������������������������
� �

eV

� U � O
� � ����������������������������������������������������������������������
� � � 6s � 6p1/2 �6p3/2 � 6d3/2 � 6p5/2� 7s � 5f5/2 �5f7/2 �7p1/2 �7p3/2 � 2s � 2p1/2

�2p3/2� � � 1.14 � 0.89 � 1.29 � 0.61 � 0.55 � 0.12 � 3.67 � 3.48 � 0.07 � 0.10 � 0.96 � 0.07 � 0.07
� � � 0.07 � 49.38 � 23.55 � 6.55 � 7.71 � 0.01 � 0.07 � 0.04 � 8.23 � 4.39 � � �

������������������������������������������������������������������������������������
OVMO

8�7
+ � 0 � �6.09 � � � � � 0.84 � � � � � � 0.04 � 0.10 � 0.02

14�8
+ � 0 � �5.85 � � � � 0.42 � 0.41 � � � � � � 0.04 � 0.02 � 0.11

11�6
+ � 0 � �4.18 � � � � � � 0.90 � � � � � 0.05 � 0.02 � 0.03

13�8
+ � 0 � �2.33 � � � � 0.39 � 0.47 � � � � � � � 0.04 � 0.10

16�8
� � 0 � �1.78 � � � � � � � 0.01 � 0.01 � � 0.91 � 0.03 � � 0.04

12�6
� � 0 � �1.52 � � � � � � � � � 0.92 � � 0.03 � 0.04 � 0.01

8�7
� � 0 � �1.50 � � � � � � � 0.12 � 0.75 � � � 0.01 � 0.06 � 0.06

11�6
� � 0 � �0.77 � � � � � � � � 0.94 � � � � 0.06 �

15�8
� � 0 � �0.73 � � � � � � � � 0.81 � � 0.15 � 0.01 � 0.01 � 0.02

7�7
� � 0 � �0.08 � � � � � � � 0.78 � 0.16 � � � � 0.01 � 0.05
� � � � � � � � � � � � � � �14�8

� � 2 � 0.00 � � � � � � � 0.92 � � � 0.01 � � � 0.07
13�8

� � 4 � 3.97 � � � � � � � � � � � � 0.32 � 0.68
12�8

+ � 4 � 4.14 � � � � � � � � � � � � 0.16 � 0.84
10�6

+ � 2 � 4.19 � � � � � � � � � � � � 0.66 � 0.34
7�7

+ � 2 � 4.60 � � � � � � � � � � � � 0.13 � 0.87
11�8

+ � 4 � 4.62 � � � � � � � � � � � � 0.43 � 0.57
10�6

� � 2 � 4.93 � � 0.01 � � � � � � 0.05 � 0.05 � � � 0.89 �
11�8

� � 4 � 5.08 � � � 0.02 � � � � � 0.01 � � 0.02 � � 0.21 � 0.74
12�8

� � 4 � 5.16 � � � 0.02 � � � � 0.06 � 0.01 � � 0.05 � � 0.03 � 0.83
6�7
� � 2 � 5.19 � � � � � � � 0.06 � 0.06 � � � � 0.30 � 0.58

9�6
� � 2 � 5.69 � � 0.01 � � � � � � 0.01 � 0.01 � � � � 0.97

10�8
� � 4 � 5.81 � � � � � � � 0.03 � 0.04 � � � � 0.18 � 0.75

5�7
� � 2 � 5.83 � � � � � � � 0.04 � 0.02 � � � � 0.63 � 0.31

6�7
+ � 2 � 6.10 � � � � � 0.11 � � � � � � 0.02 � 0.76 � 0.11

9�6
+ � 2 � 6.16 � 0.01 � � � � � 0.04 � � � � � 0.02 � 0.32 � 0.61

10�8
+ � 4 � 6.19 � � � � 0.07 � 0.05 � � � � � � 0.02 � 0.08 � 0.78

9�8
+ � 4 � 6.72 � � � � 0.08 � 0.10 � � � � � � � 0.25 � 0.57

IVMO

9�8
� � 4 � 16.60 � � � 0.63 � � � � � � � 0.01 � 0.33 � 0.01 � 0.02

4�7
� � 2 � 19.11 � � � � � � � 0.01 � 0.01 � � � 0.98 � �

8�6
� � 2 � 19.30 � � 0.04 � � � � � � � 0.03 � � 0.93 � �

5�7
+ � 2 � 19.51 � � � � � 0.06 � � � � � � 0.94 � �

8�8
+ � 4 � 19.51 � � � � 0.03 � 0.02 � � � � � � 0.95 � �

8�6
+ � 2 � 19.94 � 0.01 � � � � � 0.06 � � � � � 0.93 � �

8�8
� � 4 � 20.93 � � � 0.34 � � � � � � � 0.01 � 0.63 � 0.01 � 0.01

7�6
� � 2 � 26.73 � � 0.95 � � � � � � � � � 0.04 � � 0.01

7�6
+ � 2 � 43.27 � 0.99 � � � � � � � � � � 0.01 � �

������������������������������������������������������������������������������������
Notes: The upper filled molecular orbital is 14��8 (2 electrons); the filling number for n�6

+ and n�7
+ MOs is 2, and that for n�8

+ MO,
4 electrons. The same for Table 2.

* The calculated energies are shifted downward to negative values by 7.5 eV in the absolute value.
** The photoionization cross sections �i, kb, per electron were taken from [22] and are given under the AO designations (the first

figure).
*** Relative partial probabilities of conversion �, %, of the E3 multipole of the 235U nucleus with participation of electrons from

nlj shells for the U(IV) ion were obtained using the data from [23] and are given under the AO designations (the second figure).



RADIOCHEMISTRY Vol. 47 No. 3 2005

NATURE OF THE CHEMICAL BOND IN URANIUM DIOXIDE UO2 219

Table 2. Characteristics of the X-ray photoelectron and conversion spectra of the UO8
12� cluster (Oh) for RU�O = 2.37 �

(RX
�
-DVM) and state density of the U6p electrons �i(e

�) in UO2
������������������������������������������������������������������������������������

MO

�

�E,*

� X-ray photoelectron spectrum � Conversion spectrum �Experimental density
� ����������������������������������������������������
�

eV
�

energy,** eV,
� intensity, % �

energy, eV,
� intensity, % �

�i of the U6p state
� � � � � � in e� units
� � ���������������� �������������������������������
� � experiment �theory �experiment � experiment �theory �experiment � U6p3/2 � U6p1/2

������������������������������������������������������������������������������������
OVMO� 14�8

� � 1.90 � 2.0(1.4) � 29.3 � 21.4 � � 0.1 � � �
� � 13�8

� � 5.87 � 5.3(2.5) � 0.3 � 19.1 � 3.7(2.5) � � 7.5 � 0.5 � 0.1
� � 12�8

+ � 6.04 � � 0.3 � � � � � �
� � 10�6

+ � 6.09 � � 0.1 � � � � � �
� � 7�7

+ � 6.50 � � 0.1 � � � � � �
� � 11�8

+ � 6.52 � � 0.3 � � � � � �
� � 10�6

� � 6.83 � � 1.7 � � � 0.9 � � �
� � 11�8

� � 6.98 � � 1.3 � � � 1.1 � � �
� � 12�8

� � 7.06 � � 5.1 � � � 0.9 � � �
� � 6�7

� � 7.09 � � 3.8 � � � � � �
� � 9�6

� � 7.59 � 7.4(1.9) � 0.5 � 7.4 � � 0.5 � � �
� � 10�8

� � 7.71 � � 4.5 � � � � � �
� � 5�7

� � 7.73 � � 2.0 � � � � � �
� � 6�7

+ � 8.00 � � 0.7 � � 8.0(4.5) � 0.8 � 7.3 � �
� � 9�6

+ � 8.06 � � 0.3 � � � � � �
� � 10�8

+ � 8.09 � � 1.5 � � � 1.7 � � �
� � 9�8

+ � 8.62 � 9.4(1.6) � 1.9 � 1.7 � � 2.5 � � �
� � � � � � � � � �� � � Ii � � � 53.7 � 49.6 � � 8.5 � 14.8 � 0.5 � 0.1
� � � � � � � � � �IVMO � 9�8

� � 18.50 � 17.7(3.1) � 15.3 � 16.9 � 17.8(3.1) � 29.2 � 32.3 � 2.7 �
� � 4�7

� � 21.01 � 19.6(3.0) � 2.6 � 8.1 � � � � �
� � 8�6

� � 21.20 � � 2.2 � � 20.7(3.1) � 2.2 � 3.6 � � 0.2
� � 5�7

+ � 21.41 � � 2.2 � � � 0.5 � � �
� � 8�8

+ � 21.41 � 22.4(3.2) � 4.4 � 6.9 � � 0.7 � � �
� � 8�6

+ � 21.84 � � 2.1 � � � � � �
� � 8�8

� � 22.83 � 23.8(3.3) � 10.1 � 9.9 � 23.9(3.4) � 15.8 � 9.3 � 0.8 �
� � 7�6

� � 28.63 � 27.9(3.5) � 7.3 � 7.3 � 27.9(3.4) � 43.1 � 37.7 � � 1.6
� � Sat � � 31.1(2.3) � � 1.3 � 31.2(2.5) � � 2.3 � � 0.1

� � � � � � � � � �� � � Ii � � � 46.2 � 50.4 � � 91.5 � 85.2 � 3.5 � 1.9
� � 7�6

+ � 45.17 � 47.0(6.0) � �9.7 � � � �0.1 � � �
������������������������������������������������������������������������������������
Notes: � Ii are the total line intensities and densities of the U6p electrons.

* For comparison with the experimental data, the calculated energies (Table 1) are shifted by 1.9 eV in the absolute value (downward)
to negative values.

** The energies were obtained by resolution of the spectra into individual lines. The halfwidths, eV, of the lines are given in
parentheses.

from the experimental data. The experimental and cal-
culated binding energies of some kinds of electrons
agree satisfactorily (Table 2), to a lesser extent for the
middle part of the spectrum (4�7

��8�8
�) of the IVMO

electrons. Earlier [5] we analyzed the structure of
the X-ray photoelectron spectrum of the IVMO elec-
trons of UO2 using the results of nonrelativistic calcu-
lations in the X� approximation. This allowed qualita-
tive identification of the fine structure of the X-ray
photoelectron spectrum of uranium dioxide at energies

within 0�24 eV as a result of the fact that the relati-
vistic effects for the most part provide strong separa-
tion of the U6p1/2 component, while the main struc-
tural features in the energy region within 0�24 eV
remain unchanged. Taking into account the relativistic
effects allows identification in this work of the struc-
ture of the X-ray photoelectron spectrum throughout
the 0�40 eV range.

For example, the intensity of the narrow line at
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1.9 eV is due mainly to the U5f electrons, and that
of the outer valence band, to electrons of the outer
valence U5f, 6d, 7s, 7p and O2p AOs of the neighbor-
ing atoms and, to a minor extent, to electrons of the
inner valence U6p AO. The fact that the U5f electrons
directly participate in chemical bonding, losing to
a minor extent their f nature, was experimentally
proved. Indeed, the experimental ratios of the inten-
sities of the band of the OVMO electrons with (and
without) account of the line of weakly bound U5f
electrons and IVMO were estimated at 0.98 (0.56),
which somewhat differs from the corresponding
theoretical values of 1.16 (0.53) (Table 2). It should
be noted that 15% of the value in parentheses is ac-
counted for by the U5f electrons. Since the U5f AOs
virtually are not involved in formation of the IVMO,
one reason for the observed difference between these
values can be an increased oxygen content in the
oxide UO2+x, which decreases the experimental
intensity of the line of the U5f electrons not involved
in chemical bonding. Under assumption that, e.g.,
the OVMO band intensity is due exclusively to the
U6d17s25f 3 and 2O2p4 electrons, and IVMO, to the
U6p6 and 2O2s2 electrons in UO2, the corresponding
theoretical intensity ratio can be estimated at 1.15,
which slightly exceeds the experimental value of 1.03
[25]. However, if we assume that the intensity of the
OVMO band is due exclusively to the U6d27s25f 2 and
2O2p4 electrons in UO2, and that of the IVMO bond,
to the U6p6 and 2O2s2 electrons in UO2, the theoret-
ical intensity ratio can be estimated at 0.87, which is
slightly smaller than the experimental value [25]. Tak-
ing into account the measurement error, we can state
that these results at least do not contradict the as-
sumed direct participation of the U5f electrons in
chemical bonding, and the results of the relativistic
calculations fairly adequately reflect the partial density
of states of the U5f electrons (Table 2). Thus, ap-
proximately one U5f electron directly participates in
chemical bonding, and vacant U5f states are located
near the absorption edge (Table 1). This is in qualita-
tive agreement with the O4,5(U) X-ray emission [12]
and O4,5(U) XANES data for UO2 [26].

In the region of the X-ray photoelectron spectrum
of the IVMO electrons, the best agreement was ob-
tained only in the case of the 9�8

�, 8�8
�, and 7�6

� IVMOs
characterizing the width of the spectrum of these elec-
trons. Since the theoretical and experimental total
relative intensities are comparable, it can be assumed
that the calculated energies of the 4�7

��8�6
+ IVMOs

substantially differ from the corresponding experi-
mental energies (Table 2).

The results of nonrelativistic calculations for the
UO8

12� cluster with Oh symmetry and the experimental
differences in the binding energies of the outer and
inner electrons of uranium [27], as well as of UO3
(see, e.g., [5, 28]), allow construction of the molecular
orbital scheme in the MO LCAO approximation
(Fig. 2). This scheme demonstrates the real structure
of the X-ray photoelectron spectrum of UO2. In this
approximation, it is possible to formally distinguish
between the antibonding 9�8

� (5) and 8�6
� (6) and the

corresponding bonding 8�8
� (8) and 7�6

� (9) IVMOs, as
well as, in certain approximation, quasiatomic 4�7

�,
5�7

+ (6), 8�8
+, 8�6

+ (7), and 7�6
� IVMOs associated main-

ly with the O2s and U6p1/2 electrons. These experi-
mental data suggest that the energies of the quasi-
atomic IVMOs associated mainly with the O2s AO
should be close in magnitude. Indeed, the spectrum of
the O1s electrons of UO2 shows that their chemical
nonequivalence should not exceed 0.3 eV, since the
corresponding line is symmetrical, with a halfwidth
� = 1.6 eV. The binding energy should be equal to
�22.5 eV, since E0 = 508 eV, and the binding energy
Eb of the O1s electrons of UO2 was estimated at
530.5 eV (Fig. 2). These data only partially agree with
the theoretical esimations. From �EU = 360.6 eV and
�E1 = 362.9 eV follows �1 = 2.3 eV [5]. Since the
difference in the energies of the 7�6

� (9) and 9�8
� elec-

trons of the IVMOs was estimated at 10.2 eV, and
calculations in [29] and experiment in [27] yielded
�Eso(U6p) = 10.0 eV for the spin�orbit coupling of
the U6p level in the atom, the disturbance �1 can be
estimated at 0.2 eV. This is smaller than 2.3 eV de-
rived from the difference in the binding energies of
the inner and outer MOs. This difference is, evidently,
due to formation of the IVMO, and such comparison
may be not absolutely correct. The line width of the
electrons of the bonding 8�8

� (8) and 7�6
� (9) IVMOs

is somewhat smaller than that of the corresponding
antibonding 7�6

� (9) and 9�8
� IVMOs. This can be due

to a partial loss of the antibonding character by these
MOs because of the admixed 3% of the O2p and 3%
of U7p AOs, respectively (Tables 1, 2; Fig. 2; see
also [5]).

The experimental data supporting formation of
IVMO in UO2 include its high-resolution conversion
electron spectrum [11]. The structure of this spectrum
was qualitatively identified on the basis of the charac-
teristics of the X-ray photoelectron spectrum of UO2,
using the OVMO and IVMO concept [3�5]. This
suggests that the spectral characteristics can also serve
as a quantitative measure of the validity of the elec-
tronic structure of UO2 that we calculated (Fig. 1).
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Fig. 2. MO scheme of the UO8
12� (Oh) cluster, constructed using the theoretical and experimental data. The chemical shift of

the levels due to formation of the cluster from individual atoms is not shown. Arrows indicate some differences in the level
energies that can be measured experimentally. Figures on the left are experimental binding energies, eV, of the electrons.
The energy levels are not drawn to a scale.
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Fig. 3. (a) X-ray photoelectron and (b) conversion electron
spectrum of UO2 with the background subtracted. The ver-
tical lines under the spectra are the corresponding expected
spectra based on the theoretical and experimental data.
The intensities of the spectra are in arbitrary units, and
those of the theoretical spectra are normalized in %.

The fully converted transition of the E3 multipole
of the nucleus of the 235mU isomer (T1/2 = 26.3�
0.2 min for UO3) from the first excited state (spin I1 =
1/2+, E1 = 76.5�0.4 eV) to the ground state of the
nucleus (spin I0 = 7/2�, E0 = 0 eV) is accompanied by
emission of low-energy electrons. The conversion is
energetically allowed for the U6s26p65f 36d17s27p0

electrons whose shells can actively participate in for-
mation of OVMOs and IVMOs in uranium com-
pounds. In this case, the partial probabilities of conver-
sion with ejection of the (nili ji) electron into a continu-
ous spectrum with the kinetic energy i, �i (EL, I1 �
I0, nilidi � i), normalized to one electron (ni is the
main quantum number and li and ji, orbital and total
angular momentums of the electron, respectively) are
proportional to the electron factor �e (E3, nili ji, h�),
where h� is the excitation energy of the nucleus [23].

In this study, using the results of the electronic
structure calculations for UO2 by a relativistic method
and the relative one-electron partial probabilities of
conversion, we obtained the theoretical conversion
electron spectrum and compared it with the corre-
sponding experimental conversion electron spectrum
(Tables 1, 2; Fig. 1). In our previous papers [13, 14]
we analyzed the structure of the conversion electron
spectrum of UO3 using the partial conversion prob-
abilities for the neutral U atom [30]. In this study, we
used the corresponding parameters for the U(IV) ion
[23], since in this case the theoretical and experiment-
al data agreed better. As the conversion effect cross
sections for the U6p electrons significantly exceed
those for other electrons (Table 1), which are much
fewer in number than the U6p electrons, the conver-
sion electron spectrum of UO2 reflects to a greater
extent the partial density of the states of the U6p elec-
trons in this compound. The effect cross section for
the U6p1/2 electrons is 2.1 times that for the U6p3/2
electrons. With this fact taken into account, the experi-
mental X-ray photoelectron and conversion spectra
agree satisfactorily (Fig. 1). In spite of possible errors
due to the use of the results of calculations for the
ground state of the cluster, as well as the errors in
determination of the probabilities of conversion and in
subtraction of the background [14], the experimental
and theoretical conversion electron spectra qualitative-
ly agree. Comparison of the X-ray photoelectron and
conversion electron spectra allows three important
conclusions. First, the U6p shell actively participates
in formation of IVMO. Second, the U6p shell sig-
nificantly contributes to formation of OVMO as well.
Third, as expected, the U5f electrons of the 14�8

�

(1) OVMO and electrons from quasiatomic 4�7
� (6),

5�7
+ (6), 8�8

+ (7), and 8�6
+ (7) IVMOs are virtually not

observed in the spectrum at 19.6 and 22.4 eV, and
the energies of the 9�8

� (5), 8�8
� (8), and 7�6

� (9) IVMOs
somewhat differ from the corresponding theoretical
energies and are more consistent with the experiment-
al data derived from the X-ray photoelectron spectrum
(Figs. 1, 2).

For comparative quantitative analysis of the experi-
mental and theoretical line intensities in the spectra of
interest, we carried out their resolution, taking into
account the scheme (Fig. 2) constructed using the
experimental binding energies and theoretically calcu-
lated intensities. Table 2 and Fig. 3 present the results
of identification of the structure of the X-ray photo-
electron and conversion electron spectra. It is seen that
the experimental binding energies of electrons in these
spectra are virtually identical. At the same time, the
experimental line intensities of the IVMO electrons in
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many cases substantially differ from the correspond-
ing theoretical data. The best agreement is observed
for the lines of the 9�8

� (5) and 7�6
� (9) IVMOs. Using

the conversion cross sections and line intensities in
the conversion electron spectrum, we estimated the
partial density of the U6p3/2, 1/2 electrons for UO2
(Table 2). Based on analysis of the experimental and
theoretical data, we assumed with a good reason that
the intensity of the line in the conversion spectrum at
3.7 eV is due to the U6p electrons (e� is the electron
charge) of uranium (Tables 1, 2; Fig. 1). We found
that the OVMO comprises 0.6 U6p electron (Table 2),
which exceeds the corresponding theoretical value of
0.2 e� (Table 1). In this case, the U6p3/2 electrons
mostly participate in the chemical bonding. For the
energy region corresponding to IVMO, agreement is
observed in certain cases as well. For example, the
antibonding 9�8

� (5) IVMO comprises 2.7 U6p3/2 elec-
trons, which is comparable with the corresponding
calculated value, 2.52 e� (Table 1). In the case of the
bonding 8�8

� (9) IVMO, the agreement is less close:
0.8 e� in the experiment (Table 2) against 1.36 e� in
the theory (Table 1).

Quantum mechanical calculations predict qualita-
tively the pattern of variation of the line intensities
in the spectra of interest with changing level energies;
therefore, the initial data for the initial clusters can be
adjusted so as to bring the theoretical and experiment-
al data into agreement. It should be noted that, as
shown by us previously [5], the MO lines are the
broader, the greater the contribution (bonding, anti-
bonding) from the electrons constituting their AOs.
The 9�8

� (5) and 8�6
� (6) lines corresponding to anti-

bonding IVMOs are narrower in the conversion elec-
tron spectrum than those of the bonding 8�8

� (8) and
7�6
� (9) IVMOs (Table 2). Relative narrowing of the

9�8
� (5) and 8�6

� (6) lines of IVMOs can be due to con-
tribution from, e.g., the O2p and U7p AOs, as previ-
ously mentioned in analysis of the X-ray photoelec-
tron spectrum, and this results in a loss of the anti-
bonding character. Comparison of the experimental
(9.3%) and theoretical (16.2%) intensities of the
8�8
� (8) line of IVMO shows that the contribution from

the U6p3/2 AO into this IVMO was theoretically
overestimated.

The energy region corresponding to 4 �7
� (6)�8�6

+ (7)
IVMOs remains the most difficult to analyze. Com-
parison of the X-ray photoelectron and conversion
electron spectra shows that the structure in this region
is due mostly to the O2s electrons, in accordance
with the calculated data. However, the calculation
overestimated the degree of overlapping of the U6p

and O2s AOs in formation of the 9�8
� (5) and 8�8

� (8)
IVMOs and yielded a wrong sequence of the 4�7

� (6)
and 8�6

� (6) IVMOs. The correct sequence of the
IVMOs is of special importance for estimating the
contributions from their electrons to the covalent
component of the chemical bond in UO2. The maxima
(10) observed in the spectra of interest can be due,
in particular, to the shake-up process accompanying
the electron emission from the sample.

To conclude, our results agree satisfactorily with
the experimental data, despite a number of approxima-
tions taken in calculations of the electronic structure
of the UO8

12� cluster with Oh symmetry, simulating
the nearest surrounding of uranium in UO2. This al-
lowed us for the first time to reliably identify a
number of lines, at least, of the top and bottom of the
IVMO band. This makes these data suitable for analy-
sis of the structure of various X-ray (Auger, emission,
absorption) spectra of UO2.
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