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Fine X-ray photoelectron spectral (XPS) structure of uranium dioxide UO, in the
binding energy (BE) range 0-~40 eV was associated mostly with the electrons of the
outer (OVMO) (0-15 ¢V BE) and inner (IVMO) (15-40 ¢V BE) valence molecular
orbitals formed from the incompletely U5£,6d,7s and O2p and completely filled U6p
and O2s shells of neighboring uranium and oxygen ions. It agrees with the relativistic
calculation results of the electronic structure for the UOg!2-(Oy,) cluster reflecting ura-
nium close environment in UO,, and was confirmed by the X-ray (conversion electron,
non-resonance and resonance O, 5(U) emission, near O, 5(U) edge absorption, reso-
nance photoelectron, Auger) spectroscopy data. The fine OVMO and IVMO related
XPS structure was established to yield conclusions on the degree of participation of
the U6p,5f electrons in the chemical bond, uranium close environment structure and
interatomic distances in oxides. Total contribution of the IVMO electrons to the cova-
lent part of the chemical bond can be comparable with that of the OVMO electrons. It
has to be noted that the IVMO formation can take place in compounds of any elements
from the periodic table. It is a novel scientific fact in solid-state chemistry and physics.
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X-ray photoelectron spectroscopy

INTRODUCTION

While studying uranium compounds with the
XPS method it has been traditionally suggested that
only low binding energy incompletely filled elec-
tronic shells (0-~15 eV BE) participate in the chem-
ical bond formation. To a certain degree, it is a con-
sequence of the widespread use of visible and ul-
traviolet excitation sources in atomic and molecular
spectroscopy. Hence, X-ray emission studies were
also focused on these electron energies, neglecting
the fact that quantum mechanics does not forbid the
participation of relatively deep (~15-~50 ¢V BE)
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filled electronic shells in the IVMO formation and
that their influence on the overall interatomic bind-
ing in various compounds may not be negligible
when compared to the contribution of OVMO
(0-~15 eV BE). However, it has been shown during
the last few years that under certain conditions the
IVMOs can be formed in compounds composed of
almost any element of the periodic table [1-5].
These findings are extremely important
solid-state physics and chemistry.

This work considers new data on the chemical
bond nature using UO, as an example. These data
were obtained using modern X-ray spectral meth-
ods, such as: X-ray photoelectron, conversion elec-
tron, non-resonant, and resonant X-ray Oy 5(U)
emission, near Oy 5(U) edge absorption, resonant
photoelectron and oxygen Auger spectroscopy; as
well as the relativistic electronic structure calcula-
tion for the UOg!?(Oy,) cluster reflecting an ura-
nium close environment in UO,. Since IVMO for-
mation is general, the data for uranium dioxide can
be used for the study of the chemical bond nature

n
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not only in actinide compounds, but also in com-
pounds of other elements.

EXPERIMENTAL

X-ray photoelectron spectroscopy (XPS) and
OKLL Auger spectra of solid UO, [6] were measured
at room temperature using an electrostatic spectrome-
ter (Hewlett-Packard, HP 5950A) employing a
monochromatic AlK,; 5 (hv = 1486.6 ¢V) radiation
in a vacuum of 1.3-107 Pa. The device resolution
measured as full width on the halfmaximum
(FWHM) of the Au4t;), line on the standard rectan-
gular golden plate was 0.8 eV. The binding energies
[eV] were measured relative to the binding energy of
the Cls electrons from hydrocarbons absorbed on the
sample surface which equals to 285.0 ¢V. The FWHM
were measured relative to the width of the Cls line of
hydrocarbons (1.3 eV). The error in determination of
electron binding energies and the line widths did not
exceeded 0.1 eV and that of the relative line intensities
was less than 10%.

The conversion electron spectra (CES) were
measured with the same spectrometer using an extra
accelerating electronic system and widened up to
~2500 eV energy range without any significant
changes of device parameters. The sample preparation
has been described in [7].

X-ray Oy 5(U) emission spectra (XES) of UO,
were measured with a spectrometer RSM-500 with
an energy resolution of 0.3 eV. Spectra were recorded
at the X-ray tube voltage of 1 kV (15 mA) and 3kV (5
mA). The samples were settled on a silver plate which
served as an X-ray tube anode [8].

Resonant  X-ray Ogs(U) emission  spectra
(RXES) were collected at the undulator Beamline
7.0.1 of the Advanced Light Source (ALS) at the
Lawrence Berkeley National Laboratory [9]. Experi-
ments were done in the XES branchline chamber at
approximately 6.7-107* Pa. The RXES spectra were
measured with the incident beam at ~75° to the sub-
strate surface. The beam size was less than 1 mm?. The
grazing-incidence fluorescence grating spectrometer
with a two-dimensional position sensitive detector
was used to measure the RXES spectra. The energies
were calibrated using the elastic scattering features.
The total electron yield spectra were measured in cur-
rent mode with the incident beam perpendicular to
the substrate surface.

Resonant photoelectron (RXPES) and total
electron yield spectra of UO, were measured at the
Russian-German Beamline BESSY II in Berlin. A
thin UO, film on metallic uranium foil was used as a
sample [10].

The self-consisting field relativistic X,, discrete
variation (SCF X,-DV) calculation results for the
UOg!'% (Oy) cluster at Ry = 2.37-10710 m [11]

were used for the interpretation of the XPS and
other spectral data.

RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy (XPS). The
low binding energy (0-40 eV) XPS from UO, can
be conditionally subdivided into two energy ranges
(fig. 1). The first one, 0-13 eV, shows the structure
attributed to the OVMOs built mostly from the in-
completely filled outer U5f£,6d,7s and O2p AOs
(tab. 1). The second one, 13-40 eV, shows the
IVMO related fine structure. These IVMOs are
built mostly from the completely filled inner valence
U6p and O2s AOs. The OVMO XPS structure has
typical features and can be subdivided into the four
components. The IVMO spectral range exhibits
pronounced peaks and can be subdivided into six
components (fig. 1). Taking into account the MO
compositions and photoionization cross-sections
(tab. 1, [12]) the theoretical spectral intensities for

~ IVMO OVMO
- /—A—\
b Ubp;z 02s U6paiz 02p Ubd,7s usf
10 9 87 65 43 2 F*
: IR
] |
] |
1 ' (@)
o
£
E. -
g ]
E
g 50
>"" -
':é 8765
] waees  ase
E 3 |y LT R
J (b)
' i
;.;LI' 1":-"*—
50 10 0

Binding energy [eV]

Figure 1. XPS (a) and CES (b) from UO,. The corre-
sponding theoretical spectra are given bellow the ex-
perimental spectra as vertical bars. The shape of
subtracted background and spectra decomposition
are shown. The experimental spectral intensities are
given in arbitrary units, the theoretical intensities are
normalized in %.
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Table 1. MO composition and energies E¢® [eV] for the UOg!?-(Oy,) at Ry.o = 2.37 (RX,-DVM), photoionization
cross-sections o; [12] and conversion one-electron partial probabilities o; [15]

MO composition
U o)
MO Q —E\),
[eV] 6s 6p1 | O6pap | 6dspn | 6dspn | 7s | S5y | 5fn | Tpin | 7P3n | 28 | 2pipn | 2psp
o, 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;0.07 [49.38|23.55| 6.55 | 7.71 | 0.01 | 0.07 | 0.04 | 8.23 | 4.39
8y,* | 0 | -6.09 0.84 0.04 | 0.10 | 0.02
l4ys* | 0 | -5.85 0.42 | 0.41 0.04 | 0.02 | 0.11
1ye* | 0| 4.18 0.90 0.05 | 0.02 | 0.03
13ys* | 0 | -2.33 0.39 | 0.47 0.04 | 0.10
16ys | 0| -1.78 0.01 | 0.01 0.91 | 0.03 0.04
12y | 0|-152 0.92 0.03 | 0.04 | 0.01
8y | 0| -1.50 0.12 | 0.75 0.01 | 0.06 | 0.06
1y | 0| -0.77 0.94 0.06
157 | 0 | -0.73 0.81 0.15 | 0.01 | 0.01 | 0.02
7y | 0] -0.08 0.78 | 0.16 0.01 | 0.05
14y | 2 1 0.00 0.92 0.01 0.07
ol 13vs | 4| 397 0.32 | 0.68
S| 12yt | 4] 414 0.16 | 0.84
> 10y¢* | 2| 4.19 0.66 | 0.34
O 7v,* | 2| 4.60 0.13 | 0.87
1lyg™ | 4 | 4.62 0.43 | 0.57
10y~ | 2 | 4.93 0.01 0.05 | 0.05 0.89
1lys | 4 | 5.08 0.02 0.01 0.02 0.21 | 0.74
12y | 4| 5.16 0.02 0.06 | 0.01 0.05 0.03 | 0.83
6y7 |2 5.19 0.06 | 0.06 0.30 | 0.58
9 | 2| 5.69 0.01 0.01 | 0.01 0.97
10y | 4| 5.81 0.03 | 0.04 0.18 | 0.75
5v; | 2| 583 0.04 | 0.02 0.63 | 0.31
6yt | 2] 6.10 0.11 0.02 | 0.76 | 0.11
9t | 2] 6.16 | 0.01 0.04 0.02 | 0.32 | 0.61
10ys* | 4| 6.19 0.07 | 0.05 0.02 | 0.08 | 78.0
95t | 4] 6.72 0.08 | 0.10 0.25 | 0.57
9 | 416.60 0.63 0.01 | 0.33 | 0.01 | 0.02
4y | 2119.11 0.01 | 0.01 0.98
8ys~ | 21930 0.04 0.03 0.93
ol 5y;% | 211951 0.06 0.94
2| 8yt 41951 0.03 | 0.02 0.95
= 8yst | 211994 0.01 0.06 0.93
8ys~ | 4 120.93 0.34 0.01 | 0.63 | 0.01 | 0.01
e~ | 2 | 26.73 0.95 0.04 0.01
Y6t | 2| 4327 | 0.99 0.01

(@) Calculated energies are shifted down toward the negative values by 7.5 LeV] of absolute scale
®) Upper filled orbital 14ys™ (2 electrons), filling number for nys" and ny7~ MO is 2, for nyg™ 4 electrons

some energy ranges were determined (tab. 2, fig.
1). Despite the approximation imperfections, one
can sce a good qualitative agreement between theo-
retical and experimental data. For example, the cor-
responding theoretical and experimental FWHM:s
and relative intensities of the outer and inner va-
lence bands are comparable. A satisfactory agree-
ment also was achieved between the theoretical and
experimental binding energies for some electronic
orbitals (tab. 2). The worst agreement was reached
tor the middle (4y; - 8ys™) IVMO region. The rela-
tivistic calculation enabled the interpretation of the
XPS fine structure in the whole range 0-40 eV.
Thus, the peak at 1.9 eV BE is attributed to
the U5f electrons, and the outer valence band - to
the outer valence U5£,6d,7s,7p and O2p AOs and
to a lesser degree — to the U6p AO. Practically; such
experimental evidence establishes the fact that the

US5f electrons can participate in the chemical bond
without loosing their f-nature. The experimental in-
tensity ratios OVMO/IVMO with (and without)
taking into account the U5f line intensity are 0.98
(0.56), which slightly differs from the correspond-
ing theoretical values 1.16 (0.53) (tab. 2). The 15%
in the parentheses is due to the U5f electrons. Since
the U5f AO practically does not participate in the
IVMO formation, one of the reasons for the differ-
ence between these data can be the increase of the
oxygen coefticient x in UO,,,, which leads to the
decrease of the experimental U5f intensity. Associ-
ating, for example, the OVMO intensity only with
the U6d!7s25f and 202p* electrons, and the
IVMO intensity — with the U6p® and 202s? elec-
trons in uranium dioxide, one can get a correspond-
ing theoretical OVMO/IVMIO ratio of 1.15,
which is somewhat higher than the corresponding
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Table 2. XPS and CES parameters for the UOg!2-(Oy,) cluster at Ry.o = 2.37 nm (RX,-DVM), and the U6p

electronic state density p; (e7) in UO,

XPS CES Experimental U6p
MO -E®, Energy®), Intensity Encr%y(b), Intensity ¢ eétcrl(iglilg/s;iate
[eV] [eV] [%] [eV] [%] [e~ units]
Experiment | Theory | Experiment | Experiment | Theory | Experiment | U6pz, | Ubp;,
14yg~© 1.90 1.9 (1.4) 29.3 214 0.1
13yg~ 5.87 5.3 (2.5) 0.3 19.1 3.7(2.5) 7.5 0.5 0.1
12yg* 6.04 0.3
10y* 6.09 0.1
7y7+ 6.50 0.1
1lyg* 6.52 0.3
10y4~ 6.83 1.7 0.9
11yg™ 6.98 1.3 1.1
12vg~ 7.06 5.1 0.9
6y7 7.09 3.8
SATE 7.59 7.4 (1.9) 0.5 7.4 0.5
10vg~ 7.71 4.5
5v7 7.73 2.0
6y;* 8.00 0.7 8.0 (4.5) 0.8 7.3
et 8.06 0.3
10yg* 8.09 15 1.7
Iyg* 8.62 9.4 (1.6) 1.9 1.7 2.5
pYAC) 53.7 49.6 8.5 14.8 0.5 0.1
9y~ 18.50 17.7 (3.1) 15.3 16.9 17.8(3.1) | 292 323 2.7
4y, 21.01 19.6 (3.0) 2.6 8.1
8v6~ 21.20 2.2 20.7 (3.1) 2.2 3.6 0.2
5y;* 21.41 2.2 0.5
8yg* 21.41 224 (3.2) 44 6.9 0.7
8yt 21.84 2.1
8ys 22.83 23.8 (3.3) 10.1 9.9 23.9 (3.4) 15.8 9.3 0.8
Y6 28.63 279 (3.5) 7.3 7.3 279 (3.4) | 43.1 37.7 1.6
Sat 31.1 (2.3) 1.3 31.2 (2.5) 2.3 0.1
PG 46.2 50.4 915 85.2 3.5 1.9
7y6* 45.17 47.0 (6.0) | ~9.7 ~0.1

(a
(b)
(

@ Total intensities and the U6p electronic state densities

experimental one 1.03 [13]. However, associating
the OVMO intensity only with the U6d%7s?5f2 and
202p* electrons, and the IVMO intensity — with
U6p®and 202s? electrons, one can get the theoreti-
cal ratio of 0.87, which is somewhat lower than the
corresponding experimental value [13]. These re-
sults within the measurement error, at least, do not
contradict the suggestion of the direct participation
of the U5f electrons in the chemical bond, and the
relativistic calculation results reflect correctly the
partial U5f electronic density (tab. 1). These data
show that about one U5f electron participates di-
rectly in the chemical bond formation and the va-
cant USf states are located near the absorption edge.

In the IVMO XPS range the good agreement
was reached only for the 9yg~, 8yg~ and 7y4~ orbitals
characterizing the spectral width. Taking into ac-
count the comparability of the theoretical data and
experimental total relative intensity, one can suggest
that the calculated energies of the 4y, — 8y, IVMO
differ significantly from the corresponding experi-
mental data (tabs. 1 and 2).

) Calculated energies (tab. 1) are shifted down toward the negative energies by 1.9 ¢V for comparison with the experimental data
” Energies from the spectral decomposition. FWHMs [eV] are given in parentheses
9 Upper filled MO 14ys~ (2 electrons), filling number for the nygi and ny7ir MOs is 2, and for the nygir —is 4 electrons

Taking into account the relativistic calcula-
tions for the UOg!?~(Oy,) cluster and experimen-
tal data on the core-valence levels binding energy
differences for uranium [1], in the MO LCAO
(molecular orbitals as linear combinations of
atomic orbitals) an approximation of a schematic
diagram of molecular orbitals can be built (fig.
2). This diagram enabled the understanding of
the real XPS structure of uranium dioxide. In this
approximation one can separate formally the
antibonding 9yg7(5), 8y¢ (6) and corresponding
bonding 8yg™(8), 7ys (9) IVMOs, as well as the
quasiatomic (in a certain approximation) 4y;,
5v7%(6), 8ys™, 8vsT(7), 7v¢~ IVMOs attributed
generally to the O2s — U6py ), electrons. These
experimental data show that the binding ener-
gies of quasiatomic IVMOs formed mostly from
the O2s AOs have to be of the same order of mag-
nitude. The binding energy must be around 22.5
eV, since AEy = 508 ¢V and for UO, E,(Ols) =
= 530.5 eV (fig. 2). These data only partially
agree with the theoretical results. Taking into ac-
count that AEy = 360.6 eV and AE; = 362.9 ¢V,
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one can find A} = 2.3 ¢V [3]. Since the binding
energy difference for the 7y47(9) and 9yg (5)
IVMOis 10.2 eV, and the U6p atomic spin-orbit
splitting is AE,,(U6p) = 10.0 eV [3], one can
evaluate that perturbation is A} = 0.2 ¢V which
is lower than the corresponding value of 2.3 eV
found from the core-IVMO binding energy dif-
terence. This distinction, apparently, can be at-
tributed to the IVMO formation and this com-
parison can not be quite correct. The 8yg™ (8) and
7v67(9) IVMO lines are somewhat narrower
than the corresponding antibonding 8y, (6) and
9ys~ ones, which can be explained by a partial
loss of the antibonding nature of these MOs due
to the impurities of 3% of the O2p and 3% of the
U7p AOs, respectively (tabs. 1 and 2, fig. 2, see
also [3]. Figure 3a gives the expected XPS drawn
on the basis of theoretical and experimental data.

Conversion electron spectroscopy (CES). One of
the experimental confirmations for IVMO formation
in UO, is the high resolution conversion electron
spectral structure [14]. The qualitative identification
of the CES was done on the basis of the XPS parame-
ters using the OVMO and IVMO concept [3, 6]. As a
result, it became obvious that the CES parameters can
also be a quantitative measure for the correctness of
theoretical calculation (figs. 1, 3b).
The total conversion transition of the E3 -
multipole for the 23™U nucleus (7, = 26.3 +
0.2 min. for UO3) from the first excited state
(spinly =1/2* E| =76.5+0.4¢V) to the ground
nucleus state (spinly = 7/27,Ey = 0 eV) is accom-
panied by low energy electron photoemission.
The conversion process is energetically permitted
for the U6s26p®5£36d17s27p° clectrons, whose
shell can participate effectively in the OVMO and

IVMO formation in uranium compounds.
For comparison with the experimental CES

This spectrum has to be taken into account for
more correct calculations of the electronic struc-

ture of UQ,.

spectrum, we developed the corresponding theoret-
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ical one which is based on relativistic calculations
and relative one-electron partial conversion proba-
bilities (tabs. 1 and 2, fig. 1, [15]). Since the U6p
conversion cross-section is much higher than that
tor the other electronic shells, the CES spectrum
from UQ, reflects rather the U6p partial electronic
density, and the U6p; ), cross-section is about 2.1
times higher than the Up3/, one. With this in mind,
one can note a satisfactory qualitative agreement be-
tween the XPS and CES data (fig. 1). Comparison
of the XPS and CES data gives three important con-
clusions: 1) the U6p shell participates effectively in
the IVMO formation, 2) the U6p shell participates
significantly in the OVMO formation, and 3) the
U5t electrons from the 14yg7(1) OVMO and elec-
trons from the quasiatomic 4y;7(6), 5y;7(6),
8vs*(7), 8ys"(7) IVMOs, as expected, practically
are not observed at 19.6 and 22.4 ¢V, and the
9v57(5), 8ys7(8), 7v5(9). IVMO energies slightly
differ from the corresponding theoretical values and
to a greater extent agree with the experimental XPS
parameters (figs. 1 and 2).

The identification of the XPS and CES struc-
tures is given in tab. 2 and fig. 3. Taking into ac-

IVMO OVMO

TYs BYs BY.8Yx SYIBY 47, 9% Oy 13y |

|
l
9 432 :/l |T|

]

Tro  8¥s 8155778y, 9s 9y oo 13y
: G

Intensity [in arbitrary units]

50 40 30 20 10 0
Binding energy [eV]

Figure 3. XPS (a) and CES (b) from UO, with sub-
tracted background. The corresponding expected
spectra obtained on the basis of the theoretical and ex-
perimental data are given bellow the experimental
spectra as vertical bars. The spectral intensities are
given in arbitrary units, the theoretical intensities are
normalized in %

count conversion cross-sections and intensities, the
partial U6pz), 1, electronic density in UO, was
evaluated (tab. 2). As a result, the OVMOs were
tound to include 0.6 U6p clectrons (tab. 2), which
agree better with the theoretical result for 0.2 ¢™. In
this case, mainly U6pj), electrons participate in the
chemical bond. For the IVMO region an agreement
was also reached in some cases. Figure 3b gives the
spectrum drawn on the basis of the theoretical and
experimental data. This spectrum has to be taken
into account for more correct calculations of the
electronic structure of UO,.

We would like to note that, despite approxi-
mation imperfections, the calculation results for the
UOg!'27(0y,) cluster reflecting uranium close envi-
ronment in UO, are in good agreement with the ex-
perimental data. It allowed for the first time a reli-
able interpretation of the peaks of at least the IVMO
ceiling and bottom. These results can be also used
for the interpretation of other X-ray spectra (Au-
ger-, emission, absorption) of UO,.

X-ray O45(U) emission spectroscopy (XES). X-ray
O45(U)  emission  spectra  reflecting  the
USds),32>U6p31/,0p,5f  [Og5(U)«P;3,06(U)]
electronic transitions were observed in the photon en-
ergy range 60 < hv < 120 eV, Its structure was dis-
torted in the higher energy region due to the interfer-
ence with absorption spectrum (fig. 4). Earlier [16], the
low energy structure was associated with the ternary
clectronic transitions involving the core uranium shells
U5ds; 3,¢-U6p32.12 (fig. 4, tab. 3). However, by ig-
noring the participation of U6pz/, 1/, electrons in the
IVMO formation one can not properly identify fine
spectral structures in X-ray Oy5(U) emission spectra.

In our previous publication on the interpretation
of fine structure interpretation [8] we took into account
the fact that the U6p shell is not core shell and partici-
pates effectively in the IVMO formation. The low en-
ergy band in the O45(U) XES from UO, is wide and
poorly resolved despite a relatively high resolution of
the spectrometer in the energy range 70-80 eV (fig. 4,
tab. 3). It can be partially explained by an extra elec-
tronic transitions not included in tab. 3. Alternative ex-
planation can be the formation of the higher uranium
oxidation state oxides on the sample surface (the vac-
uum was 0.67-107# Pa), which can significantly con-
tribute to the emission at 1 kV.

As the voltage on the X-ray tube increases to 3 kV,
the contribution to the emission from the sample bulk (i.
e. UO,) grows and the spectrum changes. Thus, the
peaks in the low energy range at 73.5,76.2,and 79.6 ¢V,
a small shoulder at 85,1 ¢V and two peaks at 95.8 and
104.7 eV become narrower, while the peak at 91.4 eV
diminishes. Also, the surface decomposition in this case
can not be excluded. Taking all this into account one can
attribute peaks at 91.4 and 98.4 ¢V to the electronic
transitions from the outer valence band to the U5ds 35
shells, and those at 95.8 and 104.7 eV to the transitions
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Table 3. X-ray O45(U) emission (U5ds) 32~ U6p,5f,np) transitions [eV] in metallic U and UO, on the basis of XPS

and XES
U U0,
N Transitions XPS XES N Transitions XPS XES
1 U5ds/r8ys~ 73.5 73.5
1* U5d;,<-Ubpy 2 76.0 2 Ubdzn«7y6 77.6 76.2
78.0
2% U5d;,<-Ubps),n 774 3 U5ds5¢9v5™ 79.6 79.6
4 U5d;/,<8ys~ 81.7 83.3
5 U5d;p¢8ys~ 85.9 85.1
3* U5d;/,<-Ubp3» 86.0 6 US5d;p¢<9ys~ 87.8 87.4
7 U5d;,<~OVMO 91.2 91.4
4% Ub5ds <~ U5f75 5 95.4* 8 Ub5dsp¢5f5), 95.4 95.8
9 U5d;,<-OVMO 99.4 98.4
5% Ub5d;,<U5f;), 104.0* 10 Ubd; <515, 103.6 104.7
11 109.2

* Values obtained on the basis of the experimental evaluation taking into account the experimental U5ds 2 3/2-U5f binding energy differ-

ences for UO2 06

USf—>U5d5/2 3. It has to be noted that the XPS and
XES data are in good qualitative agreement (fig. 4, tab.
3).

In the low energy transition energy range involv-
ing the bonding MOs (US5ds;¢8ys") at 73.5 eV for
UO, calculated on the basis of the XPS data no narrow
peaks were observed (fig. 4), while the peaks reflecting
the transitions from the corresponding antibonding
MOs (U5dq /2(—8’Y8_ and 5d3 /2(—8y8_) can be distin-
guished despite of their low intensity. Calculations show
that if the antibonding 9ys~ orbital consists of 63% of
Ubp states, the corresponding bonding 8yg~ one is 34%
(fig. 2). Therefore, the transitions U5d5,<8yg~in UO,
can hardly be separated from the wide band due to its
low intensity. However, this consideration can be done
only in the approximation that the MOs keep a partial
AO nature. Also, during the XES formation an initial
state with a hole on the U5d level transits into the final
state with a hole on one of the MOs, while during the
XPS formation the initial state does not have any holes
and the final one has a hole on one of the core or valence
level. This difference can lead to a significant difference in
the structures of the considered spectra, and the
compariso of the XPS and XES is approximate. The
more strict comparison requires precise theoretical calcu-
lations for the emission spectra.

The obtained data show that the O4 5(U) XES
structure of UO, can be identified only taking into
account the effective IVMO formation from, in par-
ticular, the relatively deep U6p and O2s AOs. These
results are another experimental confirmation of the
effective IVMO formation in UQO,.

X-ray near O45(U) edge absorption spectroscopy
(XAS). The X-ray near O4 5(U) edge (near the U5d) ab-
sorption spectrum in the excitation energy range
90-120 eV exhibits an unusual structure for X-ray ab-
sorption spectra from solid materials. This structure

consists of the two resonant bands of different widths
and intensities. The total electron and total quantum
yield spectra from uranium oxides has been shown to
be similar by shape, energy position, and width; the
only difference was in the intensity ratio [17]. Since the
absorption edge of the low intensity peak is 97.5 eV,
which is close to the U5ds), binding energy for UO,
(97.3 V), this peak was attributed to the USd5,—>U5f
transition (fig. 5). In this case the U5d; ,—~USt absorp-
tion peak is supposed to be at about 8 eV higher since
U5d3), binding energy is 105.5 ¢V [10] and lower in-
tensity is due to the lower U5d;/, population and the
selection rule (the total quantum numberj = 3/2 is less
thanj = 5/2). This explains the shoulder at 107 eV in
the quantum yield spectrum from UO,. The work [18]
considers in the ionic approximation for U** the transi-
tion U5£2(3H,)—U5d?5f3(3G3, *Hy, %15) and finds out
that the low energy peak reflects generally the
Ubd; /2—>Ust transitions, and a shoulder at 107 eV is
due to the U5d;,,—>U5f® transitions. The main inten-
sity of the higher energy peak was attributed to the
U5d—U7p,8p and 6f transitions. For the qualitative

z
z 2 P J’Ljv (15 mA)
= 9 10, 4 \\_
B 4\ 56 4 s/+\ [ sk(smA)
g A IR S e e
£ /N T -
= |
70 80 90 100 110 120
hv [eV]

Figure 4. X-ray O45(U) emission spectra reflecting
the U5d«-U6p,5f,np transitions in UO, measured at
1 and 3 kV
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An5d°(IVMO)*(OVMO)™ 5! + (e%/1) -
350 — 9325:2\/ IOSSdSmV 113.7eV
. R An5d'’(IVMO)*(OVMO)™ 5" +e  (2)
300 4 / ———
ke] i ,f"
g™ An5d°(IVMO)* (OVMO)™ 58" + (e¥/1) -
é 2004 99.7 eV ) /
3 ] orsey) e/ An5d"(IVMO)* (OVMO)™ ' 5t +e  (3)
= 1004 e ,.-/ vy
. An5d’ (IVMO)* (OVMO)™ 5™ + (e?/r) —»
S nan o 5 A An5d"(IVMO)* 1 (OVMO)™5" +e  (4)

Photon energy [eV]

Figure 5. Total electron yield from UO,. The
U5d;)2 3,2 binding energies are given above the spec-
trum. The density of the U5f occupied (full) and va-
cant (hollow) states is shown bellow the spectrum as
vertical bars

comparison fig. 5 gives the results of the theoretical cal-
culations of the density of the vacant and filled U5f elec-
tronic states for the UOg!%(Oy) cluster reflecting ura-
nium close environment in UQO,. For comparison the
theoretical spectrum was shifted by 1.9 eV (the U5f
binding energy in UO,) to the right. This comparison
shows that the low energy peak, apparently, must be at-
tributed to the Ubf vacant states. It has to be noted that
right after these states (to the right by the energy scale
on fig. 5) the vacant U7p states are located, and the
transitions U5d—U7p can take place. These data at
least do not contradict the suggestion of direct partici-
pation of the U5f electrons in the chemical bond. In-
deed, attributing the XAS structure of UO, at 100 eV
(fig. 5) to the antibonding MOs, one can see that the
corresponding bonding OVMO states have to be filled
with the U5f electrons.

Resonant X-ray photoelectron spectroscopy (RXPS).
The paper [10] considers the electron photoemission un-
der the excitation hv around the O45(U) edge from
UO, formed on the surface of uranium foil (fig. 6). The
resonance was expected to appear at the excitation ener-
gies 100-113 eV (see fig. 5). Indeed, the more intense
peaks appear in the spectrum excited at Av = 110 eV
(fig. 6). If earlier [19] only the OVMO (0-13 ¢V BE) in-
tensity change was observed, the authors of [10] for the
first time observed the resonance in UO, and ThO, for
the OVMO and IVMO electrons in the binding energy
range 0-40 eV (fig. 6). In this case to a first approxima-
tion this structure for the actinide (An) compounds can
be described by the following excitation and decay pro-

CCSSES:

An5d"’(IVMO)* (OVMO)™ 5" +hy —

An5d’(IVMO)* (OvMO)™ 5t (1)

It has to be noted that together with this pro-
cess a regular photoemission takes place. Since the
considered resonant spectra are mostly due to the
Auger electrons rather than to the photoemission,
they reflect mostly the Annp and AnSf partial state
densities. The observed washout of the structure in
the ~15-40 eV energy range was explained by the

IVMO formation. Since during the resonance the

IVMO OVMO
—— | ————
7 UBp 12 UBpasz usf

Intensity [in arbitrary units]

lS.t} eV E 80
T T T 4 i

85eV
T L T

1.[9 !
40 30 20 10 0
Binding energy [eV]

Figure 6. RXPS from UO, formed on the metallic
uranium foil collected at different SR excitation ener-
gies. Numbers show energies of v in eV. Intensities
are normalized to the current of SR beam. The bind-
ing energies for UO, are given bellow the spectra. The
Cls binding energy from the absorbed hydrocarbons
on the sample surface was accepted to be 285.0 eV
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largest intensity changes are expected for the
U5f,6p related peaks, the obtained data allows three
important conclusions. First — the peak at 1.9 ¢V is
attributed to the localized U5f electrons. Second —
the USfelectrons participating directly in the chem-
ical bond are delocalized which results in the in-
crease of OVMO intensity. Third — the U6p elec-
trons participate effectively in the IVMO and
probably OVMO formation, which results in the
intense resonant structure in the IVMO energy
range. This structure reflects the partial U6p elec-
tronic density in this spectral region.

Resonant X-ray O,5(U) emission spectroscopy
(RXES). The RXES from UQO, collected at excitation
energies 104.4, 107.2, 113.8, and 120 eV [9] are
shown on fig. 7. The RXES structure depends
strongly on the near resonance excitation energy. The
fixed energy non resonant XES (fig. 7) is given bellow
the spectra for comparison (see fig. 4). One can see a
satisfactory agreement between the resonant and
non-resonant spectra. Thus, the peaks A and B sepa-
rated by about 8 eV are attributed to the transitions
U5ds )5 3¢~ OVMO. They are observed in both reso-
nant and non-resonant spectra. Figure 7 shows that
peak B is more intense in the RXES from UO,. It in-
dicates that the transition U5d;,<~OVMO prevails
over the U5d5/,<-OVMO one. The peak A grows in
the non-resonant spectra. It has to be noted that the
filled U6p states present in the OVMO (0.6 ¢ of the
U6p electrons in UO,, see tab. 2) and the transition
from the MOs containing the U6p electrons also
should appear in the considered spectra. Indeed, peak
B is obviously structured.

The RXES from UQO, and UQOj; collected at
101 eV excitation energy show a significant differ-
ence (fig. 8). Unlike the UO; one, the UO, RXES

104.4 eV
107.2 eV
113.8 eV

120 eV

Non-resonant

Intensity [in arbitrary units]

70 80 90 100 110 120
Excitation energy [eV]

Figure 7. Resonant X-ray O45(U) emission spectra
from UQO, collected at different SR excitation ener-
gies hv [eV]. Corresponding non-resonant spectrum
is given below for comparison (see fig. 4)

ff-excitation features

\'_

Intensity [in arbitrary units]

) 7 U0y,
T T T
98 100
Photon energy [eV]

Figure 8. Resonant X-ray O45(U) emission spectra
from UQO, and UO; collected at the excitation SR en-
ergy hv = 101 eV. The spectrum from UO, exhibits
the structure reflecting the ff-excitation process

shows the two peaks attributed to the ff-excitation
[9]. The ff-excitation is expected to appear with a
higher probability in the spectra of compounds
with the more ionic type of bond, like UO,. A more
reliable interpretation of the ft-excitation process re-
quires more correct calculations of the RXES struc-
ture taking into account the many-body perturba-
tion and the charge transfer eftect.

The observed RXES transitions agree with the
suggestion that the filled U5f and probably U6p

1 U0, OKL,L; OKL,L,; OKL,;L,;
U
] &y
ko) B 970.1
£ ] — "
> \
& 4
% JALO——
s —
£ 4 i
=
@ \
c \
[T
E ] LS
- K\\
\\
T T T T T T T T T A
1040 1020 1000 980 960 940

Binding energy [eV]

Figure 9. Auger OKLL spectra from Al,O; and UO,
collected at the AlK,; » (1486.6 eV) excitation energy
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Figure 10. Dependence of the relative Auger
OKL, 31,3 and OKL,L,.; intensities on the Ols
binding energies for: Bi,O3, Al,O3, SiO,, and UO,

states are present in the outer valence band. This
agrees with the data of other considered methods.

Auger OKLL spectroscopy of oxygen. Auger
OKLL spectrum from, for example Al,O3, where the
IVMOs do not form eftectively, consists of the three
well  observed structured lines reflecting  the
OKI, 31, 3 (Ols«~O2p), OKL,L,; 3 (O1s<-O2s,2p),
OKL,L; (Ols«-0O2s) transitions (fig. 9). In previous
work [20], we have established a quantitative correla-
tion of the relative Auger intensity, characterizing the
partial density of the filled oxygen electronic states, on
the Ols XPS binding energy; characterizing the total
density of the valence electronic states on the oxygen
ion (fig. 10). The relative Auger intensities are given as
area ratios OKLL/O1s. The Auger OKLL spectrum of
UO, differs significantly from the corresponding spec-
trum of AL,O3, Si0,, and B, O; (figs. 9, 10 and tab. 4).
The OKL,3l,3; FWHM for UO, is significantly
lower (I" < 5 ¢V) than the corresponding FWHMs for
other oxides. It can be explained by the fact that the par-
tial O2p density OVMO band for UQO, is significantly
narrower than that for other studied oxides (fig. 9).
The OKL,L, ; and OKL,L; Auger regions for UO,
exhibit more complicated structures than those for the
other studied oxides. It can be explained by the IVMO
formation from the U6p - O2s interaction. The relative
decrease of intensity of the OKL, 31, 3 and OKL,L, 3
Auger lines for UO, when compared to the other stud-
ied oxides (fig. 10) apparently can also be attributed to
the IVMO formation.

Table 4. The O1s binding energies E, [eV] and relative
Auger OKL, ;L3 and OKL,L, ; intensities I® [rel.
units] for oxides: Bi,O3, Al;O3, SiO,, and UO,

N | Oxides E, L L,

1 Bi,O; |5294+0.2|1.27+0.07|0.38%0.05
2 ALO; [531.4+0.3|0.99+£0.08|0.29+0.02
3 SiI0, [532.4+0.1]0.68+0.08|0.23 £0.03
4 U0, 530.5 0.81 0.23

(@) Relative intensities were taken as spectral area ratios (Auger
OKLL)/(XPS Ols) measured during the same experiment

The results of the simultaneous registration of the
Auger OKLL and XPS Ols,2s,2p spectra of UO, and
other oxides in the binding energy range 0-540 eV al-
lowed a qualitative evaluation of the relative valence
electronic oxygen state density in UO, and an experi-
mental confirmation for the IVMO formation in this
oxide.

We would like to note that a similar complex
study was done also for other actinide compounds,
these results are partially reflected in [3].

CONCLUSIONS

(1) Using UO, as an example we analyzed
new data on the chemical bond nature obtained by
the X-ray photoelectron, conversion electron,
non-resonant and resonant X-ray O, 5(U) emission,
near Oy4 5(U) edge absorption, resonant photoelec-
tron and Auger OKLL spectroscopy taking into ac-
count the data of the relativistic electronic structure
calculations for the UOg!27(Oy,) cluster reflecting
uranium close environment in UQO,.

(2) Despite the traditional opinion that be-
fore the chemical bond formation the An5f- elec-
trons get promoted to, for example, the An6d
atomic orbitals, the theoretical calculations show
and experimental data confirm that the An5f
atomic shells (~1 U5f electron) can participate di-
rectly in the formation of molecular orbitals in acti-
nide compounds. About 2 U5f electrons weakly
participating in the chemical bond are localized at
-1.9 ¢V, ~1 Ubf participating in the chemical bond
is delocalized in the OVMO binding energy range
from —4 to -9 eV, and the vacant U5f electronic
states are generally delocalized in the low positive
energy range (0-5 eV).

(3) The Ubp electrons (0.6 Ubp electrons)
were experimentally shown to participate signifi-
cantly in the OVMO formation beside the IVMO
formation, which agrees with the theoretical data.

(4) It was established that, for example, the
bonding 8yg~(8) and corresponding antibonding
9y57(5) IVMO are formed generally from the
U6p3/, and O2s AOs and their calculated composi-
tions (63% of U6pz/, and 33% of O2s and 34% of
U6bp3), and 63% of O2s AOs) differ slightly from
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the experimental data (75% of U6p;/, and 21% of
O2s and 22% of U6p;, and 75% of O2s AOs).
Electrons from these orbitals in the aggregate were
suggested to strengthen the chemical bond in ura-
nium dioxide.

(5) The relativistic calculations confirm an
carlier suggestion made on the basis of the non-rela-
tivistic calculations that the filled U6p;/, and O2s
AOs participate mostly in the IVMO formation,
while the U6p; ;, component participates to a lesser
extent.
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Jypuj A. TETEPUH, Anron J. TETEPUH

MMPOYYABABE EJEKTPOHCKUX CTPYKTYPA AKTHHUIA
CABPEMEHUMM PEHAT'EHCKMUM CIHEKTPAJIHUM METOJAMA -
INPUMEP YPAHNIJYMOKCHUIA UO2

duHa cieKTpaniHa CTPYKTypa peHAreHCKor poToeneKTpoHa ypanujymauokcuna UO2 y obnactu
enepruje Be3e o1 0-~40 eV, yriiaBHOM je moBe3aHa ca elleKTpoHuMa criosbalnmux (0-15 eV) n yayTpammux
(15-40 eV) BaJleHTHUX MOJIEKYJICKUX OpOHTana 00pa30BaHUX OJf HEKOMIUIETHO nmonywenux US5f,6d,7s u
O2p bycku 1 KoMIieTHO nonymweHnx U6p u O2s jbycKH CyCeAHUX YPaHU]yMOBUX U KHCEOHMKOBHX joHa.
OBo je y carsiacHOCTH ca pesynTaTHMa peaTHBUCTHIKUX IPOPavyHa eIeKTPOHCKE CTPYKTYpe UOs! (Oh)
KJacTepa KOju ofjpaxkaBa ypaHH]yMOBy HenocpenHy okonuHy y UQO2, a mto je noTBpheHo nmopganuma
PCHIrEHCKe CrieKTpockonuje (KOHBEp3MjOM eJIeKTpOHa, Hepe3oHaHTHOM U pe3oHaHTHOM, O45(U)
emucujoM, Og45(U) amcoprimjoMm y OIU3WHM TPaHUIE, PE30HAHTHUM (DOTOCTIECKTPOHOM O3KEOBCKHM
€JIEKTPOHOM). ¥ CIIOCTaBIbEHA je (pIHA CIIeKTpaTHa CTPYKTYpa PEHATCHCKOT (DOTOETIEKTPOHA MMOBE3aHa ca
CHOJbAIIIHAM M YHYTPAILAM BaJEHTHUM MOJIEKYJICKMM OpOMTanama Koja BOJU 3aKIJbYUKy O CTEIEHY
yuemtha U6p,5f egekTpoHa y XeMHUjCKOj Be3H, O CTPYKTYPH YPAaHUjYMOBOT HEMOCPEIHOT OKpPYXKEeHa U
MebyaToMckuM pacrojamuMa y OKCUAMMA. YKYNaH JOIPUHOC €JIEKTPOHA Ca YHyTpallbUX BaJEHTHHUX
MOJIEKYJICKUX OpOuTalia alcojlyTHO] BPEIHOCTH XEMU]CKE BE3€ MOXKE CE YIIOPEAUTHU Ca JOIPUHOCOM OHUX
ca croJpallilbux opouTtana. Mopa ce 3ana3uTu fja yHyTpallllhe BaJeHTHE MOJIEKYJICKE OpOuTale JOIpUHOCe
jemumbembIMa MaKoT elIeMeHTa U3 HeprofgHor cucTeMa. OBO je HOBA HayyHa YMICHUIIA Y XeMUjH U (PU3HIU
YBPCTOT CTama.




