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Low-energy X-ray photoelectron and conversion electron spectra

om uranium

trioxide were measured, and calculations were done for the [UO204]” (D4n) cluster
which reflects the structure of uranium close environment in y—UQ3 in the non-re-
lativistic and relativistic Xo-DVM approximation. This enabled a satisfactory qualita-
tive and in some cases quantitative agreement between the experimental and theoreti-
cal data, and interpretation of such spectra. Despite the traditional opinion that before
participation in the chemical binding, the U5f electrons could be promoted to the
higher (for example - U6d) levels, it was theoretically proved and experimentally
confirmed that the USf electrons (about two USf electrons) are able to participate
directly in the chemical bond formation in uranium trioxide. The filled USf states
proved to be localized in the outer valence molecular orbitals energy range 4-9 ¢V, while
the vacant U5 states were generally localized in the low-energy range (0-6 €V above zero).
It was experimentally shown that U6p electrons not only participate effectively in the inner
valence molecular orbital formation but also participate strongly (more than 1 Uép
electron) in the formation of the filled outer valence molecular orbitals.

Key words:  XPS, Xo-DVM, uranium oxide, uranyl group, outer valence (OVMO) and inner
valence (IVMO) molecular ovbitals

INTRODUCTION

X-ray photoelectron spectra from uranium tri-
oxide in the binding energy range 0-50 eV exhibit
a complicated structure [1-6]. While studying the
X-ray photoelectron spectra from actinide materials
in this binding energy range, the observed lines were
found to be several eV wide, which was wider than
some corresponding core lines [3-8]. For instance,
the Ols (E;, = 531.4 ¢V) line in the spectrum from
y-UQj3 is 2.2 eV wide, while the corresponding
02s line (E; ~ 23.4 ¢V) was found to be more
than 4 eV wide and structured [5-8]. According to
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the uncertainty ratio AEAt ~ h/2m, where h — Plank's
constant, the natural width of the level from which
an electron was removed AE is inversely propor-
tional to the lifetime At of the formed ion ("hole”).
Since the lifetime of the “hole” (A1) decreases while
the absolute energy of the atomic level increases, for
atoms the XPS lines of low-energy levels must be
narrower. One of the reasons of the observed wid-
ening of the low-energy (0-50 eV) spectral lines of
uranium trioxide is formation of the outer valence
(OVMO) and inner valence (IVMO) molecular
orbitals [3-8]. Practically, these spectra reflect the
zone structure and appear as several eV wide bands.
The IVMOs in uranium trioxide form due to strong
overlapping of the Uép and O2s atomic shells of
the neighboring atoms. Such strong overlapping of
the Uép and O2s atomic orbitals (AO) was theo-
retically shown for uranyl group [4, 5, 9-13] and
for the first time experimentally established on the
basis of ..e XPS spectral structure parameters using
the binding energy difference between the outer and
core electron shells for uranium oxides y-UQO3 and
U0, [3-6], as well as for some other actinide (Th,
U, Np, Pu, Am) compounds [7, 8]. That enabled
identification of high-resolution conversion elec-
tron [14-16] and X-ray O4 5(U) emission [17] spec-
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tra from uranium dioxide and trioxide. As a result,
additional experimental evidence was obtained of
the inner valence molecular orbital formation in
uranium oxides.

Another important phenomenon we have ex-
perimentally observed recently is the effective par-
ticipation of the filled valence An5f atomic shells in
OVMO formation. Earlier, the An5f electrons were
traditionally suggested to be promoted to, for in-
stance, the An6d atomic orbitals before chemical
bonds were established. Calculation results show
that the An5f atomic shells can participate directly
in the MO formation in actinide compounds [10,
11, 18]. This principally important fact needs ex-
perimental confirmation. The comparability of the
experimental and theoretical partial AnSf and An6p
electron densities can serve as a criterion of correct-
ness of the electronic structure calculation for acti-
nide compounds.

The present work analyses the fine structure
of the low-energy X-ray photoelectron, the conver-
sion electron spectra of uranium trioxide taking into
account the non-relativistic (NR X,-DVM) and
relativistic (R X,-DVM) X, Discrete Variation cal-
culation results for the [UO,04]% cluster of Dy,
symmetry group which reflects the uranium close
environment in y-UQO;.

EXPERIMENTAL

XPS spectra of solid-state uranium trioxide y-UO;
were taken with an HP-5950A spectrometer that uses
monochromatized Al K 5 (hv = 1486.6¢V) X-rays
utilizing a low energy electron flood gun for charge
compensation under ~1.3:1077 Pa at room tempera-
ture. Overall resolution measured as the Audf;,
electron line full width half maximum (FWHM)
was 0.8 eV. Electron binding energies (Ej) are
given relative to the Ej, of the Cls electrons from
adventitious hydrocarbons at the sample surface
defined as 285.0 ¢V. On the golden substrate
Eb(CIS) =284.7 ¢V atEb(Au4f7/2) =83.8¢eV [7., 8]
The Ols spectrum from uranium trioxide was ob-
served as a widened (T = 2.2 ¢V) asymmetric single
line, while the Cls line was 1.3 ¢V wide. The
measurement errors of line position and widths
were £0.1 eV, whereas relative line intensity errors
were about 10%.

The y-UOj; sample for XPS measurements was
prepared by pressing powder ground in the agate
mortar into indium on the metallic substrate as a
thick layer with a flat surface. This sample was used
as an initial substrate for the implantation of the
uranium isomer by electrostatic collection in oxygen
atmosphere of recoiled 233™U atoms yielded from
239py q-decay for the conversion spectra measure-
ments with the same spectrometer using additional

accelerating electronic system [15, 16]. Calibra-
tion of the conversion electron spectra was done
by XPS§ data for y-UOj. The XPS spectral back-
ground due to the inelastically scattered electrons
was subtracted by Shirley [19]. For the conversion
electron spectra it was subtracted by both Shirley
and exponent [16]. Maximum relative intensity
difference did not exceed 2%. Figure 1 shows the
conversion electron spectrum with exponentially
subtracted background.

The [UO;0,4]% (Day,) cluster [20] reflecting
uranium close environment in y-UQj is represented
by an uranyl ion surrounded by four more distant
oxygen (ligand L) ions in the equatorial plane. The
interatomic distances used in the calculations were
Ru,o = 1.79']0—10 m and RU-L(()) = 2.30- 10 ]”m
(Table 1). Relativistic X, Discrete Variation
method [21, 22] is based on the solutions of the
Dirack-Slater equation for 4-component spinors
that are linear combinations of atomic orbitals from
solution of the relativistic equation for isolated
atoms. The expanded basis of the numerical AOs
was used in this work, U7p states were used beside
the filled orbitals. The direct basis for the MO
decomposition were symmetrized atomic orbitals

IVMO QVMO

s
— =

Ubpra L(O)2s Ubpsz LOX2p 4 J5F.

1110 9 8765 4 3
- | I I

Intensity, in arbitrary units

Binding energy [ eV]

Figure 1. X-ray photoclectron (a) and conversion
electron (b) spectra from y-UQj3. The corresponding
theoretical spectra (RX,-DVM) are given under the
experimental spectra as vertical lines. The shapes of
the subtracted background and artificial subdivision
of the spectra into separate components (1-11) are
given as dashed lines. The spectral intensities are
given in arbitrary units
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(linear combinations of atomic orbitals) trans-
formed by irreducible representations of the double
Dy, groups [23]. Numerical integration for the
determination of the matrix elements of the secular
equation was done by the number of 4500 points
in the cluster space to provide the convergence of
the MO energies of not worse than 0.1 eV [24]. The
local exchange-correlation potential was used in the
form of X,, with a equal to the mean atomic value.
Since the clusters are crystal fragments, the renor-
malization of occupancy of the filled valence AO
ligands was used in the process of self-consistence.
This enabled effective accounting of the
stoichiometry of the compounds and charge redis-
tribution between ligands and neighboring crystal
[24]. For the correct estimation of the joint influence
of the relativistic effects in uranium trioxide, the
non-relativistic X,~DVM calculation of the cluster
with similar crystallographic and calculation pa-
rameters was taken into account [25].

RESULTS AND DISCUSSION

X-ray photoelectron spectrum of low-energy
electrons (0—40 ¢V E,) from y-UQj3 can be condi-
tionally subdivided into the two regions (Fig. 1).
The first one 0-13 eV exhibits the structure deriving
from electrons of the outer valence MOs formed
mostly of the incompletely filled outer valence
U5f,6d,7s and O2p AOs from the neighboring
atoms (Table 1). The second one 1340 ¢V consists
of the structure originating from IVMOs formed
mostly due to the strong interaction of the filled
Uép and O2s AOs of the closest atoms. Since the
parameters of such a structure correlate strongly
with the interatomic distances of uranium-oxygen
in the axial and equatorial directions in uranyl com-
pounds, they have become the reason to subdivide
the considered spectrum into the OVMO and
IVMO [7, 26]. The OVMO spectral structure has
three typical features and can be subdivided into
three components. The TVMO region exhibits eight
manifested peaks; therefore this region can be sub-
divided into eight components (Fig. 1). Despite the
obvious formalism of such a subdivision, it allows
qualitative and quantitative comparison of XPS pa-
rameters with the corresponding conversion of
spectral parameters and theoretical calculation re-
sults for the [UO,04]%(Dy,) cluster.

The results of the relativistic calculations for
such a cluster and the MO composition are given in
Table 1. Since after photoemission atoms transit
into excited states with holes in certain levels, the
electron binding energies calculated for the transi-
tion states should be used for a stricter comparison
of theoretical and experimental results [27]. How-
ever, rough approximation suggests that the valence

electron binding energies calculated for the transi-
tion state differ from those for ground state by a
constant shift towards higher absolute energy.
Therefore, the calculated MO energies were in-
creased by 2 eV for the sake of comparison with the
experimental binding energies (Table 2). The theo-
retical intensities of several spectral regions were
determined by taking into account the MO compo-
sition (Table 1) and the photoemission cross-sec-
tions [28] (Table 2, Fig. 1). Comparing experimen-
tal spectra and theoretical data, the fact that X-ray
photoelectron spectrum from uranium trioxide re-
flects the zone structure and consists of bands wid-
ened due to the solid-state effects has to be taken
into account. Despite the calculation approxima-
tions, the qualitative agreement between the theo-
retical and experimental data was found. Indeed, the
corresponding theoretical and total experimental
widths and relative intensities of the outer and inner
valence zones are comparable. Satisfactory agree-
ment between the experimental and calculated, in
particular, the U6s binding energies was established
(Table 2). The worst discrepancy was found for the
middle IVMO spectral region [11y;7(5)-10y;7(8)].
Earlier the non-relativistic results in the X, approxi-
mation were used for interpretation of the X-ray
photoelectron TVMO spectral structure [5, 25].
That allowed qualitative identification of the fine
XPS$ spectral structure of uranium trioxide in the
binding energy range 0-23 eV. That was possible
because if taking into account the relativistic effects,
the strong detaching of the U6p, , component took
place while the basic features of the structure in the
range 0-23 ¢V remained permanent. Taking into
account the relativistic effects in this work allowed
practically the qualitative identification of such X-ray
photoelectron spectrum in the whole range 040 ¢V.

Thus, the outer valence electron band intensity
was found to arise due to the U5f,6d and O2p AO
electrons and, to a great extent, to the U6p inner
valence AQ electrons of the close atoms. Practically,
for the first time the experimental evidence for the
direct participation of the USf electrons in the
chemical binding almost without loosing their f-na-
ture was obtained. Indeed, the experimental intensity
ratio OVMO/IVMO was found to be I, = 0.70,
which was comparable with the corresponding
theoretical ratio Ipeo. = 0.93 (Table 2). Since the
USf AOs practically do not participate in the VMO
formation, this difference may be explained by the
decreasing of the photoemission cross-section of the
Us5f electrons participating in the chemical binding.
However, suggestion that the OVMO band inten-
sity comes up only from the U6d*7s? and 302p*
electrons and the IVMO - from the U6p® and
302s? ones in uranium trioxide gives the corre-
sponding theoretical ratio Iy, = 0.30, which 1s
significantly less than the observed experimental
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Table 1. Composition (portion) and energies Eu.[eV] of MOs for the [(U0;)04]% (Dyy) cluster at
Ry.o = 1.79:10-* m and Ry.y, = 2.30:10-1%m (RX,-DVM), photoemission cross-sections 0%, and probabilities

of inner conversion a°
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a) photoionization cross-sections a; [in 102 m? per one electron] from the work [28]
b) relative partial conversion probabilitics a; [%] for E3-multipole of **U nucleus with participation of the electrons from the

nlj-shells obtained on the basis of the work [34]

¢) upper filled molecular orbital (2 electrons), filling number for all orbitals is 2

ratio [29]. This contradicts the traditional in chem-
istry suggestion that the US5f electrons before par-
ticipation in the chemical binding have to be pro-
moted to the U6d shell. Therefore, the relativistic
calculation results can be suggested to reflect cor-
rectly the USf partial electronic density (Table 2).
These data show that about two USf electrons
participate directly in the chemical binding, while
the vacant U5f electronic states lie in the range of 6
eV around the absorption edge (Table 1). This
agrees qualitatively with the data of the X-ray
O45(U) emission spectroscopy [17] and the near

edge O, 5(U) absorption spectroscopy for uranium
trioxide [30].

In the IVMO spectral range the best agree-
ment was found only for the 17y57(4), 15y47(9), and
14y5~(10) IVMO characterizing the total spectral
width. Despite the comparability of the theoretical
and experimental summary relative intensities, the
calculated 11y;7(5)-10y;(8) IVMO energies differ
significantly from the corresponding experimental
values (Table 2).

Taking into account the non-relativistic data
for uranyl group [UO,]**(D..) and the [UO,04]*
(D4h) cluster [25], the experimental binding energy
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Table 2. Parameters of X-ray photoelectron and conversion electron spectra from UQj; and results of calculations
for the [(U02)04]% (Dys) cluster at Ry.o = 1.79-10""m and Ry, = 2.30-10-1% m (relativistic X, - DVM), and

the U6p-state density p; (¢7)

X-ray photoelectron spectrum Conversion clectron spectrum E mﬁmcnm] density p,
-E Energy* Intensi Energy* Intensity " CUGP-“,MCS e
- [eV] [c\ﬁy % o [e %] R
Experiment Theory Experiment | Experiment Theory | Experiment | Ubps, Ubp,»
22y 4.0 3.5 3.0
21y* 4.0 0.1
lg'Y;r; 4.0 1.5 2.6

9| wy | 02

= 21y 4.6 1.0 1.5

! 147 4.7 4.2 (2.3) 4.4 12.8 4.6 (2.5) 73
20y, 49 43
o | 53 o
14y, 5.5 0.6 0.4
13y 5.6 0.7 0.5
19y 6.6 6.0 (2.9) 11.3 25.2 67(28) | 63 8.6
12y 8.3 5.2 1.1
18yt 8.6 1.8 0.2
18y, 8.6 4.7 1.0
12y, 8.9 1.0 0.3
17vs* 9.0 9.0 (2.8) 1.0 3.3 104 (3.0) | 04 23
bW 4 48.3 41.3 173 18.2 0.2 1.1
17ys 15.8 15.4 (2.7 8.1 10.0 15.4 (2.7) 10.7 9.7 0.8
11y, 17.0 19.1 (3.3 6.4 13.1 19.4 (3.2) 9.8 16.1 1.4
164 189 21.1 (2.5) 2.6 1.4 21.1(2.2) 34 2.7 0.1 )
167" 193 | 223(2.5) 1.7 6.6

2 W 3 | sl 63 7 | 2330 6 5.8
Oy 21. 235 (2.3) . % 330 | 9 :

Bl 15 | 232 8.7 0.5
1574 25.0 25.6 (3.6 8.4 12.3 25.5 (3.7) 20.8 153 0.5 0.2
14y 30.6 30.6 (3.8 7.8 10.4 30.6 (4.2 28.3 30.2 1.1 ’
Sat 33.7 (2.2 1.2 35.6 (35 2.0 0.1
b fig 51.7 58.7 82.7 81.8 1.8 2.9
14y,* 46,1 | 47.0(6.1) -

a) upper filled molecular orbital (2 clectrons), filling number for all orbitals is 2

b) summary densities of the U6p - electronic statcs and line intensitics

¢) line widths given in parenthesis in [¢V]

differences between the outer and core electron
levels of uranium [31], as well as uranium trioxide
(see for example [7, 26, 32]) in the MO LCAO
(molecular orbitals as linear combinations of atomic
orbitals) approximation the MO schematic can be
built (Fig. 2). This schematic allows understanding
of the real structure of the X-ray photoelectron
spectrum from uranium trioxide. This approxima-
tion allows conditional distinguishing of the 17y5(4),
15y57(9) and 14y~ (10) IVMOs characterizing the
binding and interatomic distance in uranyl group
UO,%*, and the 1157(5) and 10y;7(8) IVMOs char-
acterizing the binding and interatomic distance in
the equatorial plane of the considered cluster, as well
as the quasiatomic 16ys7(6), 16ys*(7), 11v77(7)
and 15y5*(7) IVMOs due to the O(L)2s AOs of
oxygen of two kinds (O and L). It has to be noted
that such subdivision into the IVMOs is experimen-
tally grounded [7, 26, 32]. These experimental data
show that energies of the quasiatomic 16y (6)-
~15y5*(7) TVMOs should be close by the magni-
tude. Indeed, as it follows from the Ols spectrum
of y-UQj3, their chemical nonequivalence should not
exceed 0.9 eV, since this line was observed asym-

metric 2.2 eV wide, while the binding energy
should be about 23.4 €V since AE; o = 508 eV and
the Ols binding energy in y-UQ3 is E, = 531.4 ¢V
(Fig. 2). Taking into account that AEy; = 360.6 ¢V,
AE, = 363.0 eV, the values 4; = 2.4 ¢V and
Ay = 3.7 eV [7, 26, 32] can be found. Since the
energy difference of the 14y,7(10) and 17y57(4)
IVMOs is 15.2 ¢V, and the U6p spin-orbit splitting
in an atom according to calculation [33] and experi-
mental [31] data is AE,(U6p) = 10.0 eV, the
perturbation 43 = 2.6 ¢V can be evaluared and
compared with A, = 2.4 ¢V. On the basis of these
data it follows that the contribution of U6p AOs in
11y;7(5) and 14y4(10) must be significantly bigger,
while in the 10y,7(8) it is significantly smaller than in
17ys(4) TVMO. Line widths of the quasiatomic
16v57(6)-15 v5*(7), as expected, are smaller than
those of other IVMOs, The observed relative nar-
rowing of the 17ys"(4) IVMO line can be explained
by partial loss of the antibonding nature of this MO
due to the significant admixture (21%) of O2p AO

(Table 2, see also ref. [8]).
One of experimental confirmations of IVMO

formation in uranium trioxide is its high-resolution
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Figure 2. Diagram of MO in the [U0,0,4]% (Dyy,) cluster built taking into account theoretical and experimental
data. Chemical shifts at the cluster formation are not shown. Some energy differences measurable experimentally
are presented as arrows. Experimental XPS binding energies in eV are given at the left. Energetic scale is not kept

conversion electron spectrum measured for the first OVMO and IVMO formation in uranium com-
time in [14, 15]. Identification of the structure of pounds. In this case the partial conversion prob-
this spectrum was done on the basis of the XPS abilities with the yield of the (nl;;) electron to
parameters of this compound using the OVMO and the continuous spectrum with kinetic energy
TVMO conceptions [3-8]. This spectrum was meas- &; a;(EL, I} = Iy, nilj; — &;), normalized per one
ured tens of times by using different techniques of electron, where n; — main quantum number, I; -
sample preparation in our Laboratory [16], and its and j; — orbital and full angular moments of the
interpretation made it obvious that such spectra electron, are proportional to electronic factors w,(E3,
could serve as a quantitative measure of the correct- nli, bo), where hw — energy of the excited nucleus
ness of the theoretical calculations for uranium [34].
trioxide (Fig. 1). In this work the corresponding theoretical
The fully converted transition of E3 multipole spectrum was obtained by using the results of rela-
of 250 (T, = 26.3 £ 0.2 min for UO;) isomer tivistic calculation for y-UQ; and the relative one-
nuclei from the first excited state (spin I; = 1/27, electron conversion cross-sections for comparison
E, = 76.5% 0.4 ¢V) to the ground nuclei state (spin with the experimental conversion spectrum (Fig. 1).
I, = 7/27, Ey = 0 €V) is accompanied by the From the relative one-electron conversion cross-sec-
emission of low-energy electrons. The conversion is tions (Table 2) obtained on the basis of the data of
energetically allowed for the U6s?6p®5f°6d'7s’ [34] it follows that the conversion spectrum of

electrons whose shells can participate effectively in uranium trioxide practically reflects partial Uébp
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clectronic state density. The cross-section for
U6p, , electrons is about 2.3 times higher than the
corresponding cross-section for Ubpg; electrons.
With this in mind, the observed satisfactory agree-
ment between the experimental X-ray photoelec-
tron and conversion spectra (Fig. 1) has to be noted.
Despite the fact that errors can arise both from the
use of the results for the ground state in determina-
tion of the conversion electron spectral line intensi-
ties and from the background subtraction [16], the
qualitative agreement between the theoretical and
experimental conversion spectra was observed.
Comparison of X-ray photoelectron and conversion
clectron spectra leads to three important conclu-
sions. The first one — U6p shell participates effec-
tively in TVMO formation. The second - Ubp shell
participates strongly also in OVMO formation. The
third — electrons of oxygen quasiatomic 16v5*(7),
11y,*(7), and 15y5*(7) orbitals, as expected, were
practically not observed in the conversion spectrum
at 23.4 ¢V, and 11y,7(5), 16y57(6), 10y (8) IVMO
energies differ significantly from the corresponding
theoretical energies and mostly agree with the ex-
perimental XPS values (Fig. 1, 2).

For the purpose of comparative qualitative
analysis of the experimental and theoretical line
intensities the considered spectra were divided on
the ground of the data in the diagram (Fig. 2). The
binding energies were taken from the experiment
(Fig. 3), and the theoretical intensities — from the
calculations (Table 2). The results of identification
of the XPS and conversion electron spectral struc-
tures are given in Table 2 and Fig. 3. These data
show that the experimental binding energies of the
X-ray photoelectron and conversion spectra practi-
cally coincide. However, the experimental IVMO
intensities in many cases differ significantly from the
corresponding theoretical results. The best coinci-
dence was observed for the 17ys(4), 16y47(6), and
14y4(10) IVMO lines. Taking into account the
conversion cross-sections and the conversion spec-
tral line intensities, the Ubpzp, 1, partial electronic
density for uranium trioxide was evaluated (Table 2).
It was found that 1.3 U6p electrons participate in
the OVMO formation, which is comparable with
the corresponding theoretical value 1.0 (Table 1).
In the OVMO formation the main part is taken by
U6p3, electrons. For the IVMO energy region in
some cases an agreement was observed. For ex-
ample, the antibonding 17y¢™(4) IVMO CONSists
of 0.8 U6ps; electrons, which is comparable to the
corresponding calculated result (0.98 ¢7, Table 1).
A similar agreement was observed for 14y,7(10)
IVMO bonding. From the data for the antibonding
11y;7(5) and the corresponding bonding 10y77(8)
IVMO it is evident that the calculated U6p and O2s
AQ overlapping is about twice as high as the corre-
sponding experimental value.

Since from the quantum mechanics on the
qualitative level it is known how the line intensities
of the considered spectra must change with the
changing of the level energies, we can consider ways
how to arrive at an agreement between the experi-
mental and theoretical results. As it was shown in
[7, 8, 26], the wider the MO lines are, the more
active parts (bonding, antibonding) the AOs take
in formation of the MOs. The narrowest observed
lines were the ones deriving from the nonbonding
or quasiatomic MOs. Therefore, the 17v5 (4)
IVMO line is narrow because of the relatively high
O2p contents in it. It also leads to the noticeable
decrease of its intensity and losing of its antibonding
nature (Figs. 2, 3). The observed discrepancy in the
considered 11y77(5) IVMO intensities confirms the
suggestion that the participation of Uép AO in it
has to be about twice higher than in formation of
17ys"(4) IVMO (Table 2). U6p AO plays approxi-
mately the same part in the corresponding binding
10y,7(8) IVMO. Unfortunately, it is difficult to
establish the reliably of 10y,7(8) IVMO line width.
But from the data of the conversion electron spectra

.' - 0\@?
—— - A,

I 14y 15y 10y, 15y;117; 167, 167, 111;17-,.;17y;/[ :

-

L 14y, 157107716511y 1776 1776 eaee 2275

Intensity, in arbitrary units

Binding energy [eV]

Figure 3. X-ray photoelectron (a) and conversion
electron (b) spectra from y-UOj; with subtracted
background. Corresponding spectra calculated by
means of theoretical and experimental data are pre-
sented under the experimental spectra as vertical lines
for comparison. The spectral intensity is given in
arbitrary units
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(Table 2) it follows that the antibonding nature of
the 11y,~(5) IVMO is comparable with the bonding
nature of the 10y,7(8) IVMO. In other words, the
electrons of this [IVMO couple must bring zero
contribution into the covalent component of the
chemical bond in UO;.

The most ambiguous for the interpretation
remains the 16ys(6)-10y;(8) IVMO energy
range. The comparison of the X-ray photoelectron
and conversion electron spectra shows that the
structure of this range mostly results from O(L)2s
electrons, which agrees with the calculation data.
However, in the calculations the influence of the
U6p-L2s-equatorial oxygen AO overlapping dur-
ing the 11y;7(5) and 10y; (8) IVMO formation was
overestimated. This led to the violation of the se-
quence order 16y (6)-10y;7(8) IVMO. This can
be due to the fact that the interatomic distances in the
equatorial planes of the cluster [(UO2)O4)% (Dyy)
used in the calculations were set too low in compari-
son with the real distances. With this in mind, in
this work this spectral region was decomposed. The
knowledge of the correct IVMO sequence is espe-
cially important for the evaluation of the contribu-
tion of the IVMO electrons in the covalent compo-
nent of the chemical bond in UO;. The observed
peaks (11) in the considered spectra can be attrib-
uted, in particular, to the shake-up process accom-
panying the electron photoemission.

In conclusion, we will note that despite some
approximations used for calculation of the elec-
tronic structure of the [UO,0,4]% (Dyy,) cluster that
reflects the uranium close environment in y-UQO;,
the obtained results agree qualitatively with the
experimental data, which allowed reliable identifi-
cation of the lines attributed at least to the upper
ITVMO clectrons. This allows usage of these data, in
particular, in the determination of the structure and
interatomic distances in uranyl compounds [7, 26,
32], as well as for the interpretation of the structures
of various X-ray spectra from uranium materials.

CONCLUSION

Low-energy X-ray photoelectron and conversion
electron spectra from uranium trioxide were measured,
and calculations were done for [UO;04)% (Dyy,)
cluster that reflects the structure of uranium close
environment in y-UQj3 in the non-relativistic and
relativistic X,-DVM approximation. This enabled a
satisfactory qualitative and in some cases quantitative
agreement between the experimental and theoretical
data, and interpretation of such spectra.

1. Despite the traditional opinion that before
participation in chemical binding the USf electrons
could be promoted to the higher (for example -
U6d) levels, the U5 electrons (about two US5f

electrons) theoretically proved and experimentally
confirmed to be able to participate directly in the
chemical bond formation in uranium trioxide. The
filled USf states were shown to be localized in the
outer valence MO binding energy range 4-9 ¢V, while
the vacant USf states — generally localized in the
low-energy range (0-6 €V above zero).

2. 1t was experimentally shown thar U6p elec-
trons not only participate effectively in the inner
valence MO formation, but also strongly participate
(more than 1 U6p electron) in the formation of the
filled outer valence MOs. This agrees with the
calculation data.

3. The results of the relativistic calculations
confirmed that the inner valence MO system formed
mostly of the U6p and O(L)2s atomic orbitals of
uranium and ligands could be divided into two MO
groups, one of which — 17y57(4), 15y57(9), 14y457(10) -
characterizes the bond in the axial direction, and the
other one — 11y77(5), 10y77(8) — in the equatorial
plane. This is important in connection with the
development of the experimental technique for
the determination of the interatomic distances in
the axial direction and equatorial plane of uranium
oxides and other oxygen-containing uranium com-
pounds on the basis of the experimental X-ray
photoelectron spectra of electrons from the inner
valence molecular orbitals.
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Jypnj A. Terepnn, Muxaun B. Puxkos, Anron J. Terepun, Anexcaugep /. Ilanos,
Anron C. Hukaran, Kupui E. Visanos, Hrop O. YTeun

NMPUPOJA XEMMICKUX BE3A Y TPHOKCHAY y-UOs

WiaMepenn cy CeKTpH (hoTOeTEeKTPOHA HACTAIIOT IejCTBOM mcxocaeprcmxog_x-spaqema Kao
¥l KOHBEP3HOHOT eJIEKTPOHA Y YPAHH]yMTPHOKCH]Y, H 06aBILEHH Cy IPOPAYyHH [UO204]" (D4n) xnacrepa
Koju pedbeKTyje HeOCPEIHU]Y CTPYKTYPY YPAaHHjYMCKe OKOIHHE y y-YO3, y pellaTHBHCTHYKO] M Hepea-
TuBHCTHYKO] Xo-DVM anpokcumanuju. OBo je omoryhuio 3ajoBOJbaBajyhe KBaJIUTATHBHO, a Y HEKUM
clydyajeBuMa W KBAHTHTATHBHO cllarame eKCIEPUMEHTATHIX H TEOPHjCKHX MOflaTaka, Kao M MHTeprpe-
Tal{jy OBHX CIIeKTapa. ¥ IPKOC TPAAHIHOHATHOM MULITLEILY N1a US5f enexTponn Tpeba Jja 3alTOCENIHY BUILE
(na npumep U6d) HuBoe nipe yuenrha y XeMujcKHM Be3ama, NOKa3aHo je TeopHjcKH H NOTBpheHO eKcnepH-
menTanno fa USf enexrporu (oko asa USf enexTpona) Mory HemocpefHo fia NapTHIANHApajy y o6pasoBamy
XeMHjCKMX Be3a y ypanmjymTprokcupy. ITokazaHo je na cy nonymena USf crama moKaln30BaHa Ha ClO-
IbAIIBHM BaTeHTHUM MOJIEKYIapHAM OpOuTaMa y eHepreTcKOM oncery ofi 4-9 eV, 1ok cy HesanoceiHyTa
USf crTarba Ha9eTHO NOKAJM30BaHa y HUCKOj eHepreTckoj 30HH (0-6 eV naHaj Hyne). ExcriepuMenTanio
je moTepheno ga U6p eIEeKTPOHH He caMo Jla eheKTUBHO yuecTBY]Y ¥ (hopMHpasy YHYTPaLIbHX BAICHTHIX
MoneKynapHux opOHTa, Beh Takobe jako napTEIENMpajy (Buie of jesor Ubp enekTpoHa) y 0OpasoBatby
TOTYHEHAX CIOJballBAX BaIeHTHAX MOJIEKyIapHAX OpOHTaNa.




