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X-RAY SPECTRAL STUDIES OF THE ELECTRONIC
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This work interpreted the fine X-ray photoelectron spectral structure of the low binding
energy electrons (0-40 eV) and X-ray O, 5(U) emission spectral structure from UO,F,
taking into account the relativistic X, discrete variation (RX,-DV) calculation for the
[(UO,)Fgl*(Dgy,) cluster reflecting an uranium close environment in UO,F,. The U5f
electrons were shown to participate directly in the chemical bond formation. The U6p
electrons were shown to participate not only in formation of the inner valence molecular
orbitals, but also in formation of the outer valence molecular orbitals. The inner valence
molecular orbitals sequence order in the binding energy range 12-40 eV was estab-
lished. It is important for development of the technique of interatomic distance determi-
nation in the axial direction and equatorial plane of uranyl compounds on the X-ray pho-

toelectron spectral basis.
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INTRODUCTION

The low binding energy (0-50 eV) X-ray pho-
toelectron spectroscopy (XPS) from uranyl fluorite
(UO,E,) exhibits a complex fine structure attrib-
uted to the outer valence molecular orbitals
(OVMO) and inner valence molecular orbitals
(IVMO) electrons [1-3]. This spectrum reflects the
band structure and is observed as several [eV] wide
bands. In UO,F, these IVMOs are built from the
U6p and O(F)2s shells. A strong U6p-O(F)2s
atomic  orbital (AO) overlap for the
[(UO,)Fs]% (Dgp) cluster in the non-relativistic ap-
proximation was theoretically shown in [4, 5] and
for the first time experimentally confirmed on the
basis of the outer-core shells binding energy difter-
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ences for uranyl fluorite in [1, 6]. It allowed a quali-
tative identification of the high resolution X-ray
O45(U) emission spectral structure from UO,F,; [4,
7], which appeared to be an extra experimental cor-
roboration for the IVMO formation in UO,F,.

According to earlier suggestions, the An5f- elec-
trons are supposed to get promoted to, for example, the
An6d atomic orbitals before the chemical bond forma-
tion. However, the theoretical calculations show that
the Anbf atomic shells can participate directly in the
formation of molecular orbitals (MO) in actinide com-
pounds [1]. This principally novel fact needs an experi-
mental confirmation so in this work we measured high
resolution X-ray Oy45(U) emission spectral structures.
However, in the absence of relativistic calculations of
the UO,F, electronic structure a correct interpretation
of the XPS can not be achieved. In this work we inter-
preted the fine low binding energy XPS and X-ray emis-
sion spectral (XES) structures from UO,F, taking into
account the relativistic X,, discrete variation method
(RX,-DVM) calculation of the electronic structure for
the [(UO,)Fg]* (Dgp) cluster reflecting an uranium
close environment in UO,F,.

EXPERIMENTAL

The XPS method is based on the photoeftect phe-
nomenon in which XPS spectrum shows a dependence
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of the number of photoelectrons on the binding energy.
XPS spectra of UO,F, were measured with an electro-
static spectrometer HP 5950A Hewlett-Packard using
monochromatic AlK,,; » (hv = 1486.6 V) radiation in
a vacuum of 1.3-107 Pa at room temperature. The de-
vice resolution measured as full width on the half-maxi-
mum (FWHM) of the Au4t;  line on the standard rect-
angular golden plate was 0.8 ¢V. The binding energies
E,, [eV] were measured relative to the binding energy of
the Cls electrons from hydrocarbons absorbed on the
sample surface accepted to be equal to 285.0 e¢V. The
FWHM were measured relative to the width of the Cls
line of hydrocarbons accepted to be equal to 1.3 eV. The
error in determination of electron binding energies and
the line widths did not exceed 0.1 ¢V and that of the rela-
tive line intensities was less than 10%.

UO,F, sample was prepared from the fine-dis-
persed powder ground in the agate mortar as a thick
dense layer with a flat surface pressed in indium on the
metallic substrate. Elastic scattering related background
in the XPS was subtracted as described by Shirley [8].

Xray Ogs5(U) emission spectra (XES) of
UQO,F, reflecting the U6p and U5f states in the va-
lence band were measured by a primary method with
aspectrometer RSM-500 with an energy resolution of
0.3 eV. The spectra were recorded during 60 minutes
[4]. The change of energy of incident electrons al-
lowed varying an effective depth of analysis from 15
up to 50 nm. The area of an exited electronic beam
was 5 x 5 mm?. The samples were ground in the agate
mortar and then as a powder were pressed in a silver
plate, which was fastened on the anode of the X-ray
tube with the special clamps. For the spectra registra-
tion the secondary electronic multiplier of an open
type was used. As the photocathode a CsI film was ap-
plied. The spectra were recorded three times to avoid
the influence of the sample composition changes. For
calibration of energy position of spectrum peculiari-
ties Zr (75.55 ¢V) and Nb (85.85 eV) lines were
taken in the second order of reflection ME,.

The [(UO,)Fg]* (Dgp) cluster [9] reflecting ura-
nium close environment in UO,F, is a UO,2* ion sur-
rounded in the equatorial plane by the six flourines (lig-
ands). The interatomic distances used in the calculations
were Ry.o = 1.7410" mand Ry ) = 2.43- 100 m.
The calculations for this cluster were done in relativistic
X, Discrete Variation (RX,-DV) approximation [10]
based on the Dirac-Slater equation for the 4 component
spinors being a linear combination of atomic orbitals
from the solution of the relativistic task for the isolated
atoms. The extended basis of numerical atomic orbitals
from the solution of Dirac-Slater equation for the iso-
lated atoms beside the filled included the vacant U7p
states. The direct AO decomposition basis were
symmetrized linear AO combinations converting by the
irreducible representations of the binary groups Dy,
The numerical integration during the calculation of sec-
ular equation matrix elements was done by the number

of 4500 points spread in the cluster space. It provided
the convergence of MO energies of not worse than 0.1
€V, The local exchange-correlation potential was taken as
X, with o equal to the mean atomic values. Since the
clusters were the fragments of the crystal, the ligand AO
population renormalization during the self-consisting
was done. It allowed an effective account of the
stoichiometry and charge redistribution between the lig-
ands and surrounding crystal [10]. For the correct evalu-
ation of the relativistic effects in UO,F, the non-relativis-
tic X,-DV calculations (NRX,-DV) for the same
crystalline parameters were done [4, 10].

RESULTS AND DISCUSSION

The low binding energy (0-40 V) XPS from
UO,F, can be conditionally subdivided into the
two ranges (fig. 1). The first one 0-12 eV shows the
structure attributed to the OVMOs built mostly
from the incompletely filled outer U5£,6d,7s and

1IVMO OVMO
U6d.7s.5f O(F)2p
(2) (1)

- Ubp F2s  02s Ubp,

(9X8) (TU6X5) (4) (3) ‘ ‘
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1
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Figure 1. XPS from UO,F, (a). The corresponding theo-
retical spectrum is given bellow as vertical bars. The same
spectrum with subtracted background (b). Vertical bars
show the spectrum on the basis of the theoretical and ex-
perimental data (see tab. 2). The dashed line shows the
shape of the subtracted background (a) and subdivision
into the separate components. Spectral intensity is in ar-
bitrary units normalized by 100%
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Table 1. Relativistic X,-DV calculation results of the electronic structure for the UO,Fs*(Dgy,) cluster reflecting
uranium close environment in UO,F, at Ry.o = 1.74-10"1 m and Ry, = 2.43-10"19 m

E MO composition
MO [eV] 6s 6p12 | Op3pz | 6dzpn | 6dsp 7s 552 | 5f72 | 7p1/2 | 7p32 | O2s | O2p F2s | F2p
ci®1.14] 0.89 | 1.29 | 0.61 | 055 |0.12|3.67|3.48|0.07|0.10{ 096 | 0.07 | 1.44 | 0.13
24yt |-13.0 0.33 | 052 |0.14
23y7+ | -6.0 0.56 | 0.39 | 0.04
25y7 | 5.7 1.00
O| l4yo+ | -5.7 1.00
= 22y7+ | 5.3 1.00
Bl 247 | 45 1.00
23y~ | =3.9 0.33 0.16 | 0.43 0.08
16y~ | 2.9 1.00
13yt | -1.0 0.77 | 0.18 0.05
9yst | -0.9 0.96 0.04
15y9- 0.1 0.10 | 0.72 0.05 0.13
22y 0.3 0.54 | 0.30 0.15
11ys- 1.1 0.04 | 0.94 0.02
10ys- 14 0.98 0.02
9ys- 2.1 0.91 | 0.05 0.04
14y9- 2.2 0.80 | 0.14 0.01 0.05
>I;@) 0.33 | 1.66| 3.05 | 1.18 | 2.55|3.56 | 1.00 | 2.05 0.37 0.22
21y7+®) | 2.9 1.00
13y9- 3.1 0.04 0.01 0.95
21y 3.3 1.00
8ys* 35 0.03 1.00
8ys~ 3.7 0.05 0.97
12y9~ 3.7 0.06 0.95
20y7 39 0.08 0.04 0.81
7ys* 3.9 1.00
12y9+* 39 0.04 0.96
20y7* 3.9 0.08 0.92
11yo+ 4.1 1.00
11yo- 43 0.07 1.00
7v8~ 4.3 0.93
19y~ 4.4 0.01 0.97
19y7+ 4.8 0.03 0.02 | 0.01 0.03 091
6ys~ 5.0 0.98
6yst 5.8 0.18 0.02 0.82
10yo+ 5.8 0.19 0.26 0.81
18y~ 5.9 0.17 0.26 0.19
18y7+ 7.0 0.07 0.02 | 0.04 0.12]0.13 0.05| 0.78 0.04
10y9~ 7.0 0.06 0.71 0.02
Yyot 7.3 0.07 0.07 | 0.03 0.90 0.03
17y~ 7.4 0.03 0.75 0.01
17y7+ 7.4 0.07 0.18 0.87 0.06
>I®) 0.10 | 0.04| 0.35 | 0.02| 055 |0.020.40 | 0.63 0.05 | 447 17.3
16y | 14.4 0.03 | 047 0.30 | 0.20
99~ | 18.2 0.87 0.05 | 0.06 | 0.01
l6y7+ | 21.7 | 0.10 0.01 | 0.01 0.85 0.03
ol 15y7 |22.0 0.12 | 0.04 0.07 0.76
S| S5ys | 220 1.00
2| 8yt | 22.1 1.00
Syst | 22.2 1.00
15y7+ | 22.8 0.03 0.96
8yo~ | 22.8 0.07 0.93
14y~ | 24.4 0.26 | 0.24 0.24 | 0.04 | 0.22
13y~ | 30.5 0.56 | 0.04 0.29 | 0.10 | 0.01
14y;+ | 464 | 0.80 0.15| 0.04
>I®) 1.00 | 097 | 1.73 | 0.01| 0.01 193 | 044 |5.970.01

@ Total electronic densities per one electron
® Upper filled molecular orbital

O(F)2p AOs (tab. 1). The second one 12-40 eV
shows the IVMO related fine structure. These
IVMOs are built mostly from the completely filled
inner valence U6p and O(F)2s AOs. The fact that
the IVMO XPS parameters correlate with uranium
close environment structure in compounds encour-

aged this subdivision [11]. The OVMO XPS struc-
ture has three typical features and can be subdivided
into the three components. Since the low binding
energy component at Ej, ~ 1.5 eV is apparently due
to the admixture of the U** ions, it will not be con-
sidered here. The IVMO spectral range exhibits
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pronounced peaks and can be subdivided into the
seven components (fig. 1). Despite a certain formal-
ism, this subdivision allows qualitative and quanti-
tative comparisons between the XPS, XES, and
RX,-DV calculation results for the [(UO,)F4]®
(Dgp) cluster.

The relativistic calculation results for the ground
state of this cluster is given in tab. 1. Since after the
clectron photoemission the molecule transits into an
excited state with a hole on a certain level, the binding
energies for the transition states have to be used [12]
for a more strict comparison between the theoretical
and experimental data. However, in a rough approxi-
mation one can suggest that for the valence region the
binding energies for the transition state differ from
those for the ground state by a constant shift toward
the higher absolute energy Therefore, the present
work used the theoretical binding energies increased
by 1.2 eV for comparison with the corresponding ex-
perimental values (tab. 2). Taking into account the
MO compositions (tab. 1) and photoionization
cross-sections [13], the theoretical spectral intensities
for some energy ranges were determined (tab. 2, fig.
1). Comparing the experimental XPS and theoretical
data one has to take into account that the XPS from
UO,F,; reflects the band structure and consists of
bands widened due to the solid-state effects. Despite
the approximation imperfections, one can see a good
qualitative agreement between the theoretical and ex-
perimental data. Indeed, the corresponding theoreti-
cal and experimental FWHMs (I = 4.5 ¢V and
I'xp = 4.2 ¢V) and relative intensities of the outer and
inner valence bands (Ioyyio™ = 42.0%, Iryyio™ =
= 58.0% and IOVMOCXP = 406%, IIVMOCXP =
= 59.4%) are comparable. A satisfactory agreement
between the theoretical and experimental binding en-
ergies for some electronic orbitals, in particular the
16y, 9y97, and 16y,* TVMO, was reached (tab. 2).
The worst agreement was reached for the middle
(15y7-14y;7) IVMO region. Previosly the IVMO
XPS structure has been interpreted on the basis of the
non-relativistic X, calculations [4, 5]. It allowed a
qualitative identification of the fine spectral structure
in the binding energy range 0-23 eV. It was possible
because inclusion of relativistic effects in general gives
a strong separation of the U6p, , component, but the
main features in the binding energy range 0-23 eV re-
mained invariable. The relativistic calculation allowed
a qualitative and quantitative interpretation of the
XPS fine structure in the whole range 0-40 eV.

Despite the fact that the outer valence band in-
tensity for uranium compounds is mostly due to the
U5t,6d and O(F)2p AOs, for uranium oxides UO,,
UO3;, and fluorite UFE, it has been shown on the ba-
sis of the conversion electron spectra that the inner
valence U6p electrons participate eftectively in the
OVMO formation [14-16]. Using this and the data
of tab. 2 in mind one can suggest that the U6p elec-

trons participate in the OVMO formation in
UO,F,. Also, experimental evidence for the fact
that the U5f electrons can participate in the chemi-
cal bond without loosing their f-nature was practi-
cally established. Indeed, the experimental intensity
ratio OVMO/IVMO is 0.68, which is comparable
with the corresponding theoretical value 0.72 (tab.
2). Since the U5f AO practically does not partici-
pate in the IVMO formation, the difference can be
explained by the decrease of the photoionization
cross-section of the U5t electrons participating in
the chemical bond. It contradicts the traditional in
chemistry by suggesting the excitation of the U5f
electrons to the U6d shell before the chemical bond
tormation. Therefore, one can suggest that the rela-
tivistic calculation results reflect the partial U5t elec-
tronic density rather well (tab. 2). These data show
that more than two U5f electrons participate in the
chemical bond formation, and the vacant U5f states
are located within 6 eV near the absorption edge
(tab. 1).

In the IVMO XPS range the good agreement
was reached only for the 16y;~, 9y, 16y,*, and
13y~ orbitals characterizing the spectral width.
Taking into account the comparability of the theo-
retical data and experimental total relative intensity,
one can suggest that the calculated energies of the
15y;7-14y; IVMO differ significantly from the cor-
responding experimental data (tab. 2).

Taking into account the non-relativistic calcula-
tions for the [(UO,)Fy]* (D) cluster [7] and experi-
mental data on the core-valence levels binding energy
differences for uranium [17] and UO,F, [14], in the
molecular orbitals as linear combinations of atomic
orbitals approximative MO schematic diagram can be
built (fig. 2). This diagram enables the understanding of
the real XPS structure of UO,F,. In this approximation
one can separate formally the 16y,7(3), 14y;(6), and
13y77(9) IVMO group characterizing the interatomic
distance U-O in uranyl group UO,**, 9y9™(4), 15y,7(7),
and 8,57(8) IVMO characterizing the interatomic dis-
tance U-L in the equatorial plane, as well as the
quasiatomic 16y;7(5), 5yg7(8), 8y9"(8), 5vs*(8), and
15y,7(8) IVMOs attributed generally to the
O(F)2s-U6p; ; electrons. It has to be noted that this
IVMO subdivision is well grounded [1, 6]. The experi-
mental data show that the binding energies of
quasiatomic 5yg(8)-15y,*(8) IVMOs have to be close
0 29.9 eV, which differs significantly from results of the-
oretical calculation. Indeed, the F1s and F2s binding en-
ergies for UO,F, are 685.3 and 29.9 eV respectively and
AL (F1s-F2s) = 655.4 eV [1, 6]. In support of this one
can note the similar AE; values of 655.4 and 655.2 ¢V for
MnF, and MnF; respectively [18] where the F2s AOs
participate weakly in the MO formation. It allowed a
more exact determination of the IVMO sequence order
(compare tab. 1 and tab. 2, fig. 2). Since the binding en-

ergies of the quasiatomic F2s related orbitals increase by
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Table 2. XPS parameters of the UO,F, and UO,F¢* (Dgp,) cluster at Ry.o = 1.74-10-19m and Ry.o = 2.43-10-19m
(R X,-DVM) and the U6p and U5f electronic state densities p;(e”)

E© X-ray photoelectron spectra
MO B d U6p and U5f electronic state densities p; (e~
[eV] Eneréy< ) Intensity [%] P P
[eV] ’
Experiment | Theory | Experiment 55 57 6p3)2 6p12
21y7+@ 4.1 0.3
13y9~ 4.3 0.7 0.08
21y 4.5 0.3
©) 8ys* 4.7 0.3 0.06
= 8ys~ 49 1.1 0.10
g 1279 49 1.6 0.12
20y7 5.1 2.6 0.16
7yst 5.1 0.3
12y9t 5.1 0.3
20y7+ 5.1 0.3
11yot 5.3 0.3
11y9- 5.5 0.3 0.14
7v8™ 5.5 2.1
19y~ 5.6 0.6 0.02
19y7+ 6.0 0.6 0.02
6ys~ 6.2 0.8
6yt 7.0 1.0 0.04
10yot 7.0 1.0 0.52
18y~ 7.1 5.6 (3.1) 12.0 29.3 0.34
18y7+ 8.2 1.6 0.24 0.26
10y9- 8.2 8.3(3.2) 6.2 11.3 0.12
Yyot 8.5 0.7 0.14 0.06
17y~ 8.6 6.3 0.06
17y7+ 8.6 0.7 0.36
1) 42.0 40.6 0.80 1.26 0.08 0.70
16y7~ 15.6 15.6(3.5) 7.1 7.3 0.06 0.94
9~ 19.4 19.8(3.5) 8.7 10.4 1.74
16y7+ 229 23.0(3.5) 6.5 6.3
o 15y~ 232 26.5(2.5) 4.4 4.3 0.24 0.08
S Sys~ 232 3.6
e 8yot 23.3 3.6
Syst 23.4 29.9(3.5) 3.6 14.7
15y7+ 24.0 3.7
8y9~ 24.0 4.0 0.14
14y 30.6 25.0(3.5) 6.6 10.4 0.52 0.48
13y~ 31.7 32.1(3.5) 6.2 6.0 1.12 0.08
1) 47.6 49.3(6.0) 58.0 59.4 1.94 3.46
14y7+ ~8.0

@ Upper filled MO (2 electrons), filling number for all orbitals is 2

® Total U6p electronic state densities and peak intensities
© Binding energies shifted by 1.2 eV toward the higher values
(@ FWHMs are given in parentheses

about 6 eV, the F2s contribution to, for example, the
9y (4) IVMO must decrease, and to the 13y,7(9)
IVMO must increase. The contribution of the U6pz/
AO to the 8yy(8) IVMO must decrease, which agrees
with the experimental data. In this case the separation of
the 8yy(8) IVMO from the general band of
quasiatomic orbitals (8) is not possible (tab. 2). Taking
into account that AE; = 360.6 ¢V, AE; = 363.6 ¢V,
one canfind Ay = 3.0eVand A} =4.2¢eV [, 6]. The
perturbation is Az = 2.6 €V. The peak width of the
quasiatomic orbitals 16y, (5) and 5y~ (8)- (8) is com-
parable to the widths of other IVMOs. The observed
narrowing of the 15y;7(7) IVMO can be explained by
the partial loss of the antibonding nature due to the mix-
ture of the (7%) of O2s AO (tab. 2, see also [11]).

For comparative quantitative analysis of the ex-
perimental and theoretical intensities the considered

spectra were decomposed having in mind data in fig. 2.
The diagram of fig. 2 was built on the basis of the ex-
perimental binding energies and theoretical intensities.
The identification of the XPS structure is shown in tab.
2 and fig. 2. These data show that the experimental and
theoretical binding energies practically coincide. How-
ever, the experimental IVMO intensities often differ
significantly from the corresponding theoretical values.
The best agreement was reached for the 16y;(3),
16y,%(5), and 13y;7(9) IVMOs. The theoretical data
show that 0.78 U6p ¢ electrons participate in the
OVMO formation (tab. 2), where the U6p3/, electrons
take the main part. The U6p distribution in OVMO
and IVMO reflects the distribution of the U6p partial
electronic density in the valence band of UO,F,. Table
2 also shows that more than two U5f electrons partici-
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° [UO:F6]* (D)

Figure 2. MO schematic diagram
for the [(UO,)F¢]+(Dgp) cluster
built on the basis of the theoreti-

pate in the OVMO formation, while in the IVMO for-
mation these electrons do not participate.
Since quantum mechanics can predict qualita-
tively the alterations of considered spectral intensities
depending on the binding energy, one can vary the ini-
tial data for the initial clusters for a better agreement be-
tween the theoretical and experimental data. As it has
been shown [6, 11], the wider an MO is, the more of its
electrons participate (bonding, antibonding) in the
chemical bond. The narrowes peaks are those attrib-
uted to antibonding and quasiatomic orbitals. There-
fore, the fact that the 15y, (7) IVMO line is relatively
narrow can be explained by an admixture of the U6p3
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and O2s AOs. Despite the fact that it is difficult to es-
tablish reliably the 15y;(7) and 13y,7(9) IVMO line
widths, the obtained data allows the conclusion that the
antibonding nature of the 15y,(7) IVMO is lower
than the bonding nature of the 13y;7(9) IVMO. In
other words, electrons from this IVMO couple must
bring a positive contribution to the covalent compo-
nent of the chemical bond in UO,F,.

The most ambiguous for interpretation is the
15y77(7)-8y97(8) IVMO XPS region. Comparison of
the XPS data for UO,F, and UE, [6] shows that the
quasiatomic F2s AO related peak has to be located at
29.9 eV. Apparently, the calculation was not able to give
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Figure 3. X-ray O4 5(U) 104
emission spectra from
UO,F, measured at 3 kV
(mA) reflecting the
U5d«U6p,np,5f electronic
transitions. Peak numbers
correspond to the
transition numbers on the
diagram (tab. 3, fig. 4).
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the correct binding energies for these MOs. With this in
mind this work carried out the decomposition of this
spectral region. The knowledge of the correct IVMO
sequence is critical for the understanding of the IVMO
contributions to the covalent component of the chemi-
cal bond in UO,F,. The observed peaks (10) in the
spectra can be partially attributed to the shake up pro-
cess during the photoemission.

One of the experimental confirmations for the
IVMO formation in UO,F, is the high resolution
Xeray O45(U) emission spectral structure. This spec-
trum reﬂecting the U5d5 /2.3 /2(—U6p 3/2,1 /z,np,5f
[(O45(U)<«P;,3,04(U)] electronic transitions was ob-
served in the photon energy range 60 < v < 130 eV
and in the higher energy part interfered with the
absorption spectrum, which distorted its structure (fig.
3). During the interpretation of the low resolution
X-ray Oy5(U) emission spectral structure [19] it has
been suggested that the low energy structure is associ-
ated with the ternary electronic transitions involving
the core uranium shells USdS /2)3/2<—U6P3/2)1 /2 How-
ever, fig. 3 shows that ignoring the participation of the
U6p;2,, electrons in the IVMO formation one can
not identify the X-ray O45(U) emission fine spectral

ued,7s,5f

Figure 4. Schematic
diagram of the energy Ubp
levels for atomic uranium 372
(a) and the [(UO,)Fq]*

(Dgp) cluster reflecting

uranium close environ-

ment in U02F2 (b) U6p
Numbers (1) through L
(11) show the transitions
from the IVMO to the Ubs
core levels. The 43.9
transitions:

5d5/,<-OVMO (12), Usd
5d5/2(—5f7 »(13) and 32 & 94.2
5d3/,<-OVMO(14) are

not shown (see tab. 3) Usd,, 102.8
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structure. Therefore, the fact that the U6p shell is not
core and participates effectively (experimentally ob-
served) in the [IVMO formation was taken into account
for a correct interpretation of this structure [11].

The low energy band in the O, 5(U) XES from
UQO;F, is wide and poorly resolved despite a relatively
high device resolution (fig. 3). As well as for thorium
and uranium oxides [20] it can be partially explained by
an extra electronic transitions not indicated in the dia-
gram (fig. 4) reflecting the U6bp; »,6s-O(F)2p,2s re-
lated TVMOs.

The considered O 5(U) XES from UO,F, in the
photon energy range 65-110 eV exhibits 14 (not 6 as
expected for atomic U) explicit peaks that can be identi-
fied using the XPS data and the U6p and O(F)2s re-
lated OVMO and IVMO concept (tab. 3). The peaks
reflecting the transitions from the OVMO and 16y,
and 9y IVMO can be most reliably (practically unam-
biguously) identified since these peaks are narrow in
both XPS and XES. These peaks are: 5ds,<-16y;7(9),
5d3p¢-16y77(11), 5d5/¢9v97(6), 5d3/,<9v97(10),
5d5/,-OVMO(12), and 5d3/,«<-OVMO(14) (tab. 3).
Identification of the peaks reflecting the transitions
from the bonding 14y, and 8yy” IVMOs is more com-
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Table 3. X-ray O45(U) emission (U5d<-U6p,np,5f) transition in U and UO,F, on the basis of the

XPS and XES data.

U UO,F,

Transitions Theory XPS Transitions®) XPS XES
(1) 5ds/2¢-8y9~ 69.3 70.0

(2) 5ds/2¢-15y7 72.7 72.0

5d3/2(—6p1/2 78.02 76.0 (3) 5ds/2¢14y7~ 74.2 74.0
(4) 5d3p¢13y7 75.8 76.0

5d3/2<—6p3/2 87.28 86.0 (5) 5dz/2¢8y9~ 78.0 78.0
(6) 5ds/2¢9y9~ 79.4 79.0

(7) 5d3jp¢-15y7 81.4 82.3

5ds/2¢-6p32 79.11 77 4 (8) 5dz/2¢14y7 82.9 83.0
5ds5/2¢-515)2 97.90 95.4 (9) 5ds/2¢-16y7~ 83.6 85.4
(10) 5d3z/2<9y9~ 88.1 87.0

5ds/2¢-5t7) 98.64 104.0 (11) 5dzpp«16y7 92.3 91.0
(12) 5d52«-OVMO 92.5 96.0

(13) 5ds,2<-5172 98.3

5dz/p¢5152 106.07 104.0 (14) 5d32«OVMO 101.2 102.0

@ X-ray O4,5(U) emission peak maxima numbers are given in parentheses (fig. 3)

plicated since the peaks are not that narrow (fig. 3). De-
spite this some qualitative conclusions can be made.
Thus, even the qualitative consideration shows that the
low energy region (65-78 V) of the O, 5(U) XES ex-
hibits the structure, which has to be absent in the case of
transitions from only atomic U6p;z 1, shells. The
peaks in this region can be attributed only to the transi-
tions from the IVMOs of the valence band bottom.
Thus, the fine O4 5(U) XES structure is due to the outer
and inner valence molecular orbitals built mostly from
the U6p and O(F)2s atomic shells.

We would like to note that despite the approxima-
ton imperfections, the calculation results for the
[(UO,)Fg]*(Dgp) cluster reflecting uranium close envi-
ronment in UO,F, are in good qualitative agreement
with the experimental data, which allowed for the first
time a reliable interpretation of the peaks of at least the
IVMO ceiling and bottom. These results also can be
used for determination of the structure and interatomic
distances in uranyl compounds as well as for the inter-
pretation of other X-ray spectra (Auger-, conversion elec-
tron, emission, absorption) of uranium compounds.

CONCLUSIONS

Low binding energy X-ray photoelectron and
X-ray Oy 5(U) emission spectra from UO,F, were
measured and interpreted in the relativistic X, Dis-
crete Variation approximation for the [(UO,)Fq]*
(Dgp) cluster reflecting uranium close environment
in UO,F,. It yielded a satisfactory qualitative and in
some cases quantitative agreement between the the-
oretical and experimental data.

Despite the traditional opinion that before the
chemical bond formation the An5f electrons get
promoted to, for example, the An6d atomic
orbitals, the theoretical calculations show and ex-
perimental data confirm that the An5f atomic shells
(more than U5felectrons) can participate directly in
the chemical bond formation in uranyl fluorite. The
filled U5f states are localized in the OVMO binding
energy range from —4 to -9 eV, and the vacant U5f
electronic states are generally localized in the low
positive energy range (0-6 eV).

The Ubp-electrons (about 1 U6p-electron) were
experimentally shown to participate significantly in the
filled OVMO formation beside the IVMO formation.

The relativistic calculations confirm the fact that
the IVMO system associated mostly with the U6p and
O(F)2s AOs of uranium and ligands can be subdivided
into the two MO groups, one of which (16y;, 14y7,
13y,7) characterizes the bond in the axial direction, and
the other one (9yy7, 8yg") in the equatorial plane. It is
important in connection with the development of the
experimental technique of determination of the inter-
atomic distances U-L in the axial direction and the
equatorial planes of uranyl compounds on the basis of
the IVMO XPS parameters.
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Hrop O. YTKUH, Jypuj A. TETEPUH, Bragumup A. TEPEXOB,
Muxaun B. PUZKKOB, Anron J. TETEPUH, JIaoyn BYKYEBUh

INPOYYABABE EJEKTPOHCKE CTPYKTYPE YPAHUIYM®JIYOPUTA UO2F;
PEHAT'EHCKOM ®OTOEJIEKTPOHCKOM CIIEKTPOCKOIINJOM

Y pany ce pa3maTpa puHa CTPYKTypa peHAreHCKOT (DOTOENEKTPOHCKOT CIIEKTpa c1a00 Be3aHUX
enextpona (0-40 eV) m crpykrypa perareHckor O45(U) emucnonor cnektpa u3 UO2F2. Kopumrhen je
pellaTUBUCTUYKY X, AUCKPETHU BapUjallMOHU IIOCTYIAK 3a IPOpPadyH [(UOz)F6]4_ (Deh) kmacrepa koju
onpaxkaBa HemocpenHy okonuHy ypanujyma y UO2F2. ITokazano je ma US5Sf enektpoHm HEmocpegHO
y4ecTBYjy y oOpa3oBamy xeMujcke Bese. Takobe je mokaszano ga Ubp eeKTpOHH yUECTBY]Y y 0Opa3oBamy
HE caMo YHYTpallbiX, Beh U ciosbalikbux BalleHTHAX MOJIEKYJICKUX OpOuTana. Y TBpheH je ceKBeHIHjalHu
nopeJak YHyTpalllhbuX BaJIeHTHIX MOJIEKYJIICKAX opOuTala y moipy4jy enepruja Bese o 12-40 eV. OBo je
Ofl 3HAyaja 3a pa3BOj MocTynka ofpebmBama MebhyaToMckux pacrojamba YpaHHjyMCKHX jeU-CHha Y
aKCHMjaJIHOM TIpaBlly M €KBAaTOPHjalHO] paBHHU, 3aCHOBAHOI Ha PEHATEHCKO] (POTOEIEKTPOHCKO]
CHEKTPOCKOMH] .



