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X-ray photoelectron spectra (XPS) and conversion electron spectra of the outer (0—15eV) and inner
(15-40 eV) valence electrons for UF, were measured. Relativistic X, discrete variation (RX, DV) calculation
data for the UFg_ (Cy4p) cluster reflecting uranium close environment in solid UF, were used for the quantita-
tive interpretation of the fine spectral structure. Quantitative agreement between the experimental and theoret-
ical data was established. The U 5f electrons (=1 U 5f electron) were shown to participate directly in the
chemical bond formation. This U 5f electron was shown to be delocalized within the outer valence molecular
orbitals (OVMO) range (1-15 eV). The other U 5f electrons were shown to be localized and to participate
weakly in the chemical bond formation. The XPS line associated with these electrons was observed at 3.8 eV.
The vacant U 5f states are generally delocalized in the range of the low positive energies (0-7 €V). The
contribution of the U 6p electronic density to the molecular orbitals of UF, was experimentally and theoreti-
cally evaluated. The U 6p electrons were experimentally shown to participate significantly (0.6 U 6p elec-
trons) in the formation of the OVMO beside the formation of the inner valence molecular orbitals (IVMO).

IVMO composition and sequence order in the binding energy range 15—40 eV in UF, were determined.
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I. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) studies of ura-
nium, uranium fluorides and other compounds have revealed
a complex fine structure in the low binding energy (E,)
range.'~® For example, the XPS from solid uranium tetrafluo-
ride UF, and uranyl fluoride UO,F, show a great difference
in the structures of all the valence binding energy (E,) range
0-40 eV (Refs. 5 and 7) since uranium U®* ion’s electronic
configuration in UO,F, is {Rn}5f°, and that of U*" one in
UF, is {Rn}5f2, where {Rn}—radon electronic configuration.
Therefore, the XPS from UF, exhibits a relatively sharp
(1.5 eV wide) peak at E,=3.8 eV attributed to the U 5f elec-
trons weakly participating in the chemical bond. The XPS
from UO,F, does not exhibit this peak.

The XPS peaks in the E, range 0—40 eV from uranium
fluorides and other compounds were observed’ to be several
eV wide. For example, for UF,, the F ls peak’s (E,
=685.3 ¢V) full width at half-maximum (FWHM) is T’
=1.3 eV, while the corresponding F 2s peak (E,=29.9 eV)
is 3.7 eV wide and structured. The extra structure was ob-
served on the both sides from the expected single F 2s peak.
This F 2s widening (relative to the F 1s FWHM) contradicts
the uncertainty ratio AEA7~h/2m, where AE—natural
width of the level from which an electron was removed,
Ar—lifetime of a hole and A~—Plank’s constant. Since the
hole lifetime (A7) decreases as the absolute energy of a level
grows, the XPS atomic peaks are expected to narrow as the
electron binding energy decreases. In case of UF, and UO,F,
the picture is reversed. One of the reasons for the XPS peak
widening in the binding energy range 0—40 eV was found to
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be the formation of molecular orbitals (MOs).3~10 These
MOs form generally from the An 6p and L ns atomic shells
of actinides and ligands (L). The formed MOs can be subdi-
vided into the outer valence molecular orbitals (OVMO)
(0—15 eV E,) and inner valence molecular orbitals (IVMO)
(15-40 eV E,). Practically, the XPS spectra reflect the struc-
ture of the valence band (0—40 eV) and are observed as
several eV wide bands. It was shown that under favorable
conditions the IVMO could form in compounds of any ele-
ments of the periodic table.?-!!

According to the earlier suggestions, the An 5f electrons
are supposed to get promoted, for example, to the An 6d
atomic orbitals before the chemical bond formation. How-
ever, the theoretical calculations show that the An 5f atomic
shells can participate directly in the MO formation in ac-
tinide compounds.7’8 Therefore, it is important to determine
the experimental An 5f and An 6p partial electronic densi-
ties.

The qualitative identification of the XPS data for uranium
tetrafluoride’ allowed a qualitative interpretation of the con-
version electron (CES) (Ref. 12) and x-ray O, 5(U) emission
(XES) (Ref. 13) spectral structures. The absence of the rela-
tivistic electronic structure calculations did not allow a cor-
rect interpretation of these spectral structures. The calcula-
tions are too complicated because of the fact that uranium
environment in solid tetrafluoride cluster (UFg_ of symmetry
group D,,) is too complex. The authors of Ref. 14 made an
attempt to interpret qualitatively the electronic structure of
solid UF, on the basis of the relativistic calculation results
for the UF, (T,) cluster reflecting uranium environment in
the gaseous tetrahedral molecule. Earlier the XPS, CES and
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045(U) XES results taking into account the relativistic cal-
culations were used for the quantitative evaluation of the
partial densities of the U 6p and 5f electronic states in the
binding energy range 0—40 eV in UO,,"5 9-U0,,'° and
UO,F,."7

This work analyzes the fine low binding energy
(0—40 eV) high resolution XPS and CES structures from
UF, taking into account relativistic X, discrete variation
method (RX, DVM) electronic structure calculation for the
UF‘;‘ (Cy4p) cluster reflecting uranium close environment in
solid UF,. As a result uranium electronic structure was inter-
preted quantitatively and the U 6p, 5f partial electronic den-
sities in uranium tetrafluorite were evaluated experimentally.

II. EXPERIMENTAL

XPS spectra of the solid UF, sample were measured with
an electrostatic spectrometer HP 5950A Hewlett-Packard us-
ing monochromatized Al K, , (hv=1486.6 ¢V) radiation in
a vacuum of 1.3 X 1077 Pa at room temperature. The device
resolution measured as full width (I', eV) on the half-
maximum (FWHM) of the Au 4f;, peak on the standard
rectangular golden plate was 0.8 eV. The binding energies E,,
(eV) were measured relative to the binding energy of the
C Is electrons from hydrocarbons absorbed on the sample
surface accepted to be equal to 285.0 eV. On the gold plate
E,(C 15)=284.7 eV at E,(Au 4f5,)=83.8 eV. The FWHM
were measured relative to the width of the C 1s line of hy-
drocarbons accepted to be equal to I'(C 1s)=1.3 eV. The
errors in determination of electron binding energies and the
linewidths did not exceed 0.1 eV and that of the relative line
intensities was less than 10%.

The UF, sample for the XPS studies was prepared from
the fine powder ground in the agate mortar as a thick dense
flat layer pressed into In on a Ti substrate. The U 4f5,, bind-
ing energy was measured to be 482.7 eV. Oxygen concen-
tration determined on the basis of O 1s XPS peak was found
to be less than 4 at. %, which testifies to the low surface
oxidation. The CES spectrum was measured with the same
spectrometer using an additional accelerating electronic sys-
tem. A metallic copper substrate with evaporated UF, layer
for uranium implantation by the electrostatic collection of
23mJ recoil atoms resulting from **’Pu decay in the inert
atmosphere was used.'? Peak identification and calibration of
the CES was done using the XPS data for UF,. Elastic scat-
tering related background in the XPS was subtracted by
Shirley.!® For the CES the background was subtracted by
Shirley and by exponent. The maximal difference in the rela-
tive intensities did not exceed 10%. This work gives the CES
spectrum with the background subtracted by exponent (Fig.
1).

The UF‘;‘ cluster of symmetry group C,, reflecting ura-
nium close environment in solid UF, can be constructed if to
rotate by 45° an upper cube face with the edge equal to
2.64 A. Uranium ion located in the center of this cube is
surrounded by fluorines located in the cube corners at Ry._g
=2.29 A from uranium.'® The calculation for this cluster was
done in the X, DVM approximation?>?! based on the Dirac-
Slater equation for the four component spinors with
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FIG. 1. XPS (a) and CES (b) from solid UF,. The corresponding
theoretical spectra are given under the experimental spectra as ver-
tical bars. The shape of subtracted background and spectra decom-
position are shown. The experimental spectral intensities are given
in arbitrary units; the theoretical intensities are normalized in %.

exchange-correlation potential.”?> The extended basis of the
numerical atomic orbitals (AO) from the solution of Dirac-
Slater equation for the isolated atoms beside the filled in-
cluded the vacant U 7p,,, 7ps,, states. The basis also took
into account the cluster symmetry, i.e., by the technique of
projecting operators?® the regular AOs were reconstructed in
the linear combinations converting by the irreducible repre-
sentations of the binary group Cg,. For the relativistic basis
calculations an original program of symmetrization was uti-
lized. This program used the matrices of irreducible repre-
sentations for the most part of binary groups obtained in Ref.
22 and transformation matrices given in Refs. 23 and 24. The
numerical diophantine integration during the calculation of
the secular equation matrix elements was done by the num-
ber of 22 000 points spread in the cluster space. It provided
the convergence of MO energies of not worse than 0.1 eV.
The local exchange-correlation potential was taken as X,
with a equal to the mean atomic value. Since the clusters
were the fragments of the crystal, the ligand AO population
renormalization during the self-consisting was done. It al-
lowed an effective account of the stoichiometry and charge
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redistribution between the ligands and surrounding crystal.

III. RESULTS AND DISCUSSION

The low binding energy (0—40 eV) XPS from UF, can be
conditionally subdivided into the two ranges (Fig. 1). The
first one 0—15 eV exhibits the structure attributed to the
OVMO built mostly from the incompletely filled outer
U 5f, 6d, 7s and F 2p AOs (Table I). The second one
15-40 eV shows the IVMO related fine structure. These
IVMOs are built mostly from the completely filled inner va-
lence U 2p and F 25 AOs. The fact that the IVMO XPS
parameters correlate with uranium close environment struc-
ture in compounds encouraged this subdivision.®*!! The
OVMO XPS structure has typical features and can be subdi-
vided into the three components. The IVMO spectral range
exhibits pronounced peaks and can be subdivided into the
four components (Fig. 1). The low intense shoulders on the
lower binding energy side can be attributed to uranium oxide
on the sample surface, as well as to the background subtrac-
tion imperfection. The areas under these peaks were taken
into account. This subdivision allows the qualitative and
quantitative comparisons between the XPS, CES and relativ-
istic calculation results for the UFg~ (Cy,) cluster.

Relativistic calculation results are given in Table 1. Since
the XPS reflect both ground and excited states of ions, the
calculated binding energies for the transition (not ground)
states must be used? for comparison between the theoretical
and experimental data. However, it is known®!! that in a
rough approximation 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 2.87 eV for com-
parison with the corresponding experimental values (Table
I). Taking into account the MO compositions (Table I) and
photoionization cross sections o; (Ref. 26) (o; for the U 7p
were calculated by Yarjemsky), the theoretical spectral inten-
sities for the considered energy ranges were determined
(Table II, Fig. 1). Experimental XPS intensities are given for
comparison. A good qualitative agreement between the the-
oretical and experimental data was obtained (Table II). The
worst agreement was reached for the middle (6y4—37v,)
IVMO region.

Earlier®” the IVMO XPS structure of UF, was interpreted
on the basis of the binding energy differences between the
core and valence electronic levels. It enabled us to identify
qualitatively the fine spectral structure of UF, in the binding
energy range 15—40 eV and to attribute it to the IVMO elec-
trons. The relativistic calculation results enabled us to inter-
pret quantitatively the XPS fine structure in the whole range
0-40eV.

Thus, the sharp peak at 3.8 eV is attributed to the U 5f
electrons weakly participating in the chemical bond, and the
outer valence band—to the outer valence U 5f, 6d,7s,7p
and F 2p AOs and to a lesser degree—to the U 6p AO.
Earlier'® experimental evidence for the fact that the 5f elec-
trons can participate in the chemical bond in y-UO; without
losing their f nature was established. However, for UF, such
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a strict conclusion could not be made. Thus, the experimental
intensity ratios OVMO/IVMO with (and without) taking into
account the U 5f intensity at 3.8 eV are 0.60 (0.24). It differs
slightly from the corresponding theoretical values 0.76 (0.42)
(Table II). The theoretical value 0.42 is about twice higher
than the corresponding experimental one 0.24 due to the con-
tribution of the U 5f electrons. Having attributed, for ex-
ample, the intensity of the OVMO band only to the
U 6d'7s>5f° and 4F 2p°> electrons, and the IVMO band—to
the U 6p® and 4F 2s? electrons in UF,, the corresponding
theoretical values are 0.78 (0.38). It agrees with the theoret-
ical values 0.76 (0.42), but more than the corresponding ex-
perimental values 0.60 (0.24). However, if to attribute the
OVMO band to the U 64°7s>5f> and 4F 2p°> electrons, and
the IVMO band—to the U 6p° and 4F 2s? electrons, the cor-
responding theoretical values are 0.62 (0.22). It is in a good
agreement with the experimental data. It indicates that the
U 5f electron involved in the chemical bond is either
strongly delocalized or loses its f nature. To the greatest
degree, the direct participation of the U 5f electrons in the
chemical bond was observed in y-UO5,'® and to a lesser
degree—in UO,."” Unlike y-UO; and UO,, in the case of
UF, this participation can be much lower because of the
higher fluorine electronegativity and higher uranium—
fluorine interatomic distance. It can result in the delocaliza-
tion of the U 5f electrons and decrease of the U 5f photo-
ionization cross section.

In the IVMO XPS range the best agreement in the binding
energy was reached only for the 5vy;, 7y4(4), and 2y,(7)
orbitals determining the spectral width. The experimental in-
tensities of peaks and the IVMO group 6y5—37(6) in some
cases are much higher than the theoretical values (Table II).
Thus, the 67,(5) and 27,(7) experimental IVMO intensities
are 2.1 and 1.5, respectively. These data do not allow a cor-
rect experimental evaluation of the participation degree of
these electronic shells in the IVMO formation, since the
U 6p,,, and F 2s photoionization cross section are compa-
rable (Table I).

Taking into account the calculations and experimental
core—valence levels binding energy differences for metallic
uranium?® and UF,, a MO schematic diagram can be built
(Fig. 2). This diagram was built in the MO LCAO (molecular
orbitals as linear combinations of atomic orbitals) approxi-
mation. It enables us to understand the real XPS structure of
UF,. In this approximation one can separate formally the
antibonding 575, 77y4(4), and 67%4(5) and bonding 115,
3v4(6), and 2y,(7) IVMOs, as well as the quasiatomic (in a
certain approximation) 45, 3v;, 2v;, 5% and 4y4(6) IV-
MOs attributed to the F 2s electrons (Fig. 2, Tables I and II).
The XPS data show that the binding energies of quasiatomic
IVMOs must be close to the magnitude. Indeed, the F 1s
peak is symmetric, and its FWHM is I'=1.3 eV. The F 2s
binding energy must be about 29.9 eV (Fig. 2). This value is
the difference between E,=685.3 eV and AEp=655.4 ¢V,
where E,, is the F 1s binding energy in UF,, and AFE} is the
difference between the F 1s and F 2s binding energies for
MnF, (Ref. 11) (Fig. 2). Theoretical results agree qualita-
tively with these data (Table II). Since AE;=360.6 eV,
AE,=362.6 eV, one can find A;=2.0 eV (Fig. 2). Since the
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TABLE I. MO composition and energies Ey* (eV) for the UFg’ (Cyp) at RUp=2.29 A (RX, DVM), photoionization cross sections o,”
and conversion one-electron partial probabilities «; .

MO composition

U F
Mo¢ Q =—EpeV 65  O6pyy 6pyp  Odsp  Odsp  Ts Sfsp S5fin Tpin Tpap 25 2pin 2pap
T; 1.14 0.89 1.29 0.61 055 0.12 3.67 348 0.07 0.10 1.44  0.13 0.13

Q; 0.07 4338 23,55 6.55 7.71 0.01 0.07 0.04 8.23 4.39

25y 0 -7.18 0.10 0.75 0.01 0.03  0.07 0.04
27y O -6.93 0.43 0.41 0.01 0.03 0.02 0.10
24y; 0O -5.46 0.83 0.01 0.01 0.02 0.06 0.07
26y, O -5.21 0.03 0.01 0.91 0.02 0.01 0.02
25y O -5.07 0.89 0.03 0.03  0.02 0.03
23y; O -4.99 0.71 0.10 0.04 0.01 0.02 0.12
22y; O -4.21 0.01 096 0.01 0.02
24y O -4.20 0.01 096 0.01 0.02
23y O -3.39 0.41 0.44 0.04 0.11
2ly; O -1.12 0.04 0.01 0.86 0.06 0.03
(0] 20y; O -0.89 0.02 0.03 0.87 0.02 0.06
22v 0O -0.84 0.93 0.01 0.04 0.02
21y O -0.79 0.01 0.93 0.02 0.04
\ 19y; 0 -0.22 0.01 0.86 0.05 0.01 0.07
209, 0  —0.03 0.92 001 0.07
M 18y, 2 0.00 0.01 0.91 0.01 0.01 0.06
199 2 370 030 070
17y; 2 4.80 0.06 0.01 0.21 0.72
(0] 18y 2 4.85 0.24 0.76
17y 2 495 0.05 0.02 0.35 0.58
16y, 2 495 011  0.89
16y, 2 498 0.54 0.46
15y, 2 5.03 0.23 0.77
14y, 2 5.05 0.44 0.56
15v¢ 2 5.27 0.01 0.01 0.01 0.01 0.58 0.38
13y, 2 5.32 0.01 0.03 0.25 0.71
14y, 2 5.66 0.02 0.02 0.02 0.27 0.67
13y, 2 5.80 0.01 0.01 0.01 0.02 0.38 0.57
12y 2 5.84 0.06 0.36 0.58
12y, 2 5.85 0.06 0.01 0.24 0.69
11y, 2 5.88 0.02 0.04 0.45 0.49
1y, 2 5.91 0.01 0.03  0.02 0.11 0.83
10y; 2 6.11 0.07 0.02 0.01 0.10 0.80
9y; 2 6.13 0.01 0.07 0.55 0.37
10y 2 6.56 0.01 0.04 0.01 0.33 0.61
9y 2 670 002 0.12 001 032 053
8y, 2 676 0.1 001 052 036
7y, 2 676 0.12 001 046 041
8Ys 2 6.80 0.11 0.01 0.01 0.05 0.82
6y; 2 2.82 0.13 0.15 0.72
S5v; 2 17.23 0.83 0.01 0.11 0.02 0.03
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TABLE 1. (Continued.)
MO composition
U F
Mo! Q =—EypeV 65  O6pyy 6pyp  6dyp  6dsp  Ts Sfsp S5fin Tpin Tpsp 25 2pin 2pap
o; 1.14 0.89 1.29 0.61 055 0.12 3.67 348 0.07 0.10 144 0.13 0.13
a; 0.07 4338 2355 6.55 7.71 0.01 0.07 0.04 823 4.39
7Y 2 17.23 0.83 0.01  0.11 0.01 0.04
6% 2 23.09 0.20 0.02 0.78
| 4y, 2 23.81 0.02 0.01 0.97
3y, 2 23.81 0.01 0.01 0.01 0.97
\ 2y, 2 24.00 0.01 0.03 0.96
5% 2 24.01 0.02 0.02 0.96
M 4y, 2 2414 001 0.04 0.95
1y, 2 24.53 0.10 0.01 0.88 0.01
(0] 3% 2 24.58 0.10 0.01 0.88 0.01
2y 2 2714 0.79 0.19 001 001
lye 2 4329 098 0.02

ACalculated energies are shifted down toward the negative values (down) by 1.8 eV of absolute scale.

Photoionization cross section o; (Barn per electron) from Ref. 26.

Ca;, relative partial conversion probability per one electron (%) of E3 multipole of 25U nucleus with participation of electrons from the nlj

shells, determined on the basis of the data from Ref. 27.

9To simplify the data, all the sequence numbers are shifted like 27y — 17, and 22y; — 1y;, respectively.
Upper filled orbital 187; (two electrons), filling number for nyg and ny; MO is 2.

U 6p atomic spin-orbit splitting according to the
calculation” and experimental”® data is AE (U 6p)
=10.0 eV, the U 6p;), and F 2s binding energies are compa-
rable by the magnitude. The 6y4(5) and 27y(7) IVMO bind-
ing energy difference is 4.2 eV. In this case the values char-
acterizing the antibonding A, and bonding A; are
approximately equal and they are =2.1 eV (Fig. 2). It agrees
with the data on the FWHMSs and intensities. Indeed, the
intensities of these lines are comparable and FWHM of the
antibonding 6y,(5) IVMO is equal to that of the bonding
2v,(7) IVMO. Tt indicates the compensation of the antibond-
ing (Fig. 2, Table II). Since in the U 6p,,,—F 2s binding en-
ergy range the structure is complicated due to the IVMO
overlapping, it is very difficult to identify correctly all the
IVMOs and to make a conclusion about the contributions of
the IVMO electrons to the covalent component of the chemi-
cal bond in UF,.

The conversion transition of the E3 multipole for the
25my nucleus (T),~26 min) from the first excited state
(spin I,=1/2%, E;=76.5%0.4 ¢V) to the ground nucleus
state (spin I,=7/2", E;=0 eV) is accompanied by the low
energy electron photoemission. The conversion process is
energetically permitted for the U 6526p°®5£°6d'7s>7p° elec-
trons. These shells can participate effectively in the OVMO
and IVMO formation in uranium compounds. In this case the
partial conversion probability per one electron «;(EL,I,
—Iy,n;l;j;— &;) of ejection of (n;l;j;) electron is proportional
to the electronic factor w,(E3,n,l;j;,hw), where &, electron
kinetic energy; n;, principal quantum number; /; and j;, or-
bital and total angular moments; and ho, nucleus excitation
energy.”’

The present work built the theoretical CES spectrum on
the basis of the relativistic calculations and relative one-
electron partial conversion probabilities?” [Tables I and II,
Fig. 1(b)]. Since the U 6p conversion cross section is much
higher than that for the other electronic shells (Table I), the
CES spectrum from UF, reflects rather the U 6p partial elec-
tronic density. One can see a qualitative agreement between
experimental XPS and CES. Also a good agreement between
the theoretical and experimental CES spectra was found.
Comparison of the XPS and CES data gives three important
conclusions. First, the U 6p shell participates effectively in
the IVMO formation. Second, the U 6p shell participates
significantly in the OVMO formation. Third, the U 5f elec-
trons from the 1877(1) OVMO and electrons from the qua-
siatomic 4y;, 3v4, 27, 5vs, and 47,(6) IVMOs, as expected,
practically are not observed at 3.8 and 29.9 eV. The 67y,(5),
1y7, 3v4(6), and 279,(7) IVMO energies differ slightly from
the corresponding theoretical values and agree with the ex-
perimental XPS parameters (Figs. 1 and 2, Table II).

For comparative quantitative analysis of the experimental
and theoretical intensities the considered spectra were de-
composed with the data of Fig. 2 in mind. The diagram of
Fig. 2 was built on the basis of the experimental binding
energy differences and theoretical intensities. The identifica-
tion of the XPS and CES structures is reflected in Table II
and Fig. 3. These data show that the experimental XPS and
CES binding energies practically coincide to within the mea-
surement errors. However, the experimental IVMO intensi-
ties often differ from the corresponding theoretical ones. The
best agreement was reached for the 575, 7v4(4) IVMOs. Tak-
ing into account conversion cross sections and experimental
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TABLE II. XPS and CES parameters for the UF;" (Cyp) cluster at Ry_p=2.29 A (RX, DVM), and the experimental density p;(e”) of
U 6p electronic states in UF,.

XPS CES pi, € units

MO —E% eV Energy’, eV Intensity, % Energy®, eV Intensity, %

Experiment Theory Experiment Experiment Theory Experiment U 6p3)n U 6pypp

18y;¢ 2.87 3.8(1.5)¢ 20.9 224 0.1
194 6.07 0.4 5.3(1.4) 0.8
17y, 7.67 1.0 1.4
185 772 0.4
176 7.82 1.2 1.1
16y, 7.82 0.4
165 7.85 0.4
15y, 7.90 0.4
14y, 7.92 0.4
o) 1575 8.14 8.0(2.5) 0.7 9.3 0.4
13y, 8.19 0.5 8.2(3.7) 0.4 10.1
% 14y 8.53 13 0.1
135 8.67 0.9 0.6
M 125 8.71 1.6
12y, 8.72 1.9
o) 11y, 8.75 1.7
11, 8.78 15 0.5
10y, 8.98 23
9y, 9.00 2.0
105 9.43 0.4
995 9.57 0.8 1.0
8y, 9.63 0.7 0.8
Ty 9.63 0.8 0.9
896 9.67 0.8 0.8
6y, 9.69 10.2(3.2) 0.8 5.6 11.1(2.4) 0.9 0.4
SIe 442 373 9.0 113 0.5 0.1
5y, 20.10 20.1(2.5) 7.1 9.8 20.2(2.7) 19.0 16.9
Tys 20.10 20.1(2.5) 7.1 9.9 20.2(2.7) 19.0 16.9 2.9
I 675 25.96 27.6(3.0) 4.6 9.5 28.0(3.2) 9.6 25.7 1.0
4y, 26.68 4.6 0.2
% 3y, 26.68 4.6 0.1
2y, 26.87 44 0.3
M 59 26.88 30.4(3.0) 4.4 25.4 0.3
4y 27.01 43
o} ly; 27.40 4.7 29.8(3.5) 23 33
396 27.45 4.7 29.8(3.5) 23 33 0.6
29 30.01 31.8(3.0) 53 8.1 31.4(3.2) 379 232 0.9
SIe 55.8 62.7 91.0 88.7 35 1.9
1ys 46.16 48.3(6.0) ~7.1 ~0.1

dCalculated energies are shifted down toward the negative energies by 2.87 eV so that the calculated energy of the 5y; IVMO would be
20.1 eV.

"FWHMs in eV are given in the parentheses.

“Upper filled MO 1875 (two electrons), filling number for the nyg and ny; MOs is 2.

YFWHM is given relative to the I'(C 1s)=1.3 eV.

“Total intensities and the U 6p electronic state densities.
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FIG. 2. MO schematic diagram for the UFg_ (Cy4p) cluster built
taking into account the theoretical and experimental data. The
chemical shift during the cluster formation is not shown. The ar-
rows indicate some experimentally measurable binding energy dif-
ferences. The experimental binding energies (eV) are given to the
left side. Energetic scale is not kept.

intensities, the partial U 6p3, 1/, electronic density in solid
UF, was evaluated (Table II).

Evaluation of the number of the U 6p5, 1/, electrons par-
ticipating in the chemical bond in UF, was done in the fol-
lowing approximation. The 5v;, 7y(4) and 175, 3v4(6)
IVMO CES intensity was suggested to be formed only by the
U 6p;, electrons, while the 6y4(5) and 27y(7) one—only by
the U 6p,,, electrons. This suggestion is well grounded (see
Table I). While considering the theoretical intensities ratio
first it was suggested that the 5y;, 7v4(4) IVMOs are popu-
lated by the 3.32 U 6ps), electrons and the 67y4(5) and
2v,(7) IVMOs—by the 2.0 U 6p,, electrons (Table I). After
that, the changes in the intensities were renormalized taking
into account the experimental data. Also, on the basis of the
analysis of the experimental and theoretical data it was sug-
gested that the relative CES intensity at 8.2 eV, being 11.3
(Table II) had a 6.35 contribution from the U 6p electrons
[see Tables I and II, Fig. 1(b)]. As a result it was found that
the OVMOs include 0.6 U 6p electrons (Table II). It is more
than the corresponding theoretical value 0.3 electrons (Table
I). In the beginning it was also suggested that mainly the
U 6p5), electrons participate in the OVMO formation. Table
I shows that the 6p,, contribution to the OVMO is about 6
times lower. Therefore, 0.1 U 6p,,, electrons were suggested
to be spread around among the OVMOs. The remaining

PHYSICAL REVIEW B 74, 045101 (2006)
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Binding energy (eV)

FIG. 3. XPS (a) and CES (b) from UF, with subtracted back-
ground. The corresponding expected spectra obtained on the basis
of the theoretical and experimental data are given under the experi-
mental spectra as vertical bars. The spectral intensities are given in
arbitrary units; the theoretical intensities are normalized in %.

1.9 U 6p,), electrons were suggested to be spread among the
6v4(5) and 27y,(7) taking into account their intensities.

In the IVMO energy range a significant difference be-
tween the theoretical and experimental data was observed.
For example, the antibonding 57v,, 7y4(4) IVMO contains
2.9 U 6p3), electrons, which is less than the corresponding
calculated value 3.32 (Table I). The difference was also ob-
served for the bonding 1v;, 3v(6) TVMO: 0.6 electrons,
experiment (Table II); and 0.4, theory (Table I). For the an-
tibonding 67,(5) and bonding 2v(7) the corresponding ex-
perimental and theoretical values are 1.0 and 0.4 electrons
for the 6y,(5); 0.9 and 1.58 for the 2y,(7). These data show
that the IVMO formation (AO mixing) in reality takes place
in a much higher scale (13%-60%) than it was predicted by
the theory.

The quantum mechanics can predict qualitatively the al-
terations of the considered spectral intensities depending on
the binding energy. Therefore, one can vary the initial data
for the initial clusters for the better agreement between the
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theoretical and experimental data. As it was shown in Ref. 9,
the wider a MO peak is, the more its electrons participate
(bonding, antibonding) in the chemical bond. The lines 575,
7v4(4) corresponding to the antibonding IVMOs in the CES
are observed narrower than the corresponding bonding 1y,
3v4(6) IVMO (Table II). It must be noted that the 5+,
7vs(4) XPS peak was calibrated, which cannot be done for
the CES peak. The observed relative decrease of the 5y,
7vs(4) IVMO FWHM comparing to the corresponding bond-
ing 1vy,, 375 IVMO FWHM can be explained by the contri-
bution from, for example, the F 2p and U 7p AOs in the 53,
7v5(4) IVMO. As it was shown earlier for the XPS analysis,
it leads to the loss of the antibonding nature of this IVMO.
Comparison of the experimental (16.9%) and theoretical
(19.0%) 575, 7v4(4) IVMO intensity shows that the contri-
bution from the U 6ps,, AO to this IVMO was theoretically
overestimated. The experimental (25.7%) contribution from
the U 6p,;, AO to the 6y4(5) IVMO is significantly higher
than the theoretical one (9.6%), and the contribution (23.2%)
of this AO to the 2y,(7) IVMO is significantly lower than the
theoretical one (37.9%). It indicates that in reality the degree
of participation of the U 6p;,; AO in the IVMO formation is
about 2 times higher as it follows from the theoretical results.
As it follows from the XPS and CES data, 6y4(5) and 27y,(7)
IVMO peaks are about equal by the intensity. It indicates
about equal contribution from the 6p;,, and O 2s AOs to this
IVMO.

The obtained data for the first time allowed an experimen-
tal determination of the IVMO composition in UF,. Thus, the
bonding 27y,(7) and the corresponding antibonding 6vy4(5)
IVMOs were found to form mostly from the U 6p;, and
F 25 AOs. The calculated compositions of these shells (79%
of the U 6p;;, and 19% of the F 2s AOs and 20% of the
U 6p,, and 78% of the F 2s AOs) differ significantly from
the experimental compositions (45% of the U 6p,,, and 55%
of the F 2s AOs and 50% of the U 6p;,, and 50% of the F 2s
AOs). The bonding 174, 3y4(6)and the corresponding anti-
bonding 55, 7y¢(4) IVMOs were found to form mostly from
the U 6p;/, and F 25 AOs, and their calculated compositions
(10% of the U 6ps, and 88% of the F 25 AOs and 83% of
the U 6p3/, and 11% of the F 2s AOs) differ less from the
experimental compositions (15% of the U 6p5;, and 85% of
the F 25 AOs and 73% of the U 6ps;, and 27% of the F 2s
AOs) (Tables I and 1II).

The most ambiguous for interpretation is the 4y7—3y4(6)
IVMO XPS region. Comparison of the XPS and CES data
shows that the structure in this range in general is formed
from the F 2s electrons. It agrees with the calculation results.
However, the U 6p-F 2s AO overlap during formation of
597, Tv4(4) and 177, 37,(6) IVMOs was underestimated, but
the IVMO sequence order was determined correctly. The
knowledge on the correct IVMO sequence order is critical
for understanding of the IVMO contributions to the covalent
component of the chemical bond in UF,.

In conclusion we would like to note that despite the ap-
proximation imperfections, the calculation results for the
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UF;~ (Cy,) cluster reflecting uranium close environment in
solid UF, are in a satisfactory agreement with the experi-
mental data. It allowed for a reliable identification of the
peaks of the U 5f electrons weakly participating in the
chemical bond, as well as the IVMO electrons. These results
can be also used for the interpretation of other x-ray spectra
(Auger, emission, absorption, etc.%) of uranium compounds.

IV. CONCLUSIONS

Low binding energy (0-40 eV) x-ray photoelectron and
conversion electron spectra of UF, were measured and inter-
preted in the relativistic X, discrete variation approximation
for the UFg' (Cy4,) cluster reflecting uranium close environ-
ment in solid UF,. It yielded a satisfactory qualitative and in
some cases quantitative agreement between the theoretical
and experimental data.

It is theoretically shown that in UF,~1 U 5f electron can
directly participate in formation of chemical bond. The ex-
perimental evaluation, however, has shown that the U 5f
electron in UF, is more delocalized in the OVMO binding
energy range from —5 to —11 eV and less maintains the f
nature than in y-UO; and UO,. About 2 U 5f electrons
weakly participating in the chemical bond are localized at
—3.8 eV, and the vacant U 5f electronic states are generally
delocalized in the low positive energy range (0-7 eV).

The U 6p electrons (0.6 U 6p electrons) were experimen-
tally shown to participate significantly in the OVMO forma-
tion beside the IVMO formation. It agrees with the theoret-
ical data.

The peaks in the binding energy range 0—40 eV in the
studied spectra were identified, the IVMO sequence order
and quantitative experimental compositions were deter-
mined. The bonding 27y(7) and corresponding antibonding
67v5(5) IVMO were determined to form mostly from the
U 6p,,, and F 25 atomic shells, and their calculated compo-
sitions (79% of the U 6p,;, and 19% of the F 2s AOs and
20% of the U 6p,), and 78% of the F 2s AOs) were found to
differ significantly from the experimental compositions (45%
of the U 6p;,, and 55% of the F 2s AOs and 50% of the
U 6p,, and 50% of the F 2s AOs). The bonding 175, 3v4(6)
and the corresponding antibonding 575, 74(4) IVMOs were
found to form mostly from the U 6ps,, and F 25 AOs, and
their calculated compositions (10% of the U 6p5,, and 88%
of the F 25 AOs and 83% of the U 6p5, and 11% of the F 2s
AOs) differ less from the experimental compositions (15% of
the 6p;/, and 85% of the F 2s AOs and 73% of the U 6p;),
and 27% of the F 2s AOs).
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