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VALENCE ELECTRONIC STATE DENSITY IN THORIUM DIOXIDE
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This work analyses the fine low energy (0-40 eV) X-ray photoelectron spectra of ThO,,
taking into account relativistic X, -discrete variation electronic structure calculations for
the ThOg!2- (D) cluster reflecting thorium's close environment in ThO,. As a result, it
was theoretically shown and experimentally confirmed that Th5f electrons in ThO, can
participate directly (~0.6 Th5f electrons) in chemical bond formation. Th6p electrons
were shown to be a significant part (~0.44 Th6p electrons) not only of inner valence mo-
lecular orbitals, but to play a significant role in outer valence molecular orbitals forma-
tion, as well. Inner valence molecular orbitals composition and sequent order were es-
tablished to belong to the binding energy range of 13 eV to 40 eV. The valence electronic
state density in the range of 0-40 ¢V in ThO, was also calculated. For the first time, these

data allowed an interpretation of the fine X-ray photoelectron spectra (0-40 V)

and

high resolution O, 5(Th) X-ray emition spectral structure (~60 - ~85 eV) of ThO,.

Key words: X-ray photoelectron spectra, thorium oxide, outer and inner valence molecular

orbitals

INTRODUCTION

While studying X-ray photoelectron spectra
(XPS) from thorium oxide in the 0-40 eV binding en-
ergy range, the observed lines were found to be several
eV wide, which was wider than some corresponding
core lines [1]. For instance, the Ols (E,= 530.2 eV)
line in the spectrum from ThO, is 1.4 eV wide, while
the corresponding O2s line (£, ~22.0 eV) is observed
to be more than 4 eV wide and structured [1]. It contra-
dicts the uncertainty ratio AEAT ~ h/2w, where / is the
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Plank’s constant, the natural width of the level from
which an electron was removed, and AE — the in-
versely proportional to the lifetime At of the formed
ion (“hole”). Indeed, since the lifetime of the “hole”
(A7) decreases while the absolute energy of the atomic
level increases, the XPS lines of low-energy levels
must be narrower for atmos. In the case of ThO, and
other actinide oxides, the picture was reversed. This
caused intense theoretical and experimental studies of
the nature of the chemical bond in actinide com-
pounds. One of the reasons of the observed widening
of the low-energy (0-40 eV) spectral lines of thorium
dioxide is the formation of the outer valence molecu-
lar orbitals (OVMO)—0-13 eV binding energy, and in-
ner valence molecular orbitals (IVMO) — 13-40 eV
binding energy, molecular orbitals with effective par-
ticipation of An6p filled atomic shells [2, 3]. Practi-
cally, these spectra reflect the valence band structure
(0-40 ¢V), and are observed as several eV wide bands.
Furthermore, it was shown that, under certain condi-
tions, [IVMO can form in compounds of any elements
of the periodic table [3].

Despite the fact that atomic thorium does not
have Th5f electrons, some experimental [4, 5] and rel-
ativistic and non-relativistic theoretical [6] results
show the presense of filled Th5f states in the valence
band of thorium oxide, which suggests the participa-
tion of Th5f atomic shells in the formation of molecu-
lar orbitals. This principially novel fact needs to be yet
confirmed.
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The data of the qualitative interpretation of XPS of
ThO, [1], taking into account the non-reletivistic calcula-
tion results, allowed a preliminary identification of the
high-resolution O, 5(Th) X-ray emission spectral (XES)
structure [7]. The absence of relativistic calculation results
hampered a correct interpretation of fine XPS and
0, 5(Th) XES spectral structures.

This work analyses the fine low energy (0-40 eV)
XPS and high-resolution O4s(Th) XES spectra of
ThO,, taking into account the relativistic X ,-discrete
variation (RX ,-DVM) electronic structure calculations
for the ThO4'?~ (D) cluster reflecting thorium's close
environment in ThO,.

EXPERIMENTAL

XPS spectra of ThO, were measured with an
electrostatic spectrometer HP5950A, using mono-
chromatized AIK,,; , (hv=1486.6 ¢V) radiation under
1.3-107 Pa at room temperature. The device
resolution was 0.8 eV measured as full width on the
half-maximum (FWHM) of the Au4f;,, line on the
standard rectangular gold plate . The binding energies
E.(eV)were measured relatively to the binding energy
of the Cls electrons from hydrocarbons absorbed on
the sample surface, accepted to be equal to 285.0 eV.
For the gold standard, the calibration binding energies
Ey(Cls) = 284.7 eV and E,(Au4f,,) = 83.8 eV [1]
were used. The O1s XPS from ThO, was observed as a
single, 1.4 eV wide peak, while the C1s XPS from the
surface hydrocarbons was 1.3 eV wide.

The ThO, sample for the XPS study was pre-
pared from the finely dispersed powder ground in ag-
ate mortar as a dense thick layer with a flat surface
pressed in indium on a metal substrate. The XPS pa-
rameters of the sample (binding energies) within the
measurement error did not differ from the standard
values for ThO, formed on the metallic thorium plate
[8]. The elastic scattering related spectral background
was subtracted by Shirley [9].

The O,s5(Th) XES reflecting the Thép and
Th7p,5f states in the valence band was measured by
the primary procedure with a RSM-500 spectrometer
with an energy resolution of 0.3 eV [7] at the voltage
on the X-ray tube of 3 kV (2 mA) during 60 minutes.
The variation in the energy of excitation electrons al-
lowed for a change in the effective measurement depth
from 15 nm to 50 nm. The area of the excitation elec-
tron spot was 5 x 5 mm?. The sample was ground into
the agate mortar and as a powder pressed into a
grooved silver plate attached to the X-ray anode. A
secondary electronic multiplier, VEU-1, was used for
spectra registration. A Csl film was used as a
photocathode with the quantum yield within the ana-
lysed spectral range. To exclude the influence of the
composition change effect under the electron beam,
the O, 5(Th) spectrum was collected three times. The

lines of Zr (75.55 eV) and Nb (85.85 eV) were used for
energy calibration in the second reflection order M.

The ThOg'*(Dy,) cluster reflecting thorium's
close environment in ThO, is a body-centered cube with
Th inside and oxygens in the corners with an interatomic
distance of Ry, o = 2.425-107'" m [10]. In this work, the
calculations were done for the first time in the
RX,-DVM[11, 12], based on the Dirack-Slater equation
solution for 4-component spinors with exchange-corre-
lation potential [13]. The extended basis of the numeric
atomic orbitals from the Dirack-Slater equation solution
for isolated atoms included vacant Th5£,7p, »,7p;,, states
besides the filled ones. The basis also took into account
cluster symmetry, i. e. linear combinations converted by
the irreducible representations of the binary D, group
were constructed from regular atomic orbitals (AO), us-
ing the technique of projecting operators [11]. To obtain
the relativistic basis, an original symmetrization program
was used [13-15]. The numeric Diophantine integration
for the calculation of matrix elements of the secular equa-
tion was done by a number of 22 000 points distributed in
the cluster space. It provided the convergence of molecu-
lar orbitals (MO) energies of not less than 0.1 eV. The lo-
cal exchange-correlation potential was taken in form of
X, witha equal to the mean atomic values. Since the clus-
ters were fragments of a crystal, the renormalization of
the ligand valence MO population was done during
self-consistency. It allowed us to effectively take into ac-
count the stoichiometry and charge redistribution be-
tween the ligands and the surrounding crystal.

RESULTS AND DISCUSSION

The low binding energy (0-40 e¢V) XPS from
ThO, can be conditionally subdivided into two ranges
(fig. 1). The first one, 0-13 eV, exhibits the OVMO re-
lated structure formed from the not completely filled
valence Tho6d,7s,5f,7p and O2p AOs (tab. 1). The sec-

Intensity [in arbitrary units]

T
60 50 40 30 20 10 0
Binding energy [eV]

Figure 1. XPS from ThO,, separation into individual
components is shown
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Table 1. Compositions and MO energies E, of the ThOg'z’(Oh) cluster at Ry o = 2.42510 " m (RXa-DVM) and

photoionization cross-sections o;
MO composition
MO -E, Th (6]
[eV] 6s 6p12 | 6p3n | 6dsp | 6dsp 7s 55 Stp | Tpin Tp3n 2s 2pin 2psp
o@ | 1.09 ] 0.89 | 124 | 0.79 | 0.74 | 0.13 | 2.74 | 2,56 | 0.07 | 0.09 | 0.96 | 0.07 | 0.07
227 F L1147 0.82 0.05 | 0.09 | 0.04
25y¢ 1115 0.44 | 0.38 0.04 | 0.02 | 0.12
2yt 1115 0.44 | 0.38 0.04 | 0.03 | 0.11
24y~ |-9.27 0.19 | 0.73 0.01 | 0.03 | 0.04
2875 |-9.10 0.50 | 0.43 0.04 | 0.01 0.02
24y ¢ |-8.70 0.87 0.07 | 0.02 | 0.04
27yg |-8.44 0.04 | 0.86 0.07 | 0.01 | 0.01 0.01
23y~ |-8.43 0.04 | 0.85 0.06 | 0.01 | 0.01 0.03
2277 | =791 0.76 | 0.21 0.0l | 0.02
26y |-7.90 0.78 | 0.08 0.10 | 0.01 | 0.01 | 0.02
21yZ | -7.90 0.78 | 0.08 0.09 | 0.01 0.04
257 |-7.69 0.45 | 0.47 0.01 | 0.06 | 0.1
23y ¢ |-7.39 0.39 | 0.46 0.05 | 0.10
20pF | =737 0.39 | 0.46 0.05 | 0.10
246 |-7.15 0.14 | 0.02 0.75 | 0.02 0.07
2072 |-7.11 0.12 | 0.02 0.77 | 0.02 0.07
19,=®| 0.00 0.09 0.02 | 0.01 029 | 059
2376 | 0.00 0.09 0.02 | 0.01 0.15 | 0.73
2276 | 0.26 0.34 | 0.66
18~ | 0.26 0.34 | 0.66
CE’ 278 | 045 0.15 | 0.85
Bl 192 | 045 0.15 | 085
21y¢ | 047 0.64 | 034
2lyg | 0.68 0.01 0.03 075 | 021
182 | 0.72 0.01 0.05 | 0.94
17v* | 074 0.01 0.49 | 0.50
207¢ | 0.74 0.01 048 | 0.51
177~ | 0.85 0.03 | 0.04 0.30 | 0.63
16y~ | 1.23 0.01 0.01 | 0.01 0.05 0.15 | 0.77
207 | 1.24 0.01 0.01 | 0.01 0.05 0.08 | 0.84
1976 | 1.48 0.01 0.01 | 0.05 041 | 0.52
197¢ 1 1.91 0.01 0.06 0.01 | 032 | 0.60
1572 | 2.00 0.01 | 0.02 0.19 | 0.78
1875 | 2.00 0.01 | 0.02 0.17 | 0.80
14y | 2.01 0.02 | 0.02 0.62 | 034
1yt | 2.17 0.01 | 0.11 0.01 | 051 | 036
18¢ | 2.19 0.07 | 0.05 0.01 | 0.03 | 0.84
157% | 2.19 0.06 | 0.05 0.01 | 035 0.53
14 | 281 0.06 | 0.09 028 | 0.57
177¢ | 2.82 0.06 | 0.09 0.28 | 0.57
1775 |10.54 0.76 001 | 0.13 | 0.02 | 0.08
13y~ 10.54 0.76 001 | 0.13 | 0.04 | 0.06
16y, |14.95 0.16 0.04 0.80
12y~ |15.16 0.01 | 0.01 0.98
1677 |15.54 0.03 | 0.02 0.95
Q| 13y} | 1554 0.01 | 0.04 0.95
E 12yF | 15.54 0.02 | 0.04 0.94
157 | 15.94 0.01 0.07 0.92
1y~ 16.39 0.14 0.01 | 0.01 0.02 | 0.82
1576 |16.32 0.14 0.02 | 0.84
14y4 119.06 0.82 0.01 0.15 | 0.01 0.01
14y¢ | 34.40 0.98 0.01 0.01

@ photoionization cross-sections o (10> m* per one electron) calculated by V. G. Yarzhemsky

® ypper filled MO (2 electrons), filling number for all orbitals is 2
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ond one, 13-40 eV, shows the IVMO related structure
formed due to the strong interaction of the completely
filled inner Th6p and O2s AOs. The OVMO structure
has some typical features and can be subdivided into
four components (1-4). The IVMO XPS shows ex-
plicit peaks and can be subdivided into five compo-
nents (5-9) (fig. 1). Although this subdivision is for-
mal, it allows a qualitative and quantitative
comparison of XPS parameters with theoretical calcu-
lation results for the ThOg'>7(Dyy) cluster.

Relativistic calculation results for the ground
state of the ThOg4'?7(D,,) cluster and MO composition
are given in tab. 1. Since, in the excited state, electron
photoemission results with a hole on some of the lev-
els, for a more strict comparison of experimental and
theoretical binding energies, the calculations were
performed for the transition state [16]. However,
within a certain approximation, one can suggest that,
for the valence band, the binding energies calculated
for the transition state differ from those of the ground
state by a constant shift toward higher binding ener-
gies. Therefore, in this work, corresponding theoreti-
cal binding energies were increased by 5.96 eV (tab.
2). Taking into account MO compositions (tab. 1) and
photoionization cross-sections [17], o; for Thin tab. 1,
were calculated by prof. V. G. Yarzhemsky and theo-
retical intensities for some of the spectral ranges de-
termined (tab. 2). Comparing experimental XPS and
theoretical data, one has to take into account that the
XPS from ThO, reflects the band structure and con-
sists of bands widened due to the solid-state effects.
Despite calculation errors, a satisfactory qualitative
agreement between the theoretical and experimental
results was observed. Indeed, corresponding theoreti-
cal and experimental relative intensities and widths of
the inner and outer valence bands are comparable.
Also, a satisfactory agreement between the experi-
mental and calculated binding energies for some levels
was reached (tab. 2). The worst discrepancy was ob-
served for the middle IVMO part (12y;—15y ). Ear-
lier, the non-relativistic X,-DVM results were used
for interpretation of the IVMO range XPS from ThO,
[1, 18]. It allowed a qualitative identification of the
fine spectral structure only in the binding energy range
0f 0-20 eV, because the O2s AO by the binding energy
are located somewhere around the middle of Thé,),
and Th6, , elctronic shells. Therefore, non-relativistic
calculations could not allow even for a qualitative in-
terpretation of the IVMO structure in ThO,. Taking
into account relativistic effects, the results of the pres-
ent work allow an identification of XPS from ThO,
over the whole range of 0-40 eV.

Thus, the intensity of the outer valence band
predominantly comes from the outer valence
Th5f,6d,7s,7p and O2p AOs, and to a lesser degree,
from the inner valence Th6p and O2s AOs. Th5f elec-
trons contribute significantly to OVMO intensity
(tabs. 1 and 2), since the Th5f photoionization

cross-section is pretty high (tab. 1). The authors of [5]
have shown that, without taking into account the par-
ticipation of Th5f electrons in the chemical bond in
ThO,, the calculated OVMO/IVMO intensity ratio is
0.20, much lower than the corresponding experimen-
tal value of 0.35. Taking the Th5f participation in the
chemical bond into account, yields an OVMO/IVMO
intensity ratio of 0.4, which is in a qualitative agree-
ment with the experimental value (tab. 2). Practically,
direct participation of Th5f electrons in the formation
of the chemical bond without the loss of their f-nature
was experimentally confirmed. Th5f states by the
binding energy are close to the top and middle of the
outer valence band (tab. 1). Th6d states are located at
the bottom of the outer valence band.

In the IVMO XPS range, a satisfactory agree-
ment was reached; for example, for the 17y, 13y (4),
and 14y, (8) IVMOs determining the band width for
these orbitals. It has to be noted that theoretical and ex-
perimental total relative OVMO and IVMO intensities
are comparable, which is in favour of the
approximation chosen for these calculations (tab. 2).
The calculated and experimental relative [IVMO inten-
sities, except for the 16y, IVMO, are practically in
weak agreement.

Taking into account relativistic calculations data
for the ThO4'27(Dy,) cluster and experimental core and
outer levels binding energy differences [19] in the MO
LCAO (molecular orbitals as linear combinations of
atomic orbitals) approximation, one can build a MO
scheme for this cluster (fig. 2). The scheme provides an
understanding of the real XPS structure of ThO,. In this
approximation, one can separate the antibonding 17y,
13y,(4), and 16y4(5), as well as the corresponding
bonding 15y, 11y (7), and 14y (8) IVMOs, and also
the quasiatomic 12y, 16y¢, 1375, 1275, and 15y (6)
IVMOs, basically related to O2s electrons. This experi-
mental data shows that the binding energies of the
quasiatomic [IVMOs related, basically, with the O2s AOs
must be close in magnitude. Indeed, the Ols XPS from
ThO, allows us to evaluate that their chemical
non-equivalence must not exceed 0.1 eV, since this peak
was observed symmetric and 1.4 eV wide. The O2s bind-
ing energy must be 22.2 eV, since AE, = 508.0 ¢V, while
the O1s binding energy in ThO, is £, =530.2 eV (fig. 2).
These data partially agree with the theoretical calculation
results. Taking into account that AEp, =316.5 eV, AE|=
=317.8 eV, one can find A;=1.3 eV [3]. Since the 17y,
13y (4) and 14y (8) IVMO binding enrgy difference is
9.1 eV, and the Tho6p spin-orbit splitting in atomic Th is
AE4(Thép) =9.2 eV (calculated [20]) and AE4(Thép) =
=9.3 eV (experimental [ 19]), one can evaluate the distur-
bance A, = 0.2 eV, which does not agree with the corre-
sponding value of 1.3 eV found at the core — valence
band binding energy distance. Such a difference can be
explained by IVMO formation, although this compari-
son may not be sufficiently correct. The [IVMO FWHM
does not allow us to reach a conclusion about the nature
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of orbitals (bonding or antibonding). However, one can
suggest that the 10% admixture of O2p and 1% of Th7p
AOs to the 17y, 13y (4) IVMOs make these orbitals
partially loose their antibonding nature (tabs. 1 and 2, fig.
2, [3D).

Experimental evidence of IVMO formation in
ThO, is the O, 5(Th) XES structure (fig. 3). Previously,

this structure was interpreted on the basis of non-relativ-
istic calculation results [1]. In this work, the O, 5(Th)
XES structure was interpreted on the basis of XPS data
for ThO, and relativistic calculation data for the
ThO4'*(D,,) cluster (tab. 3).

The considered XES [7, 21] reflecting
Ths)) 3,4 Th6ps; 1, 7p,5F [O4 5(Th)<—P 30y,(Th)] elec-

Table 2. Parameters of the XPS from ThO; and ThO ;;2_(0,,) cluster at Ry, o =2.425-10"° m (RX,-DVM) and the Theép-

and Th5f-electron state density p; (e")

XPS
MO Ef\(;]) En[:r\%ﬁl(d) Intensity, [%] Th6p- and Th5f-electron state density p;(e”), e
Experiment Theory Experiment 5f5, 5t 6pin 6p3p
197, 5.96 41(12) 29 5.4 0.04 0.02 0.18
23y 5.96 5.2(1.8) 2.9 9.7 0.04 0.02 0.18
226 6.22 0.2
18y7 6.22 0.2
227¢ 6.41 0.2
19775 6.41 0.2
2ly¢ 6.86 6.8 (1.8) 0.2 9.2
21y, 6.64 L5 0.06 0.02
185 6.68 0.4
1777 6.70 0.4
2076 6.70 0.4
175 6.81 2.8 0.06 0.08
16y7 7.19 1.2 0.02 0.02 0.02
207 7.20 1.2 0.02 0.02 0.02
19 7.44 0.8 0.02 0.02
° 1976 7.87 0.5
E 1577 7.96 1.3 0.02 0.04
o 18y, 7.96 13 0.02 0.04
14y 7.97 1.7 0.04 0.04
1675 8.13 1.5
18y¢ 8.15 1.5
1577 8.15 1.5
1475 8.77 10.8 (0.7) 1.8 0.1
17y¢ 8.78 1.8
=™ 28.4 24.4 0.26 0.36 0.04 0.40
1776 16.50 16.5 (3.0) 13.6 414 1.52
13y 16.50 13.6 1.52
1674 20.91 20.8 (2.1) 4.7 6.3 0.32
12y 21.12 4.0 0.02 0.02
1674 21.50 3.7
o 137" 21.50 22.1(2.3) 3.7 10.1
§ 129 21.50 3.8
157¢ 21.90 3.4
1y= 22.35 23.8(2.1) 5.9 73 0.02 0.02 0.28
1576 22.28 5.0 0.28
14y ¢ 25.02 25.6 (2.2) 10.2 10.7 1.64
=™ 716 75.6 0.04 0.04 1.96 3.60
4y¢ 40.36 41.7(3.8) 11.9 10.5

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

® Total Thép electron state densities and peak intensities

© Energies are shifted toward the higher values (down) by 5.96 eV

@ peak widths [eV] are given in parentheses
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Figure 2. MO scheme for the ThO tl;z* (Dyp) cluster built on the basis of theoretical and experimental data; chemical shifts
are not shown; some of the experimentally measurable binding energy differences are shown as arrows; experimental
binding energies [eV] are given to the left; energy scale is not kept

Table 3. X-ray O, 5(Th) emission ThSd<-Thép,np transitions in Th and ThO, (given in eV) by XPS and XES

Th ThO,

Transition XPS Transition® XPS XES
5dspe15y¢, 11y 7 (7) 62.5 63.5
66.8
5d3/,¢=6p1/ 68.0 5dyp14y6 (8) 67.7 67.6
68.1
5ds/,¢=6p3) 68.8 5dsp<=17y¢, 13y7 (4) 69.8 69.5
5d3p=15y¢, 1y (7) 69.5 69.5
5d3¢=16y¢, (5) 72.5 75.4
5d3,¢—6p3) 75.9 5d30¢=17y 6, 13y7 (4) 76.8 77.0
5d;,<-OVMO 80.5 80.7

5d;,<—OVMO 87.5

(a) Data for the ThOéz’ (Dgp) cluster
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0.0 T T T
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Figure 3. X-ray O45(Th) emission spectrum reflecting the
Th5d<«Thép,7p transitions in ThO, measured at 3 kV
(2mA) [7, 21]

tronic transitions in the energy range of 60 </v<85eVin
the short-wave region overlap with the absorption spectra
[22] which can lead to a distortion, due to the self-absorp-
tion effect (fig. 3). Earlier [22], on the basis of XES data,
the long-wave peak group was attributed to the transition
triplet between the core levels in Th ThSds, 5,4
<Thép;) 12, [O45(Th)«-P,5(Th)] (fig. 3, tab. 3). How-
ever, this interpretation does not explain the influence of
oxygen and can not describe this XES structure. There-
fore, the interpretation of this spectrum took into account
the fact that the Thop levels in ThO, are not core and take
an active part in VMO formation [1, 3].

In the considered XES from ThO,, the low en-
ergy wide band is poorly resolved, although the device
resolution enables us to see the calculated peaks in the
energy range of 60-76 eV (fig. 3; tab. 3). It can be par-
tially explained by extra transitions not listed in tab. 3.

The ThO, XES exhibits seven peaks in the en-
ergy range of 63.5-78.0 ¢V and a sharp peak at 80.7 V.
Taking into account the considered suggestions, one
can come to the conclusion that the peaks in the energy
range of 63.5-78.0 eV can be attributed to transitions
from the IVMO, the sharp one — to the transition from
the OVMO to the Th5d level (fig. 3, tab. 3). According
to the dipole selectionrules (A;= 1 and A;=0; 1), ahole
on the Th5d level can be filled with a p- oran fOVMO
electron. It agrees with calculation results [1, 18]
which indicate that the O2p states contribute signifi-
cantly to the OVMO, aside from the contribution of
Th5f states. This consideration is reasonable only in
the approximation that the MO electrons maintain
their partial atomic nature. The considered spectrum
does not allow us to conclude ambiguously about the
contribution of Th5f to OVMO.

During ThO, XES formation, the initial state of
the system with a hole on the Th5d level transits into
the final state with a hole on one of the MOs, while
during ThO, XPS formation, the initial state without
any holes transits into the final state with a hole on the
core level. Therefore, energy shemes for these two
processes are different and the comparisons of the
XPS and XES in this work are rough (tab. 3). Further-

more, more detailed and precise calculations are re-
quired.

The obtained data shows that the O4 5(Th) XES
from ThO, can be interpreted only taking into account
effective IVMO formation, in particular, with the par-
ticipation of the relatively deep filled Thop and O2s
AOs.

‘We would like to note that, for the first time, this
work studied the fine, low energy (0-40 eV) XPS and
0, 5(Th) XES from ThO, and established the correla-
tion of the fine OVMO (0 — ~13 eV) and IVMO
(~13-~40 eV) related spectral structure parameters
with the possible participation of Th5f electronic
states in the formation of chemical bonds.

Practically, on the basis of O45(Th) XES and
taking into account the fine XPS structure parameters,
an experimental confirmation of IVMO formation in
ThO, has been achieved [3].

CONCLUSIONS

1. Taking into account the RX ,-DVM results for
the ThOg¢'?>7(D,,) cluster, a quantitative interpretation
of fine XPS outer valence (0-13 eV) and inner valence
(13-40 eV) electronic structure in ThO, was done for
the first time.

1.1. Although thorium does not have Th5f elec-
trons, filled Th5f electronic states (~0.6 Th5f elec-
trons) in the outer valence band of ThO, were shown
to appear during the formation of the chemical bond.

1.2. Thép electrons were shown to be a signifi-
cant (experimentally observed) part (~0.44 Thé6p elec-
trons) of not only IVMO, but of OVMO formation as
well. The most significant roles in the formation of
IVMO in ThO, were established to belong to
Théps), 1/, and O2s AOs of the neighboring Th and O
ions.

1.3. IVMO composition and the sequent order
in ThO2 was established in the binding energy range
of 13 eV to 40 eV. The valence electronic state den-
sity in the range of 0-40 eV in ThO, was calculated.
Thus, for the bonding 15y, 1ly;(7) and the
antibonding 17y, 13y5 (4) the calculation found out
(14% of Thé6p; ), + 84% of O2s and 76% of Théps,, +
+ 10% of O2p), while for the bonding 14y, (8) and
antibonding 16y (5) the calculation found out (82%
of Thép,,, + 15% of O2s and 16% of Thé6p,, + 80%
of O2s + 4% of Th7p).

2. For the first time, these data for the ThOg'*
(Dap) cluster allowed an interpretation of the fine XPS
(0-40 eV) and high resolution O4s5(Th) XES spectral
structure (~60-~85 eV) of ThO,. This structure was
shown to be formed with the OVMO (0-~13 eV) and
the IVMO (~13-~40 eV) electrons. Practically, one
more experimental evidence of IVMO formation from
Tho6p and O2s AOs in ThO, was obtained.
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Anrton J. TETEPUH, Muxaun B. PUXKKOB, Jypuj A. TETEPUH, JIaoyn BYKYEBUh,
Baamgumup A. TEPEXOB, Koncrantnn U. MACJTAKOB, Kupuna E. UBAHOB

I'YCTUHA BAJIIEHTHUX EJEKTPOHCKHUX CTABA Y TOPUIYMINOKCHUIAY

Y papy ce anamusmpajy ¢urum HuckoenepreTcku (0-40 eV) peHAreHOM WHIYKOBaHU
¢potoenexTponckn cnextpu ThO, ca peTaTUBHCTHYKUM IPOPAdYyHOM X, —AUCKPETHHUX Bapwujaiuja
enekTpoHcke cTpykrype ThOg'?>7(Dy,) Kiacrepa Koju offpaxkaBa TOPHjyMOBO OJIMCKO OKpykemwe y ThO,
Kao pesynrar, Teopujcku je mokasaHo U eKcnepuMeHTanHo notspbeno na Th5f enekrponn y ThO, mory
AUPEKTHO na yuecTByjy (~0.6 Th5f enmekTpona) y o6pa3oBamy xemujckux Be3a. [TokaszaHo je Takobe ma cy
Thé6p enextponu neo (~0.44 Th6p eleKTpOHA) HE CAMO YHYTPAIIHUX BAJICHTHUX MOJICKYJIapHUX OpOuTaia
Beh na umajy 3HauyajHy yjaory u y ¢opMuUpamy CIOJbALlBbUX BAJEHTHUX MOJIEKYJIApHUX OpOuTala.
YcTaHOB/bEHO je [a KOMIIO3MLUja U pefocie]] YHyTpalllbUX BaJIEHTHUX MOJIEKYJIapHUX opOuTana
npunajajy eseprujama Bese y omcery o 13 eV go 40 eV. Takobe je m3pauyHara ryCTHHA BaJleHTHUX
eJIEKTPOHCKUX cTama y orncery of 0 eV 1o 40 eV y ThO,. ITo npBu nyT, 0BU ofamu oMoryhasajy TyMaueme
(puHEX peHAreHOM MHAYKOBaHUX (porToesekTpoHcKux crmekrapa (0-40 eV) m peHAreHOoM WHAYKOBaHY
€MHCHOHY cnieKTpainy cTpykTypy O, s(Th) Bucoke pesonynuje (~60 —~85 eV) ThO,.

Kmwyune pequ: peH0ZeH-UHOYKOBAHA (POTLOENeKIIPOHCKA CUEKTPOCKOUUJA, WIOPUJYMOKCUO, CUOBLAULIE
U YHYIipauirbe 8aneHiliHe MOAeKYAaApPHe opOuitie




