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The structure of the X-ray photoelectron, X-ray O(F)K_-emission spectra from ThO, and
ThE, as well as the Auger OKLL spectra from ThO, was studied. The spectral structure was
analyzed by using fully relativistic cluster discrete variational calculations of the electronic
structure of the ThOg!2-(D ;) and ThFg*(C,) clusters reflecting thorium close environment
in solid ThO, and ThF,. As a result it was theoretically found and experimentally confirmed
that during the chemical bond formation the filled O(F)2p electronic states are distributed
mainly in the binding energy range of the outer valence molecular orbitals from 0-13 eV, while
the filled O(F)2s electronic states - in the binding energy range of the inner valence molecular
orbitals from 13-35 eV. It was shown that the Auger OKLL spectral structure from ThO,
characterizes not only the O2p electronic state density distribution, but also the O2s elec-
tronic state density distribution. It agrees with the suggestion that O2s electrons participate
in formation of the inner valence molecular orbitals, in the binding energy range of 13-35 eV.
The relative Auger OKL, ;L, ; peak intensity was shown to reflect quantitatively the O2p
electronic state density of the oxygen ion in ThO,.
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INTRODUCTION

While studying the X-ray photoelectron spectra
(XPS) from solid ThO, and ThF,, the spectral structure
in the binding energy range of 0-35 eV was found to
form due to the electrons of the outer valence (OVMO,
of 0-13 eV binding energy) and the inner valence
(IVMO, of 13-35 eV binding energy) molecular
orbitals with effective participation of the Th6p and
O(F)2s filled atomic shells [1]. Practically, these spectra
reflect the valence band structure (0-35 eV), and they
are observed as several eV wide bands. Furthermore, it
was shown that under certain conditions the VMO can
form in compounds of any elements of the periodic ta-
ble [2]. This fact stimulated intense theoretical and ex-
perimental studies of the chemical bond nature in
actinides, in particular — thorium compounds [3].

* Corresponding author; e-mail: teterin@ignp.kiae.ru

This work analyses the fine XPS, high-resolu-
tion O(F)K,, X-ray emission (XES) of ThO, and ThF,
and the Auger OKLL spectral structure of ThO,, tak-
ing into account the fully relativistic cluster discrete
variational (RDV) electronic structure calculations for
the ThO4'>~ (D) and ThF* (C,) clusters reflecting
thorium close environment in solid ThO, and ThF, in
order to study the O(F)2s,2p electronic state density.

EXPERIMENTAL

XPS spectra of ThO, and ThF, were measured
with an electrostatic spectrometer HP5950A using
monochromatized AIK  , (hv = 1486.6 ¢V) radiation
under1.3-1077 Pa at the room temperature [1]. The de-
vice resolution, measured as the full width at the
half-maximum (FWHM), of the Au4f;, peak on the
standard rectangular gold plate was 0.8 eV. The bind-
ing energies E,(eV) were measured relative to the
binding energy of the C1s electrons from saturated hy-
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drocarbons absorbed on the sample surface, accepted
to be equal to 285.0 eV. For the gold standard the cali-
bration binding energies of £,(Cls) = 284.7 eV and
E(Au4f;,) = 83.8 eV were used. The Cls XPS peak
from hydrocarbons on the sample surface was ob-
served to be 1.3 eV wide. The error in the determina-
tion of the binding energy and the peak widths did not
exceed 0.1 eV (10% of the relative peak intensity).

The ThO, and ThF, samples for the XPS study
were prepared from the finely dispersed powder
ground in an agate mortar as a dense, thick layer with a
flat surface pressed in indium on a metal substrate. The
elastic scattering related spectral background was sub-
tracted by Shirley [4].

The O(F)K,, XES of ThO, and ThF, were mea-
sured by the primary procedure with the X-ray
microanalyser JCXA-733 with the focusing by Johann
(R =280 mm) using the TAP (2d =25.76 A") analyzer
crystal with the energy resolution of 1.8 eV and 0.5 eV
at ’=>5kV and /=100 nA. The samples were ground
in the agate mortar and as a powder pressed into a
grooved silver plate attached to the X-ray anode. Dur-
ing the spectra registration the sample positioning was
continuously scanned in order to avoid the sample de-
composition under the beam.

The OKLL Auger and the O1s XPS spectra from
ThO, were measured “simultaneously” under the
same conditions with an electrostatic spectrometer
MK II VG Scientific using AIK, radiation under
1.3-1077 Pa at the room temperature. The device reso-
lution measured as the FWHM, of the Au4{,, line on
the standard rectangular gold plate was 1.2 eV. The ki-
netic energies of the Auger electrons as well as the
binding energies E(eV) were measured relatively to
the binding energy of the C1s electrons from hydrocar-
bons absorbed on the sample surface, accepted to be
equalto 285.0 eV. The error in the determination of the
binding energy and the peak widths did not exceed 0.1
eV (10% of the relative peak intensity). The peak
widths I'(eV) are given relative to I (Cls)=1.3 eV for
comparison with other research data [5]. For the XPS
and Auger study the ThO, sample was prepared as a
surface oxide layer on the metallic thorium plate like
that in [6].

The electronic structure calculations for the
ThO¢'?>7(D,,,) and ThFg*(C,) clusters were done by
the fully relativistic discrete variational cluster method
(RDV) with local exchange-correlation potential. The
RDV method is based on the solution of the
Dirac-Slater equation for 4-component wave func-
tions transforming according to irreducible represen-
tations of the double point groups. The extended bases
of 4-component numerical atomic orbitals (AO) ob-
tained as the solution of the Dirac-Slater equation for
the isolated neutral atoms also included Th5f,7p, , and
7ps,, functions in addition to occupied AOs [7, 8].

*1A=110"m

RESULTS AND DISCUSSION

Valence electrons XPS from ThO,and ThF ,in the
binding energy range 0-35 eV can be conditionally subdi-
vided into two sub-ranges. The first one 0-13 eV exhibits
the OVMO related structure formed from the incom-
pletely filled valence Thé6d,7s,51,7p and O(F)2p AOs (fig.
1). The second one 13-35 eV shows the IVMO related
structure formed due to the strong interaction of the com-
pletely filled inner Thop and O(F)2s AOs. The valence
XPS of the studied compounds exhibit a two-hump struc-
ture and reflect the electronic state density of the outer and
inner orbitals taking into account the photoionization
cross-sections (fig. 1).

The IVMO XPS from ThO, and ThF, are ob-
served structured in the Th6p-O(F)2s binding energy
range. This structure was studied in details for ThO,
[7]and ThF, [8] taking into account the relativistic cal-
culation results. The calculation results of the O(F)2p
electronic state density in the binding energy ranges
0-13eVand 13-35eV (fig. 1). The relative O(F)2p and
O(F)2s electronic state densities are normalized by
100% and are not correlated.
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Figure 1. XPS from: (a) ThO,, (b) ThF,; the calculated
O2p and O2s electronic state densities for the
ThO}? (D) and ThFg (C,) clusters normalized by
100% are shown under the spectra
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As it was shown in [7, 8], since during the
photoemission the molecule transits to an excited state
with a hole on a certain level, for the more precise
comparison of the experimental and the theoretical
binding energies the calculated values for the transi-
tion state were used [9]. However, it is well known that
the binding energies for the transition states differ
from the corresponding ones for the basic state by a
constant shift toward the higher energies. Therefore,
for comparison of the theoretical and experimental re-
sults, in the present work the calculated binding ener-
gies were normalized relative to the ones correspond-
ing to the more intense and sharp peaks (fig. 1).

The energy normalization was done so that the more
intense peaks of 17y, 13y; IVMO for ThO, and
11y5 4,12y5 4 IVMO for ThF, formed mostly from the
Th6ps), electrons were located at 16.5 eV and 18.4 eV, re-
spectively (fig. 1, [7, 8]), while the Ols and F1s binding
energies should be 530.2 eV and 685.5 eV for ThO, and
ThF,, respectively. In this case, the calculated O2p elec-
tronic state density range for ThO, was shifted toward the
higher binding energy by several eV, while the O2s-re-
lated calculated range approximately coincided with the
experimental one — fig. 1(a). The observed discrepancy
between the experimental and calculated O2p binding en-
ergies arose mostly from the calculation inaccuracy. For
ThF, one can see a qualitative agreement for the F2p, and
to a lesser degree — for the F2s electrons — fig. 1(b). The
calculated data show that the atomic O(F)2p orbitals par-
ticipate mostly in the OVMO formation, while the O(F)2s
ones — in the IVMO formation (see fig.1, [7, 8]).

O(F)K, XES from ThO, and ThF, are associ-
ated with the O(F)2p—1s electronic transition in the
energy range of 520eV < hv < 535 ¢V for ThO, and of
670 eV < hv < 690 eV for ThF, (fig. 2). According to
the dipole selection rules they reflect the partial density
of the occupied O(F)2p electronic states in the consid-
ered thorium compounds.

The OK, XES from ThO, was observed as an
asymmetric 3.1 eV wide peak with a maximum at
525.7 eV — fig. 2(a). The OVMO XPS from ThO, is
given above the XES. Its energy scale was determined
as a binding energy difference Ols (530.2 eV) —
OVMO. This scale corresponds to the photon energy in
fig. 2(a). In the same energy scale the theoretical calcu-
lation results of the O2p electronic state density are
given, see figs. 1(a) and 2(a). The energies of the calcu-
lated filled O2p electronic states lie in the range of
2.82 eV. Taking into account the experimental widen-
ing, one can see a s atisfactory agreement of the value
(I" = 2.82eV) with the width of the OK_, XES peak
(I"=3.1¢eV) for ThO, —fig. 2(a). Despite the incorrect-
ness of the comparison of the energies calculated for the
ground Ols and O2p electronic states with the XES
OK,,, one can conclude that the several eV energy shift
of the calculated O2p band in ThO, from the corre-
sponding experimental data can be explained by the cal-
culation inaccuracy.
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Figure 2. XPS (dashed), O(F)K,XES (solid) and the rela-
tive O(F)2p electronic state densities (vertical bars) for
the ThO4>~ (Dyy) and ThFg (C,) cluster for: (a) oxygen
in ThOy; (b) fluorine in ThF,; spectral intensities are not
normalized

Comparison of the OVMO XPS and OK, XES
from ThO, shows that the filled O2p electronic states are
mostly located at the roof of the outer valence band — fig.
2(a). At the bottom of this band thorium valence elec-
tronic states are mostly located. It agrees with the calcu-
lation results that show that the Théd electrons are lo-
cated at the bottom of the outer valence band, while the
Th5f electronic states — in the middle [7]. The wide in-
tense shoulder from the higher energy side (530 eV to
535eV)ofthe OK,, XES, apparently, can be attributed to
the electronic transitions from the excited states. Indeed,
in this energy range empty electronic states are observed.
These states can be filled during excitation [7].

The similar considerations can be applied to the
FK, XES from ThF, —fig. 2(b). This spectrum was ob-
served as 3.2 eV wide line at 675.5 eV. A less intense
maximum was observed at the higher energy side at
678.6 eV, as well as a low intense shoulder in the photon
energy range of 682-690 eV. The OVMO XPS from
ThF, is given above the XES. Its energy scale was de-
termined as a binding energy difference F1s (685.5 eV)
—OVMO. This scale corresponds to the photon energy
in fig. 2(b). In the same energy scale the theoretical cal-
culation results of the F2p electronic state density are
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given, see figs. 1(b) and 2(b). These states are observed
in the energy range of 2.30 eV and agree satisfactorily
with the ThF, XPS.

The ThF, FK, XES’s shape corresponds to a
lesser degree with the XPS and the calculation results
unlike that of the ThO, OK,, XES —fig. 2(b). The wide
shoulder from a higher photon energy side in the range
0f 682-690 eV can be attributed to the electronic transi-
tions from the excited states. Indeed, as it was noted for
ThO,, in this calculated energy range for ThF, the unoc-
cupied electronic states were observed. These states can
be filled during the excitation [8]. The total FWHM of
the two lines at 675.5 eV and 678.6 eV exceeds the
OVMO XPS one. The intensity ratio of these two lines
does not agree with the calculated results which show
that the Tho6d electronic states should lie at the bottom
of the outer valence band and determine to a certain de-
gree the XPS intensity in this energy range. It allows a
suggestion that despite all the measures taken for the
sample stabilization, ThF, partially decomposed under
the beam during the spectra registration. Apparently,
this material must be studied at lower excitation ener-
gies or at synchrotron radiation sources. Despite this,
we think the main task on the determination of the dis-
tribution range of the filled F2p electronic states in ThF,
was accomplished. Indeed, the filled F2p electronic
states in ThF, are observed only in the OVMO energy
range and are not observed in the [IVMO energy range.
It agrees with the corresponding results for ThO,.

The OKLL Auger spectrum from ThO, consists
of three structured lines reflecting the OKL,;L, ;
(O1s«<-02p), OKL,L, 5 (O1s¢-02s,2p), and OKL,L,
(O1s¢-02s) electronic transitions (fig. 3). The
OKL, ;L, 5 width, in particular, reflects the width of
the filled O2p electronic states related band (/"= 3.1
eV) and that of the Ols (I = 1.4 eV) — figs. 1(a) and
2(a). The width of the more structured OKL L, 5 line
reflects the widths of the filled O2s, O2p bands, and
the O1s peak, while the OKL,L,; width — the O2s and
Ols peak widths. Therefore, the OKL,L,; and
OKL,L, lines were expected to be more complicated
for the oxides where the IVMO form more effectively.
For example, for ThO, the O2s energy range widens
due to the IVMO formation from 1 eV to 9.1 eV — fig.
1(a). In this case the Auger peaks involving the O2s
electrons widen significantly comparing to that for, for
instance, Al,O; where the participation of the O2s
AOs in the IVMO formation is less expressed. Indeed,
the OKL L, Auger spectrum from ThO, manifests a
structure instead of a single line like that from Al,O,
(fig. 3). This is another evidence for the effective
IVMO formation in ThO,.

In previous studies a quantitative correlation be-
tween the relative OKL, 3L, ;and OKL,L, ; Auger in-
tensities calculated as (Auger OKLL)/(O1s XPS) ar-
eas ratios and the Ols binding energies for Bi,Os,
Al, 03, Si0,, and UO, was drawn [5]. This relative in-
tensity characterizes quantitatively the partial density
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Figure 3. OKLL Auger spectra from UO,, AL,O; [5], and
ThO,, the peak structures are shown by arrows

of the valence electronic states in oxygen ions, while
the Ols intensity characterizes the total density of the
core electronic states in oxygen ions. It has to be espe-
cially noted that these novel and important values al-
low a quantitative comparison of the oxygen partial
electronic state densities for different oxides (tab. 1).
Practically, the method of determination of the partial
O2p electronic state density of oxygen ions in oxides
was founded.

Table 1. Binding energies E,(eV) of the O1s electrons and
relative intensities I (rel. units) of the OKL,;L, ; and
OKL;L,; Auger peaks in: Bi,O;, AL,O3, SiO,, UO; [5]
and ThO,

Compound E, (eV) I; (rel. units) | I, (rel. units)
Bi,0, 529.4+0.2 1.2740.07 0.3840.05
ALO; 531.4+03 | 0.99+0.08 0.29+0.02

Si0, 532.4+0.1 0.68+0.08 0.2340.03
ThO, 530.2 0.85 0.24
uo, 530.5 0.81 0.23

(a) Relative intensities are the ration of the areas (Auger
OKLL)/(O1s XPS) peaks measured simultaneously during the
same experiment

It has to be noted that the considered results have
underlay the novel perspective method of the quantita-
tive determination of the relative valence state density
on oxygen ions in metal oxides and other compounds
on the basis of the X-ray spectral data.

CONCLUSIONS

On the basis of the X-ray spectral (XPS, XES,
Auger) data and the RDV calculation results of the
electronic structure of ThO, and ThF, it was estab-
lished that the filled O(F)2p electronic states are dis-
tributed mainly in the binding energy range of the
outer valence molecular orbitals (0-13 eV), while the
filled O(F)2s electronic states — in the range of the in-
ner valence molecular orbitals (13-35 eV).
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Another experimental confirmation for the

IVMO formation in ThO, on the basis of the Auger
OKLL spectral structure was obtained. The relative
O2p electronic state density in ThO, was determined
and compared to the corresponding values for other
metal oxides.
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MNPOYYABAIBE TOPUJYMIUOKCUIA U TOPUIJYMTETPA®TYOPUIA
PEHATEH-UHAYKOBAHOM CIHEKTPOCKOIINJOM

IIpoy4aBaHa je CTPYKTypa peHATeH-NHAYKOBAHNX (POTOEIEKTPOHCKUX M PEHAT€H-NHYKOBAHNX
O(F)KOL emucuonux cnexrapa ThO, u ThF,, kao u Ayrep OKLL cnexrapa ThO,. CHeKTpaJ‘IHa CTPYKTYypa
je aHanmu3mpaHa nomohy HOTHyHo peHaTI/IBI/ICTI/I‘IKI/I KITaCTep [IMCKPETHUX BapHjalluOHUX npopauyHa
enektponcke crpykrype ThOg!>™ (D) u ThF8 (Cz) KJIacTepa Koja ofipsKaBa OJIUCKY OKOJMHY TOPHjyMa Y
yspcroMm ThO, n ThF,. Kao pesynrar, Teopujcku je mpoHabeHO 1 eKCIepUMEHTATHO IIOTBphHEHO fia cy, y
TOKy (popMupara XeMujckux Be3a, nomymeHa O(F)2p emexkTpoHcka crama pacnopeheHa yriiaBHOM y
o0yacT eHepryje Be3e CHOJbHUX BAJIEHTHUX MOJIEKYJICKHUX opoutana of 0 mo 13 eV, ok cy nonymeHa
O(F)2s enexTpoHCKa cTatba — y 00JIacTH €HEpryje Be3e YHYTpAIIIX BAJTEHTHUX MOJIEKYJICKIX OpOuTana
on 13 eV no 35 eV. Ilokasano je pa crpykrypa Ayrep OKLL cnekrapa ThO, kapakrepuiie He caMO
pacnopeny ryctuie O2p ejJeKTPOHCKHUX cTama, Beh Takobe u pacnopeny rycruie O2s eneKTpOHCKUX
cratba. OBO ce crnaxe ca npernoctaBkoM fa O2s elNeKTPOHU YUYECTBYjy y (popMHUpamy YHYTpaLIbUX
BaJICHTHHUX MOJIEKYJICKUX opOuTana y obiaactu enepruje Bese off 13 eV no 35 e V. I[okasaHo je na peaaTuBHU
unrensureT Ayrep OKL,;l,; mmka KBaHTUTATUBHO ofpaxkaBa rycTuHy O2p eJeKTPOHCKHX CTama
KUCEOHUKOBOT joHa y ThO,.

Kmwyune peuu: pen0ZeH-uHOYK08aHU (hOiloeneKTUPOHCKU CHeKIap, WOPUjyMOKCUO, THOPUTYM-
iettipaghayopuo, ciiomauirbe U yHyilipauitbe 8aaeHiliHe MOAeKYACKe opOuiliane



