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Abstract—The fine structure of the X-ray photoelectron spectrum of ThF, in the range of valence electrons
(binding energy from 0 to 35 eV) is examined. The analysis takes into account the results of theoretical calcula-
tion of the electronic structure of the ThF§ cluster (point group C,) as a model of the nearest surrounding of the
Th atom in ThF,, performed by the relativistic discrete variation method. It is demonstrated theoretically and
confirmed experimentally that formation of a chemical bond gives rise to filled states of ThSf electrons
(~0.5 Th5f electron) in the energy range of electrons of outer valence molecular orbitals (valence band). The
Thép electrons noticeably participate in formation not only of inner valence but also of outer valence
(~0.4 Thop electron) molecular orbitals. The composition and order of inner valence molecular orbitals in the
energy range from 13 to 35 eV is determined, and the density of states of valence electrons in the range from 0
to 35 eV in ThF, is calculated. The results obtained allowed the fine structure of the high-resolution O, s5(Th)-
emission spectrum of thorium in ThF, in the photon energy range from ~60 to ~85 eV, associated with the for-

mation of outer and inner valence molecular orbitals, to be interpreted for the first time.
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A study of solid ThF, by X-ray photoelectron spec-
troscopy (XPES) showed that the lines in the range of
electron binding energies from 0 to 35 ¢V have a width
of several electron-volts, exceeding in many cases the
width of the lines of the electrons from the inner shells
[1]. For example, for ThF, the full width at half-
maximum (FWHM, I, eV) of the Fls eclectron line
(E,=685.5¢eV)is ['=1.7 eV, whereas FWHM of the
F2s electron line (£, = 29.8 eV) is as large as 4 eV,
and this line has a structure [1]. This fact contradicts
the indeterminacy relationship AEAt ~ h/2n, where AE
is the natural width of the level from which the photo-
electron was removed; At, lifetime of the hole state of
the ion formed; and /4, Planck constant. Indeed, be-
cause the hole lifetime (At) decreases with an increase
in the absolute value of the energy of the given level,
for separate atoms the line width in X-ray photoelec-
tron spectra should decrease with a decrease in the
electron binding energy. With ThF, and other actinide
fluorides, however, the pattern is opposite. This fact
stimulated extensive theoretical and experimental stud-
ies of the nature of chemical bonding in compounds of
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actinides, in particular, Th. It was found that one of the
factors causing line broadening in the X-ray photoelec-
tron spectra in the considered range of actinide elec-
tron binding energies in actinide compounds is forma-
tion of outer valence molecular orbitals (OVMOs) with
the energy from 0 to ~13 eV and inner valence mo-
lecular orbitals (IVMOs) with the energies from ~13 to
~50 eV, with effective participation of filled An6p
atomic shells of actinides [1]. Actually these spectra
reflect the structure of the valence band (from 0 to
50 eV) and are observed as bands with a width of sev-
eral electron-volts. Later it was shown that, under defi-
nite conditions, [IVMOs can arise in compounds of any
elements [1].

Despite the absence of Th5f electrons in the Th
atom, some experimental [2, 3] and theoretical [3] data
for ThO, are indicative of the presence in the valence
band of this dioxide of filled Th5f states. This fact sug-
gests participation of Th5f atomic shells in the forma-
tion of molecular orbitals in thorium compounds, in
particular, in ThF,. This important conclusion requires
confirmation.
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The results of qualitative interpretation of the struc-
ture of the X-ray photoelectron spectrum of ThF, [1]
allowed preliminary identification of some lines in the
structure of its high-resolution X-ray O4s(Th)-emis-
sion spectrum [4]. Correct interpretation of the fine
structure of the X-ray photoelectron and X-ray
O45(Th)-emission spectra of ThF, was prevented by
the lack of the results of relativistic calculations of its
electronic structure.

Here we analyze the fine structure of the X-ray
photoelectron spectrum of ThF, in the range of elec-
tron binding energies from 0 to 35 eV and of the high-
resolution X-ray O,s(Th)-emission spectrum of ThF,,
taking into account the results of calculations of the
electronic structure of the ThFy cluster (point group
C,) as a model of the nearest surrounding of the Th
atom in solid ThF,, performed for the first time by the
relativistic discrete variation (RDV) method.

EXPERIMENTAL

The X-ray photoelectron spectrum of ThF, was
taken on an HP5950A electrostatic spectrometer using
monochromated AlK,;, X-ray excitation radiation
(hv = 1486.6 ¢V) in a vacuum (1.3 x 10~ Pa) at room
temperature [1]. The electrostatic charging of the sam-
ple, arising in the course of electron photoemission
from its surface, was compensated with a low-energy
electron gun. The spectrometer resolution, measured as
FWHM of the Audfs, electron line, was 0.8 eV. The
binding energies £}, (V) are given relative to the bind-
ing energy of Cls electrons of hydrocarbons adsorbed
on the sample surface, taken equal to 285.0 eV. On the
gold support, E,(Cls) = 284.7 eV at Ey(Audf:n) =
83.8 eV. The spectrum of Fls electron line of ThF,
was observed as a single line with an FWHM (T, eV)
of 1.7 eV. The width of the Cls electron line of hydro-
carbons adsorbed on the sample surface was 1.3 eV.
The error in determining the electron binding energies
and line widths does not exceed 0.1 eV, and the error
in measuring the relative line intensities, 10%.

A ThF4 sample for an X-ray photoelectron study
was prepared from a finely dispersed powder ground in
an agate mortar, as a dense thick layer with the mirror-
finished surface, pressed into indium on a metallic sup-
port. The spectral background caused by elastically
scattered electrons was subtracted from the X-ray pho-
toelectron spectrum after Shirley [5].

The X-ray O,s(Th)-emission spectrum of ThF,,
reflecting the Thép and Th7p,5f states of Th in the va-

lence band, was taken by the primary method with an
RSM-500 spectrometer with an energy resolution of
0.3 eV [4]. The ThF, spectrum was recorded at an
X-ray tube voltage of 3 kV (2 mA) for 60 min. In so
doing, variation of the energy of the electrons exciting
the spectrum allowed the effective depth of the analy-
sis to be varied from 15 to 50 nm. The area of the exci-
tation electron beam was 5 x 5 mm. The sample was
ground in an agate mortar, after which it was ground
as a powder into a grooved plate which was fixed us-
ing special clamps on the anode of the X-ray tube.
A VEU-1 open-type secondary electron multiplier was
used for recording the spectrum. A Csl film having a
quantum yield in the spectrum region being analyzed
was used as a photocathode converting photons into an
electron flow. The X-ray O4s5(Th) spectrum was re-
corded three times so as to exclude the effect of
changes in the substance composition under an elec-
tron beam in a vacuum. The energy positions of the
spectrum features in the second reflection order M:
were calibrated by recording the lines of Zr (75.55 eV)
and Nb (85.85 eV).

CALCULATION PROCEDURE

The ThF{ cluster (C,), reflecting the nearest sur-
rounding of the Th atom in solid ThF,, is an antiprism
with the bases turned by 45° relative to each other. The
Th atom is in the center, and the vertices are occupied
by eight F atoms (ligands L). The nearest F atoms of
the Th surrounding in ThF, are subdivided into four
nonequivalent groups, each consisting of two atoms,
with four different Th-F distances (2.324, 2.317,
2.342, and 2.362 A); the mean Ry, p distance is
2.336 A [6].

In this study, for the calculations of this cluster we
used for the first time the relativistic discrete variation
(RDV) method [7, 8] based on solution of the Dirac—
Slater equation for four-component relativistic wave-
functions transforming according to irreducible repre-
sentations of double point symmetry groups (in this
calculation, the symmetry group of the cluster is C5).
To obtain symmetrization coefficients, we used an
original program implementing the method of projec-
tion operators described in detail in [7] and using the
matrices of irreducible representations of double
groups, obtained in [9]. The extended basis set of nu-
merical atomic four-component atomic orbitals (AOs)
obtained by solution of the one-electron problem for
isolated neutral atoms included, along with filled orbi-
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tals, also unoccupied Th5f5,,5f72,7p1,2,7p3 states. Nu-
merical Diophantine integration in calculation of ma-
trix elements of the secular equation, which is a
characteristic feature of the DV method and is de-
scribed in detail in [10], was performed over a set of
22000 points distributed in the cluster space, which
ensured no worse than 0.1 eV convergence of the mo-
lecular orbital energies. In the calculations we used the
local exchange-correlation potential [11]. Because the
clusters were fragments of a crystal, in the course of
the self-consistence procedure we used the renormali-
zation of the populations of valence AOs of ligands,
which allowed us to effectively take into account the
stoichiometry of the compound and the charge redistri-
bution between the ligands and surrounding crystal.

RESULTS AND DISCUSSION

The X-ray photoelectron spectrum of ThF, in the
binding energy range from 0 to 35 eV can be conven-
tionally subdivided into two parts (Fig. 1). The struc-
ture observed in the first part of the spectrum, from 0
to 13 eV, is associated with electrons of OVMOs
mainly formed by incompletely filled Théd,7s,5f,7p
and F2p AOs of the adjacent atoms (Table 1). The fine
structure observed in the second part of the spectrum,
from 13 to 35 eV, is due to electrons of [IVMOs arising
largely from strong interaction of electrons of com-
pletely filled Th6p and F2s AOs of the nearest Th and
F atoms. The structure of the XPE spectrum of OVMO
electrons has characteristic features and can be re-
solved into two components (/, 2). In the region of the
IVMO spectrum, there are pronounced maxima, and
this region of the spectrum can be resolved into six
components (3—8, Fig. 1). Despite formalism of such
spectrum resolution into components, this allows
qualitative and quantitative comparison of the XPE
spectrum characteristics with the results of calculation
of the electronic structure of the ThFg cluster ().

The results of the relativistic calculation of the elec-
tronic structure for the ground state of the cluster under
consideration and the compositions of molecular orbi-
tals (MOs) are given in Table 1. Because electron
photoemission from the molecule results in transition
of this molecule into an excited state with a hole on a
certain level, for more rigorous comparison of the ex-
perimental and theoretical electron binding energies
the calculated values for the transition state are used
[8]. It is known, however, that, for the valence band,
the electron binding energies calculated for the transi-
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Fig. 1. X-ray photoelectron spectrum of ThF,. Dotted lines
show the spectrum resolution into separate components.

tion state differ from those for the ground state by a
constant shift toward higher (in the absolute value)
energies. Therefore, in this study, when comparing the
calculated and experimental binding energies, the cor-
responding calculated values were increased in the ab-
solute value by 7.20 eV (Table 2). Taking into account
the MO compositions (Table 1) and photoionization
cross sections ([12], the o; values for Th in Table 1
were calculated by V. G. Yarzhemskii), we determined
the theoretical intensities of separate parts of the spec-
trum (Table 2). When comparing the experimental
XPE spectrum and theoretical data, it should be taken
into account that the XPE spectrum of ThF, reflects
the band structure and consists of bands broadened
owing to solid-state effects. Despite the approxima-
tions used in the calculations, the theoretical and ex-
perimental data are in reasonable qualitative agree-
ment. Indeed, the respective widths and relative inten-
sities of lines of the inner and outer valence bands, cal-
culated theoretically and determined from the experi-
mental data, are comparable. Qualitative agreement
was obtained between the experimental and calculated
binding energies of certain electrons (Table 2). The
calculation results obtained in this study and taking
into acount relativistic effects practically allow identi-
fication of the structure of the XPE spectrum of the
ThF§~ valence electrons in the entire range of binding
energies from 0 to 35 eV.

In particular, the intensity of the outer valence band
is due to electrons of outer valence Th5f£,6d,7s,7p and
F2p AOs of the adjacent atoms and, to a small extent,
to electrons of the inner valence U6p and F2s AOs.
The electrons of the Th5f states make a noticeable con-
tribution to the intensity of the OVMO electron band
(Tables 1, 2). Because these electrons have a high
photoionization cross section (Table 1), they can
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Table 1. Composition (fractions) and energies E, of MOs of the Tth’ cluster (C,) for Ry, r = 2.336 A (RDV), and photoef-
fect cross sections o;* (indicated in parentheses at designations of the corresponding AOs)

MO composition
MO® |-E,, eV* Th F
6s 6p12 | 6pan 6ds 6ds) Ts Sfsn Sfin | Tpiz | Tp3n 2s 2pin 2p3n
(1.09) | (0.89) | (1.24) | (0.79) | (0.74) | (0.13) | (2.74) |(2.56) | (0.07) |(0.09)| (1.44) | (0.13) | (0.13)
OVMO
52y34 |—11.32 0.13 0.69 0.02 | 0.01 0.03 0.06 0.06
51ys4 |—11.16 0.27 0.53 0.01 0.04 0.02 0.03 0.10
50y;4 |—10.57 0.10 0.62 0.02 0.06 | 0.06 0.01 | 0.02 0.05 0.06
49y;4 [—10.28 0.49 0.07 0.06 0.01 0.12 | 0.11 | 0.01 | 0.02 0.02 0.09
4834 -9.85 0.13 0.06 0.32 0.01 0.07 | 0.29 | 0.04 | 0.02 0.01 0.05
47y3.4 -9.40 0.03 0.02 0.32 0.01 0.05 | 0.47 | 0.03 | 0.03 0.02 0.02
46734 -8.67 0.04 0.01 0.02 0.88 | 0.02 0.03
45734 -8.51 0.01 0.05 0.15 0.75 | 0.01 0.01 0.02
443 4 —7.85 0.06 0.05 0.03 0.80 0.01 0.01 0.04
43734 —6.12 0.09 0.03 0.02 | 0.78 0.02 0.02 0.04
4234 =7.74 0.02 0.06 0.85 0.01 0.01 0.05
41y34 —71.57 0.02 | 0.77 | 0.05 | 0.10 0.02 0.04
40734 —7.36 0.25 0.32 0.11 0.18 | 0.03 0.02 0.09
39Y34 -7.29 0.08 0.06 0.01 0.72 | 0.06 0.02 0.05
3834 —7.22 0.04 0.05 0.83 0.02 0.01 0.01 0.04
37Y34 -7.10 0.01 0.89 0.01 | 0.04 0.05
3673,4d 0.00 0.08 0.20 0.72
35y34 0.09 0.01 0.31 0.68
34y34 0.16 0.30 0.70
33y34 0.22 0.06 0.01 0.38 0.55
32v34 0.28 0.01 0.34 0.64
3ly34 0.40 0.34 0.66
30734 0.51 0.40 0.60
29v34 0.64 0.31 0.69
2834 0.70 0.01 0.01 0.53 0.45
27y34 0.78 0.01 0.02 0.29 0.69
26734 0.91 0.01 0.01 0.02 0.25 0.71
25Y34 1.10 0.01 0.01 | 0.02 0.20 0.76
2434 1.20 0.02 | 0.02 0.28 0.68
23vy34 1.23 0.01 0.03 0.38 0.58
22v34 1.25 0.29 0.70
21y34 1.30 0.02 | 0.02 0.31 0.65
20734 1.41 0.03 0.02 0.22 0.73
19734 1.45 0.01 0.04 0.48 0.47
1834 1.85 | 0.01 0.01 0.01 0.04 0.01 0.33 0.59
17y34 2.08 0.02 0.09 0.01 0.33 0.54
16v34 2.12 0.03 0.09 0.01 0.38 0.49
15734 2.17 0.08 0.04 0.01 0.20 0.67
1434 2.24 0.02 0.11 0.01 0.38 0.48
13y34 2.30 0.10 0.03 0.01 0.01 0.23 0.63
IVMO
1254 Hgg 0.83 0.08 0.03 0.05
11y;4 17'47 0.85 0.07 0.03 0.05
10v; 4 19'07 0.53 0.01 0.46
934 ’ 0.01 0.01 0.97
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Table 1. (Contd.)
MO composition
b . Th F
MO —E(), eV
6s 6p12 | 6pan 6ds, 6ds) Ts Sfsn Sfin | Tpiz | Tp3n 2s 2pin 2p3n
(1.09) | (0.89) | (1.24) | (0.79) | (0.74) | (0.13) | (2.74) |(2.56) | (0.07) |(0.09)| (1.44) | (0.13) | (0.13)
8Y34 19.18 0.01 0.01 0.97
T34 19.33 0.01 0.01 0.02 0.95
6734 19.42 0.01 0.01 0.02 0.95
5Y34 19.54 0.01 0.01 0.97
4y34 19.77 0.06 0.02 | 0.92
3734 19.90 0.07 0.02 | 0.91
2Y34 20.85 0.45 0.02 0.52 0.01
lys4 35.15 | 0.99 0.01

* Photoionization cross sections o; (kb per electron) obtained in [12] and by V.G. Yarzhemskii.
® MO nos. are decreased by 47, so that 48y; 4 MO corresponds to 1y; 4 MO.
¢ The calculated energies are shifted upwards toward positive values by 1.67 eV.
¢ Highest occupied molecular orbital 36y; 4 (two electrons), the occupation number for ny; 4 MOs (1 < 36) is 2.

Table 2. Characteristics of the X-ray photoelectron spectrum of ThF4 and of the ThF§ cluster (point group C,) for Ry p =
2.336 A (RDV) and density p; (¢") of states of Th6p and Th5f electrons

X-ray photoelectron spectrum . . .
_E® ; - Density p; of Th6p,5f states in e (electron) units
MO e\} energy,b eV intensity, %
(experiment) | theory | experiment Sfsn Sfin 6p1n2 6p3n
OVMO

36y54° | 7.20 1.4 0.16
35Y3,4 7.29 0.7 0.02
34ys4 | 7.36 0.6
33y34 | 742 1.4 0.02 0.12
32y34 7.48 0.7 0.02
3lys4 | 7.60 0.6
30ys4 | 7.71 0.6
29y34 | 7.84 7.9(2.1) 0.5 17.7
28y34 | 7.90 0.6 0.02
2Ty34 | 7.98 0.6 0.02
26v34 | 8.11 1.0 0.02 0.02
25v34 | 8.30 0.8 0.02 0.02
24v;4 | 8.40 0.6 0.04 0.04
23y34 | 8.43 1.4 0.02 0.06
22v34 | 845 0.6
21y34 | 8.50 1.4 0.04 0.04
20y34 | 8.61 1.7 0.06 0.04
19y34 | 8.65 1.6 0.02 0.08
18y34 | 9.05 0.8
17ys4 | 9.28 1.2
16y;4 | 9.32 1.3
15v34 | 9.37 1.3
14y;4 | 9.44 1.4
13y34 | 9.50 9.9(1.4) 1.5 6.2 0.02
It 243 23.9 0.22 0.32 0.02 0.36
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Table 2. (Contd.)
—E} X rely photoelectr'on spe'ctrlim Density p; of Th6p,5f states in e (electron) units
MO oV energy, eV intensity, %
(experiment) | theory | experiment 5fsn | 5fin | 6p12 | 6p3n
IVMO

12y;4 |18.40 18.4(1.8) 9.4 21.4 1.66
11]/3,4 18.40 9.5 1.70
10y;4 |24.67 25.8(1.9) 6.9 9.0 1.06

Ovsa4 |26.77 6.1

8y34 |26.38 6.1

Tysa |26.53 29.5(1.9) 6.2 24.9 0.02

6y34 |26.62 6.0

Svsa  |26.74 6.1

4ys4 |26.97 31.0(1.9) 6.3 94 0.12

3vs4 |27.10 6.4 0.14

2y34  |28.05 32.1(1.9) 6.7 8.8 0.90

Sat 34.2(1.9) 2.6

I 75.7 76.1

lys4 [42.35 44.5(3.7) 8.5° 5.8° 1.96 3.64

 The energies are shifted toward larger values (downwards) by 7.20 eV.

® In parentheses are the line widths in eV.

¢ The highest occupied molecular orbital (two electrons), the occupation number for all the orbitals is 2.

4 Total densities of states of Thép electrons and total line intensities.
¢ Relative to the intensity of the whole spectrum from 0 to 50 eV.

appreciably enhance the intensity of the OVMO elec-
tron band. Without taking into account the participa-
tion of the Th5f states in chemical bonding in ThF,, the
intensity ratio of the OVMO and IVMO electron
bands, calculated in the ionic approximation, is 0.24,
which is appreciably lower than the experimental value
determined in this study, 0.31. With the participation
of these electrons in chemical bonding taken into ac-
count, the calculated value of this ratio, 0.31, reasona-
bly agrees with the experimental value (Table 2). It
should be noted that the calculated relative intensities
are given not for the ThFg cluster (C,) but taking into
account that the content of fluorine atoms in ThF, is
two times smaller (Table 2). It was found that for
OVMO and IVMO the relative intensities are 24.3 and
75.7%, respectively, which leads to a somewhat higher
value of their ratio (0.32). Practically we obtained an
experimental confirmation of the fact that electrons of
the Th5f states participate in chemical bonding, losing
to a minor extent their f character. The filled states of
these electrons are located on the energy scale in the
middle of the outer valence band, and the correspond-
ing unfilled states, in the range from 7.1 to 11.3 eV
(Table 1). The filled states of Théd electrons are lo-
cated mainly at the bottom of the outer valence band.

The major contributions to the occupied OVMOs of
the cluster are made by the Th5f (15.8%), Tho6d
(10.6%), Thép (7.1%), and F2p electrons (65.4%), and
the remaining Th7s,7p and F2s electrons make a 1.1%
contribution. The theoretical and experimental relative
intensities for the OVMO and IVMO electrons are
comparable, which counts in favor of the approxima-
tions we used (Table 2). However, the calculated and
experimental relative intensities of IVMO electron
lines are poorly consistent, and the range of the experi-
mental energies of the 12y;4-2y;4 IVMO electrons of
the XPE spectrum, characterizing the width of the
spectrum of these electrons, exceeds the corresponding
calculated value by 3.95 eV (Table 2).

Taking into account the results of the relativistic
calculation of the ThFg cluster (C,) and the experi-
mental differences between the binding energies of the
outer and inner valence electrons of thorium [13], in
the MO LCAO approximation it is possible to con-
struct the scheme of molecular orbitals of this cluster
(Fig. 2). This scheme allows understanding of the real
structure of the XPE spectrum of ThF,. In this appoxi-
mation, we can formally distinguish antibonding
[11,12y34 (3) and 10ys4 (4)] and the corresponding
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Fig. 2. MO scheme of the ThFg cluster (C,), constructed taking into account theoretical and experimental data. The chemical shift
of the levels in cluster formation from separate atoms is not shown. Arrows denote some experimenally measurable differences
between the energies of the levels. In the left part of the figure are the experimental electron binding energies (eV). The energy

scale is not consistent.

bonding [3,4y;4 (6) and 2y; 4 (7)] IVMOs, and also, to
a certain approximation, quasiatomic 9y; 4, 8y34, 7V3.4,
6Y3.4, 5734 (5) IVMOs associated mainly with F2s elec-
trons. It follows from these experimental data that the
energies of the quasiatomic IVMOs associated mainly
with F2s AOs should be close. Indeed, from the spec-
trum of the Fls electrons of ThF, it can be estimated
that their chemical nonequivalence should not exceed
0.4 eV, because this line is symmetrical with FWHM
I' = 1.7 eV. The binding energy should be approxi-
mately equal to 30.1 eV, because AEr = 655.4 ¢V and
the binding energy of Fls electrons in ThF, is Ey, =
685.5 eV (Fig. 2). The theoretical results are qualita-
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tively consistent with these data. Taking into account
that AEt, = 316.5 eV, AE; = 318.2 ¢V, it can be found
that A; = 1.7 eV. Because the difference between the
energies of the 11,12y;4 (3) and 10y34 (4) IVMO elec-
trons is 7.2 eV and the spin—orbit splitting of the Thop
level in the atom AE(Tho6p) is 9.2 eV according to the
calculation [14] and 9.3 eV according to the experi-
mental data {AE(Th6p)=7.9 eV [13]}, it can be esti-
mated that the perturbation energy is A, = 3.8 eV. This
value is comparable with the value of 4.0 eV found
from the difference between the 10ys;4 (4) and 9y;4—
5v34 (5) IVMO electron energies. Hence follows that
the energies of the levels of the Thép,, and F2s elec-
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Table 3. Energies of X-ray O, s(Th)-emission Th5d « Th6p,7p-transitions (eV) in Th and ThF,, obtained from data of XPES

and X-ray emission spectroscopy

Th ThF,
transition XPES emission spectrum transition® XPES emission spectrum

5d5/2 <« 3,4"{3,4 (6) 57.5 ?
5dsp — 2v34(7) 63.3 63.3?
5ds, «— 3,4v3.4 (6) 64.5 64.5?

5d3/2 <« 6]?1/2 68.0 — 5d3/2 <« 10’Y3,4 (4) 69.7 672, 68.3

5dsp, — 6p3n 68.8 - 5dsp — 11,12y34(3) 70.1 69.2

5d3/2 <« 6]73/2 75.9 — 5d3/2 <« 11,12’Y3,4 (3) 77.1 775, 77.0
5dsp < OVMO (1,2) 80.2 80.5, 83.1
S5ds, «— OVMO (1,2) 87.2

* Data for the ThF§ cluster (C,), see F ig. 2.

trons in the Th and F atoms are comparable. However,
in this case the antibonding character of the 10y;4 (4)
IVMO is approximately two times larger than the
bonding character (2.3 eV) of the 2y;4 (7) IVMO,
whereas according to the calculation results these val-
ues should be comparable. This is possible in the case
if the perturbation A, is actually considerably smaller.
This difference is apparently associated with the
IVMO formation, and such a comparison may be not
quite correct. Based on the line width of IVMO elec-
trons, it is difficult to make a conclusion about their
relative character (bonding or antibonding). It can be
assumed, however, that, owing to an impurity of 8%
F2p AO in 10ys;4 (4) IVMO, these orbitals partially
lose their antibonding character (Tables 1 and 2, Fig. 2,
see also [1]).

One of experimental confirmations of the IVMO
formation in ThF, is the fine structure of its X-ray
O45(Th)-emission spectrum reflecting the bulk of the
sample (Fig. 3). Previously we made a preliminary
qualitative interpretation of the structure of this spec-
trum [4]. In this study, the structure of this spectrum
was interpreted taking into account the XPES data for

1.0
3kV (2 mA)

0.5

¥
ool Il IT 1|

60 65 70 75 80
hv, eV

[, arb. units

Fig. 3. X-ray O4s(Th)-emission spectrum of thorium, re-
flecting the Th5d <« Thép,7p,5f transitions in ThF4. The
spectrum was recorded at 3 kV (2 mA) [4].

ThF, and the results of the relativistic calculation of
the ThF{ cluster (C,) (Table 3).

The thorium X-ray emission spectrum under con-
sideration [4] reflects the electronic transitions
ThSdsp3n < Thépsn,12,7p,5f [O45(Th) «— P,30vi(Th)]
in the photon energy range 60 < hv < 85 ¢V, and its
short-wave part overlaps with the absorption spectra
[15], which may lead to significant distortion of their
shape due to self-absorption (Fig. 3). Previously [15] it
was suggested on the basis of Th emission spectra that
the long-wave group of lines in such Th spectra is due
to the triplet of transitions between the core (inner)
shells of Th ions Th5d5/2’3/2 «— Th6p3/2,1/2 [04,5(Th) «—
P,5(Th)] (Fig. 3, Table 3). However, if only these
atomic transitions are taken into account, the effect
exerted by the nature of F atoms surrounding the Th
atom on the spectrum structure cannot be rationalized,
and the fine structure of this emission spectra cannot
be satisfactorily interpreted. Therefore, in the interpre-
tation of the fine structure of the emission spectrum
under consideration, we took into account the fact that
the Thép electron levels in ThF, are not inner levels
and effectively participate in the IVMO formation
[1,3].

In the emission spectrum of ThF,, the broad low-
energy line is ill-resolved, despite the fact that the ap-
paratus resolution (0.3 eV) is considerably finer than
the energy distance between the lines in the energy
range from 60 to 76 eV (Fig. 3, Table 3). This fact
may be due, in part, to manifestation of additional
transitions, not noted in Table 3, in this range of the
spectrum.

In the spectrum of ThF,, there are seven maxima in
the energy range 63.3-78.0 eV and pronounced
maxima at 80.5 and 83.1 eV. Taking into account the
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above suggestions, it can be concluded that the
maxima from the first energy range are associated with
transitions from IVMOs, and the latter maxima are due
to the transition from OVMO to the Th5ds, level
(Fig. 3, Table 3). According to the dipole selection
rules (Al =1 and Aj = 0, 1), the vacancy on the Th5d
level can be filled with Thép,7p or 5f electrons of
OVMO. This conclusion is consistent with the calcula-
tion results which show that the filled OVMOs have an
appreciable contribution from both Thép and Th5f
states. Such reasoning is valid only in the approxima-
tion that the molecular orbitals, when formed, preserve
partially atomic character. The spectrum under consid-
eration does not allow unambiguous conclusions about
the contribution of Th5f states to OVMO.

In generation of the emission spectrum of ThF,, the
system in the initial state has a vacancy on the Th5d
level, and in the final state the vacancy arises on one of
the molecular orbitals, whereas in generation of the X-
ray photoelectron spectrum the system in the initial
state has no vacancies, and in the final state a vacancy
is formed on one of inner or molecular levels. This fact
can lead to significant differences in the energy charac-
teristics of the spectra under consideration. Therefore,
comparison of separate components of the X-ray emis-
sion and X-ray photoelectron spectra, made in this
study, is tentative (Table 3). This can be done more
rigorously taking into account the presently lacking
results of precision calculations.

The data obtained show that the structure of the
X-ray O, 5(Th)-emission spectrum of ThF, can be iden-
tified only assuming the effective formation of IVMOs
in this compound, in particular, with the participation
of relatively deeply lying filled Thop and F2s AOs of
the adjacent atoms.

It should be noted in conclusion that we have exam-
ined for the first time the fine structure of the X-ray
photoelectron and X-ray Ogs(Th)-emission spectra of
solid ThF, in the energy range from 0 to 35 eV and
revealed correspondence between the parameters of the
fine structure of these spectra, associated with the elec-
trons of both outer (from 0 to ~13 eV) and inner (from
~13 to ~35 eV) molecular orbitals, largely formed by
the Thop and F2s shells of the adjacent Th and F at-
oms, with possible participation of the Th5f states.

Practically, on the basis of the X-ray O,s(Th)-
emission spectrum we experimentally confirmed the

RADIOCHEMISTRY Vol. 51 No.6 2009
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assumed formation of inner valence molecular orbitals
in ThF,. Previously this assumption was made on the
basis of considering the fine structure of the X-ray
photoelectron spectrum of the electrons from the low-
energy filled shells of the adjacent Th and F atoms [1].
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