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Quantitative analysis was done of the X-ray photoelectron spectra structure in the binding en-
ergy range of 0 eV to ~35 eV for americium dioxide (AmO,) valence electrons. The binding
energies and structure of the core electronic shells (~35 eV-1250 eV), as well as the relativistic
discrete variation calculation results for the Amg;0,,4 and AmOg (D) cluster reflecting Am
close environment in AmO, were taken into account. The experimental data show that the
many-body effects and the multiplet splitting contribute to the spectral structure much less
than the effects of formation of the outer (0-~15 eV binding energy) and the inner
(~15 eV-~35 eV binding energy) valence molecular orbitals. The filled Am 5f electronic states
were shown to form in the AmO, valence band. The Am 6p electrons participate in formation
of both the inner and the outer valence molecular orbitals (bands). The filled Am 6p;), and the
O 2s electronic shells were found to make the largest contributions to the formation of the in-
ner valence molecular orbitals. Contributions of electrons from different molecular orbitals
to the chemical bond in the AmOyg cluster were evaluated. Composition and sequence order of
molecular orbitals in the binding energy range 0-~35 ¢V in AmO, were established. The ex-
perimental and theoretical data allowed a quantitative scheme of molecular orbitals for
AmO,, which is fundamental for both understanding the chemical bond nature in americium

dioxide and the interpretation of other X-ray spectra of AmO,.
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INTRODUCTION

Americium is one of the main minor actinides
accumulated in the spent nuclear fuel. It has to be ex-
tracted, buried or transmutated in nuclear reactors
[1-3]. Therefore, much attention is paid to the study of
electronic structure of americium and its compounds.
The experimental [2-12] and theoretical [ 13-17] stud-
ies of metallic americium and Pu-Am alloys [11] have
been conducted. Also the experimental [1, 2, 8, 18-25]
and theoretical [21, 26-34] data on the electronic struc-
ture of americium oxides have been obtained. The
X-ray absorption near-edge spectroscopy (XANES)
and extended X-ray absorption fine structure spectros-
copy (EXAFS) structures of Am,0; and AmO, [20,
23,28, 31] and americium-containing complex oxides
[1,18,21,24,25,35] have also been studied. The XPS
spectra of Am(NO;); x nH,O [36], as well as the elec-
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tron energy loss spectroscopy (EELS) of Am at the
Am (Oy5) [12] and Am (Nys) [10, 37] absorption
edges were measured. The photoelectron spectra are
reflected in [2, 8], and the Am 4f X-ray photoelectron
spectra (XPS) of Am,0, —in [2, 8, 18]. AmO, photo-
electron spectrum is given in [22]. XPS spectra of
AmO, in the wide binding energy (BE) range (0 eV to
900 eV) are given in [19]. It focused on the multiplet
splitting related Am 5f structure (0-~15 eV BE). The
calculations of AmO, electronic structure were con-
ducted mainly for the BE range 0-~15 eV [27, 29-32,
34]. The previous non-relativistic calculations were
done for a wider BE range 0- ~25 eV [26]. Unfortu-
nately, these results cannot interpret the valence elec-
trons XPS structure of AmO, in the 0-~35 eV BE
range.

The XPS study of oxidation states and chemical
bond nature in compounds [38] including those of
lanthanides [39] and actinides [40] employs peak in-
tensities (/,), chemical shifts (AE;), BE differences be-
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tween core and valence levels (AE;) and spectral struc-
ture parameters. The XPS structure can result from
formation of the outer (OVMO 0-~15 eV BE) and in-
ner (IVMO ~15 eV-~35 eV BE) valence molecular
orbitals [38], spin-orbit splitting (AE,), multiplet
splitting (AE,,,), induced charge (AE,,;), many-body
perturbation (AE), dynamic effect (gigantic
Coster-Kronig transitions), Auger process, efc. [39,
40]. These structure parameters provide information
on: degree of delocalization and participation of elec-
trons in chemical binding; electronic configuration
and oxidation states of ions; density of uncoupled
electrons on paramagnetic ions; degree of participa-
tion of filled electronic shells of metals and ligands in
the OVMO and IVMO formation, structure and nature
of'the MO; local environment structure, etc. [38-43].

The valence XPS (0-~35 eV BE) structure with
the photoionization cross-sections in mind reflects the
total valence density of occupied states. Beside the
MO structure this BE range can exhibit an extra struc-
ture due to the multiplet splitting, many-body pertur-
bation etc. This extra XPS structure can be interpreted
taking into account the data on the core electron
(0-1250 eV BE) XPS structure. It allows one to evalu-
ate contributions of different mechanisms of the extra
structure formation to the valence XPS [41-43].

The XPS peaks of actinide oxides in the BE
range 0-~35 eV were found to be several eV wide,
which sometimes is wider than the corresponding core
electron peaks [41-43]. For example, the O 1s peak
(£, =529.0 V) full width at half maximum (FWHM)
(", eV) for AmO, isI"=1.3 eV, while the correspond-
ing O 25 (£,~20.9 eV) peak is ~4.0 eV wide and struc-
tured. It contradicts the Heisenberg uncertainty ratio
AEAT ~ h/21, where AE is the natural width of a level
from which an electron was extracted, At is the hole
lifetime and 4 is Planck constant. Since the hole life-
time (Ar) grows as the absolute atomic level energy
decreases, the lower BE XPS atomic peaks are ex-
pected to be narrower. For AmO, and other actinide
oxides [41-44] it is vice versa. This fact allowed a sug-
gestion [44] that beside electrons from incompletely
filled shells of the neighboring ions (0-~15 eV BE),
electrons from the filled shells (15 eV-~35 eV BE) can
effectively (experimentally observed) participate in
the chemical bond formation. This fact stimulated
experimental and theoretical studies of the low BE
(~15 eV to ~35 eV) XPS structure in oxides of
actinides [40], lanthanides [39], and other compounds
[38]. One of the reasons for such an XPS structure for-
mation was established to be the IVMO and the
OVMO formation with significant participation of the
An 6p and the O 2s filled atomic shells [40, 44] Practi-
cally, the low energy spectra reflect the valence band
(0-~35 eV) structure. They are observed as bands sev-
eral eV wide.

The XPS of the low BE (0-~35 eV) electrons
from AmO, [19] was measured and the theoretical cal-

culations of the electronic structure of AmO, in the
energy range 0-~25 eV in the non-relativistic cluster
approximation of the X, discrete variation method (X,
DVM) [26] were done before. It allowed only a quali-
tative interpretation of the low BE XPS from AmO,.
Unfortunately, the calculation results for AmO,
[27-33] for the BE range 0-~15 eV did not take into ac-
count the overlapping of the inner valence Am 6p and
the O 2s atomic orbitals and, therefore, did not allow a
correct valence (~15 eV-~35 eV) XPS structure inter-
pretation.

The XPS studies of americium [2-9] and oxides
AmO, [2, 8, 18, 19, 22] focused attention on the outer
valence (0-~15 eV BE) and the core Am 4f electron
spectra. The Am 4f XPS structure is significantly dif-
ferent for metallic Am and its oxides. However, the
XPS structure of the inner valence electrons of AmO,
in the BE range ~15 eV-~35 eV was not studied. The
authors of [19, 36, 40] did not study the inner Am 4p,
4d, 5s, 5p, 5d, and 6s electronic structures. The ab-
sence of the experimental Am 4p, 5s, Sp and 6s XPS of
AmO, did not allow an interpretation and the theoreti-
cal modeling of the XPS structure of this BE range.

The quantitative interpretation of the valence
XPS structure in the BE range 0-~35 eV taking into ac-
count the photoelectron, conversion, emission and
other X-ray spectral data and relativistic calculation re-
sults was done for ThO, [45], UO, [46], NpO, [43],
PuO, [41], ThF, [47], UF, [48], UO,F, [49], and y-UO4
[50]. The present work analyzed the XPS from AmO, in
the BE range 0-1250 eV and quantitatively interpreted
the XPS structure in the BE range 0-~35 eV. The
binding energies and core electron spectral structure pa-
rameters as well as the relativistic self-consisting field
discrete variation (SCF RDV) calculation results for the
AmOg (Dyy,) cluster reflecting Am close environment in
AmO, were taken into consideration.

EXPERIMENTAL
Samples

The AmO, sample for the XPS studies was
prepared as a dense thin layer on a platinum substrate
(3-4 mm diameter AmO, sample on 14 mm diameter
foil).

AmO; synthesis

The nitrate solution containing the necessary
amount of Am (~10'%1? atoms) was gradually placed
on the platinum substrate and dried under a 500 W in-
candescent lamp. Then the sample was annealed in a
muffle furnace for 4 hours at 800 °C. AmO, formation
on the substrate surface was controlled by XPS on the
basis of the O 1s, Am 4fand valence electrons parame-
ters. It allowed a sample of the stoichiometric compo-
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sition close to AmO, with excess oxygen on the sur-
face. The surface of the prepared sample was etched
with argon ions at 2 keV and 50 pA for 10 and 30 s. Un-
fortunately, the Ar treatment leads to formation of ox-
ide with spectral parameters similar to Am,0O; on the
surface (tab. 1).

X-ray photoelectron measurements

XPS spectra of AmO, were measured with an
electrostatic spectrometer Kratos Axis Ultra DLD
(Kratos Analytical Ltd., Great Britain) using AIK,, ,
(hv=1486.6 eV) radiation under 5-10~7 Pa at room tem-
perature. The informative surface was 300x700 pum?.
The device resolution measured as FWHM of the Au
4f,, peak was 0.7 eV. The binding energies E,(eV)
were measured relatively to the BE of the C 1s electrons
from hydrocarbons absorbed on the sample surface that
was accepted to be equal to 285.0 eV. The C 1s XPS on
the studied sample surface was observed as a low-inten-
sity peak at £,(C 1s) =285.0 eV. The error in the deter-
mination of the binding energy and the peak widths did
not exceed 0.1 eV, that of the relative peak intensity —
+10 %. The FWHMs are giver relatively to that of the
C 1s XPS peak from hydrocarbon on the sample surface
being 1.3 eV [40]. The background due to the
inelastically scattered electrons was subtracted by the
Shirley method [51].

The valence and the core electron XPS structure
for the studied sample in the BE range 0-1250 eV is typ-
ical for AmO,. It confirms unambiguously the presence
of AmO, on the substrate surface [40]. A low-intensity

Pt 4f doublet at £, (Pt 4f;,) = 71.0 eV and AEg==3.3
eV was observed. It evaluated the Pt 5d°6s! contribu-
tion to the AmO, valence band (0-15 eV BE) XPS in-
tensity not more than 1 percent and it was taken into ac-
count. The core and valence XPS from metallic Pt were
taken, the binding energy E,(Pt 4f;,)=70.8 eV, the
spin-orbit splitting AE (Pt 4f;,) = 3.3 €V and the
FWHM I'(Pt4f;,) = 0.9 eV were measured. The va-
lence band (VB) was observed in the BE range 0 eV-10
eV with peaks at 0.2, 1.4, and 4.0 eV, general FWHM
I'(VB)=5.8 eV and the valence band to the Pt 4f, , peak
intensity ratio I(VB)/I(Pt4f;,) = 0.16.

Quantitative elemental analysis of layers several
nanometer-deep of the studied samples was done
based on the fact that the spectral intensity is propor-
tional to the number of certain atoms in the studied
sample. The following ratio was used: n/n; =
= (S/S))(k/k;), where n;/n; is the relative concentration
of the studied atoms, S/S; is the relative core-shell
spectral intensity, k;/k; is the relative experimental sen-
sitivity coefficient. The following coefficients relative
to the C 1s were used: 1.00 (C 1s); 2.80 (O 1s); 43.36
(Am4f,,; see, e. g. [52]). The best stoichiometric com-
position of americium dioxide was AmO, ,, and
AmO, 54 (Am,05), taking into account the main core
O Is and the Am 4f,,, peaks with shake-up satellites.

CALCULATIONS

Electronic structure calculations of AmO, were
made for the two types of finite fragments of crystal lat-
tice: a 279-atom cluster Amg;0,;, and a AmOq cluster.

Table 1. Electron BE E), [eV] and photoionization cross-sections ¢” at 1487 eV

Aom nrlljlj AmO, AmO,’ Amy0O; Am(NO;); x nH,0® Am@ AMmrppeo® o
Am 5f;, 2.99 35.1
Am 515, 2.2 (1.6) 1.7(1.6) 4.5 2.8 5.58 28.3
Am6ps, | 173 (3.0) 18.1 17.13.1) 19.8 18.4 2329 536
Am6pi, | 30.8(1.9) 311 30.5(2.5) 329 35.84 1.77

Am 6s 49.8(7.0) 47.5(7.6) 57.98 2.39
Am 5ds, 108.2(2.8) 108.4 107.6(2.8) 109.9 113.15 53.4
Am 5d3, 129.34 36.3
Am 5p;p 217.8 217.2 219.6 234.13 33.7

222.8 224.2
Am 5pip ~289 ~289 303.68 9.24

Am 5s 376.15 10.6
Am 4f;, 448.2(2.6) 448.2 447.6(2.5) 449.9 446.4 450.84 451
Am 4fs), 462.2(2.8) 462.5 461.8(3.2) 464.5 465.40 353
Am 4ds), 832.5(5.8) 832.0 831.7(5.9) 834.0 839.15 247
Am 4ds, 883.5(5.8) 883.1 882.5(5.7) 884.9 890.06 160
Amdps, | 1164.2(6.9) 1163.8(8) 11658 1173.26 11

O 2p ~4.0 0.27
0 2s ~21 23.1 26.5 1.91
0 ls 529.0(1.3) 529.0 528.9(1.3) 533.1 40
N 1s 407.7 24.5

@ Photo-ionization cross-sections o (kilobarn per atom, i. e., 10-25 m* per atom) [68, 70];

. (b)

values for AmO, from [19];
© values for Am(NOs); x nH,O from [36]; ¥ values for metallic Am [4, 7, 8]; © calculation data [59]
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The latter object reflecting Am close environment in
AmO, is a body-centered cube with Am in the center
and eight oxygens in the corners. The Am-O inter-
atomic distance Ry, o = 0.23287 nm [20, 23, 53]. For
the modeling of boundary conditions for the Amg;0,,¢
we used the “extended cluster” scheme [54]. In this
model, the crystal fragment under study consists of two
parts: the internal main part (or the core of the cluster)
and the outer part (or the shell). The latter part usually
includes the atoms of 1-5 co-ordination spheres sur-
rounding the core. During the self-consistent proce-
dure, the electron densities and the potential of the ions
in the shell are replaced by the corresponding values ob-
tained for the crystallographically equivalent centers of
the cluster core. To introduce the long-range compo-
nent of the surrounding crystal potential, the extended
cluster is embedded in a pseudopotential of the outer
crystal lattice, including several thousand centers with
Coulomb and exchange-correlation potentials obtained
for the corresponding equivalent atoms in the internal
part of the cluster.

In the case of Amg;0, 4, the core of the cluster
included the Am atom in the center (Am1), with eight
nearest oxygen neighbors (O1), and 12 americium
sites of the next actinide co-ordination sphere with
their 48 nearest oxygen atoms. The other atoms of the
cluster formed the shell and during self-consistency
calculations, their electronic densities and potentials
were kept equivalent to those of Am1 and Ol1. In the
case of the small fragment AmOg, the re-normaliza-
tion procedure for the oxygen atom's valence orbital
populations during the self-consistency calculations
was used. The latter model of a small cluster boundary
condition also allows one to include into the iterative
scheme the stoichiometry of the compound and the
possibility of charge redistribution between outer at-
oms in the cluster and the surrounding crystal.

In the present paper, the electronic structure is
calculated in the density functional theory (DFT) ap-
proximation using the original code of the fully rela-
tivistic discrete variation (RDV) cluster method [55]
with exchange-correlation potential [56]. The RDV
method is based on the solution of the Dirac-Slater
equation for 4-component wave functions transform-
ing according to the irreducible representations of the
double point group (D,,; in the present calculations).
For the calculation of symmetry coefficients, we used
the original code, which realizes the projection opera-
tors technique and includes the matrices of the irreduc-
ible representations of double point groups [57] and
the transformation matrices presented in [ 58]. The ex-
tended basis of the 4-component numerical atomic
orbitals (AO) obtained as the solution of the
Dirac-Slater equation for the isolated neutral atoms
also included the Am 7p, , and the Am 7p;, functions
in addition to the occupied AO. The use of such “most
natural basis orbitals” and the absence of any muf-
fin-tin (M-T) approximation to potential and elec-

tronic density allow one to describe the formation of
inter-atomic bonds. In such an approach, this descrip-
tion is more illustrative than that obtained in the band
structure approach. Numerical Diophantine integra-
tion in matrix elements calculations was carried out for
700000 (Amg;0,,4), and 22000 (AmOg) sample
points distributed in the cluster space. It provided the
convergence of MO energies better than 0.1 eV.

RESULTS AND DISCUSSION

As it was mentioned above, the valence (0-~35 eV
BE) XPS structure of AmO, can be attributed not only
to the OVMO and IVMO formation, but to other
mechanisms as well. In order to evaluate the contribu-
tion of other mechanisms in the valence XPS, the core
electron XPS structure of AmO, was analyzed.

Core-electron XPS structure of AmO,

The O 1s XPS of AmO, was observed as a single
peak at E (O 1s) =529.0 eV and FWHMI (O 1s) =
=1.3eV (fig. 1) withashoulderat £, (O 1s)=530.7eV
at the higher BE side from the basic peak attributed to
hydroxyl groups and another shoulder at £,(O 1s) =
=532.2 eV. The peak intensity ratio yielded 50 % of
AmO,, 34 % of OH™, and 16 % of H,0. The O 2p and
the O 2s intensities from the OH™ and H,O impurities
increase the errors in the valence XPS decomposition.

The Am 4f XPS from AmO, at the highest prob-
ability shows the many-body perturbation-related
structure attributable to an extra electronic transition
within the filled and the vacant valence levels during
the Am 4f photoemission. It appears as shake-up satel-
lites, whose parameters reflect the MO structure. As a
result, the Am 4f XPS consists of the spin-orbit split
doublet with AE (Am 4f) = 14.1 eV, and the shake-up
satellites at the higher BE side with AE,,= 6.9 eV (fig.

sat
2). The satellite intensity (I, = I /I ) calculated as the
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Figure 1. O 1s XPS from AmO,
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Figure 3. Am 4ds, XPS from AmQO,

ratio of the XPS satellite area (/) to the basic peak area
(,) was 20 %. The Am 4f XPS structure is typical for
the Am(IV) [19] oxidation state and differs from that
for Am(IIl) in Am,05 [2, 18] and Am(NO;); x nH,O
[36], which exhibits the satellites at AE,, = 2.5 eV. In
the present work, such satellites in the Am 4f XPS of
Am,0O; were observed at AE,, = 2.8 eV. Such typical
satellites with AE_,, = 6.9 eV are observed in all the
An4fXPS of dioxides AnO, (An=Th, U, Np, Pu)[19,
40, 41, 43]. For example, for PuO, [41] these typical
shake up satellites appear in the spectra of various
shells in the BE range 0-1250 eV, and their intensities
decrease as the BE decrease. Indeed, the Am 4d;,
XPS with £, (Am 4ds/,) = 832.5 eV and I (Am 4ds,) =
=5.8¢eV at AE,(Am4ds,,) = 6.9 eV from the higher
BE side also shows the shake-up satellite with /,, =
=25 % (fig. 3). The extrapolation of the shake-up sat-
ellite intensities predicts yields the valence shake up
satellite intensity to be ~15 %.

The multiplet splitting caused by the presence of
the uncoupled Ln 4f electrons in lanthanide compounds
results, e. g., in the Ln 4d XPS structure [39]. Therefore,

Binding energy [eV]

Figure 4. Am 5ds;, XPS from AmQO,

the multiplet splitting was expected to appear with the
higher probability in the An 5d XPS [40, 41, 43]. In-
deed, the Am 5d spectrum instead of a spin-orbit split
doublet (AEG(Am 5d)y,0.,= 16.19 eV [59]) exhibits a
complicated structure with the Am 5ds;, maximum at
108.2 eV (fig. 4, tab. 1). This structure can be explained
by the multiplet splitting superimposed with the
shake-up satellites. Therefore, it is difficult to separate
the satellite-related structure and to determine the satel-
lite intensities. The multiplet splitting is very likely to
appear in the Ln 4s XPS from lanthanide oxides [39]. In
the Ln 5s XPS the probability is about twice as low.
Therefore, the Am S5s and the Am 6s XPS are expected
to exhibit the multiplet splitting.

To evaluate the multiplet splitting in the Am 5s
and the Am 6s XPS one can use the simplified expres-
sion for an ion with uncoupled electrons [43, 60]. An
ion with an incompletely filled valence shell electronic
configuration n/¥, for example, the Am 5f for
Am(IV), has two final states after the electron
photoemission from the core n's shell. They are
formed from the configurations n's and n/*. The energy
difference AE, , between these two states in this ap-
proximation is [43, 60]

AE =[2S+1}G1 (n,s,nl) 1)

2/+1

where S'is the initial spin attributable to the coupling of
the n/ electrons (n and / are the principal and orbital
quantum numbers), G'(n's, nl") is the corresponding
atomic exchange Slater integral, e. g., for the Am(IV)
ion with 5 uncoupled electrons [36]. From (1) it fol-
lows that AE,, is proportional to the multiplicity
(28 + 1) or to the number of the uncoupled electrons in
the ion. The intensity ratio of the doublet components
I)/I; has to be equal to the ratio of the multiplicities of
the final states [60]

I, S+1

s o)
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In this approximation, for the Am(IV) ion
with the electronic configuration Am5f> and the
Slater integral G3(5s,5f) =7.81 eV (for Np) [43] the
Am 5s multiplet splitting is AE, ((Am 55) = 6.69 eV
and the Am 5s doublet intensity ratio is 7:5, while
for G*(6s, 5f) = 5.26 eV (for Np) [43], the splitting
1S AE (Am 6s) =4.51 eV and the intensity ratio in
the Am 6s doublet is also 7:5.

The Am 6s XPS structure can be considered to
contain a AE, (Am 6s) =4.5 eV split doublet with the
intensity ratio of 7:5 (fig. 5). In reality, this XPS struc-
ture is more complicated. It can be explained by the
many-body perturbation and the dynamic effect re-
lated structure. This process was studied earlier for the
Th 5p XPS structure from metallic Th [61] and Th and
U compounds [62, 63]. Reference [62] presents the in-
teraction integrals of different configurations for tho-
rium. These data show that the dynamic effect has to
manifest with the highest probability in the An 5p and
An 5s XPS, itis also highly probable in the An 6s XPS.

The dynamic effect is related to the gigantic
Coster-Kronig transitions, e. g. the one observed in the
Am 5p XPS. Itappears as the two peaks in the Am 5ps),
doublet component at 217.8, and at 222.8, eV and the
structure in the Am 5p, , BE range at ~289 eV (tab. 1).
The similar splitting was observed in the Pu 5p;,, XPS
from PuO, [19, 41]. With the data on the Ba4p [64] and
the Ln4p [39, 65, 66] XPS in mind, one can attribute the
Am 5p structure to the dynamic effect. It results in the
Am ion complex final state consisting of the ground
one-hole state Am5p35d'°5f" and the excited two-hole
Am 5p°5d85f" " ! state. Indeed, this suggestion is based
on the Am 5p and the Am 5d binding energy ratio
Ey(Am 5p;,) = 220 eV and £, (Am 5ds;,) = 108.2 eV,
which satisfies the condition: £,(Am 5ps,) = 2 £, (Am
5ds),) (tab. 1). As aresult, the probability of an extra ex-
cited two-hole final Am 5p®5d®5f™ ! state grows.

The Am 5s XPS is expected around E,(Am 5s)
~373.3 eV, as it follows from the internal electron con-
version data [67] and agrees qualitatively with the cal-

culation results (376.15 eV) (tab. 1, [59]). However,
the Am 5s XPS was not interpreted because of its com-
plicated and blurred structure, which can be attributed
to both the multiplet splitting and the dynamic effect
[40].

The dynamic effect leads to the interaction of the
configurations of the final states Am 5s'5p®5d'05f
and Am 5s?5p°5d°5f" * 1. Indeed, for the Am 5s, Am
5p and Am 5d binding energies (tab. 1) the condition
E(Am 5s) = E(Am 5p) + Ey(Np5d;),) is satisfied,
which does not contradict the possibility of the sug-
gested configurations. The binding energies £;(Am
4p;,) = 1164.2 eV, E (Am 4d;,) = 883.5 eV and
E(Am 5s)~373 eV satisfy the condition £, (Am 4p;,)
~ Ey(Am 4p5),) + E,(Am 5s). Therefore, the Am 4p5),
XPS structure of AmO,, to a certain extent, can be at-
tributed to the dynamic effect with the interaction of
the configuration of the final states Am 4p>4d'°5s>5f™
and Am 5p®4d?5s'4f™ * 1. Shake-up satellites can be
superimposed with this structure.

The Am 6s XPS exhibits a widened [I'(Am 6s) =
7.0 eV] structured line at 49.8 eV (fig. 5). One of the
reasons for such structure, as it was already noted, is
the multiplet splitting. Another reason for this struc-
ture can be the dynamic effect resulting in the interac-
tion of the configurations of the Am(IV) ion final
states like Am 6s'6p®6d°5f> and Am 6s26p*6d! 5£°. In-
deed, for the BE E,(Am 6s) =49.8 eV, E,(Am 6ps),) =
17.3 €V, and E,(Am 6p,,) = 30.8 eV (tab. 1), the con-
dition £, (Am 6s) = 2-E,(Am 6p) is met. These XPS
can also exhibit extra structures related to the multiplet
splitting and shake-up satellites. Therefore, the con-
sidered XPS structure cannot allow a conclusion on
the participation of the Am 6s electrons in the MO for-
mation.

The measured Am 4f BEs and structure parame-
ters agree with the corresponding data obtained earlier
for AmO, [19]. Since the XPS structure in the An 6p
BE range ongoing from ThO, to NpO,, PuO,, and
AmO, does not differ significantly by the shape [19,
40, 41, 43], while the number of the quasi-atomic An
Sfelectrons grows from 0 to 5, one can suggest that the
multiplet splitting does not play a primary role in the
valence XPS structure formation in the BE range
~15 eV-~35 eV. The dynamic effect-related structure
is also low probability in this BE range, because of the
atomic states but, the quasi-atomic Am 5f ones at
2.2 eV BE (tab. 1) are absent in the valence band. As a
result, a suggestion that the valence XPS structure can
be largely attributed to the MO formation, except for
the peak at 8.8 eV, can be drawn (fig. 6). The peak
at 8.8 eV is 6.6 eV away from the peak of the localized
Am 5felectrons £ (Am 5f) =2.2 eV and therefore, can
be attributed to the many-body perturbation (shake-up
satellites in the XPS of the quasi-atomic Am 5f elec-
trons). However, as it was shown in [41], intensity of
such a satellite cannot exceed several percent of the
basic peak. Another reason for such a peak can be the
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Figure 6. Valence band XPS from AmO;: (a) — spectrum
with the secondarily scattered electrons background.
The dashed lines show the division of the spectrum into
separate components, vertical bars show the calculated
(RDYV) spectrum; (b) — spectrum with subtracted back-
ground. The dashed lines show the division of the spec-
trum into separate components, vertical bars show the
correct expected spectrum

surface oxygen [68]. The obtained data also allow a
conclusion that the studied sample by its stoichiometry
is close to AmO,. For the interpretation of the MO-re-
lated valence band XPS structure, the results of elec-
tronic structure calculations of the finite clusters
AmOg (Dyy,) as well as the Amg;0,,4 cluster (fig. 7) re-
flecting Am close environment in AmO, ,were used.

Electronic structure of the
AmOQOgand Amg;0,;6 clusters

Americium atom ground-state configuration can
be presented as [Rn]6s6p®5f76d°7s27p°, where [Rn]
is radon electronic configuration and the other elec-
tronic shells are valence and can participate in the in-
teratomic binding with oxygen atoms (O 2s?2p*). The
total densities of occupied states obtained for the cen-
tral Am1 and O1 atoms in the two clusters are shown in
fig. 7. A comparison of the DOS in fig. 7 shows that the
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Figure 7. Total DOS for the central part of Amg;0,16and
AmOyg clusters obtained in RDV calculations

widths of energy bands noticeably increase on going
from small AmOyg fragment to a large Amg;0,,4 clus-
ter (we have broadened each MO level with a
Lorentzian function of constant small width 0.01 eV)
for all MO. The obtained data show that the gravity
centers of the main bands in both fragments are close
to each other. Moreover, the analysis of the covalent
mixing of the Am6p, ,, 6ps,, with the O 2s orbitals and
the Am 5f5),, 5f; 5, 6d;5, 6ds5, 75, 7P, 5, and 7p;, with
the O 2p AO shows that the primary features of hybrid-
ization between metal and oxygen states are also simi-
lar in both clusters. Since the 279-atomic fragment in
the energy region under investigation (0-~ 35 eV) con-
tains 2357 orbitals, for illustration of general structure
of the primary molecular states, we use the results of
the RDV calculations for the small AmOyg cluster,
which models only the nearest environment of Am in
AmO,. The characteristics of all vacant and occupied
MO in the energy region from +10 to —50 eV obtained
for this cluster are given in tab. 2.

Since the RDV method is based on the MO ex-
pression as linear combination of AO (LCAO), this
approach allows one to use both atomic and molecular
terms for the chemical bond description.

Indeed, the chemical bond formation and the Am
and O atomic shells overlapping, result in the OVMO
and IVMO formation. These OVMO and IVMO be-
side the Am 6s,6p,5f,6d,7s, and O 2s,2p AO include
also the filled Am 7p states, which are absent in atomic
americium. Unlike the non-relativistic calculation for
AmO, [26], whose results showed a significant partic-
ipation of the Am 6s AO in the MO formation, the rela-
tivistic calculation yielded the results showing that the
Am 6s AO practically do not participate in the MO for-
mation (tab. 2). The Am 7s and Am 7p AO take a sig-
nificant part in the MO formation. While the Am 5f
AO participate mainly in the OVMO formation, the
Am 6p,6d AO participate in both the OVMO and the
IVMO formation. The largest Am 6ps;,-O 2s AO mix-
ing of the neighboring americium and oxygen was ob-
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Table 2. MO compositions and energies E, ® [eV] for the AmOj cluster (RDV) and photoionization cross-sections o; ®

MO composition
MO —Ey Am (6]
[eV] 6s 6p12 6p3 6ds) 6ds) 7s 5fsp 5ty Tp1n2 Tp3n 2s 2pin 2p3p
5;®1.18 | 0.88 1.33 0.64 0.57 0.11 4.72 4.38 0.05 0.06 0.96 0.07 0.07
22}/74r -9.57 0.85 0.05 0.08 0.02
25y | —9.36 0.45 0.39 0.05 0.01 0.10
21y," -9.35 0.45 0.39 0.05 0.02 0.09
24}/(,4r -7.10 0.89 0.06 0.02 0.03
28y | —6.11 0.01 0.91 0.04 0.02 0.02
20}/74r —6.08 0.39 0.47 0.04 0.10
237/(,4r —6.07 0.39 0.47 0.04 0.10
27ys | —4.63 0.01 0.92 0.03 0.04
24y, —4.56 0.92 0.02 0.06
23y, | —1.72 0.06 0.73 0.01 0.10 0.10
26y | —1.08 0.89 0.10 0.01
22y, —-1.05 0.89 0.02 0.09
25y, | —1.04 0.01 0.89 0.02 0.08
2179 0.00 072 | 0.13 0.02 | 0.13
24y 0.13 0.79 0.02 0.01 0.18
20y, 0.14 0.01 0.79 0.01 0.01 0.01 0.17
2y | 1.95 032 | 0.68
19y, 1.95 0.32 0.68
229" 2.16 0.16 0.84
o |19 | 217 0.14 | 086
2 |2y | 218 0.66 | 034
© 22y 2.37 0.04 0.13 0.03 0.17 0.63
18y 2.37 0.04 0.13 0.03 0.31 0.49
18y, 2.43 0.04 0.96
17y, 2.46 0.50 0.50
20y | 247 050 | 050
21y 2.75 0.10 0.01 0.79 0.09
17y; 3.06 0.14 0.11 0.28 0.47
16y, 3.12 0.01 0.03 0.01 0.05 0.19 0.71
20y 3.12 0.03 0.01 0.05 0.09 0.82
19y 343 0.04 0.01 0.30 0.65
16y," 3.86 0.01 0.09 0.01 0.55 0.34
19y 3.90 0.06 0.04 0.01 0.02 0.88
]5}/74r 3.89 0.05 0.04 0.01 0.35 0.55
187" 3.97 0.04 0.01 0.33 0.62
15y, 3.99 0.05 0.05 0.17 0.73
18y 3.99 0.04 0.05 0.16 0.75
14y, 4.01 0.07 0.03 0.55 0.35
14y, 4.64 0.06 0.08 0.28 0.58
177/(,4r 4.65 0.06 0.08 0.28 0.58
1775 14.83 0.58 0.02 0.35 0.01 0.03
13y, 14.83 0.59 0.02 0.35 0.01 0.03
12y, 16.93 0.01 0.01 0.98
16y 17.34 0.02 0.04 0.94
13y, | 17.35 0.06 0.94
% 129, 17.35 0.04 0.02 0.94
S | 16y | 1735 0.04 | 0.02 0.94
157" | 17.93 0.07 0.93
15y 18.82 0.36 0.62 0.01
11y, 18.82 0.36 0.61 0.01
14y | 27.60 0.98 0.02
14y," | 47.63 1.00

@ Energies shifted upward by 13.67 ¢V; ® photoionization cross-section o (kilobarn per electron) [68, 70]; © highest filled MO
(1 electron), occupation number for all the orbitals 2
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served for the 17y, ,13y, (5) and 15y, ,11y, (8)
IVMO (tab. 2). The Am 6p,, and the O 2s AO mixing
of the neighboring americium and oxygen for the
16y~ (6) and 14y, (9) IVMO is significantly less than
for the corresponding orbitals in ThO, [69] and UO,
[70]. This can be explained by the increase in the
spin-orbit splitting energy AE (An 6p) and the An
6p,,, BE relative to the O 2s BE as the atomic number Z
grows in the actinide row. These results allow one to
understand the valence electrons XPS spectral struc-
ture of AmO,.

Valence XPS structure of AmO,

The XPS from AmO, in the BErange 0-~35¢eV
can be conditionally subdivided into two ranges, fig.
6(a). The first range 0-~15 eV exhibits the OVMO-re-
lated structure. These OVMO are formed mostly from
the Am 51, 6d, 7s, 7p, and the O 2p AO of the neigh-
boring atoms. The second range ~15 eV-~35 eV ex-
hibits the IVMO-related structure. These IVMO ap-
pear mostly due to the strong interaction of the
completely filled Am 6p and O 2s AO. The OVMO
XPS structure has its typical features and can be subdi-
vided into four components (1- 4). The results of the
OVMO XPS division into the three components at2.2,
4.0,and 5.8 eV (fig. 6, tab. 3) agree with the UV spec-
troscopy data for americium dioxide [22]. The UV
photoelectron spectrum of AmO, also exhibits the
three peaks around 2, 4, and 6 eV. However, the UV
and the XPS intensities of these peaks differ signifi-
cantly since the O 2p and the Am 5f photoionization
cross-sections are comparable at He II (40.81 eV) ex-
citation, while at the AlKa (1486.6 eV) excitation the
Am 5f photoionization cross-section is more than 50
times higher than the O 2p one (tab. 2, [71]). The
growth of the peak at 2 eV in the UV photoelectron
spectrum of Am,0; as the excitation energy increases
on going fromHeI(21.22eV)to Hell (40.81 eV) con-
firms that this peak belongs to the Am 5felectrons [8].

The IVMO range exhibits explicit peaks and can
be subdivided into five components 5-9; fig. 6(a). De-
spite the formalism of such a division, it allows quali-
tative and quantitative comparison of the XPS parame-
ters with the relativistic calculation results for the
AmOgq cluster.

Results of these calculations are given in tab. 2.
Since photoemission results are given for an excited
state of an atom with a hole on a certain shell, the cal-
culations must be done for transition states for a
stricter comparison of the theoretical and experimen-
tal BE [72]. However, the valence electrons BE calcu-
lated for transition states are known [38-40] to differ
from the corresponding values for the ground state by
a constant shift toward the higher energies. Therefore,
the present paper gives the calculated BE (tab. 2)
shifted by 2.17 eV (tab. 3). Taking into account the

MO compositions (tab. 2) and the photoionization
cross-sections [71, 73], the theoretical intensities of
several XPS ranges were determined (tab. 3). Compar-
ing the experimental XPS to the theoretical data, one
should keep in mind that the XPS from americium di-
oxide reflects the band structure and consists of bands
widened due to the solid-state effects. Despite this ap-
proximation, a satisfactory qualitative agreement be-
tween the theoretical and the experimental data was
obtained, fig. 6(a). The corresponding theoretical and
experimental FWHM and the relative intensities of the
inner and outer valence bands are comparable tab. 3,
fig. 6(a). A satisfactory agreement between the experi-
mental and calculated BE of some MO was also
reached (tab. 3). The worst discrepancy was observed
for the middle IVMO XPS (12y,"-15%5"). As men-
tioned, the NR X -DVM [26] results allowed only
qualitative interpretation of the low BE XPS of AmO,.
The present relativistic calculations practically allow a
quantitative identification of the valence XPS struc-
ture of AmO, in the whole BE range of 0 eV to ~35 ¢V,
tab. 3, fig. 6(b). The expected correct spectrum ob-
tained on the basis of the calculations and the experi-
mental data are given in tab. 3 and drawn under the
XPS as vertical bars, fig. 6(b). These data prove the
RDYV method to be effective and allow the quantitative
MO scheme for understanding the nature of inter-
atomic bonding in AmO,.

The outer valence band intensity is formed
mostly from the outer valence Am 5f,6d,7s,7p, and
O 2p AO, and to a lesser extent from the inner valence
Am 6p and O 2s AO. The Am 5f electrons contribute
significantly to the OVMO intensity (tabs. 2, 3). Be-
cause the Am 5f photoemission cross-section is high
(tab. 2), the Am 5felectrons contribute significantly to
the OVMO XPS intensity if they do not lose the f-na-
ture. Thus, the Am 5felectrons can be promoted to e. g.
the Am 6d level first, and then to participate in the
chemical bond formation. They also can participate di-
rectly in the formation of the interatomic bond without
losing the f-nature. The electronic structure calcula-
tions for AmO, showed that the Am 5f electrons par-
ticipate directly in the chemical bond formation (tab.
2). In the ionic approximation for americium elec-
tronic configuration Am 6s26p®5f76d°7s? in AmO, the
calculated OVMO/IVMO intensity ratio was found to
be 3.05 [40, 74], which is slightly higher than the cor-
responding theoretical value 2.77 and less than the ex-
perimental value 3.3 (see tab. 3). This difference can
be partially explained by the measurement error of
110 %. This intensity ratio is an important quantitative
characteristic of the AmO, electronic structure. These
results yield a conclusion that the Am 5f electrons can
participate directly in the chemical bond formation in
AmO, and they can partially lose the f-nature. These
electronic states are located closer to the middle and
the top of the outer valence band (tab. 2); the Am 6d
electronic states are located mostly at the bottom of the
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Table 3. Valence XPS parameters for AmO; and AmOg cluster (RDV), MO orbital forces f; and the Am 6p and Am 5f
electronic state densities p; (e)

MO O - 8 A7(b) © XPS o Am 6p, 5f electronic state densities p;, e (electrons)
—EW [eV] | i 10°N Energy ' [eV] Intensity [%]
Experiment Theory Experiment 550 5t 6p1 6psn
21y, @ 2.17 -0.05 2.2(1.8) 9.4 43.8 0.72 0.13
24y 2.30 -0.11 18.5 1.78 0.04
20y, 231 —-0.11 18.3 1.78 0.02 0.02
23y 4.12 -0.02 0.1
1997 4.12 -0.02 0.1 0.10 0.04
22y6" 433 -0.01 0.1 0.10 0.04
19y, 4.34 -0.01 4.0(1.8) 0.1 16.0
21y 4.35 —0.01 0.1
22y 4.54 —-0.03 4.0 0.26 0.06 0.08
18y; 4.54 -0.03 35 0.26 0.06 0.08
18y, 4.60 0.01 0.1
17y, 4.63 0.01 0.1
207" 4.64 0.01 0.1
% 21y 4.92 0.02 2.2 0.02
8 17y, 5.23 0.02 5.6 0.28 0.22
16y; 5.29 0.03 1.1 0.06 0.02 0.02
207, 5.29 0.02 1.0 0.06 0.02
197 5.60 0.01 0.1
16y, 6.03 0.04 5.8(1.9) 0.4 7.7
1976 6.07 0.04 0.4
15y, 6.06 0.04 0.4
18y, 6.14 0.02 0.1
15y, 6.66 0.05 2.3 0.10 0.10
187 6.16 0.05 2.1 0.08 0.10
14y, 6.18 0.05 2.3 0.14 0.06
14y, 6.81 0.07 0.5
17y 6.82 0.07 0.5
Sat 8.8(3.3) 9.4
%f© 0.16 [80 %] 73.5 76.9 5.12 1.03 0.20
17y 17.00 -0.11 17.3(2.7) 4.2 9.2 1.16
13y, 17.00 -0.11 4.2 1.18
12y, 19.10 0.01 1.6 0.02 0.02
16y, 19.51 0.01 19.4(2.4) 1.2 2.4 0.04
13y, 19.52 0.03 1.3
% 12y, 19.52 0.03 21.7(3.2) 1.3 5.8
2 16y, 19.52 0.03 1.3
15y, 20.10 0.05 1.1
1576 20.99 0.08 24.1(3.0) 3.1 2.8 0.72
11y, 20.99 0.08 3.0 0.72
14y, 29.77 -0.06 30.8(1.9) 4.2 2.9 1.96
35 © 0.04 [20 %] 26.5 23.1 0.02 0.02 2.00 3.78
14ys" 49.70 ~49.8(6.0) ~5.4

@ Energies shifted toward the highest values (downward) by 2.17 eV; ® orbital forces f; (10°* N) calculated for the Am bound with one
ligand (O); “ FWHM, eV given in parentheses; © highest occupied MO (1 electron), occupation number for the other MO is 2;
©total values of orbital forces f;, peak intensities and the Am 6p, 5f DOS

outer valence band. This agrees with the theoretical
and the experimental data for ThO, [45], UO, [46],
NpO, [43], and PuO, [42].

The peak at 8.8 eV in the OVMO XPS of AmO,
(fig. 6) according to [19] was attributed to the
multiplet splitting of the Am 5f> Am(IV) spectrum.
However, the similar peaks were observed in the XPS
from NpO, [43] and PuO, [42], whose calculated

multiplet splitting related structures for Np(IV) and
Pu(IV) differ significantly from that or Am(IV)[19].
Taking into account the quasi-atomic nature of
the Am 5f° electrons in AmO,, one can expect
shake-up satellites at AE,, = 6.9 eV similar to those in
e. g. the Am 4f XPS (fig. 2). Indeed, the considered
peak was observed on the higher BE side 6.6 eV away
from the Am 5f peak at £, ,(Am 5f) = 2.2, which agrees
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approximately with AE, (Am 4f) = 6.9 eV. The inten-
sity of this satellite regarding to the Am 5f peak inten-
sity is I, = 18 % (tab. 2). This value agrees with the
fact that the shake-up satellite intensity decreases as
the BE decreases [39, 42].

Inthe IVMO XPS BE range a satisfactory agree-
ment was reached e. g. for the 17y, 13y, (5), and
14y,~(9) MO responsible for the width AE of this XPS
band. The calculated AEyy,.,. = 12.77 eV agrees with
the experimental AE,,, = 13.5 eV (tab. 2). It has to be
noted that the theoretical (2.73) and experimental (3.3)
OVMO/IVMO intensity ratios are comparable; that

confirms correctness of the approximations used in the
calculation (tab. 2). The calculated and the experimen-
tal relative intensities of some individual IVMO
peaks, except for the 17y,, 13y, (5) ones, are in a
qualitative agreement. The worst discrepancy was ob-
served for the 15y, 11y, (8), and 14y, IVMO.
Taking into account the experimental BE differ-
ences between the outer MO and the core levels in
AmO, and atomic Am [59], as well as the relativistic
calculation data for the AmOg cluster in the MO LCAO
approximation, a quantitative MO scheme for AmO,
(fig. 8), was built. This scheme enables one to under-

Am7p 90 % Am5f + 10 % O2p .. o
Am7s  ..* 85 % Am5f + 15 % 02p . O2p =
o e 2
Am6d . 22 215 2475, 2057 (1) )
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Figure 8. MO scheme for the AmOs cluster built taking into account theoretical and experimental data. Chemical shifts
are not indicated. Arrows show the measured differences in BE between selected levels. Experimental BE [eV] are given to

the left. The energy scale is omitted
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stand the real XPS structure and the chemical bond na-
ture in AmO,. In this approximation, one can pick out
the antibonding 17y, 135~ (5), and 16y, (6) and the
corresponding bonding 157, 11y, (8), and 14y, (9)
IVMO, as well as the quasi-atomic 12y, 13y,", 129",
16y,", and 157" (7) ones attributed mostly to the O 2s
electrons. The experimental data show that the O 2s-re-
lated quasi-atomic IVMO BE have to be close by mag-
nitude. Indeed, the O 1s XPS of AmO, allows a sugges-
tion that their chemical non-equivalence should not
exceed ~1 eV, since the O 1s peak was observed sym-
metric and 1.3 eV wide. The O 2s BE has to be about
21 eV, since the AE5=508 eV and the O 1s BEin AmO,
is £y = 529.0 eV (fig. 1). The theoretical results agree
partially with these data. Taking into account that the
calculated BE difference between E(Am 4f;,) =
=450.84 eV and E,(Am 6p;,) ==23.29eVis AET, =
=427.6 eV [59], which agrees with the corresponding
experimental BE difference between the Am 6p;, peak
at 18.4 eV and the low BE line at 446.4 eV in the Am
4f,, spectrum of metallic Am being 428.0 eV [7],
AE, = 430.9 eV, one can find that A} =3.3 eV (fig. 8). It
confirms the antibonding nature of the 17y,", 13y, (5)
IVMO. Since the BE difference between the 17y,
13y57(5),and 14y, (9)IVMO1is 13.5 eV, and the Am 6p
spin-orbit splitting according to the calculation data of
[59] is AET (Am 6p) = 12.55 eV, one can see that the
perturbation A, ~1.0 eV does not agree with the corre-
sponding value of 3.3 eV found from the BE difference
between the core and the valence MO. This difference
must be attributed to the IVMO formation and such a
comparison is probably not quite correct. The IVMO
FWHM cannot yield a conclusion on the [IVMO nature
(bonding or antibonding), however, one can suggest
that the admixture of 4 % of the O 2p and 2 % of the Am
Tp AOinthe 17y, 1375 (5) IVMO leads these orbitals
to loosing of their antibonding nature (tab. 2, fig. 8, see
also [38]). Thus, the quantitative MO scheme for AmO,
built on the basis of the experimental and the theoretical
data allows one both to understand the nature of chemi-
cal bond formation in AmO, and to interpret the struc-
tures of other X-ray spectra of AmO, as it was shown
for ThO, [45], UO, [46], NpO, [43], and PuO, [42].

O KLL Auger spectrum structure of AmQO,

The MO scheme for AmO, (fig. 8) was used to
explain qualitatively the Auger O KLL spectral struc-
ture of AmO,. For example, the O KLL Auger spec-
trum of Al,O5 is known to consist of three strong but
unstructured ~9 eV wide peaks reflecting the O
KL, sL,5 (0 1s <~ O2p), the OKL,L, ; (Ols <— O2s,
2p) and the O KL,L; (Ols « O2s) transitions [75].
The relative intensities of these Auger O KLL peaks
are given as the Auger O KLL to the O 1s XPS inten-
sity ratios. These relative intensities are important fun-
damental values. They allow a quantitative compari-

OKLyslos
25000 A 972.9
) 4
g ‘e
2. 20000 o
g 3
5 i
S 15000 1 97784
= & .
z OKLLyq -
S 1 4 [ 4 « O,
g 10000 OKL,L, - -
993.6 i
5000 4 1000.0 gy goc o
1009.0 967.5
0 -

T T T T T T T T 1
1030 1020 1010 1000 990 980 970 960 950
Binding energy [eV]

Figure 9. Auger O KLL spectrum from AmO,

son of, for example, the O 2p partial DOS on oxygen
ions in various oxides [75].

The Auger spectrum of AmO, consists of three
bands (fig. 9). Unfortunately, at the higher BE side
these bands exhibit shoulders due to the impurity oxy-
gen on the sample surface. Despite this, a qualitative
interpretation of this spectrum is possible. For exam-
ple, the Auger O KL, 5L, 5 (Ols <~ O2p) (I"=5.4¢V)
spectrum at 972.9 eV BE of AmO, reflects the filled
O 2p DOS in AmO, (fig. 9). The O KL, ;L, ; FWHM
is comparable with the FWHM sum of the XPS O 1s
electron peak (I" =1.3 eV, fig. 1) and the O 2p DOS
(peaks 2 and 3) in AmO, (I ~3.7 eV, fig. 8, tab. 3). The
OKL,L,; (O1s <« O2s,2p) peak reflects both the
O 2p, and the O 2s DOS. This peak is complicated
(consists of three lines) and hardly interpretable. The
O KL,L,; (O 1s «<— O 2s) peak reflecting mostly the
DOS of the O 2s electrons participating in the forma-
tion in AmO, is highly structured. The FWHM of this
peak I ~13 eV is comparable to that of the IVMO in
the XPS spectrum. It confirms the participation of the
O 2s electrons in the IVMO formation (figs. 6, 8).
These results agree with the O KLL Auger data for
ThO, [45] UO, [46] NpO, [43], and PuO, [42].

Chemical bond in the AmQOjg cluster

As it was noted, the calculation data show that
the MO system of the AmOj cluster can be subdivided
into three groups (tab. 2, fig. 8). The first one repre-
sents the outer valence band, OVMO: 21y, to 17y"
(1-3), with the bonding MO and the admixture of the
valence Am 6d states in the lower part. The second one
consists of the IVMO formed mostly from the Am 6p
and the O 2s AO of the neighboring americium and ox-
yeen 1755, 13757 (5), 1675 (6), 15757, 11757 (8), 14y
(9). The third one represents the quasi-atomic [IVMO
(1277, 13774, 1257, 166", 15767 (7), 14y,") with small
admixtures of the outer americium AO (tab. 2).
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Atthe present time there is no method to evaluate
quantitative contribution of certain separate MO into
the chemical bond even for diatomic molecules [38].
Such a method has to be additive, i. e., the summation
of contributions of separate MO with electron popula-
tions in mind, has to yield the total chemical bond
value. The work [38] considers three methods of eval-
uation of the MO nature (bonding, non-bonding,
antibonding) on the basis of: (a) population by
Mulliken, (b) full energy separation with subtraction
of resonance energy characterizing the covalence of
the chemical bond, and (c) orbital forces.

In the Koopmans' theorem approximation, the
orbital forces f; (10~8 N) approximately are equal to the
derivatives of the MO energies E;' (1078 N) upon the
interatomic distances [38]. Therefore, this work pres-
ents the dependence of the MO energies for the AmOqg
(Dgy,) cluster on the interatomic distance Ry, . To
evaluate the orbital forces in addition to the calculation
for the equilibrium atomic positions (Ry,,.o = 0.2329
nm), a calculation for R, o = 0.2349 nm was also
done. It yielded the orbital forces f; (derivatives E;' of
the OVMO and IVMO energies E; upon the inter-
atomic distances R, ,, o for the AmOg cluster) (tab. 3).

The structures of irreducible representations of
the Dy, group allows comparisons of the Pu 6d and the
Pu 5f AO participation in the chemical bond since the
7 and the y;* contain the 6d states and do not contain
the 5fstates, while the y,~and the y;~—vice versa, con-
tain the 5f states and do not contain the 6d states. The
fraction of the 6d AO in the bonding OVMO from
17y to 21y, in the lower MO part is 0.57, while the
fraction of the 5f AO — 0.72 (tab. 2). Despite the fact
that the fraction of the 5f AO is greater than the corre-
sponding fraction of the 6d AO, their contributions are
comparable. Thus, the 14y, and the 17y, MO exhibit
the highest orbital force (0.07 10-® N) among the con-
sidered bonding OVMO. So, the binding role of the 6d
states in the Am — O interaction is slightly higher than
that of the 5f states.

As it was expected, the binding OVMO of the
lower valence band part (from the 17y," to the 18y,")
contribute significantly (0.56 10® N) in the Am-O
binding despite the anti-bonding nature of the other
OVMO (—0.40-107% N). It has to be noted that the
so-called “quasi-atomic” AmS5f electrons (4.47¢7) in
reality are localized on the anti-bonding 21y, 21y,
17ys+ IVMO and weaken significantly the binding
(-0.27-10"8 N). It is about 40 % of all the anti-bonding
nature of the valence electrons. The total contribution
ofthe OVMO electrons in the Am — O binding per one
ligand is 0.16-10°8 N (tab. 2).

The 17y, and 13y, IVMO electrons bring a sig-
nificant anti-bonding contribution (-0.22-10"% N) in
the Am — O binding, and the 15y~ and 11y,” IVMO
electrons bring some lower bonding contribution into
(0.16-10"8 N) in the binding per a ligand (tab. 3, fig. 8).
As a result, electrons of these anti-bonding (17,

13y,7) and corresponding bonding (15747, 1ly5)
IVMO weaken the Am-O bond. On the other hand,
electrons of the quasi-atomic 12y, —15y," IVMO con-
tributed from the outer valence AO bring a significant
bonding contribution (0.16-10° N) in the Am-O inter-
action.

The MO scheme (fig. 8) shows that formally the
14y, IVMO is supposed to be slightly bonding. How-
ever, the calculation shows that this MO is anti-bonding
(-0.06 -10¥ N). Since the 14y, IVMO contains 98 %
of the Am 6p, , and only 2 % of the O 2s AO, by its na-
ture it is close to the atomic Am 6p,,, AO, which can be
to a lesser extent screened from the effective nuclear
changing as the interatomic distance grows. This results
in a significant increase of the 14y," IVMO energy due
to the chemical shift, which does not depend on the di-
rect participation of the Am 6p, ), in the chemical bond
(tab. 3). Since the Am 6s AO practically does not partic-
ipate in the IVMO formation (tab. 2), it was not taken
into account. As a result it was found that the VMO
electrons calculated for the binding with one ligand
Am-O strengthen the chemical bond (0.04-10-8 N).

The evaluation per one ligand of the Am-O bind-
ing yielded that the total contribution of the OVMO
and IVMO electrons is 0.20-10® N, the OVMO rela-
tive contribution is 80 %, and the IVMO relative con-
tribution is 20 %. The obtained orbital forces f; are in a
good agreement with the calculation results for the di-
atomic molecules of the second period of the periodic
table taking into account a significant difference in the
interatomic distances Ry, o =0.2329 ande. g., Ry o =
0.1207 for O, [38]. Although the obtained data are ap-
proximate, they allow a conclusion that the IVMO for-
mation should not be neglected when studying the
chemical bond nature in actinide compounds.

CONCLUSIONS

The XPS structure of AmO, was studied in the
binding energy range 0 eV-1250 eV. The correlation of
the XPS structure parameters with the mechanisms of
its formation were established. With the BE differ-
ences between the core and valence electronic levels
and the relativistic calculation results of the electronic
structure of the AmOg cluster in mind, a quantitative
interpretation of the XPS structure of the OVMO (0 eV
to ~15 eV BE) and the IVMO (~15 eV to ~35 ¢V BE)
for americium dioxide AmO, was done. The Am 5f
(1.72 Am 5f ¢") electrons delocalized within the outer
valence band were theoretically shown and experi-
mentally confirmed to participate directly in the chem-
ical bond formation in AmQO,, partially losing their
f-nature. The other part of the Am 5f electrons (4.47
Am 5fe”) was shown to be localized mostly at 2.2 eV.
The Am 6p electrons, in addition to the effective (ex-
perimentally measurable) participation in the [IVMO
formation, were found to contribute noticeably (~0.2
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Am 6p e") in the occupied part of the OVMO in AmO,.
The results of our investigation showed that the largest
role in the IVMO formation in AmO, was played by
the Am 6p;, and the O 2s AO of the neighboring nep-
tunium and oxygen ions. On moving from ThO, to
UO0,, NpO,, PuO,, and AmO, one can observe the An
5f DOS growth in the valence band and the An 5f BE
growth starting with UO,. A small (~1 eV) change in
the An 6ps,, BE confirms the valence nature of the An
6ps, electrons. The An 6p;,, — O 2s interaction in this
row is significant. The increase of the spin-orbit inter-
action in the considered row causes the An 6p,, BE
change of ~5.9 eV. It weakens significantly the An
6p;, — O 2s-interaction. Contributions of different
MO electrons to the chemical bond in the AmOg clus-
ter were evaluated. The MO sequent order in the BE
range of 0-~35 eV for AmO, was defined and the cor-
responding MO composition was obtained in the clus-
ter calculations. This yielded a fundamental quantita-
tive MO scheme, which is important for understanding
the nature of interatomic bonding in AmO, and for the
interpretation of other X-ray spectra of AmO,. The
general laws of the valence electronic structure
changes on moving from ThO, to UO,, NpO,, PuO,,
and AmO, were found.
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CTPYKTYPA PEHATEHCKUX ®OTOEIEKTPOHCKUX CIIEKTAPA
N XEMUJCKE BE3E Y AMEPUIINJYMIUOKCUOAY

OO0aBsbeHa je KBAaHTUTAaTUBHA aHAJIN3a CTPYKTYPE PEHATEHCKUX (DOTOENIEKTPOHCKUX CIeKTapa
y obmactu enepruja Be3e o 0 eV g0 ~35 eV BalieHTHUX eJeKTpoHa aMepunujymanokcnaa. [Ipu Tome cy
ypauyHaTe €Hepruje Be3e U CTPYKTYpe eNeKTPOHCKUX JbYCKH jearpa (~35 eV-1250 eV), kao u pe3ynaratu
peJaTUBUCTUUKUX AUCKPETHUX BapHjalluOHUX INpopadyHa Amg;0,,, u AmOg (D) kiacrepa Koju
ofparkaBajy OJIMCKY OKOJIMHY aMEepULIjyMa y aMepHULIK]jyMAROKCHAY. EKcliepuMeHTalHu NoJaly IoKasyjy
fa eeKTH BUIIE Teja M BUIIECTPYKOr llelama JOIPUHOCE CIEKTPATHO] CTPYKTYPU MHOTO Mamhe Off
edekara cacraBa criojpalllibux (eHepruja Bede 0-~15 eV) u yHyTpammsiux (eHepruja Bese ~15 eV-~35 eV)
BAJICHTHUX MOJIEKYJICKUX opOutaina. [Toka3aHo je ma ce y BalIeHTHO] 30HHM aMEpHUIMjyMAHOKCHAA
¢opmupajy yera Am SfejekTpoHcKa cTalba 1 ja Am 5f eJIEKTpOHU YYECTBY]Y Y cacTaBy U YHYTPAlllbUX U
CIIOJBAIIIIHUX BaJICHTHUX MOJICKYJICKHX opouTaia (30Ha). Habeno je na yaere Am 6p,,, 1 O 2s €IEKTPOHCKE
Jbycke fajy HajBehum pmompuHOc oOpa3oBawky YHYTpAlllbUX BajJeHTHUX MOJIEKYJICKUX oOpOuTana.
IIponemeHn cy AOMPUHOCU €JIEKTPOHA U3 PA3INIUTHUX MOJIEKYJICKUX OpOUTaNa XEMUjCKO] BE3U KilacTepa
AmOyg. Y aMepuLujyMAROKCUY YCTAaHOBJ/bEHA j€ KOMIIO3ULMja U CEKBEHIMjaJIHU NTOPEakK MOJIEKYJICKUX
opb6urana y obnactu enepruja Besza 0-~35 eV. ExciepuMmeHTanan 1 TEOpUjCKHU pe3ysiTaTu oMoryhaBajy
KBAaHTUTATUBHU IIPETIie]] MOJIEKYJICKUX OpOUTaIa aMePHULIUjYMANOKCHAIA, IIITO je OUTHO U 3a pa3yMeBambe
MIPHUPOJE XEMUjCKUX Be3a Y aMEPHLIUjYMANOKCUY U 32 TyMaueke IPYIUX ClieKTapa X-3paucha y heMy.

Kmwyune peuu: axitiunuo, X-3pauerse, hoitioeaeKpoOHCKU CUeKap, 8a1eHIIHA MOAEKYACKA OpOulia



