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Quantitative analysis of the x-ray photoelectron spectra structure in the binding energy (BE) range of 0 eV—
~35 eV for plutonium dioxide (PuO,) valence electrons was done. The BEs and structure of the core electronic
shells (35 eV-1250 eV BE), as well as the relativistic discrete variation calculation results for the finite fragments
of the PuO, lattice and the data of other authors, 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 outer
(0 eV=~15 eV) and the inner (~15 eV-~35 eV) valence molecular orbitals (OVMO and IVMO, respectively).
The filled Pu 5 f electronic states were shown to form in the PuO, valence band. The Pu 6 p electrons participate
in the formation of both the IVMO and the OVMO (bands). The filled Pu 6p3,, and the O 2s electronic shells
were found to take maximum part in the IVMO formation. The MO composition and the sequence order in the BE
range of 0 eV—~35 eV in PuO, were established. The experimental and theoretical data allowed a quantitative
MO scheme for PuO,, which is fundamental for understanding both the chemical bond nature in plutonium

dioxide and the interpretation of other x-ray spectra of PuO,.
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I. INTRODUCTION

The study of the plutonium electronic structure and the
chemical bond nature in plutonium compounds is a topic
of great interest.'~> Thus, the photoelectron spectra structure
of plutonium and plutonium oxides (PuO,) in the outer
valence band binding energy (BE) range of 0 eV-~15 eV
was studied.*” The x-ray photoelectron spectra (XPS),>%10-17
as well as the spectra of electron energy loss and the absorption
spectra'®!® of metallic plutonium, the XPS of oxides,!*8
and the resonant photoemission spectra of Pu (Refs. 8, 29,
and 30) were studied. When studying the XPS of plutonium
and its oxides (PuOy,), most authors, except for the authors of
Refs. 10, 19, 20, and 22, paid special attention to the outer
valence electron BE range (0 eV-~15 eV) and the core Pu 4 f
shell. The Pu 4 f XPS structure is typical for metallic Pu and its
oxides and can be used for identification of Pu oxidation states.
However, the core shell Pu4 p,4d, 5s,5p, 5d, and 65 structures
were not well studied.?’ The absence of the experimental XPS
of these core shells for PuO, did not allow an interpretation of
the fine XPS structure using the theoretical calculation data.
Also the XPS structure of the inner valence shells in PuO,
in the BE range of ~15 eV—~35 eV was studied only on the
qualitative level.”

The XPS study of the electronic structure of compounds,?!
which includes lanthanides®? and actinides,? their oxidation
states, physical and chemical properties, and chemical bond
nature, in addition to their chemical shifts (AE}) and peak
intensities (1), can use the core and valence spectral structure
parameters. This spectral structure can originate from the
formation of the outer (0 eV-~15 eV) and the inner (~15-—
~35 eV) valence molecular orbitals (OVMO and IVMO,
respectively),?! spin-orbit splitting (A E), multiplet splitting
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(AEqs), charge inducing (AEj,g), many-body perturbation
(AEgy), dynamic effect (gigantic Coster-Kronig transitions),
Auger process, etc.>>33 If several of these effects show up in
the XPS spectrum for a certain electronic level simultaneously
at a comparable probability, the correct interpretation of
the spectrum is not possible. If the probabilities are not
equal, the correlation of the XPS structure parameters with
physical and chemical properties of the studied compound
can be drawn. In this case, the XPS structure parameters
can characterize the following: degree of delocalization and
participation of electrons in a chemical bond, electronic
configuration and oxidation states of ions, uncoupled electron
density at paramagnetic ions, degree of participation of the
filled electronic shells of metals and ligands in the IVMO and
the OVMO formation, the IVMO and the OVMO structures
and nature, local environment structure, etc.3'=33

The BE range of 0 eV to ~35 eV is especially important
since the XPS in this range reflects the MO structure and
the valence electronic states densities (with the photoemission
cross sections in mind); however, the interpretation of the XPS
structure in this BE range requires an understanding of how
effective a certain extra structure formation mechanism is.
To evaluate the contributions of different structure formation
mechanisms to the valence XPS structure, one has to study the
core (35 eV=1250 eV) XPS structures.>!=33

When doing the XPS study of oxygen-containing actinide
compounds, it was found that in the ~15 eV-~35 eV BE
range, peaks are several electron volts wide, which sometimes
is wider than the corresponding core electron peaks.*'33 For
example, the O 1s (E, =530.1 eV) full width at half-maximum
(FWHM) (T', eV) peak for PuO, is I' = 1.1 eV, while the
corresponding O 2s (E, ~ 22 eV) peak is ~4 eV wide
and structured. It contradicts the Heisenberg uncertainty ratio
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AEAT = h/2m, where AE is the natural width of a level from
which an electron was extracted, At is the hole lifetime, and
h is the Planck constant. Since the hole lifetime (At) grows as
the absolute atomic level energy decreases, the lower BE XPS
atomic peaks are expected to be narrower. For PuO, (Ref. 19)
and other actinide oxides (Ref. 33), it is vice versa. This fact
stimulated experimental and theoretical studies of the low BE
(~15 eV=~35 eV) XPS structure in oxides of actinides,>
lanthanides,*? and other compounds.?! One of the reasons for
such an XPS structure formation was the IVMO formation
with significant participation of the An 6p- and O 2s-filled
atomic shells.>"3? Practically, the low energy spectra reflect
the valence band (0 eV-~35 eV) structure. They are observed
as several electron volt-wide bands. The IVMO were shown
to form in compounds of lanthanides*? and other elements.>!

The XPS of the low BE (0 eV—~35 eV) electrons from
PuO, (Refs. 20 and 22) were measured, and the theoretical
calculations of the electronic structure of PuO, in this
energy range in the nonrelativistic (NR) approximation of
the X, discrete variation method (X, DVM)** and in the
quasirelativistic cluster approximation of the quasirelativistic
extended Huckel method,?? as well as in the density functional
theory (DFT) approximation, were done previously. The
calculations allowed only a qualitative interpretation of the low
BE XPS from PuO,. Unfortunately, the up-to-date relativistic
calculation results for PuO, (Refs. 36-46) for the BE range of
0 eV—~15 eV did not take into account the overlapping of the
inner valence Pu 6p and the O 2s atomic orbitals (AOs) and,
therefore, did not allow a correct valence (~15 eV-~35 eV)
XPS structure interpretation.

At the present time, the quantitative interpretation of the
valence XPS structure in the BE range of 0 eV-~35 eV, which
takes into account the photoelectron, conversion, emission,
and other x-ray spectral data and relativistic calculation results,
was done for ThO, (Ref. 47), UO, (Ref. 48), ThF,4 (Ref. 49),
UF,4 (Ref. 50), UO,F, (Ref. 51), and y-UO3 (Ref. 52). The
present work analyzed the XPS from PuQ; in the BE range
of 0 eV-1250 eV and quantitatively interpreted the XPS
structure in the BE range of 0 eV—~35 eV, taking into account
the photoelectron,>™’ Auger, and other x-ray spectra® data.
The BEs and core electron spectral structure parameters as
well as the self-consisting field relativistic discrete variation
(SCF RDV) calculation results for the PuOg (Dy,) cluster
reflecting Pu close environment in PuO, were taken into
consideration.

II. EXPERIMENTAL

A. Samples

PuO, samples for the XPS study were prepared by oxalate
technique and by electrolysis as dense thin layers (@33—4 mm)
on the Pt substrate (@14-mm foil).

1. Pu synthesis from oxalate

The standard nitrate 2*’Pu solutions were used for sample
preparation. The volumes of the solutions were calculated so
that the yield was not less than 50% and that not less than
10'8—10" Pu atoms were on the platinum substrate. Deionized
water and chemically pure reagents were used.
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Oxalic acid in double excess to Pu was added to a nitric
29Pu(1V) solution and thoroughly mixed. The precipitate was
separated by centrifugation and washed three times in ethanol.
Several drops of water were added to the obtained Pu(C,04)4
precipitate, and the suspension gradually put on the substrate.
Afterward, the sample on the substrate was left under a 500 W
incandescent lamp to dry. Then the sample was annealed in a
muffle furnace according to the following program: 20 hours
heating to 700°C; 5 hours heating from 700 °C to 1200 °C;
10 hours annealing at 1200 °C; and 15 hours cooling from
1200 °C to room temperature. Tetravalent plutonium-oxalate
decomposition reaction is seen in Eq. (1):

Pu(C204)s —— PuO, +6CO» 1 +2CO 1. (1)

2. Electrolytic synthesis of PuO,

A nitric plutonium solution of ~10'3~1 atoms was placed
in the electrolytic cell with platinum substrate as a cathode.
Platinum wire was used as an anode; ammonium nitrate
(NH4NO3) was used as an electrolyte. The process was carried
out at 1 A and 30 mV for 1-2 hours until the plutonium
was extracted completely from the solution. Aliquots of
20 1 were taken periodically to control the plutonium content
in the solution by liquid scintillation spectrometry. After the
electrolysis was completed, the sample on the substrate was
placed in a muffle furnace and annealed by the same program
used for oxalate decomposition.

PuO, formation on the substrate surface was controlled by
scanning electron microscopy and XPS. To prepare the PuO,
sample for the XPS study, the surface was etched with Ar ions
at 2.5 KeV and 10 pA from 10 seconds to 2 minutes. The
XPS studies of the sample surface were done after 1 day and
1 month in the air to develop the technique of preparation of
samples close to their stoichiometric compositions to PuO5.
The XPS data for these two measurements did not differ within
the 10% measurement error.

B. X-ray photoelectron measurements

XPS spectra of PuO, were measured with an electrostatic
spectrometer (Quantera SXM) using AIK,; » (hv =1486.6eV)
radiation (@50 pum beam) under 1.3 x 10~7 Pa at room
temperature. The device resolution measured as the FWHM of
the Au 4 f7,, peak was 0.7 eV. The BE Ej(eV) was measured
relative to the BE of the C 1s electrons from hydrocarbons
absorbed on the sample surface that were accepted to be equal
to 285.0 eV. The C 1s XPS peak from hydrocarbon on the
sample surface was observed at low intensity and at 1.3 eV
wide.?? The error in the determination of the BE and the peak
widths did not exceed +0.1 eV, and the error of the relative
peak intensity — £10%. Shirley>* subtracted the elastically
scattered electrons-related background.

The valence and the core electron XPS structure for PuO, in
the BE range of 0 eV-1250 eV is both typical and distinctive. It
confirms unambiguously the presence of PuO; on the substrate
surface (see Table I). The studied samples were proven not
to contain more than 0.1 at.% of impurities since foreign
peaks were not observed in the whole XPS BE range of
0eV-1250 eV. However, a low intense Pt 4 f doublet at E, (Pt
4f7,2) =70.8 eV and AEy = 3.3 eV occasionally showed up.
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TABLE 1. Electron BE E, (eV) and photoionozation cross
sections o at 1487 eV.

Pu nlj
O nlj PuO, PuO,’ Pu® PUneo? o
Pusf 2.6(2.5) ~0.6 06 255
Pu 6p3,, 17.9 (2.8) 18.1 17.2 18.6 5.20
Pu6p; ), 30.1(2.5) 30.3 29.2 30.5 1.76
32.0
Pu 6s 50.1(4.0) 452
52.7 51.7 2.33
Pu 5d5/2 104.6 104.7 101.3 103.1 51.2
Pu 5d3), 113.7 118.9 34.8
Pu5p;,, 210.5 215.9 211.1 220.5 32.5
215.5
Pu5pi), 278.7 (2.9) 284.2 285.4 9.23
Pu 5s 353.1 355.6 10.4
365.1
Pu4fr), 426.1(2.0) 426.3 422.1 422.4 424
Pudfs, 438.8(1.9) 439.0 435.1 436.2 333
Pu 4ds), 801.4(6.0) 801.5 798.1 802.2 243
Pu 4d;), 849.4 (6.0) 849.5 844.8 850.3 158
Pu4p;,, 1125.1(6.8) 1122.6 1127.7 109
02p ~4.9 0.27
02s 22.4 22.5 1.91
Ols 530.1(1.1) 530.0 40

“Photoionozation cross sections o (kiloBarn per atom) from Ref. 65.
Values given relative to the C 1s BE E,(C 1s) = 285.0 eV from
Ref. 20.

¢Values for metallic Pu from Ref. 10.

dCalculation data from Ref. 64, values given relative to the Pu 5 f
peak from metallic Pu.

It evaluated the Pt 54° contribution to the PuO, valence band
(0 eV=10 eV BE) XPS intensity as several percentage points
and was taken into account. The core and valence XPS from
metallic Pt were taken. BE E,(Pt 4 f7,,) = 70.8 eV, spin-orbit
splitting AEg(Pt4 f7,2) = 3.3 €V, and the FWHM I"'(Pt 4 f7,»)
= 0.9. The valence band was observed in the BE range of
0eV-10 eV with peaks at 0.2, 1.4, and 4.0 eV, general FWHM
I'(VB) = 5.8 €V, and the valence band to the Pt 4 f7,, peak
intensity ratio I(VB)/I(Pt 4 f7,,) = 0.16.

The quantitative elemental analysis of several nanometer-
deep layers of the studied samples was done. It was based on
the fact that the spectral intensity is proportional to the number
of certain atoms in the studied sample. The following equation
was used: n; /n; = (8;/S;)(k;/k;), where n; /n; is the relative
concentration of the studied atoms, S;/S; is the relative core-
shell spectral intensity, and k;/k; is the relative experimental
sensitivity coefficient. The following coefficients relative to
the C 1s were used: 0.25 (C 1s), 0.70 (O 1s), and 10.21
(Pu 4 f7,5; see, e.g., Refs. 55 and 56). The best stoichiometric
composition of plutonium dioxide was PuO; ,, taking into
account the O 1s and Pu 4 f7/, peaks.

III. CALCULATIONS

The electronic structure calculations of PuO, were made for
the three types of finite fragments of crystal lattice: a 279-atom
cluster Pug;O516, a 69-atom cluster Pui30s¢, and a PuOg

PHYSICAL REVIEW B 87, 245108 (2013)

cluster. The last object modeled the closest Pu environment
to PuO,. The PuO, crystal structure parameters corresponded
to Ref. 57 (Rpy.0 = 0.2337 nm). For the modeling of boundary
conditions for the Pug; 0,16 and Pu 3056 fragments, we used
an extended cluster scheme, described in detail in Ref. 58. 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 coordination spheres surrounding the core.
During the self-consistency procedure, the electron densities
and the potential of the ions in the shell are replaced by
the corresponding values obtained for the crystallographically
equivalent centers of the cluster core. In addition to introducing
the long-range component 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. This pseudopotential modeling of the long-
range crystal potential usually improves convergence and
becomes very important in the calculations of compounds with
noticeable charges on atoms, such as oxides and fluorides.

In the case of Pug;O,j6, the core of the cluster included
the Pu atom in the center (Pu;), with eight nearest oxygen
neighbors (O;) and 12 plutonium sites of the next metal
coordination sphere with their 48 nearest oxygen atoms.
The other atoms of the cluster formed the shell, and during
self-consistency, their electronic densities and potentials were
kept equivalent to those of Pu; and O;. The smaller Pu;30sg
fragment is actually the main part of Pug;Os6, where 48
outer ligands now form the shell around the PuOgPu;, core;
during self-consistency, their densities and potentials were kept
equivalent to those of O;. The rest sites of Pug3 Oz cluster
were added to the pseudopotential part of boundary condition.
In the case of the simplest fragment PuQOg, the renormalization
procedure for the oxygen atom’s valence AO populations
during self-consistency was used in the calculations. The latter
model of 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 atoms in the cluster and the surrounding crystal.

In this paper, the electronic structure is calculated in the
DFT approximation using the original code of the fully RDV
cluster method>*%° with exchange-correlation potential.®! The
RDV method is based on the solution of the Dirac-Slater
equation for four-component wave functions transforming
according to the irreducible representations of the double point
group (Dg4y, in the present calculations). For the calculation of
symmetry coefficients, we used the original code, which uses
the projection operators technique® and includes the matrices
of irreducible representations of double point groups®” and the
transformation matrices presented in Ref. 63. The extended
basis of four-component numerical AOs obtained as the
solution of Dirac-Slater equation for the isolated neutral
atoms also included the Pu 7p;,, and the Pu 7p3,, functions
in addition to the occupied AOs. The use of such “most
natural basis orbitals” and the absence of any muffin-tin
approximation to potential and electronic density allow one
to describe the formation of interatomic bonds. In such
an approach, this description is more illustrative than that
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obtained in the band structure approach. Numerical diophan-
tine integration in matrix elements calculations was carried out
for 700 000 (Pug30216), 178 000 (Pu;30s6), and 22 000 (PuOg)
sample points distributed in the cluster space. It provided the
convergence of MO energies better than 0.1 eV.

IV. RESULTS AND DISCUSSION

As mentioned above, the valence XPS structure of PuO,
in the range of 0 eV—~35 eV reflects the MO structure.
The contributions of other mechanisms to this XPS structure
formation have to be taken into account also. Therefore, it
takes analysis of the core-level XPS structure.

A. Core electron XPS structure of PuO,

The electron BEs in the range of 0 eV-1250 eV measured
in the present paper (Table I), for metallic plutonium,'” calcu-
lation results for atomic Pu (Ref. 64), and plutonium dioxide
(Ref. 20), as well as the photoionization cross-sections,®>-6¢
are given in Table I.

The O 1s XPS of PuO, was observed as a single peak at
E,(O 1s) =530.1 eV and FWHM I'(O 1s) = 1.1 eV with a
shoulder at E,(O 1s) = 531.6 eV at the higher BE side from
the basic peak (Fig. 1; Table I). This shoulder was attributed to
hydroxyl groups, while the one at E,(O 1s) = 532.5 eV was
attributed to water on the sample surface. The peak intensity
ratio yielded 87% of PuO,, 10% of OH~, and 3% of H,O.
These data agree with the results for PuO, on the Pt substrate2’
as well as for PuO, formed on the surface of metallic Pu
(Ref.22). The O 2 p and the O 2s intensities from the impurities
increase the error during the valence XPS decomposition.

The Pu 4 f XPS from PuO, at the highest probability shows
the many-body perturbation-related structure attributable to
an extra electronic transition within the filled and vacant
valence levels during the Pu 4 f photoemission. It appears as
shake-up satellites, whose parameters reflect the MO structure.
As a result, the Pu 4 f XPS consists of the spin-orbit split
doublet with AEg(Pu 4f) = 12.7 eV, and the shake-up
satellites at the higher BE side with AEy, = 6.9 eV (Fig. 2;

O ls

Intensity (arb. units)

T T T T T T T T T T T T 1
540 538 536 534 532 530 528 526 524

Binding energy (eV)

FIG. 1. O 1s XPS from PuO,.
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Pudf

Intensity (arb. units)

460 450 440 430 420 410
Binding energy (eV)

FIG. 2. Pu4 f XPS from PuO,.

Table I). The satellite intensity (Isx = I5/1,) calculated as
the ratio of the XPS satellite area (/) to the basic peak
area ([,) was 18%. The Pu 4 f structure is typical for the
Pu(IV) oxidation state.!:?02223.26.27.33 For the first half of the
lanthanide compound row, the shake-up satellites appear in
the core-level XPS, and their intensity drops as the BE of the
level decreases.’> The same satellites are expected in the
other core-level XPS from PuO,. Indeed, the Pu 4ds5,, XPS
[Ep(Pu4ds),) = 801.4 eV and I'(Pu 4ds,,) = 6.0 eV] exhibits
shake-up satellites at A Eq(Pu 4ds,2) = 6.9 eV at the higher
BE side from the basic peak. Its intensity was Iy, = 33%
(Fig. 3). The similar satellite in the Pu 4p3,, XPS [E,(Pu
4ps3pn) = 1125.1 eV, I'(Pu 4p3,2) = 6.8 €V; see Table 1]
was observed at A Eq(Pu 4p3,2) = 6.9 eV, and its intensity
was Iy = 47% (Fig. 4). The extrapolation of the shake-up
satellite intensity (/s = 0.04E}, + 0.18) predicts the shake-up
satellite intensity in the valence band XPS not to exceed
several percentage points (Fig. 5). In reality, the shake-up
satellite relative intensities in the valence spectral BE range

Pu 4d3 "

Intensity (arb. units)

T T T T T T T T T T T T 1
830 820 810 800 790 780 770
Binding energy (eV)

FIG. 3. Pu 4ds,, XPS from PuO,.
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Intensity (arb. units)

T T T T T T T T T T T
1150 1140 1130 1120 1110 1100
Binding energy (eV)

FIG. 4. Pu 4])3/2 XPS from Pll02.

can be higher since the measurement error can exceed 10%
(see Fig. 5).

The multiplet splitting caused by the presence of the
uncoupled Ln 4 f electrons in lanthanide compounds results in
the Ln 4d XPS structure.’?> Therefore, the multiplet splitting
was expected to show up with the higher probability in the
Pu 5d XPS (Refs. 20 and 33). Indeed, the Pu 5d spectrum
instead of a spin-orbit split doublet [AEg(Pu 5d)meor =
15.8 eV (Ref. 64)] exhibits a complicated structure with the
Pu 5ds/; maximum at 104.6 eV (Fig. 6). 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 satellite
intensities. The multiplet splitting is very likely to show up
in the Ln 45 XPS from lanthanide oxides.?? In the Ln 55 XPS,
it is more than twice lower than in the Ln 4s XPS. Therefore,
the Pu 5s and Pu 65 XPS are expected to exhibit the multiplet
splitting.

The dynamic effect is related to the gigantic Coster-Kronig
transitions, e.g., the one observed in the Pu 5p XPS (Fig. 7). It

50

I_/1, = 0.04E+0.18
20

30

(%)

sat

I

20

10 e

T T T T T T T T T T T 1
0 200 400 600 800 1000 1200
Binding energy (eV)

FIG. 5. Dependence of the shake-up satellite intensities (I =
I/ 1) on electron BE E,(eV) in PuO,.
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104.6

Intensity (arb. units)

oo

T T T T T T T T
130 120 110 100 90
Binding energy (eV)

FIG. 6. Pu 5d5/2 XPS from PUOQ.

shows up as the two peaks in the Pu 5 p3 > component at 210.5
eV and 215.7 eV. With the data on the Ln 4p XPS in mind,?
one can attribute the Pu 5p XPS structure to the dynamic
effect resulting in the complex Pu ion final state (ground
final state: Pu 5p°5d'%5 f™; excited two-hole final state: Pu
5p®5d85 f™+1). This suggestion is based on the correlation of
the Pu 5p and Pu 5d BEs: E,(Pu5p3,;) ~ 213 eV and E,(Pu
5ds;») = 104.6 eV, which s close to the condition E,(Pu5p;3,,)
A~ 2 x Eu(Pu5ds;;). As a result, the probability of the extra
two-hole final state Pu 5p%54%5 f™*! grows.

The Pu 5s XPS is expected to be E,(Pu 5s) ~ 359 eV.
For metallic Pu, it was observed in the range of ~35 eV and
contained two structured peaks at 353.1 and 365.1 eV (I" ~
10 eV)!9 (Table I). This structure can be attributed to both the
multiplet splitting and the dynamic effect.’® In this paper, it
did not allow a reliable measurement of the Pu 55 XPS. The Pu
65 XPS exhibits a widened [I"(Pu 6s) = 4.0 eV] structured line
at 50.1 eV, which is attributed to the dynamic effect resulting
in the interaction of the configurations of the Pu final states,
such as Pu 6s5'6p%5 ™ and Pu 6526p*5 f"*!. Indeed, for the

Intensity (arb. units)

T T T T T T T T
240 230 220 210 200
Binding energy (eV)

FIG. 7. Pu 5p3,, XPS from PuO,.
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BEs of E,(Pu 6s) = 50.1 eV, Ey(Pu 6p32) = 17.9 eV, and
E,(Pu 6py/2) = 30.1, the condition E,(Pu 6s) ~ 2 x E,(Pu
6p) is met. This spectrum can also exhibit the multiplet split-
ting and the shake-up satellite-related structures. Therefore,
the Pu 6s XPS parameters cannot yield the conclusion on
the possible participation of the Pu 6s electrons in the MO
formation. The measured BEs and the observed Pu 4 f, 5p3,2,
5d XPS structures agree with the previously obtained results
for PuO, (Ref. 20).

Since the An 6p XPS structure ongoing from ThO, to
PuO, does not change significantly while the number of the
quasiatomic An 5f electrons grows from 0 to 4 (Refs. 20
and 33), one can suggest that the multiplet splitting does not
play a primary role in the valence XPS structure formation in
the BE range of ~15 eV-~35 eV. The dynamic effect-related
structure is also a low probability in this BE range because of
the atomic states, but the quasiatomic Pu 5 f ones are absent
in the valence band. As a result, a suggestion that the valence
XPS structure in a high degree can be attributed to the MO
formation, except for the peak at 9.8 eV, can be drawn. The
peak at 9.8 eV is ~7 eV away from the peak of the localized Pu
5 f electrons [E,(Pu 5 f) = 2.6 eV, see Table I] and, therefore,
can be admittedly attributed to the many-body perturbation
(shake-up satellite).

For the interpretation of the MO-related valence band XPS
structure, the results of electronic structure calculations of the
finite clusters in PuO, were used.

B. Electronic structure of the clusters in PuO,

Plutonium atom ground-state configuration ’Fy can be
presented as [Rn]6s26p°5 9647527 p°, where [Rn] is the
radon electronic configuration and the other electronic shells
are valence and can participate in the MO formation.?'*3 The
total densities of states (DOS) obtained for the central Pu;
and O; atoms in the three clusters are shown in Fig. 8. A
comparison of the DOS in Fig. 8§ shows that the set of discrete
molecular levels in small PuOg fragments (we have broadened
each MO level with a Lorentzian function of constant width

: J\ M Puox
O -

4 M Punos(,
O -

- M Puasozls
0 L e e A s e
-25 20 15 10

Intensity (arb. units)

T I e e e B
-35 -30 -5 0 5

MO energy (eV)

FIG. 8. Total DOS for the central part of PuOg, Pu;30s6, and
Pug;0,6 clusters obtained in RDV calculations.

PHYSICAL REVIEW B 87, 245108 (2013)

for all MOs) transforms to rather real energy bands of various
widths in the large Pug3 O, 9 cluster. Surprisingly, the positions
of gravity centers of the main bands in all fragments are close to
each other. Moreover, the analysis of the covalent mixing of the
Pu 6p1/2, 6p3/2 with the O 2s orbitals and the Pu 5f5/2, 5f7/2,
6d3/2,6ds/2,77s,1p1/2,7p3/2 with the O 2p AOs shows that the
primary features of hybridization between metal and oxygen
states are also similar in three clusters. Since the 279- and
69-atomic fragments in the energy region under investigation
(0-35 eV) contain 2357 and 577 orbitals, respectively, for the
illustration of general structure of the primary molecular states,
we use the results of the RDV calculations for the smallest
PuOg cluster, which models only the closest environment of
Pu in PuO,. The characteristics of all vacant and occupied
MOs in the energy region from 0-50 eV obtained for this
cluster are given in Table II.

The RDV method is based on the MO as linear com-
binations of AOs (LCAOQO) approach, which allows one to
use both atomic and molecular terms for the chemical bond
description. Indeed, the OVMOs and the IVMOs are formed
during the chemical bond formation and the overlap of AOs
of the neighboring plutonium and oxygen atoms. These MOs,
in addition to the Pu 6s, 6p, 5f, 6d, and 7s, and the O 2s,
2p AOs also contain the Pu 7p states, which are vacant in
the isolated plutonium atom. In contrast to the results of the
NR calculations of PuO, (Ref. 34), which show a significant
participation of the Pu 6s AOs in the MO formation, the results
of relativistic calculations show that the Pu 6s AOs participate
insignificantly in the MO formation (Table II). However, the
Pu 7s and the Pu 7p AOs participate significantly in the
MO formation. While the contributions from the Pu 5 f AOs
were obtained mostly in the OVMO bands, the Pu 6p and
6d AOs participate in both the OVMO and the IVMO states.
Especially significant mixing of the Pu 6p3,, and the O 2s
AOs was observed for the 17y, 13y,~ (5) and 15y6—, 11y7~
(8) IVMOs (Table II; Figs. 9 and 10). The mixing of the Pu
6p1/> and the O 25 AOs for the 16y~ (6) and 14y~ (9)
IVMOs takes place in lesser extent than in the corresponding
orbitals in ThO, (Ref. 47) and UO; (Ref. 48). This result can be
explained by the increase of the spin-orbit splitting A Eq(An
6p) and by the increase of the An 6p,» BE with respect to that
of the O 25 AOs as the atomic number Z grows in the actinide
row. These results allow an interpretation of the valence XPS
structure of PuO,.

C. Valence XPS structure of PuO,

The XPS from PuO, in the BE range of 0 eV—~35 eV can
be conditionally subdivided into two ranges (Fig. 9). The first
range of 0 eV—~15 eV exhibits the OVMO-related structure.
These OVMOs are formed mostly from the Pu 5 f, 6d, 7s,
7p, and the O 2p AOs of the neighboring atoms. The second
range of ~15 eV—~35 eV exhibits the [IVMO-related structure.
These IVMOs appear in a higher degree due to the strong
interaction of the completely filled Pu 6p and O 25 AOs.
The OVMO XPS structure has its typical features and can be
subdivided into the four explicit components (1—4; Fig. 9). The
results of the PuO; outer valence XPS decomposition into three
peaks at 2.6, 4.9, and 6.6 eV (Fig. 9; Table III) agree with the
photoelectron spectral data for plutonium dioxide.'>~” These
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TABLE II. MO composition (parts) and energies Ey*, eV for the PuOg cluster (RDV), and photoionization cross sections o;°.

PHYSICAL REVIEW B 87, 245108 (2013)

b

MO Composition
Pu O
6s 6171/2 6P3/2 6d3/2 6615/2 Ts 5f5/2 5f7/2 7P1/2 7173/2 2s 2171/2 2Ps/z
MO —Ep, eV o0;1.15 0.87 1.29 0.63 0.57 0.11 426 3.96 0.05 0.06 096 0.07 0.07
OVMO 22 y,;* —8.99 0.85 0.05 0.08 0.02
25 y6" —8.77 0.45 0.39 0.05 0.01 0.10
21y, —8.76 0.45 0.39 0.05 0.02 0.09
24 yet —6.43 0.89 0.06 0.02 0.03
28 y6~ —5.51 0.01 0.91 0.04 0.02 0.02
20 y,+ —5.42 0.39 0.46 0.04 0.11
23 et —5.41 0.39 0.46 0.04 0.11
27 ye~ —4.11 092 0.03 0.05
24 y4~ —4.25 092 0.03 0.05
23y~ —1.79 0.07 0.74 0.01 0.10 0.08
26 y6~ —1.11 0.90 0.06 0.04
22y~ —1.11 0.01 0.90 0.02 0.07
25 y¢~ —1.10 0.90 0.04 0.06
21y~ —0.15 0.72 0.12 0.02 0.14
24 ye~¢ 0.00 0.85 0.01 0.01 0.13
20y~ 0.01 0.85 0.01 0.01 0.13
23 ye~ 2.56 0.31 0.69
19y~ 2.57 0.31 0.69
22 yet 2.78 0.16 0.84
19 y,+ 2.78 0.14 0.86
21yt 2.80 0.65 0.35
22 y¢~ 2.85 0.04 0.09 0.03 0.18 0.66
18 y7~ 2.85 0.04 0.09 0.03 0.32 0.52
18 7+ 3.04 0.04 0.96
17 y7+ 3.07 0.50 0.50
20 ¢t 3.08 0.50 0.50
21 ye~ 3.31 0.01 0.09 0.01 0.78 0.11
17 y;~ 3.57 0.11 0.10 0.29 0.50
16 y7~ 3.70 0.01 0.03 0.01 0.05 0.18 0.72
20 yo~ 3.71 0.01 0.03 0.01 0.05 0.09 0.81
19 y6~ 4.00 0.01 0.04 0.01 0.32 0.62
16 y;+ 4.48 0.01 0.09 0.01 0.55 0.34
19 ¢t 4.50 0.06 0.04 0.01 0.01 0.88
18 y6™ 4.51 0.01 0.04 0.01 0.33 0.61
15 y7+ 4.51 0.06 0.04 0.01 0.34 0.55
15y~ 4.58 0.04 0.05 0.17 0.74
18 y6~ 4.59 0.04 0.05 0.16 0.75
14 y,~ 4.61 0.06 0.03 0.58 0.33
14 y,+ 5.24 0.06 0.08 0.28 0.58
17 y6* 5.25 0.06 0.08 0.28 0.58
IVMO 17y~ 15.15 0.62 0.02 0.31 0.02 0.03
13 97~ 15.16 0.62 0.02 031 0.02 0.03
12y~ 17.54 0.01 0.01 0.98
16 vy~ 17.89 0.02 0.04 0.94
13 y,* 17.95 0.06 0.94
12 y7+ 17.96 0.03 0.03 0.94
16 ¢t 17.96 0.03 0.03 0.94
15 y6* 18.50 0.01 0.07 0.92
15 y6~ 19.32 0.33 0.01 0.65 0.01
11y~ 19.32 0.33 0.01 0.65 0.01
14y~ 27.12 0.96 0.03 0.01
14 y¢t 46.39 0.99 0.01

#Levels shifted by 13.45 eV toward the positive values (upward).
"Photoionization cross sections o; (kiloBarn per electron) for O from Ref. 65 and Pu from Ref. 66.

*HOMO (highest occupied MO) (two electrons), occupation number for all the orbitals is 2.
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FIG. 9. Valence band XPS from PuO;. (a) The spectrum with the
secondarily scattered electron background. The dashed lines show the
division of the spectrum into separate components; vertical bars show
the calculated (RDV) spectrum. (b) The spectrum with subtracted
background. The dashed lines show the division of the spectrum
into separate components; vertical bars show the correct expected
spectrum.

data also show three peaks at 2.5, 4.6, and ~6.5 eV (Ref. 6), but
the XPS and photoelectron-peak intensities differ significantly.
The reason is that the O 2p and the An 5f photoionization
cross sections are comparable at the He II (40.8 eV) excitation,
while at the AlKa (1486.6 eV), the An 5 f photoionization
cross section is about 50 times higher than the O 2p one
(Table I1).°® The significant growth of the peak intensity at 2.6
eV as the excitation energy increases confirms experimentally
that this peak originates primarily from the Pu 5 f electrons.*
This agrees with the calculation data (Tables II and III).

The IVMO range exhibits explicit peaks and can be
subdivided into five components (5-9; Fig. 9). Despite the
formalism of such a division, it allows a qualitative and
quantitative comparison of the XPS parameters with the
relativistic calculation results for the PuOg cluster.

PHYSICAL REVIEW B 87, 245108 (2013)
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FIG. 10. MO scheme for the PuOg cluster obtained with the use of
theoretical and experimental data. Chemical shifts are not indicated.
Arrows show some measurable level BE differences. Experimental
BEs (eV) are given to the left. The energy scale is not kept.

Since photoemission results are given for an excited state
of an atom with a hole on a certain shell, the calculations
must be done for transition states for a stricter comparison
of the theoretical and experimental BEs (Ref. 67). However,
the valence electron BEs calculated for transition states are
known to differ from the corresponding values for the ground
state by a constant shift. Therefore, the present paper gives
the calculated BEs (Table II) shifted by 2.75 eV (Table III).
Taking into account the MO compositions (Table IT) and the
photoionization cross sections,>% the theoretical intensities
of several XPS ranges were determined (Table III). Comparing
the experimental XPS and the theoretical data, one should keep
in mind that the XPS from plutonium dioxide reflects the band
structure and consists of bands widened due to the solid state
effects. Despite this approximation, a satisfactory qualitative
agreement between the theoretical and the experimental data
was obtained [Fig. 9(a)]. Indeed, the corresponding theoretical
and experimental FWHMs and relative intensities of the
inner and the outer valence bands are comparable [Table III;
Fig. 9(a)]. A satisfactory agreement between the experimental
and calculated BEs of some MOs was also reached (Table III).
The worst discrepancy was observed for the middle IVMO
XPS (12y7,7—15y¢™). As mentioned above, the NR X, DVM
(Ref. 34) and the REX (Ref. 22) results allowed only qualitative
interpretation of the low BE XPS structure of PuO,. The
present relativistic calculations practically allow a quantitative
identification of the valence XPS of PuO, in the whole BE
range of 0 eV—~35 eV [Table III; Fig. 9(b)]. The expected
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TABLE III. Valence XPS parameters for PuO, and for the PuOg cluster (RDV) and the Pu 6 p and Pu 5 f electronic state density p; (7).

XPS
. Pu 6p,5 felectronic state density
b
Energy® eV Intensity, % pi(e-), e~ (electrons)
MO — E* eV Experiment Theory Experiment 5fsp S5fip 6p1,2 6p3)2
OVMO 24 ye© 2.75 2.6 (2.5) 21.0 422 1.70 0.02
207~ 2.76 21.0 1.70 0.02
23 ye~ 5.31 0.1
19 y7~ 532 0.1
22 yet 5.53 0.1
19 y;* 5.53 0.1
21 yet 5.55 4.9 3.0 0.1 15.5
22 y6 5.60 32 0.18 0.06 0.08
18 y7~ 5.60 32 0.18 0.06 0.08
18 y7* 5.79 0.1
17 y,+ 5.82 0.1
20 yet 5.83 0.1
21 ye~ 6.06 22 0.18 0.02
17 y7~ 6.32 5.0 0.22 0.20
16 y7~ 6.45 6.6 (2.8) 1.1 6.8 0.06 0.02 0.02
20y~ 6.46 1.1 0.06 0.02 0.02
19 y6~ 6.75 0.4 0.02
16 y;* 7.23 0.9
19 ye* 7.25 0.4
18 ye' 7.26 0.2
15 y;* 7.26 0.4
15 y7~ 7.33 22 0.08 0.10
18 y6~ 7.34 22 0.08 0.10
14 y;~ 7.36 2.5 0.12 0.06
14 y,* 7.99 0.6
17 ye' 8.00 0.6
Sat 9.8 (2.7) 6.1
DI 69.0 70.6 4.38 0.84 0.04 0.20
IVMO 17 vy~ 17.90 17.9 (2.8) 5.1 13.0 1.24
13 7~ 17.91 5.1 1.24
12 y7~ 20.29 1.8 0.02 0.02
16 6~ 20.64 20.1 (2.5) 1.5 4.0 0.04
13y, 20.70 1.5
12 y;* 20.71 1.5
16 y6™ 20.71 22.52.4) 1.5 5.3
15 y¢t 21.25 1.5
15 y6~ 22.07 24.5(24) 33 35 0.66
11 y7~ 22.07 33 0.66
14 y¢~ 29.87 30.6 (2.5) 4.9 3.8 1.92
sLd 31.0 29.6 0.02 0.02 1.96 3.80
14 ye* 49.14 50.1 (4.0) ~6.1 ~3.3

“Calculated energies (Table II) shifted by 2.75 eV toward the negative values (downward) so that the 17 y¢~ MO energy is 17.9 eV.

"FWHM in eV given in parentheses.

*HOMO (highest occupied MO) (two electrons), occupation number for all the orbitals is 2.
4The sum of peak intensities and Pu 6p, 5 f electronic state densities.

correct spectrum obtained on the basis of the calculations and
the experimental data is given in Table III and drawn under
the XPS as vertical bars [Fig. 9(b)]. These data promote the
RDV method and underlie the quantitative MO scheme for
understanding the nature of interatomic bonding in PuO,.
Thus, the outer valence band intensity is formed mostly
from the outer valence Pu 5 f, 6d, 7s, 7p, and O 2p AOs, and

to a lesser extent from the inner valence Pu 6p and O 2s AOs.
The Pu 5f electrons contribute significantly to the OVMO
intensity (Tables II and IIT). Because the Pu 5 f photoemission
cross section is high (Table II), the Pu 5 f electrons contribute
significantly to the OVMO intensity if they do not lose the f
nature. For example, the Pu 5 f electrons can be promoted
to the Pu 6d level first, and then they participate in the
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chemical bond formation. They also can participate directly
in the formation of the interatomic bond without losing the f
nature. The electronic structure calculations for PuO, yielded
that the Pu 5 f electrons participate directly in the chemical
bond formation (Table II). In the ionic approximation for
plutonium electronic configuration Pu 6 p®5 £°6d°7s2 in PuO,,
the calculated OVMO/IVMO intensity ratio was found to be
2.39 (Ref. 68), which agrees with the corresponding theoretical
value 2.23 and the experimental value 2.39 (Table III) to within
the measurement error of £10%. This intensity ratio is an
important characteristic of the PuO; electronic structure. These
results yield a conclusion that the Pu 5 f electrons participate
directly in the chemical bond formation in PuO, partially
losing the f nature. These electronic states are located closer
to the middle and the top of the outer valence band (Tables 11
and III); the Pu 6d electronic states are located at the bottom
of the outer valence band. This agrees with the theoretical and
the experimental data for ThO; (Ref. 69) and UO, (Ref. 48).

The peak at 9.8 eV in the OVMO XPS BE range of PuO,
(Fig. 9), according to Ref. 20, was attributed to the multiplet
splitting of the Pu 5f* Pu(IV) spectrum. In this case, the
similar peak should be observed also in the Pu 5f° Pu(Il)
spectrum (see the data on the multiplet splitting for the f3— f*
transition).2’ However, the OVMO XPS BE range of Pu,0;
does not exhibit this peak.?> Furthermore, since the Pu 4 f
XPS of Pu,;0j3 exhibits shake-up satellites at the lower energy
of AEg, = 4.4 eV, the OVMO XPS BE range of Pu,O3 does
not exhibit a peak at 9.8 eV (Ref. 22). This peak cannot
be attributed to the O 2p states as it was noted in Ref. 29
because its intensity regarding the O 2s intensity is too high
[see (O 2s) and (O 2p) in Tables I and II].

Taking into account the quasiatomic nature of the Pu 5 f*
electrons in PuO,, one can expect shake-up satellites at A E gy
~ 6.9 eV similar to those in the Pu 4 f XPS (Fig. 2). Indeed, the
considered peak was observed on the higher BE side from the
Pu5f peak 7.1 eV away at E,(Pu5 f) = 2.6 eV, which agrees
with AEg(Pu 4f) = 6.9 eV. The intensity of this satellite
regarding the Pu 5 f peak (peak 1 on Fig. 9) intensity is Iy =
14% (see Table III). This value agrees qualitatively with the
dependence in Fig. 5. It has to be noted that this dependence
is approximate.

In the IVMO XPS BE range, a satisfactory agreement was
reached, e.g., for the 17y5~, 137~ (5), and 14y~ (9) MOs
responsible for the width AE of this XPS IVMO band. The
calculated A Eyeor = 11.97 eV agrees with the experimental
AEep, = 127 eV (Table III). It has to be noted that the
theoretical (2.23) and experimental (2.39) OVMO/IVMO
intensity ratios are comparable; that is, it confirms relative
correctness of the approximations used in the calculations.
The calculated and the experimental relative intensities of
individual IVMO peaks are in qualitative agreement only
(Table III).

Taking into account the experimental BE differences
between the outer and the core MOs in PuO, and metallic
Pu (Ref. 10), as well as the relativistic calculation data for the
PuOg cluster in the MO LCAO approximation, a quantitative
MO scheme for PuO, was built (Fig. 10). This scheme enables
one to understand the real XPS structure and the chemical
bond nature in PuQO,;. In this approximation, one can pick
out the antibonding 17y6~, 13y~ (5), and 16y, (6) and the
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corresponding bonding 15y, 11y (8), and 14y~ (9) IVMOs,
as well as the quasiatomic 12y77, 13y57F, 12947, 16T, and
15y6* (7) MOs attributed mostly to the O 2s electrons. The
experimental data show that the O 2s-related quasiatomic
IVMO BEs have to be close by magnitude. Indeed, the O
1s XPS of PuO, allows a suggestion that their chemical
nonequivalence should not exceed ~1 eV, since the O 1s peak
was observed to be symmetric and I' = 1.1 eV wide. The
O 25 BE has to be about 22.1 eV since the AEg = 508 eV
and the O 1s BE in PuO, is E;, = 530.1 eV (Figs. 2 and
10). The theoretical results agree partially with these data.
Taking into account that the experimental A Ep, = 404.9 eV
(Ref. 10) is comparable to the corresponding calculated value
of 403.8 eV (Ref. 64) and AE;, = 408.2 eV, one can find
that A} = 3.3 eV (Fig. 10). Since the BE difference between
the 17y6~, 137~ (5), and 14y~ (9) IVMO is 12.7 eV, the
calculated Pu 6 p spin-orbit splitting for atomic Pu (Ref. 64) is
AEg(Pu6p)=11.9 eV and the experimental one for metallic
Pu is 12.0 eV (Ref. 10), the perturbation can be evaluated as
Ay = 0.7 eV, which does not agree with the corresponding
value of 3.3 eV found from the BE difference between the
core and valence MOs. This discrepancy, apparently, can be
explained by the IVMO formation, and such a comparison
cannot be quite correct. The IVMO FWHMs cannot yield a
conclusion on the IVMO nature (bonding or antibonding);
however, one can suggest that the admixture of 5% of the
O 2p and 2% of the Pu 7p AOs in the 17y, 13y7~ (5)
IVMOs lead these orbitals to the losing of their antibonding
nature (Table II; Fig. 10; see also Ref. 31). Therefore, the
quantitative MO scheme for PuO,, which was built on the
basis of the experimental and the theoretical data, allows one
to understand the nature of chemical bond formation in PuO,
and to interpret the structures of other x-ray spectra of PuO,
as shown, for example, by the spectra peaks of the absorption,
valence electron-resonant emission, resonant and nonresonant
emission spectra, conversion spectra, and others for ThO,
(Ref. 69), UO; (Ref. 48), and UF, (Ref. 50).

D. The O 2s, 2p electronic state densities in PuO,

Since the XPS reflects the general electronic state densities,
taking into account the photoionization cross sections, it is a
good idea to compare the XPS and the theoretical calculation
results with other x-ray spectra using the MO scheme (Fig. 10).
Thus, the O Ko x-ray emission spectrum (O Ko XES)
characterizes the partially filled O 2p electronic state density,
taking into account the emission cross sections.> The near
O 1s edge x-ray absorption spectrum (XAS) with account of
the absorption cross sections characterizes the partial vacant
O 2p electronic state density in PuO, (Ref. 53). Together
with the OVMO XPS (Fig. 9) and the theoretical calculation
results on the O 2p electronic state density (Table II), these
two spectra are shown in Fig. 11. The spectra were reduced to
the unified scale, where E,(O 1s) = 530.1 eV, E,(Pu 4 f7,,)
=426.1eV, and E,(Pu5f) = 2.6 eV (Table I). These spectra
intensities were not normalized. The calculated intensities
(vertical bars) are given with the background equal to one
scale division below zero (Fig. 11). It was done due to the
low intensity of the vacant states (see Table II). It has to be
noted that the comparison of the spectra from Fig. 11 and the
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FIG. 11. Outer valence electrons XPS from PuO,, O Ko x-ray
emission spectrum [(O Ko XES; Ref. 53, x-ray absorption near
O K-edge structure (XANES; Ref. 53)]. Vertical bars under the
experimental spectra indicate the calculated densities of occupied
(solid) and vacant (dash) O 2p states for PuO,. The data are given
with the background of one scale division below zero intensity.
The spectra are reduced to the unified scale, where E,(Pu 4 f;,,) =
426.1 eV, E,(PuS5f) =2.6¢V, and E,(O 1s) = 530.1 eV. Spectral
intensities were not normalized.

calculation results is qualitative, since the calculations were
done for the ground state. Despite this, a qualitative agreement
between the theory and the experiment was reached. Thus,
the O Ko XES exhibits the two explicit peaks and a weak
peak at 2.6 eV. The peak at 2.6 eV agrees with the fact that
the 24y5~, 20y~ OVMO consists mostly from the Pu 5f
electronic states with a small admixture of the O 2 p electronic
states. Since the intensity of the peak at 2.6 eV (24y5~, 207~
OVMO) is nine times lower than that of the peak at 4.9 eV
(see the 23y 21y OVMO composition), one can evaluate
the 24y¢~, 20y~ OVMO to contain 11% of the O 2p AO
(Fig. 11). This value agrees with the corresponding calculated
value equal to 14% (Table II). With this in mind, we can talk
about the weakly bound localized (quasiatomic or quasicore)
Pu 5f electrons (24—, 20y~ OVMO) and the delocalized
bound Pu 5 f electrons (22y5~—12y7,~ MO).

The peak at 9.8 eV on the higher BE side from the
basic OVMO XPS cannot be explained on the basis of the
calculation results and the O K, XES (Fig. 11). It confirms
the fact that this peak cannot be attributed to the O 2p
states; it appears, as it was noticed, due to the many-body
perturbation during the photoemission of the quasiatomic Pu
5 f electrons (shake-up satellite). Unfortunately, the emission
spectrum structure does not allow an evaluation of the O 2p
electron participation degree in the IVMO formation since
this spectrum was measured in the restricted energy range.
This energy range does not yield the IVMO — O 1s emission
transition, whose spectrum should be observed in the energy
range of 17.9-30.6 eV (Table III; Figs. 9—11).

The O 1s x ray absorption near-edge structure
(O 15 XANES) agrees qualitatively with the calculation results
for the ground state of the PuOg cluster (Fig. 11). Thus,
if one shifts the calculation results to the right by ~2 eV
BE, the basic features of the triple-humped structure of the
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FIG. 12. O KLL Auger spectrum from PuQO,.

absorption edge will agree qualitatively with the experimental
results. The experiment*’ showed that PuO, is a so-called
Mott-Hubbard insulator, i.e., the occupied and vacant bands
of the Pu 5 f electrons are separated by the 1.8 eV gap. This
agrees with Fig. 11 if one suggests that the lower vacant 21y;~
OVMO includes both the O 2 p and the Pu 5 f electronic states
(Table II). It justifies the ~2 eV shift of the calculated vacant
O 2 p states regarding the absorption spectrum.

The MO scheme for PuO, (Fig. 10) was also used to explain
qualitatively the O KLL Auger spectral structure of PuO,. For
example, the O KLL Auger spectrum of Al,O3 with poorly
formed IVMO is known to consist of three well-observable,
poorly structured ~9-eV-wide peaks reflecting the O KL, 3L, 3
(O 1s < 0 2p), the O KL L, 3 (O 1s <= O 2s, 2p), and the
OKL,L; (O 1s < O 2s) transitions.”® The relative intensities
of these O KLL Auger peaks are given as the O KLL Auger
to the O 1s XPS intensity ratios. These relative intensities
are important fundamental values. They allow a quantitative
comparison of, for example, the O 2p partial DOS on oxygen
ions in various oxides.”

The O KL2_3L2_3 (O Is < O 2p) (F =45 CV) Auger
spectrum of PuO, reflects the filled O 2p DOS in PuO,
(Fig. 12). The O KL, 3L,3 FWHM agrees with the FWHM
sums of the XPS O 1s electron peak (I' = 1.1 eV, Fig. 2)
and the O Ko XES (I' ~ 3, Fig. 11) peak. This Auger line
consists of the three peaks (see Fig. 12). The energy differences
among these peaks agree satisfactorily with the corresponding
energy differences among the three O Ka-emission peaks (see
Fig. 11). The O KL L, 3 (O 1s < O 2s, 2p) peak reflects
both the O 2p and the O 2s DOS. This peak is complicated
and difficult to explain. The O KL|L; (O 1s <« O 2s) peak,
reflecting mostly the DOS of the O 2s electrons participating
in the IVMO formation in PuQ,, is highly structured. The
FWHM of this peak, I' ~ 13 eV, is comparable to that of the
IVMO electrons in the XPS spectrum. It qualitatively confirms
the participation of the O 2s electrons in the [IVMO formation
(Figs. 9-12). These results agree with the O KLL Auger data
for UO, (Ref. 70).

In the conclusion, we would like to note that this paper
studied the XPS structure of PuO, in the BE range of
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0 eV—~35 eV and established a correlation between the
structure (OVMO- and IVMO-related) parameters with the
participation of the Pu 6s, 6p, 5f, 6d, 7s, 7p, and the O 2s,
2 p electrons in the chemical bond formation.

V. CONCLUSIONS

The XPS of PuO, in the BE range of 0 eV-1250 eV were
measured. The mechanisms of the spectral structure formation
were considered. The quantitative interpretation of the XPS
structure of the OVMOs (0 eV-~15 eV BE) and the IVMOs
(~15 eV-~35 eV BE) for plutonium dioxide, PuO,, was done
using the results of the RDV calculations of the finite clusters.
The Pu5f (1.82Pu5 f e™) electrons were theoretically shown
and experimentally confirmed to participate directly in the
chemical bond formation in PuQO,, slightly losing their f
nature. They were shown to be delocalized within the outer
valence band. The other part of the weakly bonded Pu 5 f
electrons (3.44 Pu 5f e™) were shown to be localized at
2.6 eV. These results agree with the earlier photoelectron and

PHYSICAL REVIEW B 87, 245108 (2013)

X-ray emission spectroscopy data. The Pu 6 p electrons, in addi-
tion to the effective (experimentally measurable) participation
in the IVMO formation, were found to contribute noticeably
(0.24 Pu 6p e7) to the formation of the occupied part of the
OVMO in PuO,. The results of our investigation showed that
the great role in the IVMO formation in PuO, was played by
the Pu 6p3/, and the O 25 AOs of the neighboring plutonium
and oxygen ions. The MO sequent order in the BE range of 0
eV—~35 eV for PuO, was defined, and the corresponding MO
composition was obtained in the cluster calculations. With the
BE differences between the core and valence electronic shells
and the relativistic calculation results in mind, a quantitative
MO scheme for PuO, was built. This MO scheme could be
useful for understanding the nature of interatomic bonding in
PuO, and for the interpretation of structures of other x-ray
spectra of PuO,.
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