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

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

The study of neptunium electronic structure and the
chemical bonding nature in neptunium oxides is a topic of great
interest in experimental'® and theoretical’?" studies since
neptunium is a technologically important actinide accumulated
in high-level radioactive wastes during a regular nuclear fuel
cycle. >4

When doing the x-ray photoelectron spectroscopy (XPS)
study of lanthanide,?'*? actinide,?"">* and other?! compounds,
a structure was found not only in the 0 to ~15 eV binding
energy (BE) range, but also in the ~15 to ~35 eV range. The
observed peaks were found to be several electron volts wide,
which sometimes is wider than the corresponding core electron
peaks.

One of the reasons established for such an XPS structure
formation was the formation of the outer valence molecular
orbitals (OVMO; 0 to ~15 eV BE) and the inner valence
molecular orbitals IVMO; ~15 to ~35 eV BE), with a
significant participation of the filled Ln 5p and the An 6p
atomic shells of lanthanides and actinides and the neighboring
e.g. O 2s atomic shells of oxygen.”'"?* Practically, these
spectra reflect the valence band (0—~35 eV) structure and are
observed as several electron-volts-wide lines. Under certain
conditions, the IVMOs were shown to be able to form in
compounds of any elements of the periodic table.?!

Previously, the XPS were measured in the 0—-1000 eV BE
range from a NpO, thin film on Pt surface,>>* the Np 4 f
XPS—from polycrystalline NpO,,*° and from Np and an ox-
ide film formed on a metallic Np surface.”® The photoelectron
spectra at 21.2 eV (Hel), 40.8 eV (Hell), and 48.4 eV (Hell*)
excitation energies from polycrystalline neptunium oxides,*
and neptunium oxides formed on a metallic neptunium surface,
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were measured as well.® The electronic structure calculation
in the 0—~35 eV BE range in the nonrelativistic cluster
approximation of the X,-discrete variation method was also
done.'” It allowed only a qualitative interpretation of the
~15-~35 eV BE XPS structure from NpO,. The calculation
results for the 0—~15 eV BE range’ ' also allowed a
qualitative valence XPS interpretation. The XPS studies of
metallic Np>7? and oxides NpO, on the metal surface’® were
focused mostly in the OVMO and the Np 4 f BE ranges.
However, the structure of the inner valence and the core levels
of NpO, were practically not studied.>? The valence XPS
structure in the 0—~35 eV BE range was studied, e.g. for
Th02,24 U02,25 pllOz,26 )/-UO3,27 UF4,28 and U02F2.29

This paper analyzes the XPS from NpO; films on Pt surface
and polycrystalline NpO, powder in the BE range 0—1250 eV
and quantitatively interprets the XPS structure in the BE
range 0—~35 eV, taking into account the photoelectron*>-8
and the x-ray photoelectron”™* spectroscopy BEs and core
electron spectral structure parameters, as well as the self-
consisting field relativistic discrete variation (SCF RDV)
calculation results for the NpOg (Dyy,) cluster reflecting Np
close environment in NpOs.

II. EXPERIMENTAL

A. Samples
1. NpO,; synthesis from oxalate

The standard nitrate 22’Np solution, deionized water, and
chemically pure reagents were used for the sample preparation.
Oxalic acid in abundance was added to nitric 237Np(IV) SO-
lution and thoroughly mixed. The precipitate was separated by
centrifugation and washed three times in ethanol. Several drops
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of water were added to the obtained Np(C,04,); precipitate, and
the suspension was gradually put on the platinum substrate.
Afterwards, the sample on the substrate was left under a 500-W
lamp to dry. Then the sample was annealed in a muffle furnace
according to the following program: 20 h heating to 700 °C; 5 h
heating from 700 to 1200 °C; 10 h annealing at 1200 °C; and
15 h cooling from 1200 °C to room temperature. Tetravalent
neptunium oxalate decomposition reaction is seen in Eq. (1):

Np(C,04),——>NpO, +2C0, 1 + 2CO1. (1)

2. Electrolytic synthesis of NpO,

A nitric neptunium solution of ~10'" atoms was placed
in the electrolytic cell with platinum substrate as a cathode.
Platinum wire was used as an anode; ammonium nitrate
NH4NO;3; was used as an electrolyte. The process was carried
out at 1 A and 30 mV for 1-2 h until neptunium was extracted
completely from the solution. Aliquots of 20 ul were taken
periodically to control the neptunium contents 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 as it was done for
oxalate decomposition.

3. Sample preparation for XPS measurements

NpO, samples were prepared as dense thick layers on a
platinum substrate (14-mm foil). Neptunium dioxide surface
was @ 4-5 mm. The finely dispersed NpO, sample was
prepared by the oxalate technique. The most repeatable and
reliable data were obtained from the powder samples as thick
dense layers with a flat surface on the two-sided conducting
adhesive tape. The samples by these techniques were prepared
three times in order to obtain the repeatable results. NpO,
as well as impurities formation on the sample surface were
controlled by the XPS in the BE range 0-1250 eV. The Np 4 f,
the O 1s, and the low-BE XPS structure in this case is more
representational. Sample surface Ar™ etching at 2.5 keV and
10 1A during the periods of time from 10 s to 3 min was done.
The XPS studies of the sample surface after 1 d and 1 mo in
the air were also done.

B. X-ray photoelectron measurements

X-ray photoelectron spectra of NpO, were measured
with an electrostatic spectrometer Quantera Scanning XPS
Microprobe (Quantera SXM) using monochromatized AlK, »
(hv = 1486.6 eV) radiation (@50-,m beam) under 1.3 x 1077
Pa at room temperature. The device resolution measured as the
full width on the half-maximum (FWHM) of the Au 4 f7,, peak
was 0.7 eV. The binding energies E, (eV) were measured
relative to the BE of the C ls electrons from hydrocarbons
absorbed on the sample surface that was accepted to be equal
to 285.0 eV. The FWHMs are given relative to that of the
C 1s XPS peak from hydrocarbon on the sample surface
being 1.3 eV.?? 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%. The inelastically scattered
electrons-related background was subtracted with the Shirley
method.*
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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 ratio
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); 9.6 (Np 4 f7,2; see,
e.g. Refs. 31 and 32). The best stoichiometric composition
of neptunium dioxide was NpO o5, taking into account the O
1s and the Np 4 f7,, peaks, which within the error agrees with
NpOZ.

III. CALCULATIONS

The electronic structure calculations were made for the
fragment of crystal lattice (NpOg cluster). The cluster re-
flecting Np close environment in NpO, is a body-centered
cube with Np in the center and eight oxygens in the corners.
The Np-O interatomic distance is Rnp.o = 0.2354 nm.** In
this paper, the electronic structure is calculated in the density
functional theory (DFT) approximation using the original code
of the fully RDV cluster method**3> with exchange-correlation
potential.*® The RDV method is based on the solution of the
Dirac-Slater equation for the 4-component wave functions
transforming according to the irreducible representations of
the double point group (Day; in the present calculations). For
the calculation of symmetry coefficients, we used the original
code, which realizes the projection operators’ technique*
and includes the matrices of the irreducible representations
of the double point groups®’ and the transformation matrices
presented in Ref. 38. The extended basis of the 4-component
numerical atomic orbitals (AOs) obtained as the solution of the
Dirac-Slater equation for isolated neutral atoms also included
the Pu 7py,; 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 (M-T) 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 obtained in the
band structure approach. Numerical diophantine integration in
matrix elements calculations was carried out for 22 000 (NpOg)
sample points distributed in the cluster space. It provided the
convergence of MO energies better than 0.1 eV. Since a cluster
is a fragment of a crystal, the renormalization of the valence
ligand AO population was done during the self-consistent
field calculations. It allowed an effective consideration of the
stoichiometry of the compound and the charge redistribution
between oxygens and the ambient crystal.

IV. RESULTS AND DISCUSSION

The XPS identification of Np on the sample surface beside
the traditional XPS parameters [chemical shifts (AE,) and
peak intensities (Ip)] can employ the core and valence spectral
structure parameters in the BE range 0-1250 eV.>3 These
XPS structure parameters are typical for neptunium dioxide
and work like “fingerprints”. In this paper, the XPS from the
samples prepared by different techniques were identical within
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FIG. 1. Survey XPS from NpO,.

the measurement error. The XPS studies of the Art-cleaned
samples after spending 1 d and more in the air indicated only
the growth of the C 1s and the O 1s intensity due to oxygen- and
carbon-containing surface contamination (agrees with Refs. 2,
5,and 8).

The powder NpO, sample did not contain more than ~0.1
weight% of any metal impurities, since its survey XPS did not
indicate any foreign peaks (Fig. 1). This BE range shows the
O KLL and the C KLL Auger peaks from oxygen and carbon,
respectively, as well as the C 1s peak from hydrocarbons on
the sample surface. The surface hydrocarbon-related C 1s XPS
was observed as a low intense I'(C 1s) = 1.3 eV wide peak at
E,(C 1s) = 285.0 eV. As it was mentioned above, the valence
XPS structure of NpO, in the BE range 0—~35 eV reflects the
MO structure. The contributions from other mechanisms of
the XPS structure formation has to be taken into account also;
therefore, the core electron XPS structure was analyzed.

A. Core-electron XPS structure of NpO,

The O 1s XPS of NpO, was observed as a single peak at
Ep(O 1s5)=529.7eVand FWHM TI'(O 1s) = 1.0 eV (Table I),
with a shoulder at E,(O 1s) = 531.2 eV at the higher BE side
from the basic peak attributed to hydroxyl groups and another
shoulder at E,(O 1s) = 532.3 eV attributed to absorbed water.
The peak intensity ratio yielded 89% of NpO,, 8% of OH™,
and 3% of H,O (Fig. 2). The O 2p and the O 2s intensities
from the OH™ and H,O impurities do not increase too much
the errors in the valence XPS decomposition since the O 25,2 p
photoemission cross-section is significantly lower than the O
1s cross-section (Table I).

The Np 4f XPS from NpO; at the highest probability shows
the many-body perturbation-related structure attributable to
an extra electronic transition within the filled and the vacant
valence levels during the Np 4 f photoemission. It appears as
shake-up satellites, whose parameters reflect the MO structure.
As a result, the Np 4 f XPS consists of the spin-orbit split
doublet with AEG(Np 4f) = 11.7 eV, and the shake-up
satellites at the higher BE side with AEy = 6.9 eV (Fig. 3).
The satellite intensity (I, = I;/1,) calculated as the ratio of
the XPS satellite area (/) to the basic peak area (/,) was 18%.
These satellites can serve as “fingerprints” for Np oxidation
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TABLE 1. Electron BEs E, (eV) and photoionization cross-
sections o at 1486.6 eV.

Np nlj
o) }’llj Np02 NPOZb NpmelC Nplheord o
Np5f 1.7 (1.3) 0.3 0.3 24.6
Np 6p3)» 172 3.1) 175 175 533
Np 6p1/2 29.0 (2.8) 29.3 29.1 1.81
Np 65 46.7 (5.5) 50.1 2.34
Np 5ds, 100.4 (4.1) 100.9 100.0 493
Np 5ds, ~108.9 (9.5)? 113.3 335
206.0 206.3 213.7 314
Np 5pi2 273 (10) 273.6  9.22
Np 5s ~337 342.2 10.2
~346
Np 4 f7 402.6 (1.6) 402.5 400.1 401.3 396
Np 4 fs; 414.3 (1.6) 414.3 411.8 413.8 310
Np 4ds, 769.5 (5.0) 771.2 772.5 238
Np 4ds, 814.5 (5.0) 816.1 817.8 156
Np4ps,  1084.8 (13.6) 1089.5 108
O2p ~3.92.9) 0.27
~6.4 (1.8)
0 2s ~21.6 23.8 1.91
Ols 529.7 (1.0) 529.7 40

“Photoionization cross-section o; (kiloBarn per atom) from Ref. 46.
"Values given relative to the C 1s BE E,(C ls) = 285.0 eV from
Ref. 2.

“Values given for maxima, Np 4 f7,, BE difference for NpO, and Npy,;
is 3.9 eV, Np 5 f7/» BE difference for NpO, and Npyne is 2.7 eV.>8
dCalculation data from Ref. 39, values given relative to the Np 5 f
peak from metallic Np.

state determination. In particular, this Np 4 f structure and
the satellites structure are typical for the Np(IV) oxidation
state.>>%23 This spectrum also shows the satellites with
AEg = 17.2 eV at the higher BE side from the basic peaks.
These satellites have two peaks separated by 2.2 eV. The
satellite with AEg,- = 17.2 eV from the Np 4 f7,, peak is
superimposed with the one with AEg, = 6.9 eV from the

Intensity (arb. units)
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540 538 536 534 532 530 528 526 524
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FIG. 2. O 1s XPS from NpO,.
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FIG. 3. Np 4 f XPS from NpO,.

Np 4fs» peak, which increases the intensity of the lower
BE satellite. For the first half of the lanthanide compounds
row, the shake-up satellites appear in the core-level XPS,
and their intensity drops as the BE of the level decreases.?
Such a satellite intensity drop was also observed in the
PuO, XPS.?® Therefore, the same satellites are expected in
the other core-level XPS from NpO,. Indeed, the Np 4ds,
XPS [EL(Np 4ds;) = 769.5 eV and I'(Np 4ds;) = 5.0 eV]
exhibits shake-up satellites at A E¢,(Np 4ds2) = 6.9 eV at the
higher BE side from the basic peak. Its intensity was Iy =
34% (Fig. 4). Such satellites can contribute to the other XPS
structures like Np 4 p3,2, Np 55, Np 5p, Np 5d, and Np 6s (see,
e.g. Figs. 5-9). However, it is difficult to separate the shake-up
satellite-related structure, since the multiplet splitting and the
dynamic effect are more probable in these spectra.”? Despite
this, the extrapolation of the Np 4d and the Np 4 f shake-up
satellite intensity as the BE tends to zero predicts the shake-up
satellite intensity in the valence band XPS not to exceed 10%,
which agrees with the corresponding results for PuO,.?

Np4d, Np 44,

L AE, = 45.0 }

Intensity (arb. units)

T T T T T T T T T T T T 1
860 840 820 800 780 760 740
Binding energy (eV)

FIG. 4. Np 4d XPS from NpO,.
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FIG. 5. Np 5d XPS from NpO,.

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 Np
5d XPS.>?3 Indeed, the Np 5d spectrum instead of a spin-orbit
split doublet [A E;(Np 5d)eor. = 13.3 eV (Ref. 39)] exhibits a
complicated structure with the Np 5ds,, maximum at 100.4 eV
(Fig. 5). 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 4s XPS from lanthanide
oxides.?? In the Ln 5s XPS, it is about twice lower probable.
This interaction results in the two components in the Ln ns
XPS. Therefore, the Np 5s and the Np 6s XPS are expected to
exhibit the multiplet splitting (Figs. 6 and 7).

To evaluate the multiplet splitting in the Np 5s and the
Np 65 XPS, one can use the simplified expression for an ion
with uncoupled electrons.*” An ion with an incompletely filled
valence shell electronic configuration n/¥, for example, the

Intensity (arb. units)
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380 360 340 320 300 280 260
Binding energy (eV)

FIG. 6. Np 5s XPS region from NpO,.

035102-4



X-RAY PHOTOELECTRON SPECTRA STRUCTURE AND ...

Np6s

Intensity (arb. units)

90 80 70 60 50 40 30
Binding energy (eV)

FIG. 7. Np 65 XPS from NpO,.

Np 5f3 for Np(IV), has two final states after the electron
photoemission from the core n's shell. They are formed from
the configurations n’s and nl’. The energy difference AE,,
between these two states in this approximation is*’

AE,, =[2S + 1)/l + DIG'(n's,nl), )

where S is the initial spin attributable to the coupling of
the nl electrons (n and [ are the principal and orbital
quantum numbers), and G/ (n's,nl) is the corresponding atomic
exchange Slater integral, e.g., for the Np(IV) ion. From Eq. (2),
it follows that AE,,, is proportional to the multiplicity (25 +
1) or to the number of the uncoupled electrons in the ion. The
intensity ratio of the doublet components /; /> has to be equal
to the ratio of the multiplicities of the final states:

Ii/L = (S +1)/5. 3)

In this approximation, for the Np(IV) ion with the electronic
configuration Np 5f3 and the Slater integral G3(5s,5f) =
7.81 eV, the Np 5s multiplet splitting is AE,,;(Np 5s) =
4.46 eV and the Np 5s doublet intensity ratio is 5:3, while
for G3(6s,5f) = 5.26 eV, the splitting is AE,,;(Np 6s) =
3.0 eV and the intensity ratio in the Np 6s doublet is also 5:3.

The Np 6s XPS structure can be considered to contain a
AE,,s(Np 6s) =3.0¢eV split doublet with the intensity ratio of
5:3 (Fig. 7). In reality, this XPS structure is more complicated,
as well as the Np 5s structure (Fig. 6). It can be explained by
the dynamic effect-related structure. This process was studied
earlier*! for the Th 5p XPS structure from metallic Th and Th
and U compounds.*>* Reference 42 presents the interaction
integrals of different configurations for thorium. These data
show that the dynamic effect has to manifest with the highest
probability in the An 5p and An 55 XPS; it is 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 Np 5p XPS (Fig. 8). It
shows up as the peaks in the Np 5p3,, doublet component at
201.5, 206.0, 212.0, 223.5, and 232.3 eV and as the peaks
in the Np 5p;/, doublet component at 273.0 eV. The Np
5p electron photoemission results in the complex final Np
ion state determined by the interaction of the ground final
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FIG. 8. Np 5p XPS from NpO..

state Np 5p°5d'%5 " and the excited two-hole final state Np
5p%5d35 f"+! close by energy. This suggestion is based on
the correlation of the Np 5p [E,(Np 5p3/2) ~ 206.0 eV] and
the Np 5d [E,(Np 5ds;2) = 100.4 eV] BEs, which is close to
the condition: E,(Np 5p32) &2 x E,(Np 5ds;;) (Table I). As
aresult, the probability of the extra final state Np 5 p©5485 £ +!
Zrows.

The Np 5s XPS is expected around E,(Np 55)meor ™~
342.2 eV, as it follows from the calculations® (Table I). For
metallic Pu, the Pu 5s XPS was observed in the range ~35 eV
and contained two structured peaks at 353.1 and 365.1eV (I" ~
10 eV).* This structure can be attributed to both the multiplet
splitting and the dynamic effect.? In this paper, it did not allow
areliable measurement of the Np 55 XPS. In this BE range, the
peaks at 337 and 346 eV were observed (Table I, Fig. 6). One
of the reasons for this structure is the dynamic effect resulting
in the interaction of the configurations of the final states
Np 55'5p05d'°5 " and Np 5525 p>5d°5 f"*+!. Indeed, for the
Np 5s, Np 5p, and Np 5d BEs (Table I), the condition E;,(Np
5s) ~ E,(Np 5p) + E»(Np 5d3,) is met, which does not
contradict the possibility of formation of these configurations.
The BEs E,(Np4p3,2) =1084.8 eV, E,(Np 4ds/») =769.5¢eV,
and E,(Np 5s) ~ 342.2 eV approximately meet the condition
E,(Np 4p3;2) ~ Ep(Np 4ds2) + Ep(Np 5s). Therefore, one
can attribute the Np 4p3;,, XPS structure of NpO, to the
dynamic effect with the interaction of the final states Np
4p°4d'%5525 f" and Np 4p%4d°5s'5 f+1. Also, the shake-up
satellite 6.9 eV away from the basic peak can superimpose on
this structure (Fig. 9).

The Np 6s XPS exhibits a widened [['(Np 6s) = 5.5 eV]
structured line at 46.7 eV (Fig. 7). One of the reasons for such
structure, as it was already remarked, is the multiplet splitting.
Another reason for this structure can be the dynamic effect
resulting in the interaction of the configurations of the Np(IV)
ion final states like Np 65s'6p%64°5 f" and Np 6526 p*6d'5 f".
Indeed, for the BEs E,(Np 6s) = 46.7 eV, E,(Np 6p32) =
17.2 eV, and E,(Np 6p;/2) = 29.0 eV (Table I), the condition
E,(Np 6s) ~ 2 x E,(Np 6p) is met. Indeed, alone with
the multiplet-splitting-associated structure, the extra complex
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FIG. 9. Np 4p3/, XPS from NpO5,.

dynamic effect- and shake-up satellite-related structure was
observed (Fig. 7). Therefore, the considered XPS parameters
cannot yield a conclusion on the possible participation of the
Np 6s electrons in the MO formation.

The measured Np 4 f BEs and structure parameters agree
with the corresponding data obtained earlier for NpO,.? Since
the XPS structure in the An 6p BE range ongoing from ThO,
to NpO, does not differ significantly in shape,>** while the
number of the quasi-atomic An 5 f electrons grows from 0
to 3, one can suggest that the multiplet splitting does not
play a primary role in the valence XPS structure formation
in the BE range ~15-~35 eV. The dynamic effect-related
structure is also low probability in this BE range because of
the atomic states, but the quasi-atomic Np 5 f structures are
absent in the valence band. As a result, a suggestion can be
drawn that the valence XPS structure in a high degree can be
attributed to the MO formation, except for the peak at 8.8 eV
(Fig. 10). The peak at 8.8 eV is 7.1 eV away from the peak
of the localized Np 5 f electrons [E,(Np 5f) = 1.7 eV] and,
therefore, can be attributed to the many-body perturbation. The
obtained data also allow a conclusion that the studied sample
by its stoichiometry is close to NpO,. One of the general
reasons for the structure formation in the BE range from O to
~35 eV for NpO,, as it was already remarked, is the OVMO
and IVMO formation. For the interpretation of the MO-related
valence band XPS structure, the results of electronic structure
calculations of the finite cluster in NpO, were used.

B. Electronic structure of the NpOg cluster

Neptunium atom ground state configuration °Ls_; > can be
presented as [Rn]6s26p®5 f 46d'7s%7p°, where [Rn] is radon
electronic configuration, and the other electronic shells are
valence and can participate in the MO formation.?!** For the
illustration of general structure of the main molecular states,
we use the results of the RDV calculations for the NpOg cluster,
which models only the nearest Np environment in NpO;. The
characteristics of all vacant and occupied MOs in the energy
region from O to 50 eV obtained for this cluster are given in
Table II.
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FIG. 10. Valence band XPS from NpO;: (a) 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) spectrum with subtracted
background. The dashed lines show the division of the spectrum
into separate components, vertical bars show the correct expected
spectrum.

The RDV method is based on the MOs as linear com-
binations of AOs (LCAO) 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 neptunium and oxygen atoms. These MOs
in addition to the Np 6s, 6p, 5f, 6d, 7s, and the O 2s, 2p
AOs also contain the Np 7p states, which are vacant in the
isolated neptunium atom. In contrast to the results of the NR-
calculations of NpO,,'? which show a significant participation
of the Np 65 AOs in the MO formation, the results of the
relativistic calculations show that the Np 6s AOs participate
insignificantly in the MO formation (Table II). However, the
Np 7s and the Np 7p AOs participate significantly in the
MO formation. While the contributions from the Np 5 f AOs
were obtained mostly in the OVMO bands, the Np 6p and
6d AOs participate in both the OVMO and the IVMO states.
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TABLE II. Composition and energies Ey* (eV) for the NpOg cluster (RDV) and photoionization cross-sections o;°.

PHYSICAL REVIEW B 89, 035102 (2014)

b

MO composition

Np (0]
6s 6171/2 6P3/2 6dz/z 6ds/z Ts 5f5/2 5f7/2 Tpi2 Tp3p 2s 2171/2 2173/2
Mo —Eyg,eV  o;1.16 090 1.32 0.62 056 0.12 4.12 3.86 0.06 0.08 096 0.07 0.07
OVMO 22 y;* —7.76 0.83 0.05 0.09 0.03
21yt —7.40 0.43 0.40 0.05 0.03 0.09
25 ygt+ —7.40 0.43 0.39 0.05 0.02 0.11
24 yet —5.30 0.88 0.06 0.02 0.04
28 v~ —5.30 0.02 0.90 0.04 0.02 0.02
27 ys~ —3.74 0.01 092 0.03 0.04
24 y;~ —3.69 0.93 0.03 0.04
23 Yt —3.65 0.40 0.45 0.04 0.11
20 y5+ —3.65 0.40 0.45 0.04 0.11
23 y;~ —1.66 0.10 0.76 0.01 0.07 0.06
26 y6~ —0.93 0.01 0.93 0.02 0.04
22 y;~ —0.93 0.93 0.02 0.05
25 vy~ —0.92 0.93 0.01 0.05 0.01
21 y;~ —0.14 0.80 0.14 0.01 0.05
24 ye¢ 0.00 0.91 0.01 0.08
20 y;~ 0.00 0.92 0.01 0.07
19 y;~ 4.11 0.30 0.70
23 v~ 4.11 0.30 0.70
22 y6~ 4.22 0.05 0.05 0.02 0.18 0.70
18 y7~ 4.22 0.05 0.05 0.02 0.30 0.58
19 y,* 4.32 0.15 0.85
22 yet 4.32 0.15 0.85
21yt 4.33 0.66 0.34
18 4 4.60 0.01 0.06 0.93
17 y4* 4.63 0.01 0.48 0.51
20yt 4.64 0.01 0.48 0.51
21 y6~ 4.74 0.06 0.01 0.82 0.11
17 y7~ 4.95 0.07 0.07 0.29 0.57
16 y;~ 5.18 0.01 0.01 0.01 0.04 0.19 0.74
20 y~ 5.19 0.01 0.01 0.01 0.04 0.10 0.83
19 v~ 5.52 0.01 0.04 0.01 0.31 0.63
15 97~ 6.03 0.02 0.03 0.17 0.78
18 y~ 6.03 0.02 0.03 0.17 0.78
14 y;~ 6.04 0.03 0.02 0.63 0.32
19 ys ™ 6.07 0.05 0.01 0.32 0.62
16 4+ 6.12 0.01 0.10 0.01 0.57 0.31
18 y6™ 6.14 0.07 0.05 0.01 0.03 0.84
15y, F 6.15 0.07 0.05 0.01 0.30 0.57
14 y,* 6.80 0.06 0.08 0.28 0.58
17 ye™t 6.82 0.06 0.08 0.28 0.58
IVMO 17 y6~ 16.26 0.67 0.02 0.25 0.02 0.04
13 7~ 16.26 0.66 0.01 0.26 0.03 0.04
12 7~ 19.09 0.98 0.02
16 v~ 19.37 0.03 0.04 0.93
13 y;*+ 19.51 0.06 0.94
12 y,F 19.52 0.02 0.03 0.95
16 y6™* 19.52 0.03 0.02 0.95
15yt 20.04 0.01 0.07 0.92
15 y~ 20.74 0.27 0.02 0.70 0.01
11 97~ 20.74 0.27 0.02 0.69 0.01 0.01
14 y~ 27.15 0.96 0.03 0.01
14 v+ 45.37 0.99 0.01

*Levels shifted by 15.16 eV toward the positive values (upward).
Photoionization cross-sections o; (kiloBarn per electron) for O from Ref. 46 and for Np from Ref. 47.
“Highest occupied MO (HOMO; 1 electron), occupation number for all the orbitals is 2.
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Especially significant mixing of the Np 6p3/, and O 25 AOs
was observed for the 17y, 13y, (5) and 15y, 11y;~ (8)
IVMOs (Table II). The mixing of the Np 6p;,, and the O 2s
AOs for the 16y~ (6) and 14y~ (9) IVMOs takes place to
a lesser extent than in the corresponding orbitals in ThO,
(Ref. 24) and UO,.” This result can be explained by the
increase of the spin-orbit splitting AE;(An 6p) and by the
increase of the An 6p;,, BE with respect to that of the O 2s
AOs as the atomic number Z grows in the actinide row. These
results allow an interpretation of the valence XPS structure of
NpOz.

C. Valence XPS structure of NpO,

The XPS from NpO, in the BE range 0—~35 eV consists of a
number of structured widened lines (Fig. 10). As it was already
stated in the present paper, in this BE range, the many-body
effects and the multiplet splitting can also show up. These
effects more likely can show up in the XPS of the quasi-atomic
Np 5f electrons participating weakly in the chemical bond
formation.>?* However, it was found that, in particular, in
actinide oxides, electrons from this BE range participate in
the MO formation that results in the XPS structure.?!-23-26
For example, for NpO, the O 1s FWHM (E;, = 529.7 eV) is
I' = 1.0 eV, while the corresponding O 2s peak (E, ~21.6eV)
is ~4 eV wide and structured. It contradicts the Heisenberg
uncertainty ratio AEAt ~ h/2m, where AE is the natural
width of a level from which an electron was extracted, A7 is
the hole lifetime, and 4 is the Planck constant. Since the hole
lifetime (A7) grows as the absolute level energy decreases,
the lower BE XPS peaks are expected to be narrower. Indeed,
since the hole lifetime (A1) grows as the absolute level energy
decreases, the atomic spectral peaks are expected to narrow as
the BE decreases. Therefore, the fact that the valence peaks are
wider than the corresponding core peaks proves that this peak
is not atomic and must be attributed to the IVMO formation in
NpOQ.

The XPS from NpO, in the BE range 0—~35 eV can be
conditionally subdivided into two ranges (Fig. 10). The first
range 0—~15 eV exhibits the OVMO-related structure. These
OVMOs are formed mostly from the Np 5 f, 6d, 7s, 7p, and
the O 2p AOs of the neighboring atoms, while the peak at
1.7 eV is related to the quasi-atomic Np 5f electrons. The
multiplet splitting is most likely to result in the widening of
this peak,??* and the many-body perturbation is expected to
manifest as a shake-up satellite on the higher-BE side from
this peak at ~6.9 eV. This satellite was observed in the XPS
at 8.8 (Fig. 10). The second range ~15—~35 eV exhibits the
IVMO-related structure. These IVMOs appear mostly due to
the strong interaction of the completely filled Np 6p and O 2s
AOs. The OVMO XPS structure has its typical features and
can be subdivided into four components (1-4). The IVMO
range exhibits explicit peaks and can be subdivided into five
components (5-9; Fig. 10). Despite the formalism of such a
division, it allows qualitative and quantitative comparison of
the XPS parameters with the relativistic calculation results for
the NpOg cluster.

Results of these calculations are given in Table II. Since
photoemission results are given for an excited state of an
atom with a hole on a certain shell, the calculations must
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be done for transition states for a stricter comparison of the
theoretical and experimental BEs.*® 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, this paper gives the calculated
BEs (Table II) shifted by 1.74 eV (Table III). Taking into
account the MO compositions (Table II) and the photoioniza-
tion cross-sections,*®47 the theoretical intensities of several
XPS ranges were determined (Table III). Comparing the
experimental XPS to the theoretical data, one should keep in
mind that the XPS from neptunium 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. 10(a)].

Indeed, the corresponding theoretical and experimental
FWHMs and the relative intensities of the inner and outer
valence bands are comparable [Table III, Fig. 10(a)]. A sat-
isfactory 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 (12y;,7—
15y6™). As mentioned above, the NR X,-DVM (Ref. 10)
results allowed only qualitative interpretation of the low BE
XPS of NpO,. The present relativistic calculations practically
allow a quantitative identification of the valence XPS of NpO,
in the whole BE range of 0—~35 eV [Table III, Fig. 10(b)].
The expected correct spectrum obtained on the basis of the
calculations and the experimental data is given in Table IIT and
drawn under the XPS as vertical bars [Fig. 10(b)]. These data
promote the RDV method and underlie the quantitative MO
scheme for understanding the nature of interatomic bonding
in NpOQ.

Thus, the outer valence band intensity is formed mostly
from the outer valence Np 5 f, 6d, 7s, 7p, and O 2p AOs, and
to a lesser extent from the inner valence Np 6p and O 2s AOs.
The Np 5f electrons contribute significantly to the OVMO
intensity (Tables IT and IIT). Because the Np 5 f photoemission
cross-section is high (Tables I and III), the Np 5 f electrons
contribute significantly to the OVMO XPS intensity if they
do not lose the f nature. For example, the Np 5 f electrons
can be promoted to the Np 6d level first and then participate
in the 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 NpO,
yielded that the Np 5f electrons participate directly in the
chemical bond formation (Table IT). In the ionic approximation
for neptunium electronic configuration Np 6p®5 f*6d'7s? in
NpO,, the calculated OVMO/IVMO intensity ratio was found
to be 1.6323*% which agrees with the corresponding theoretical
value 1.63 and the experimental value 1.72 (see Table III)
within the measurement error of +10%. This intensity ratio is
an important characteristic of the NpO, electronic structure.
These results yield a conclusion that the Np 5f electrons
participate directly in the chemical bond formation in NpO,
partially losing the f nature. These electronic states are located
closer to the middle and the top of the outer valence band
(Tables II and III); the Np 6d electronic states are located
at the bottom of the outer valence band. This agrees with the
theore§i6cal and the experimental data for ThO,,>* UO,,? and
PUOZ.
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TABLE III. Valence XPS parameters for NpO, and for the NpOg cluster (RDV), and the Np 6p and Np 5 f electronic state density p; (7).

XPS Np 6p,5f electronic state
Energy® eV Intensity, % density p; (e7), e~ (electrons)
MO — E* eV Experiment Theory Experiment S5fsn Sfin 6p1)2 6p3/2
OVMO 24 yg~ ¢ 1.74 1.7 (1.4) 134 344 0.91 0.01
20 v, 1.74 27.3 1.84 0.02
19 9~ 5.85 0.1
23 v~ 5.85 0.1
22 v~ 5.86 2.5 0.10 0.04 0.10
18 y,~ 5.86 2.5 0.10 0.04 0.10
19 y,* 6.06 0.1
22 et 6.06 0.1
21yt 6.07 0.1
18 4 6.34 0.2
17 y7* 6.37 0.2
20 ys 6.38 0.2
21 v~ 6.48 1.5 0.12
17y~ 6.69 3.9(2.9) 44 18.5 0.14 0.14
16 y;~ 6.92 0.7 0.02 0.02 0.02
20 v6~ 6.93 0.8 0.02 0.02 0.02
19 v~ 7.26 0.2 0.02
15 y;~ 7.77 1.4 0.04 0.06
18 v~ 7.77 1.4 0.04 0.06
14 y;~ 7.78 1.4 0.06 0.04
19 y6* 7.81 0.2
16 y4* 7.86 0.6
18 ys ™ 7.88 6.4(1.8) 0.6 5.1
15 7 7.89 0.6
14y, 8.54 0.7
17 ys ™ 8.56 0.7
sat 8.8(2.2) 5.2
DA 62.0 63.2 327 0.57 0.02 0.24
IVMO 17 v~ 18.00 17.0 (2.8) 6.8 14.1 1.34
13 97~ 18.00 6.7 1.32
12 7~ 20.83 1.7
16 v~ 21.11 19.0(2.6) 1.8 5.7 0.06
13 y;* 21.25 1.8
12 y,F 21.26 2.0
16 y6™ 21.26 21.7(2.7) 1.8 7.0
15 y6* 21.78 1.7
15 6~ 22.48 24.0 (2.7) 3.8 39 0.54
11 97~ 22.48 3.7 0.54
14 vy~ 28.89 28.9 (4.2) 6.2 5.8 1.92
A 38.0 36.8 1.98 3.74
14yt 47.11 46.7 (5.5) ~7.6 ~4

# Calculated energies (Table II) shifted by 1.74 eV toward the negative values (downward), so that the 24 ys~ MO energy is 1.7 eV.
" FWHM in eV given in parentheses.

¢HOMO (1 electron), occupation number for all the orbitals is 2.

4 The sum of peak intensities and Np 6p, 5 f electronic state densities.

The peak at 8.8 eV in the OVMO XPS of NpO, (Fig. 10)
according to Ref. 2 was attributed to the multiplet splitting of
the Np 5 /3 Np(IV) spectrum. This peak cannot be attributed
to the O 2p states as well because its intensity relative to
the O 2s intensity is too high [see (O 2s) and o(O 2p) in
Table I, II].

Taking into account the quasi-atomic nature of the Np 5 3
electrons in NpO,, as it was noted, one can expect shake-up

satellites at A Egy & 6.9 eV similar to those in the Np 4 f XPS
(Fig. 3). Indeed, the considered peak was observed on the
higher-BE side 7.1 eV away from the Np 5 f peak at E,(Np
5f) = 1.7, which agrees with AE,(Np 4f) = 6.9 eV. The
intensity of this satellite relative to the Np 5 f peak intensity
is Iy = 15% (see Table III).

In the IVMO XPS BE range, a satisfactory agreement
was reached, e.g., for the 17y, 13y7~ (5), and 14y~ (9)
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MOs responsible for the width AE of this XPS band. The
calculated A Epeor = 10.89 eV without taking into account
the FWHMSs is comparable with the experimental AE.,, =
11.9 eV (Table I1I). It has to be noted that the theoretical (1.63)
and experimental (1.72) OVMO/IVMO intensity ratios are
comparable; that confirms correctness of the approximations
used in the calculation (see Table III). The calculated and
the experimental relative intensities of some individual IVMO
peaks, except for the 17y5~ and 13y~ (5) peaks, are in
qualitative agreement.

Taking into account the experimental BE differences
between the outer MOs and the core levels in NpO, and
metallic Np,>® as well as the relativistic calculation data
for the NpOg cluster in the MO LCAO approximation, a
quantitative MO scheme for NpO, (Fig. 11) was built. This
scheme enables one to understand the real XPS structure and
the chemical bond nature in NpO,. In this approximation, one
can pick out the antibonding 17y, 13y7~ (5), and 16y~ (6)
and the corresponding bonding 15ys~, 11y, (8), and 14ys™~
(9) IVMOs, as well as the quasi-atomic 1277, 13,7, 12y;T,
16ys™, and 15y6™ (7) IVMOs attributed mostly to the O 2s
electrons. The experimental data show that the O 2s-related
quasi-atomic IVMO BEs have to be close by magnitude.
Indeed, the O 1s XPS of NpO, allows a suggestion that their
chemical nonequivalence should not exceed 1 eV, since the O
1s peak was observed symmetric and 1.0 eV wide. The O 2s
BE has to be about 21.6 eV, since the AE o = 508.1 eV and the

83% Np6d+5%02s+12%02p 22y

Np7p -_____.-"Z::Z:ZZ:Z:ZZ:Z::::ZZ:Z:ZZ:ZZ'-Z‘]V:L

94%Np5f+6%02p . o
Np7s__ .- e 92%Np5f+8%02p 24y 20;:;;& =
Np6d g 100%02p () )
Np5f S UBCR )
6.4 14%Np6d+86%02p 177
67%Np6p, +2%Np7p+25%02s
7.0 32 oy
Nep, 4] N
. 98%02s5+2%02p 124
3%Np6p. +4%Np7p+93%02s ™
19.0 —— PP T RTRIPTIIRT 16 (@)
6%Np6d+94%02s
5%Np6d+95%02s g
21.7 ! 2
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FIG. 11. MO scheme for the NpOg cluster built taking into
account 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.
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O Is BE in NpO; is E;, = 529.7 eV (Fig. 2). The theoretical
results agree partially with these data. The IVMO FWHMs
cannot yield a conclusion on the IVMO nature (bonding or
antibonding); however, one can suggest that the admixture of
6% of the O 2p and 2% of the Pu 7p AOs in the 17y~
and 13y7~ (5) IVMOs leads these orbitals to losing of their
antibonding nature (Table II, Fig. 11, see also Ref. 21). Thus,
the quantitative MO scheme for NpO, built on the basis of
the experimental and the theoretical data allows one both to
understand the nature of chemical bond formation in NpO,
and to interpret the structures of other x-ray spectra of NpO,
as it was shown for ThO,,%* UO,,?* and Pu0,.2°

D. O KLL Auger spectrum structure of NpO,

The MO scheme for NpO, (Fig. 11) was used to explain
qualitatively the Auger O KLL spectral structure of NpO,
(Fig. 12). For example, the O KLL Auger spectrum of Al,O3
with poorly formed IVMO is known to consists of three well-
observable poorly structured ~9-eV-wide peaks reflecting the
O KLy3L,3 (O 1s < O 2p), the O KL;L,3 (O 1s < O
2s, 2p), and the O KL,L; (O 1s < O 2s) transitions.*’ The
relative intensities of these Auger O KLL peaks are given as the
Auger O KLL to the XPS O 1s intensity ratios. These relative
intensities are important fundamental values. They allow a
quantitative comparison of, for example, the O 2p partial
density of states (DOS) on oxygen ions in various oxides.

The Auger OKL,3L,3 (O Is < O 2p) (I' = 4.5 eV)
spectrum of NpO, reflects the filled O 2p DOS in NpO,
(Fig. 12). The O KL, 3L, 3 FWHM is comparable with the
FWHMs’ sum of the XPS O 1s electron peak (I' = 1.0 eV,
Fig. 2) and the O 2p DOS peaks (2, 3) in NpO, (I ~
5 eV, Fig. 10, Table III). This Auger line consists of three
peaks (see Fig. 12). The energy differences between these
peaks are in a satisfactory qualitative agreement with the
corresponding energy differences between the three OVMO
XPS peaks (see Fig. 10). From the intensity ratio of the Auger
OKL, 3L, 3 peaks, it follows that the quasi-atomic 24y~ and
20y, (1) OVMOs contain the O2p states, which agrees with
the calculation results (Table II). The O KL;L,3 (O 1s < O

OKLL, OKLL,,

Intensity (arb. units)

—T 77—
1020 1000 980 960

Binding energy (eV)

FIG. 12. Auger O KLL spectrum from NpO,.
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2s, 2p) peak reflects both the O 2p and the O 2s DOSs. 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 NpO,
is highly structured. The FWHM of this peak I' ~ 13 eV is
comparable to that of the IVMO electrons in the XPS spectrum.
It confirms the participation of the O 2s electrons in the IVMO
formation (Figs. 10 and 12). These results agree with the O
KLL Auger data for ThO,,>* UO,,” and Pu0,.?

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

V. CONCLUSIONS

The XPS structure of NpO, was studied in the BE range 0—
1250 eV. The correlation of the XPS structure parameters with
the mechanisms of its formation were established. With the BE
differences between the core and valence electronic levels and
the relativistic calculation results of the electronic structure
of the NpOg cluster in mind, a quantitative interpretation was
done of the XPS structure of the OVMO (0 to ~15 eV BE)
and the IVMO (~15 to ~35 eV BE) for neptunium dioxide
NpO,.TheNp5f (1.06 Np 5 f e™) electrons were theoretically

PHYSICAL REVIEW B 89, 035102 (2014)

shown and experimentally confirmed to participate directly in
the chemical bond formation in NpO,. The quasi-atomic Np
5f electrons (2.78 Np 5f e™) were shown to be localized
mostly at 1.7 eV. The Np 6p electrons, in addition to
their effective (experimentally measurable) participation in
the IVMO formation, were found to contribute noticeably
(~0.3 Np 6p e7) in the occupied part of the OVMO in
NpO;. The results of our investigation showed that the great
role in the IVMO formation in NpO, was played by the
Np 6p3/2 and the O 25 AOs of the neighboring neptunium
and oxygen ions. The MO sequent order in the BE range of
0-~35 eV for NpO, was defined, and the corresponding MO
composition was obtained in the cluster calculations. It allowed
a fundamental quantitative MO scheme, which is important for
understanding the nature of interatomic bonding in NpO, and
for the interpretation of its other x-ray spectra.
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