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The surface reactions of thin films of Np metal with molecular and atomic oxygen were investigated by X-
ray and Ultra-Violet Photoelectron Spectroscopy (XPS and UPS, respectively). Goal of this work was to
study the entire range of oxides, starting with the very early reaction stages, in presence of metal, up
to the highest possible oxides, reached at saturation under highly reactive, oxidative conditions. Empha-
sis was given to the surface layers, whose properties often differ from the bulk, and which are directly
involved in corrosion processes of solids. Molecular O, reacts readily with the metallic neptunium surface
to form the sesquioxide and dioxide. The sesquioxide is observed as thin ‘bulk’ species of up to nine mon-
olayers thickness. A higher oxide, identified as Np,Os, is formed when the NpO, surface is exposed to
atomic oxygen. It is stable under UHV conditions up to a temperature of about 200 °C. The high oxide,
Np,0s, is still capable of chemisorbing further oxygen. This is shown in UPS spectra by the additional
0-2p line at 5-6 eV BE, superimposing onto the valence band (VB). The formation of both a lower
(Np203) and higher oxide (Np,Os) besides the dioxide is discussed in the framework of ongoing 5f local-

ization throughout the actinide series.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Actinide dioxides AnO, are commonly used as conventional and
advanced reactor fuel types (An=Th, U, Pu) or build up as minor
actinides during in-reactor irradiation (An = Np, Am, Cm). The long
term chemical stability of these oxidic fuels plays an important role
in the performance assessment of potential nuclear waste disposal
concepts [1]. One particularly important scenario is the dissolution
of fuel once in contact with groundwater. The possible formation of
higher actinide oxides out of the dioxides (UO, and PuO, or the
mixed oxide matrices) directly influences the dissolution behaviour
of the spent fuel, because the solubility of the actinide oxides in-
creases drastically when the actinide has an oxidation state above
+4 [2]. The claimed existence of PuO,., (s) [3,4] — after decades of
believing in a very stable PuO, - and the controversial discussion
following this surprising statement [5-7] unveiled the fact that
especially for plutonium, as well as neptunium, the existing data
set concerning their An-0 phase diagrams is unsatisfactory [8].

In an earlier publication we focussed on the surface reactions of
Pu with molecular (O,) and highly reactive atomic oxygen (O-) [9].
To situate the oxidation behaviour of Pu amongst the actinide ser-
ies, we did a systematic comparison of the Pu and U reactions over
the entire oxidation range, starting with the metal surfaces and
ending with the highest stable oxide. To complete this series it is
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interesting to render similar information about the oxidation
behaviour of the intermediate actinide, i.e. neptunium.

UO, and PuO, both form spontaneously when the metal surfaces
are exposed to molecular oxygen [9,10]. Low rates of 10-20 Lang-
muirs (Langmuir, 1L=1.33 x 10~*Pas, i.e. the dosage needed to
cover one monolayer if all gas atoms stick to the surface) are suffi-
cient to form several monolayers of the dioxide. Transient Pu,0s3,
which is found in the earlier stage of oxidation, is rapidly trans-
formed into PuO, at these dosages [11]. At the AnO, stage, the oxi-
dation slows down. The dioxide surfaces have only a small affinity
for O, - much smaller than the metal - which is explained by the
difficulty of molecular oxygen to adsorb and dissociate on them, be-
fore incorporating into the lattice sites. If O, dissociation is indeed
the rate limiting step in the oxidation process, then further oxida-
tion should occur readily in presence of atomic (i.e. pre-dissociated)
oxygen. The experiment showed indeed [9] that atomic oxygen
readily reacts both with UO, and PuO, surface layers at room tem-
perature, forming UO3; and PuO,.,. At elevated temperature, when
bulk diffusion becomes allowed, even bulk UO, is oxidised to bulk
UOs under saturation conditions. Bulk PuO,, on the other hand, does
not oxidize but instead the higher surface oxide decomposes releas-
ing oxygen into the gas phase. This behaviour reflects the difference
in stability of higher oxides of uranium and plutonium. It can be re-
lated ultimately to the increasing contraction of the 5f states with
increasing nuclear charge (5f trend towards localisation) leading
to a lowered 5f bonding tendency in Pu than in U [12]: uranium
forms a wide variety of stable bulk binary oxides ranging from
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UO, up to UO3 with various intermediate phases. For the higher
actinides neptunium and plutonium the variety of binary oxide
compounds is drastically decreased, despite the fact that these ele-
ments show a wide range of oxidation states in solution, oxidation
states III-VI for Pu and III-VII for Np are described [8]. Based on the
bulk compound data, two anhydrous oxides, NpO, and Np,Os, as
well as some hypostoichiometric phases exist, as shown by the
Np-0 phase diagram [8]. The higher oxide NpO, ¢ claimed in early
reports (produced by several methods), was shown later, during
the 70s, to be most likely Np,Os [8]. Exposure of dry neptunium(V)
hydroxides to atomic oxygen, which oxidised UszOg readily to UO3 at
temperatures >200 °C, gave no clear evidence for higher neptunium
oxides (with Np(VI)) [13]. Hydrous trioxides (AnOs - yH,0) are re-
ported for uranium as well as plutonium and neptunium [8].

In this paper we will describe the surface oxidation of Np metal
films first exposed to molecular then to atomic oxygen, to cover the
entire range from low to high surface oxidation states. The photo-
emission data from XPS and especially the valence band spectra
obtained from UPS provide information on the electronic structure
of the systems, thereby contributing to a deeper understanding of
the complex corrosion behaviour of actinide oxides.

2. Experimental

Neptunium metal films were prepared by direct-current (DC)
sputter deposition from a neptunium metal target with Ar as sput-
ter gas. Films were deposited on silicon wafer plates (111), cleaned
in situ by argon ion sputtering before the deposition. The plasma in
the diode source was maintained by injection of electrons of 50-
100 eV energy. This allowed operating at a relatively low sputter

Table 1
Characteristics of the excitation radiation used.

471

gas pressure below 1 Pa. The background pressures in the prepara-
tion and in the analysis chamber were around 3 x 10~ Pa or better.
The neptunium target consisted of a neptunium metal rod (10 mm
length, 2 mm diam.). Ultrahigh purity Argon (99.9999%) was used
for all experiments. Oxygen used as reactive gas was 99.9999%
grade. Atomic oxygen was produced by an electron cyclotron reso-
nance (ECR) Plasma Source Gen I from Tectra GmbH, Frankfurt/M.
The atom flux is specified to >10'® atoms/cm?/s, corresponding to
an exposure of roughly 10 Langmuir/s (i.e. 107> Pa O).

XPS and UPS spectra were recorded using a Leyboldt EA-10
hemispherical analyzer. Mg K, (1253.6 eV) excitation radiation
was used for the XPS experiments. UPS spectra were taken with
Hel (21.22 eV) and Hell (40.81 eV) UV light, produced by a high
intensity windowless discharge lamp. Taking advantage of the dif-
ferent mean free paths (1) for Hel, Hell and Mg K, excited photo-
electrons, bulk and surface properties have been accessed [14]. In
addition, the energy dependent photoionisation cross-sections
[15] allowed identification of the orbital character (p, d or f) of
the valence band region. A summary of the characteristics of the
excitation radiation is given in Table 1.

3. Results and discussion
3.1. Reaction of Np metal with molecular oxygen

3.1.1. Valence band data

Fig. 1 shows the UPS valence band (A) and XPS 4f core level (B)
spectra of a deposited neptunium metal film exposed to different
dosages of molecular oxygen.

Radiation in eV Probed electron energy level

Photoionisation cross-section in Mbarn [15]

Mean free path, /, in monolayers [14]

Hel, 21.22 Valence band (Np-5f, 0O-2p) 0.7113 (Np-5f) 10.67 (0-2p) 2-4
Hell, 40.81 Valence band (Np-5f, 0-2p) 6.266 (Np-5f) 6.816 (0O-2p) 1-2
Mg K, 1253.6 Np-4f 1.188 6-8
Mg Ky, 1253.6 0O-1s 0.063 6-8
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Fig. 1. UPS valence band (A) and XPS Np-4f core level (B) spectra of a deposited Np metal film exposed to different dosages of molecular oxygen (1 L to about 1000 L). Bold
typed dosage values are valid for figure A and B. The solid line in A represents the Fermi energy, Er. The different species of Np (metal, sesquioxide, dioxide) are marked with
filled symbols (grey squares, blue triangles, red points). Open triangles in A are indicating O-2p features. Arrow marks are explained in the text. For UPS Hell radiation
(40.8 eV) and for XPS Mg K, excitation radiation (1253.6 eV) was used. No change in BE or FWHM for O-1s is observed (not shown). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.).
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The initial neptunium film (Fig. 1(A), lowest spectrum) shows
the typical Np metal spectrum with the maximum intensity at
the Fermi level (marked by the filled square) and a featureless tail-
ing to higher binding energy (BE). The maximum at the Fermi level
(0 eV BE) is attributed to the conduction band dominated by itiner-
ant, i.e. bonding, 5f states. The long tail to higher BE is due to the
inelastic background, the unresolved Np-6d7s emission and the
intrinsic asymmetry of photoemission peaks in systems with a
high density of states (DOS) at the Fermi-level [16,17]. After expo-
sure to ~1L O, a peak grows at 5.6 eV binding energy (marked
with an open triangle in Fig. 1(A)). It is attributed to the O-2p signal
of surface oxygen. Its narrow and symmetrical shape is typical for
isolated, chemisorbed oxygen atoms forming local bonds instead of
the broad valence band of a bulk oxide [18,19]. Up to dosages of
~3 L the 0-2p peak retains its symmetrical shape. The Np-5f level
does not change significantly except for a slight decrease in inten-
sity — which may be attributed to the presence of an oxygen over-
layer attenuating the signal of the underlying metal. For higher O,
dosages the O-2p peak broadens into an asymmetrical peak with a
maximum at 5.6eV and a distinct contribution at higher BE
(~7.5 eV, second open triangle in Fig. 1(A)), showing the isolated
level transforming into the solid state band of a bulk compound
[20]. Two supplementary peaks appear with increased oxygen
exposure, at 1.3 and 3.0eV binding energy, respectively. Both
peaks are attributed to Np-5f states, because they are suppressed
in Hel excited spectra, which is typical for f-states due to their low-
er cross-sections for Hel radiation (see Table 1 [15]). The peak at
1.3 eV BE appears at intermediate dosages (10-50 L). It is the dom-
inant species around 20 L, but then strongly decreases at higher
dosages (137 L). It is incrementally substituted by the peak at
3 eV BE which appears from ~29 L on. These peaks were previously
observed for Np metal surfaces, slowly oxidized by surface diffu-
sion of a bulk oxygen contamination [20]. The 1.3 eV peak (marked
with the filled triangle Fig. 1(A)) is attributed to the localized 5f*
level of Np,Os3, while the 3 eV peak (marked with the filled point)
is due to the 5f2 level in NpO,. Np,0s (sesquioxide) is a transient
species which seems to be stable only in the presence of the metal.
This behaviour is consistent with the position of Np between Pu,
which is the first actinide showing a stable bulk sesquioxide, and
U, where no sesquioxide is observed. We relate the increasing sta-
bility of this trivalent state to the 5f localization with increasing
nuclear charge Z (atomic number) [12]. This gives the later actini-
des their rare-earth like properties, where the valence is deter-
mined by the (6d7s)® configuration. For Np the sesquioxide is
still observed, but it is confined to the surface region. This is ex-
plained by the additional tendency for 5f localization at the surface
[9], because of the lowered coordination. An estimation of the layer
thickness of the sesquioxide is given in Section 3.1.2.1 on the basis
of the core level data.

Two additional weak features are observed at 9 and 10.8 eV
(Fig. 1(A), small arrows). Their origin is speculative. Similar fea-
tures were observed previously on Pu oxide and U oxide [17] bulk
compounds, and were attributed to defects in the oxide lattice. But
there are also thin film data for An oxides, which do not show this
feature [9,17] indicating that this peak is indeed not intrinsic to the
oxides. The possibility of a contamination (bulk or surface) can not
be excluded: OH surface species, originating from the chamber
walls could explain this signal. In some cases, a fluorine contami-
nation was observed by core level spectroscopy, which would also
contribute to this signal.

3.1.2. Core level data

Fig. 1(B) shows a selection of the corresponding Np-4f core level
spectra for different O, exposures of a metallic neptunium surface.
The first spectrum shows the typical metal spectrum, with the
spin-orbit split levels at 400.1eV BE (4f;,) and 411.8eV BE

(4fs)2) (marked with the set of filled squares, grey). The asymmetry
of the peaks is related to the high density of states (DOS) at the Fer-
mi-level in Np metal (Fig. 1(A)). With increasing oxygen dosage the
same behaviour as for the valence band is observed. Starting with
an oxygen dosage of 10 L (spectrum not shown in Fig. 1(B)) a peak
appears at 1.5 eV higher BE than the metal line (marked with a set
of filled triangles, blue). This peak is attributed to the sesquioxide
(Np,0s). At low dosage, the Np,Os signal is less pronounced in the
Np-4f line than in the VB spectra. This is due to the different sur-
face sensitivities (Table 1) of the two excitation radiations. Because
the Np,Os species is confined to the outer surface layer, it is in-
tense in the surface selective UPS spectra, but for the ‘deeper’ look-
ing XPS, the remaining metal atoms from the deeper layers still
dominate at this early stage of oxidation. At ~50 L O, the Np,03
signal becomes dominant but then decreases in favour of a species
with a BE ~3.7 eV higher than the metal species (set of filled
points, red). This species is attributed to NpO, in presence of
Np,03 and Np metal. The binding energy differences between me-
tal, sesquioxide and dioxide are similar for 4f and 5f peaks (see
Table 2). They agree well with the chemical shift expected for high-
er oxidation states, which is mainly explained by the larger ioniza-
tion potential for the different cations (and therewith an increase
of the orbital energy) [21,22].

The Np-4f core level spectrum of NpO, shows an intense satellite
at ~7 eV higher BE than the main peaks (4f7; and 4fs,), marked
with arrows in Fig. 1(B) (uppermost spectrum). Similar satellites
are also observed for other actinide dioxides with CaF, structure,
ThO,, UO,, PuO, and AmO, [23]. They are conspicuous and their ori-
gin has been discussed in various theoretical frameworks. They
have been attributed to interatomic shake-up effects accompanying
the photoemission process. Transition from O-2p (VB) to unoccu-
pied An-5f or -6d states [24-28] has been proposed. Recently the
charge transfer nature of the satellite was further verified [29]. In
alternative assignments, the satellites were explained by a shake
down process from 6d or 5f [30] screening orbitals (reverting the
assignment of main peak and satellite peak), or interpreted in the
framework of the Anderson impurity model [31], where the energy
splitting between satellite and main line is discussed in terms of O-
2p/An-5f hybridisation. So, even though the final explanation of this
feature is not settled, it is a robust intrinsic signature of NpO,, used
throughout this paper to confirm its presence.

3.1.2.1. Oxide layer thickness from core level spectra (Np-4f). Both in
XPS (Np-4f) and in UPS (valence band) it is not possible to obtain a
pure sesquioxide spectrum. This proves well the transient
character of Np,Os, which is not reported as single bulk phase.

Table 2

Binding energies in eV of Np-5f, Np-4f and O-1s peaks. Charge referencing to C-1s is
not possible, therefore O-1s level is given as reference level showing that no drastic
charging takes place (the insulating films are too thin)c. For the spin orbit split Np-4f
level only the value for the 4f;;, peak is given. For the low oxides series the BE for Np,
Np,03 and NpO, are invariable (<0.1 eV) throughout the series, therefore no error
estimate (standard deviation) is given.

BE in eV

Np-5f Np-4f7), 0O-1s
Metal 0 400.1 -
Np,03 13 401.6 530.8
NpO, (+Np,0s) 3.0 403.8 530.8
NpO,* 2.0+0.2¢ 402.9 £0.2¢ 530.0 +0.3¢
Np,0s® 1.7 £0.2¢ 402.9 £ 0.3¢ 529.6 £+ 0.3¢

@ Values from [35] 5f: 2.4 eV, 4f7/,: 403.1 eV.

b Values from [35] 5f: 2.2 eV, 4f;),: 403.1 eV.

¢ Variations are possible from specimen to specimen, this is thought to be due to
slight charging effects (as the differences were similar for the different levels, in the
case all levels were measured).
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Knowledge of the layer thickness allows to decide, whether Np,03;
is only a top surface species (associated with 2D character) or
whether it still forms as a, even though thin, bulk phase. The thick-
ness is obtained from the measured Np-4f intensities (inp, inpo,.
inp,0,, Peak areas from subtraction process corrected with Shirley
background) of the Np, Np,Os, NpO, species. The three strongly
overlapping components were separated by subtraction technique.
First, the metal contribution is isolated by subtracting a Np metal
reference spectrum. Then the NpO, contribution is determined
by subtracting a NpO, reference spectrum leaving the Np,Os spec-
trum. In Fig. 2 these relative intensities are plotted versus the O,
dosage. The metal signal decreases rapidly at low dosages then
the intensity decrease slows down. This is attributed to the migra-
tion of the reaction front out of the region probed by XPS, so that
the oxidation of lower layers is no longer detected. It may also
be due to the slowing down of oxidation when oxygen has to dif-
fuse through thicker oxide layers [10]. Both Np,O3 and NpO, grow
from low dosages on, as seen by the simultaneous growth of the
two oxide lines. Around 60 L, the Np,0s signal goes though a max-
imum then decreases again, showing the sesquioxide to be re-
placed by the dioxide. To obtain an estimation of the layer
thickness, a simple intensity analysis, based on the signal attenua-
tion by overlayers was performed. In general, when a substrate is
covered by a continuous overlayer and when a layered growth is
assumed, the signals of the covered substrate (is) and the overlayer
(i) are related to the overlayer thickness (d,) by the following Eqs.
(1) and (2) [32]:
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Fig. 2. Evolution of intensities (relative areas of the Np-4f;, s, peaks) for the
different Np species as a function of O, dosage: Np metal (squares), Np,Os
(triangles) and NpO, (circles).
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ig’: signal of the uncovered substrate; iy is the intensity of overlayer
material of bulk thickness; 7, the inelastic mean free path.

In our experiments, three layers are considered (Fig. 3), the
underlying metal, the intermediate Np,Os (of thickness d,) and
the superficial NpO, layer (of thickness d). The same / is assumed
for all three layers (4 = 8 ML). This value is obtained from general
tabulation [14]. For all three materials the same i* is assumed
(ixp = iRp,0, = inpo,)- This is an approximation because the three
materials differ in density and composition, but still valid because
the atomic cross-sections of the core-level lines are unchanged.
Applying Eq. (1), the Np-4f metal signal (inp) yields the total over-
layer thickness, ds (= d; +d>) (Fig. 3, Eq. 1b). Applying Eq. (2), the
NpO, intensity (inpo2) yields the NpO, overlayer thickness (d;)
(Fig. 3, Eq. 1a). d, is obtained by simple subtraction. The layer
thicknesses, d,, are directly proportional to 4 as seen from Fig. 3,
Egs. (3) and (4). The so obtained layer thicknesses of Np,Os and
NpO, are plotted as function of O, dosage in Fig. 4. This is only a
rough estimate, but it allows a number of conclusions to be drawn.
The Np,Os layer is clearly thicker than one monolayer. It is not just
a top-surface layer or 2D layer but represents a true, even though
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Fig. 4. Estimated thicknesses of the neptunium oxide layers (Np,Os, triangles and
NpO,, circles) on neptunium metal as function of the O, dosage.
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thin, bulk compound. Nevertheless, the layer thickness saturates at
a value of roughly nine monolayers, while the NpO, layer contin-
ues to grow. In the layered model it is assumed that the sesquiox-
ide exists as a zone of constant thickness between the underlying
metal and the NpO,, which is the final, stable oxide. This is a sim-
plification, because sesquioxide and dioxide co-exist over the en-
tire dosage range as shown by Fig. 4.

We conclude that the sesquioxide appears as transient (bulk)
species of several MLs thickness. Its stability is correlated to 5f
localization triggered by the increased nuclear potential, Zes. This
localisation is expected to be more pronounced at the surface, be-
cause of 5f band narrowing (due to lowered coordination). There-
fore it is not surprising, that the trivalent character in the
actinides series first appears in the surface layers as transient oxide
in neptunium and becomes more pronounced in the following
elements of the series showing increasingly stable bulk sesquiox-
ides [8].

3.2. Reaction of NpO, with atomic oxygen

3.2.1. Valence band data

To test for the possible formation of higher oxides, NpO, films
were exposed to atomic oxygen, produced by dissociating O, in
an ECR plasma source. Initial exposures were done at room tem-
perature. Fig. 5 summarizes the UPS spectra for successive O- dos-
ages. The initial NpO,, film (Fig. 5, a) was prepared by exposing a Np
metal film to a saturation dose of O, (~300 L). The first exposure of
this film to atomic oxygen (around 6 x 10'7 atoms/cm?, corre-
sponding to 600 L, as calculated from the specifications of the atom
source) results in a shift of the Np-5f and O-2p valence levels to
0.7 eV lower BE (Fig. 5(A), b). This rigid, coherent shift to lower
BE is generally considered as a characteristic for the decrease of
the Fermi energy in the surface layers probed. Since the photo-
emission lines of conducting solids are referenced towards the Fer-
mi energy (the electrochemical potential), a decrease of the Fermi
energy, i.e. shift towards the occupied levels, is detected as a coher-
ent shift of all electronic levels towards the Fermi level, i.e. to lower
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——
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T
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R
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BE. In the present case, the Fermi energy shift can be attributed to
the formation of a dipole layer formed by chemisorbed atomic oxy-
gen, building up a dipole electric field [33] or to a negative charge
depletion (or positive charge build up) associated with a slight fur-
ther oxidation of the NpO,. The latter phenomenon is often ob-
served in semi-conductors, where the small concentration of
charge carriers makes them susceptible to small additions of elec-
tron donors or acceptors [18]. NpO, is an intrinsic semiconductor
with a well localized 5f2 impurity level. Further oxidation results
in removal of electrons from this level thus explaining a Fermi en-
ergy decrease. The amount of additional oxygen is small because
the Np-5f/O-2p intensity ratio only decreases from 0.36 in a to
0.32 in b.

With increasing oxygen dosage the surface further oxidizes
(Fig. 5(A), c-e). The Np-5f level is further suppressed, showing
the 5f count to decrease. This corresponds to an increased oxida-
tion state (>+4) of the surface neptunium atoms. Neptunium shows
a behaviour similar to uranium, where upon exposure to atomic
oxygen, the 5f signal completely disappears, which was then
attributed to the 5f° configuration of U(VI) [9]. However, a quanti-
tative estimate of the oxidation state based on the 5f absolute
intensity for the neptunium is difficult, because we have no simple
reference signal to which we can refer the absolute intensities (to
correct for from measurement to measurement changed experi-
mental parameters like surface reflectivity, lamp intensity, etc).
The O-2p signal is not an ideal reference line because it increases
itself upon oxidation. Just assuming unchanged experimental
parameters, the area of the 5f emission for spectrum e (Fig. 5(A))
is reduced to 50% of the initial value (spectrum a), which would
correspond to a reduction of the 5f count from 5f% to 5f'°, and
an increase of the formal oxidation state from +4 to +5.5. The
Np-5f/0-2p intensity ratio decreases to 0.129 (a decrease to 36%),
which is also consistent with an Np oxidation state higher than +5.

Upon NpO, oxidation, the Np-5f line moves towards the O-2p
line (Fig. 5(A), b-e). This movement superimposes with the shift
of both lines to lower BE (Fermi level shift), but the O-2p line shifts
stronger than the 5f line. The shift of the O-2p line is attributed to

0-2p  Np-5f
: —

B_Hell

0.75eV E

intensity, arb. units
o

BE, eV

Fig. 5. UPS valence band spectra of NpO, film exposed to different dosages of atomic oxygen at room temperature. Graph A (left): Hell radiation (40.8 eV) was used; Graph B
(right): Hel radiation (21.2 eV) was used. The vertical solid line represents the Fermi energy, Er. Spectra represent the data for different O-dosages; (a): starting material
NpOy(_y) (02 dosage of ~300 L on Np metal), (b-e): increasing dosage of O. Spectral shapes for Np-5f (red) and O-2p (blue) are given for spectra a and e. Marked in blue is the
FWHM for the O-2p shapes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the decrease of the Fermi energy (see above), because there is no
reason to assume a chemical shift for the oxygen lattice atoms.
After correcting for this rigid shift, the Np-5f lines even move to
higher binding energy. This is interpreted as chemical shift, thus
confirming Np oxidation.

Comparing Hell and Hel spectra (Fig. 5(A) and (B), respectively),
further information can be obtained on the depth distribution and
orbital type (p, d, f) of the species. Hell excited photoelectrons have
an inelastic mean free path 4, of about one monolayer, thus probing
the top surface, whereas the information depth for Hel is closer to
that of the XPS core-level lines (Table 1). The cross-sections of the
5f states are enhanced by a factor of ~9 in Hell whereas the O-2p
cross section decreases by a factor 1.5 (Table 1) [15]. Hell thus
probes preferentially f states and the top surface region, Hel
emphasises O-2p states and the bulk. Fig. 5 shows that for all oxy-
gen dosages, the peak at ~2.8 eV is strongly suppressed in Hel
(Fig. 5(B)), which corroborates its 5f character. Its decrease upon
oxidation is less pronounced in Hel than in Hell: the Np-5f/0-2p
area ratio decreases to 50% in Hel and 36% in Hell. Taking into con-
sideration the deeper probing range of Hel, it is concluded that the
oxidation is more pronounced at the top surface than below. Addi-
tional information on the top surface oxygen is provided by the
shape of the O-2p peak. At high oxygen dosage, an additional
intensity appears at the higher BE side of the O-2p peak. It appears
as symmetrical peak at ~5 eV BE in Hell (arrow mark in Fig. 5(A)),
but is missing in Hel. We attribute it to the O-2p level of chemi-
sorbed oxygen, rather than lattice oxygen, because of the narrow
shape and the high BE. Indeed, the narrow shape is characteristic
of the narrow ground state of isolated atoms, in contrast to broad
band peaks, associated with bulk atoms and the high BE is attrib-
uted to the decreased extra-atomic relaxation in adsorbed mole-
cules compared to atoms embedded in a 3D lattice. A similar
oxygen signal is observed on metallic Np at very low oxygen con-
centration (compare Fig. 1(A), 1 L spectrum) where it is also attrib-
uted to chemisorbed oxygen. Such chemisorbed oxygen bonds
locally on surface Np atoms, thus leading to a higher local oxida-
tion state, but it not necessarily forms a bulk compound. A similar
observation was made for PuO, surfaces where, in spite of chemi-
sorbed oxygen, no higher bulk oxide (PuO,.,) was formed [9]. In
contrast to this, no such peak is observed in bulk UOs, where the
0-2p signal shows a broadened, symmetric shape, but no high BE

Np-4f
T
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peak [9]. Finally there is also the possibility that the additional
intensity ~5 eV is due to some f-character at the bottom of the
0-2p band, which becomes pronounced in the Hell spectra due
to the higher 5f cross-section of this excitation radiation. Band
structure calculations are necessary to clarify this.

3.2.2. Core level data

Fig. 6 compares O-1s and Np-4f core level spectra of a NpO, film
before and after exposure to atomic oxygen. Initially the O-1s peak
is sharp with an asymmetrical tail at high BE, which can be associ-
ated either with chemisorbed surface oxygen or with extra lattice
oxygen (e.g. bulk inhomogeneities). In fact, the Hell spectra indi-
cate only very small amounts of extra surface oxygen, which could
not explain alone the high BE component of the O-1s peak (corre-
sponding to about one monolayer). Therefore this component is
interpreted as lattice oxygen from bulk inhomogenieties.

After exposure the O-1s peak shifts to lower BE (~0.6 eV) and
broadens significantly. Its FWHM increases from ~1.7 eV for
NpO, to ~2.4 eV for the higher oxide. This broadening is not ob-
served for the Np-4f spectrum, and thus typical for the O-1s line
(no inhomogeneous charging). These observations point to the
incorporation of extra oxygen forced into the lattice. A similar
broadening is indeed observed for the O-2p level in UPS (see
Fig. 5). The additional surface oxygen, shown by Hell, cannot ex-
plain this broadening alone, because it disappears already in the
more bulk sensitive Hel excited spectrum, only a distinct broaden-
ing is observed as well. Recently an XRD study with a refined crys-
tal structure for single crystals of Np,Os showed that there are
differently coordinated Np and oxygen sites [34], which would ac-
count for the broadened O-1s line. The O-1s shift to low BE corre-
sponds to the outer level shifts observed in UPS and is attributed to
the band bending in the near surface region, again associated with
the incorporation of extra bulk oxygen.

For the Np-4f level no significant BE shift is detected (Fig. 6), but
the high BE satellite of NpO, (at 6.7 eV higher BE) vanishes com-
pletely, after exposure to atomic oxygen. The absence of peak shift
has to be interpreted as compensation of a shift to low BE (due to
band bending) and a shift to high BE due to local oxidation of the
Np atoms. The band bending shift, as estimated from the O-1s lines
is of about 0.6 eV, therefore the chemical shift is also about 0.6 eV.
Comparing these results to literature spectra and BE values for
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Fig. 6. XPS core level spectra (Np-4f and O-1s) of an originally NpO,_,, film exposed to atomic oxygen at room temperature. Plotted spectra are not referenced. Mg K,

radiation (1253.6 eV) was used for XPS.
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Np,0s produced as bulk oxide by a completely different technique
by Pan and Campbell [35] a good agreement is observed. Pan and
Campbell found Np-4f BE values (C-1s referenced) for Np,Os and
NpO, that are comparable to our measurements (see Table 2).
Again no Np-4f BE shift was observed and the 7 eV satellite disap-
peared in Np,Os_Unfortunately no O-1s BE data are given in [35].
As our in situ preparation does not allow referencing to the carbon
contamination (because there is none) we can only give unrefer-
enced BE values within a certain range (normally +0.3 eV) for the
different species as slight differences from specimen to specimen
are observed. In conclusion, we identify our oxidation product as
Np,Os. But the surface O/Np ratio, as deduced from the O-1s and
Np-4f intensities, is higher than 2.5 expected for of Np,0s. Mea-
sured ratios vary between 2.6 and 2.9. This could be attributed
either to the formation of a hyperstoichiometric oxide, Np,Os + x,
under these drastic conditions (atomic O-), or additional chemi-
sorbed oxygen may be present as proposed from the UPS data.
The latter interpretation is corroborated by the presence of atomic
oxygen O-2p signal, observed in the surface sensitive Hell spectra.
Other chemisorbed oxygen species like hydroxylic groups, showing
similar O-1s binding energies as that found for the shoulder in our
spectra (~531 eV [19,36]), can be ruled out because their charac-
teristic UPS emissions are missing. If only the main (oxidic) peak
for O-1s is taken into account for the calculation of the O/Np ratios,
values around 2.5 were obtained (the area of the fitted shoulder
varied between 7% and 12% of the total peak area). The ability of
Np,Os to chemisorb oxygen atoms must be due to the remaining
5f states which, in spite of being localized, preserve a bonding
capability (dangling bonds). A similar behaviour was observed for
the 5f state in PuO, [9].

3.3. Thermal stability of the oxidised species

The oxide films discussed so far develop as thin surface layers on
metal systems of about 100 atomic layers. They are heterogeneous
because at room temperature, diffusion processes are slow. As con-
sequence, complex bulk systems with different oxidation states
coexist with surface systems and chemisorbed oxygen. To obtain
more homogeneous samples and to assess their thermal stability,
heating was applied. Heating has two possible effects: it enhances

BT Sl

intensity, arb. units

BE, eV

bulk diffusion processes, but as well may trigger surface decompo-
sition (oxygen released into vacuum chamber). To distinguish these
reaction routes two different heating experiments are carried out.
First the samples are heated in absence of oxygen, to determine
their range of thermal stability. Then heating is done under atomic
oxygen atmosphere, to allow the films reaching their stable end
composition under oxygen saturation and solid state mobility (oxy-
gen can diffuse into the deeper layers saturating the entire film).

Fig. 7 shows the vacuum heating of a NpO,., film, produced at
~25°C by exposing NpO, to atomic oxygen. The temperature
was gradually raised up to 300 °C, and the surface evolution mon-
itored by Hell and Hel spectroscopies. With increasing temperature
the O-2p band narrows and develops a shape similar to that in
NpO,. The Np-5f peak increases in intensity and the entire spec-
trum shifts to higher BE. All these features constitute a reversal
of the effect of oxygen addition (see Section 3.2.1) and are thus
characteristic for the reduction of NpO,., into NpO,. At 250 °C this
process is complete. When the temperature is further increased to
300 °C, a new peak appears at the low BE side of the Np-5f line
(Fig. 7(A), arrow mark). It has a BE characteristic for Np,O3 (com-
pare Fig. 1(A)), and is more pronounced in surface sensitive Hell
than in Hel: the top surface is more reduced than the underlying
bulk, proving again that the trivalent character for neptunium (in
Np,03) distinctly appears in the surface layers.

It is not clear at that point whether the oxygen loss upon heat-
ing is due to oxygen diffusion into the bulk (reacting with reduced
deeper layers or the substrate), or whether oxygen is just released
from the surface layer into the vacuum because of the thermal
instability of the higher oxide. To answer this question, we exposed
the surface to large dosages of O- at increasing temperature. If the
oxide is unstable, it should not form again. But if the decomposi-
tion was due to bulk diffusion of oxygen, then the entire film
should eventually become saturated under conditions, where dif-
fusion is thermally allowed and a saturation oxygen dosage added.
For UO, it was indeed shown that UOs; bulk oxide could be pro-
duced in this way and was stable at elevated temperatures, while
PuO, did not further oxidize [9]. Fig. 8 shows the corresponding
data set for NpO,, for temperatures ranging from ~30 to 400 °C.
Valence band (Hell) and Np-4f (XPS) data are given. The room
temperature Hell spectrum shows two prominent features, the
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Fig. 7. UPS valence band spectra of NpO, film exposed to atomic oxygen at 25 °C (solid curve) and heated to various temperatures up to 300 °C without additional exposure.
The solid vertical line represents the Fermi energy, Er. Temperatures are measured at the substrate holder. A: Hell radiation (40.8 eV), B: Hel radiation (21.2 eV) used for UPS.
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Fig. 8. UPS valence band and XPS Np-4f core level spectra of NpO, film exposed to
atomic oxygen at RT (~25 °C) and various T < 400 °C. Temperatures are measured
at the substrate holder. The solid line represents the Fermi energy, Er. Arrow marks
are explained in the text. Hell radiation (40.8 eV) was used for UPS, Mg K
excitation radiation (1253.6 eV) for XPS.

reduced 5f peak at ~1.7 eV BE and the O-2p peak of chemisorbed
oxygen at ~5 eV (arrow marks in Fig. 8). When the temperature
is raised, both features are remarkably stable at least till 200 °C.
When heating without oxygen (Fig. 7) the chemisorbed oxygen sig-
nal disappeared at this temperature, and the Np-5f intensity in-
creased to the value in NpO,. Bulk diffusion is thus responsible
for NpO,.x decomposition below 200 °C and exposing the surface
under these conditions to atomic oxygen simply replaces the oxy-
gen loss.

At 300 °C and 400 °C, the signal of chemisorbed oxygen is sup-
pressed but the Np-5f peak is still small - there is no sign for reap-
pearing NpO,. The only sign for slight reduction is the ongoing
separation of the Np-5f and the O-2p emission at 400 °C, where
the O-2p level shifts to higher BE away from the Np-5f peak. This
may be interpreted as increase of the Fermi-energy, i.e. surface
reduction, together with a decrease of the Np-5f BE, again a signal
for Np reduction. But the reduction at the top surface is not very
pronounced, as seen by the virtually unchanged 5f intensity.

Np-4f spectra corroborate the valence band data. Up to 200 °C
no significant differences in the Np-4f core level (right graph in
Fig. 8) are observed. The spectra are characteristic for Np,Os. But
above 200 °C the 7 eV satellite, characteristic of NpO,, appears
again showing a decomposition of the higher oxide (upper most
spectrum in Fig. 8, measured on 400 °C sample).

4. Summary and conclusions

Molecular O, reacts readily with the metallic neptunium sur-
face to form the sesquioxide and dioxide. The sesquioxide is ob-
served as thin ‘bulk’ species of several monolayers thickness,
which forms as long as the metal is present. Up to now it was only
reported as surface phase. Our findings show that the reactivity of
neptunium is intermediate between uranium and plutonium:
while U does not form a sesquioxide, from Pu on the sesquioxide
exists as stable bulk phase.

A higher oxide, Np,0Os, is formed when the NpO, surface is ex-
posed to atomic oxygen. Under similar reaction conditions ura-
nium oxidizes to UO3; whereas plutonium does not oxidize
beyond PuO, and additional oxygen is only chemisorbed on the
outermost surface. The higher Np oxide is characterized by a re-

duced Np-5f signal compared to NpO, and the absence of shake-
up satellites in the Np-4f core-level spectrum. It is stable under
UHV conditions up to a temperature of about 200 °C.

The higher oxide, Np,Os, is still capable to chemisorb further
oxygen. This is shown in UPS spectra by the additional O-2p line
at 5-6 eV BE, superimposing onto the valence band. Such local
bonds are a sign for the residual bonding power of the localized
5f states of Np>*. This is as well consistent with the trend through-
out the actinide series, where for the higher oxide of plutonium
(Pu0,) a similar behaviour is found but not for the uranium triox-
ide (with no occupied 5f states) [9].

Formation of both lower and higher oxide (Np,Os and Np,Os,
respectively) besides the dioxide can be accounted to one explana-
tion: the increasing localization of the 5f states due to orbital con-
traction with increasing atomic number, Z. The ability of these
states to contribute to bonding thus decreases. On the one hand
this explains the stability of the lower oxide Np,0s, which involves
only the three ds valence electrons, while the 5f states are non-
bonding (in UPS, they are shifted away from the Fermi-level). On
the other hand, it accounts for the higher oxide Np,Os (with
Np°*), which is lower than the highest oxide for uranium (UO5; with
U®") but is not observed for plutonium (PuO, with Pu*") under sim-
ilar conditions.
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