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X-ray-absorption near-edge structure (XANES) spectroscopy at the M; 45 and L; edges of urani-
um and thorium using synchrotron radiation has been used to probe the unoccupied 5f electronic
states and local structure of uranium sites in oxides and glasses. The uranium sites in hyper-
stoichiometric UO,, , (x ~0.25, x ~0.66) oxides have been studied. The multiple-scattering reso-
nance in the direction of the linear uranyl group UO,?* is identified in the L; XANES spectra of
uranyl nitrate hexahydrate. The localization of unoccupied 5f states in uranium and thorium oxides
and glasses has been probed by M,- and Ms-edge spectra. The presence of narrow Sf localized
unoccupied states in Th- and U-containing glasses is indicated by the symmetric sharp white line
due to 3d5f"+! final states. The variable width of the white line indicates that the bandwidth of
unoccupied 5f states increases by 4 eV going from glasses to oxides. The presence of 5f components
in the U 6d conduction band of oxides, due to hybridization between the U 6d,7s and US5f states is
shown by a long asymmetric tail of the white line at its high-energy side extending up to 12 eV. No
evidence of many-body effects in XANES spectra, due to the configuration interaction between lo-
calized 5f configurations which was observed in mixed-valence rare-earth-metal compounds, has

been found in Th and U oxides.

I. INTRODUCTION

The present interest in the actinide compounds is due to
the characteristic properties of 5f electrons which are in
an intermediate localization regime where the 5f correla-
tion energy is of the same order of magnitude as the 5f-
bandwidth.'? Therefore uranium compounds belong to
the class of materials with intermediate behavior between
the systems (like rare-earth compounds) exhibiting local-
ized electronic properties (like magnetism) and the sys-
tems exhibiting delocalized properties (like superconduc-
tivity).

In the uranium-oxygen bond theoretical calculations
predict that 5f electrons enter in the chemical bond with
oxygen 2p orbitals in agreement with x-ray-emission ex-
periments.>” However the localization of 5f orbitals is
indicated by the value of the electron-electron Hubbard
interaction Uy for uranium: Uy ~2 eV has been
predicted theoretically' and the value Us;=1.5 €V in in-
termetallics® has been found experimentally. Of particu-
lar interest is the question of the localization versus
itinerancy of 5f electrons determined by different
uranium-oxygen bonding configurations, by different
crystalline structures, and by changing the U-U distance.
In this work we have investigated 5f localization going
from glasses to crystalline oxides.

The most studied between uranium oxides is UO,,
which crystallizes in the fluorite structure with eightfold
uranium coordination. The valence band of UO, has been
investigated by  x-ray-photoemission  spectroscopy
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(XPS),5~!2 by ultraviolet-photoemission spectroscopy
(UPS),”* by bremsstrahlung isochromat spectroscopy
(BIS),>!® by resonant photoemission,'*!* and by x-ray

emission.®

The band structure of UO, (Ref. 16) is similar to that
of CeO, (Ref. 17). The optical spectrum of UO, shows
sharp f— f transitions over a range from O to 2 eV inter-
preted in terms of localized 5f states.!® The U 5f local-
ized states are in the 5-eV gap between the O 2p valence
and U 6d conduction bands. Photoemission experiments
show a narrow (about 2 eV large) band of 5f occupied
states at 1.5 eV below the Fermi level and BIS experi-
ments a (6—8)-eV broad band of unoccupied 5f states su-
perimposed on the U 6d conduction band.®!°

The open problems concern the hybridization of 5f or-
bitals with the O 2p or the U 6d,7s orbitals, and the
final-state effects in photoemission and core-level spec-
troscopies which can be very important for localized
states, as has been found in rare-earth compounds. The
satellites of XPS core-level spectra are a good probe of
properties of localized electronic states; therefore a great
deal of attention has been paid to the charge-transfer
satellite at 7 eV core-level spectra of UO,.!%1%19

The hyperstoichiometric UO, ., oxides have attracted
much interest. In the range 0 <x <0.5 interstitial oxy-
gens enter in the distorted fluorite-type structure, forming
uranium sites with tenfold coordination.?®?! In the hy-
perstoichiometric oxides in the range 0.5<x <1 the
uranium local structure can be described as being formed
by distorted pentagonal bipyramids with two short U—O
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bonds and five oxygens on the basal plane.?! In these ox-
ides different sites with different uranium effective charge
have been found.?

It is commonly assumed that for uranium coordination
number larger than eight, 5f orbitals enter more strongly
in the chemical bond, as is shown by the decrease in the
intensity of the mostly pure 5f occupied valence band at
—1.5ev.2

The variation of the spectrum of charge-transfer satel-
lites in the uranium 4f-core XPS spectra in hyper-
stoichiometric UO, , x oxides?*~?° has been the object of
active interest because it has been shown that it is charac-
teristic of the different uranium bond in these oxides.

Here we report an extensive study of uranium oxides
and uranium glasses by x-ray-absorption near-edge struc-
ture (XANES). XANES spectroscopy,’®?’ using syn-
chrotron radiation, is a growing method of probing both
the electronic unoccupied states and the local structure at
a selected site. XANES has been widely used to study lo-
calized electronic configurations in mixed-valence rare-
earth compounds,’®~3! but only few high-resolution stud-
ies have been reported on actinide compounds.’?*

According to the Fermi golden rule for optical transi-
tions, the transition rate from a core level to an unoccu-
pied state at energy E can be calculated in k space and the
measured absorption coefficient u(E)~ P(E)D;(E), where
P(E) is the matrix element and Dy(E) the density of
states of selected angular momentum /’. Because of the
finite lifetime of the excited photoelectron and the dipole
transition rules, XANES spectra probe the unoccupied
density of states at the selected absorbing site (local) and
that of selected angular momentum [’ (partial),**3* in
agreement with experimental finding.’® The total absorp-
tion cross section can be factored into an atomic part and
a part due to the structure of atomic environment,
a(E)=p,(E)us(E). Where the atomic cross section p,(E)
has strong resonances, as for the 2p—nd in transition-
metal elements,’® for 3d—nf transitions in rare-earth
metals,’"373® and in actinides, a strong enhancement of
the total cross section is observed at the edge, usually
called by the spectroscopical name “white line.”.

Because of inelastic scattering of the photoelectron and
finite core-hole lifetime, only a cluster of finite size is
relevant to the determination of the final-state wave func-
tion of the photoelectron in the range of tens of eV above
the Fermi level, and the spatial distribution of neighbor-
ing atoms play the major role in the determination of
us(E) in XANES.?6?7

It has been demonstrated that the absorption cross sec-
tion for core transitions can be solved in real space using
the Green-function approach in the frame of multiple-
scattering theory, and good agreement between theory and
experiment has been found.’*~*! In this approach the lim-
ited mean free path of the photoelectron determines the fi-
nite size of the cluster of atoms, with the central absorb-
ing atom considered in the calculation.

The important aspect of the solution of the absorption
cross section in real space is that physical aspects deter-
mining the unoccupied density of states of condensed
matter appear explicitly: the spatial arrangement of
neighbor atoms*~*! and interatomic distances.**** It can

be shown*®*! that XANES spectra are determined by
photoelectron multiple-scattering pathways which begin
and end at the absorbing site. Where possible* the total
absorption can be expanded

1+ 3 X, (E)

n=2

a(E)=a,(E)

’

where a,(E) is the atomic absorption and X,(E) the con-
tributions of scattering pathways involving the absorbing
atom and (n — 1)-neighbor atoms. In the high-energy ex-
tended x-ray-absorption fine-structure (EXAFS) regime
only the X,(E) term contributes to a(E). Therefore,
XANES can be used as a direct probe of local atomic dis-
tribution for local-structure determination in complex sys-
tems, 263944

Here we have used L; (and M;) XANES to identify
the local structure of uranium sites. The relationship be-
tween uranium structure and XANES spectra has been in-
vestigated in uranium oxides UO, ., (x =0, ~0.25, and
~0.66) and in uranyl nitrate. The multiple-scattering
resonance for the photoelectron emitted in the direction of
the axis of the uranyl group UO,?* or along the axis of
pentagonal bipyramids is identified.

The transitions to the unoccupied 5f states are
enhanced by the atomic resonance in the 3d —5f cross
section at the M, s edge of uranium and thorium, giving
strong white lines. The high-resolution measurements of
the white lines of the M, and M5 edges of uranium and
thorium allow one to measure the local density of unoccu-
pied states of selected angular momentum /'=3 (because
of selection rule Al =+ 1, neglecting A/=—1) and total
angular momentum J'= 3 and I, respectively (because of
selection rules AJ=+1 and AS =0). Therefore the M, s
XANES are a good probe for the measure of the band-
width of unoccupied 5f states at uranium and thorium
sites in oxides and in vitreous compounds.

We have found a symmetric and narrow white line in a
Th containing glass due to 3d5f" final states and its full
width of 3.8 eV determined by experimental broadening
gives a measure of the resolution of these measurements.
The symmetry of the white line (with no high-energy tail)
indicates that 5f states are well localized in glasses.

ThO,, UO,, and UO,_ ., show asymmetric white lines
with a long tail on the high-energy side extending up to
about 12 eV. A long tail at the high-energy side of the
white line appears where 5f orbitals contribute to the U
6d,7s conduction band because of hybridization between
U 5f and U 6d,7s orbitals. This effect has been well stud-
ied for the palladium L; white line in palladium com-
pounds.?”>3¢ This result shows that U 5f orbitals contri-
bute to the unoccupied U 6d,7s conduction band in oxides
up to about 12 eV.

The variation of the width of the localized unoccupied
U 5f band going from glasses to crystalline oxides has
been deduced from the variation of the half-width of the
white line at low energy at the rising edge.

In rare-earth compounds where the 4f bandwidth is
smaller than the electron-hole exchange energy, multiplet
splitting of atomiclike configurations 3d4f"*! is ob-
served at M, s edges.’”*® Therefore, where 5f states are
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localized at atomic level in solids, the appearance of atom-
iclike multiplets in the 3d5f" *! excitations at M, s edges
is expected. No multiplets are expected, and they have
not been observed here for formally 5f° ions like Th** or
USt in the studied thorium compounds and in the uranyl
system giving 3d5f! final states in x-ray absorption. The
multiplet splitting for 3d5f> final states in UO, (Ref. 9) is
smaller than the resolution of our measurements; there-
fore, we cannot resolve multiplet splitting.

Large effects due to multielectrons excitations in the
inner-shell photoabsorption appear in mixed-valence rare-
earth intermetallic compounds where the correlation ener-
gy U is larger than the valence bandwidth
W (U> W),22-31%5 or in interatomic intermediate-valent
(IIV) insulating oxides like CeQ,, PrO,,*~*® and NiO,*
where U is larger than the charge-transfer gap 8E. The
picture of the electronic structure of these systems re-
quires the theory of configuration interactions to interpret
the multielectron final states in XANES.

Here we show that the XANES spectra of uranium and
thorium oxides do not show multielectron excitations ob-
served in similar rare-earth-metal compounds. Therefore
the spectra of thorium and uranium oxides can be inter-
preted in the framework of a one-particle approximation
as can the spectra of transition metals.

The M, spectrum of uranyl nitrate (formally 5f°)
shows a symmetric white line as narrow as that of glasses
showing well-localized unoccupied U 5f states. A shoul-
der at ~4 eV higher energy than the white-line maximum
in a one-electron picture indicates the 5f contribution to a
well-resolved U 6d conduction band. We discuss the al-
ternative hypothesis on the assignment of this shoulder in
the spectrum of uranyl nitrate to mixing between 5f° and
5f'L configurations in the ground state of a uranyl group.

II. EXPERIMENT

The spectra were recorded by direct transmission mea-
surements using the synchrotron radiation at Laboratoire
pour P'Utilisation du Rayonnement Electromagnétique
(LURE) in Orsay emitted by the storage ring DCI. The L
and M XANES spectra are in a quite different energy
range; therefore, a different experimental setup was used.

The M edges in the (3—4)-keV range were measured in
two runs. In the first run the storage ring was operated at
an energy of 1.55 GeV (current of 100 mA) and the syn-
chrotron radiation was monochromatized by a “channel-
cut” single-crystal Ge(111) asymmetrically cut. In the
second run the energy was 1.72 GeV, the monochromator
was a double-crystal Si(111), and a double flat reflecting
mirror was used to avoid harmonic contamination.

The L edges in the range of 17 keV were measured dur-
ing dedicated runs at 1.85 GeV and 250 mA using a Si
(400) crystal. The instrumental bandwidths are principal-
ly determined by the size of the synchrotron source, giv-
ing a full width at middle heights ~0.7 eV for M edges
and ~5 eV for L edges. The intrinsic core-level widths
determined by core-hole lifetime are’®>! 3.3 eV for U M,,
3.2 eV for U My, and 3.2 eV for Th M,, and 7.4 ¢V for U
L. The overall energy resolution of observed final states
is given by the convolution of instrumental bandwidths
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with the core-hole bandwidths, and it is estimated to be
3.4 eV at M, s edges and 9 eV at the L; edge.

The predicted core-hole lifetime of the U 3p level in
Ref. 50 is 14 eV for the U M; intrinsic bandwidth. This
value is not correct; in fact, the measured M; spectrum of
uranyl nitrate exhibits at threshold an absorption feature
3p—6d with a total bandwidth of 9.2 eV, which is small-
er than predicted. Because in this energy range the instru-
mental resolution is negligible in comparison with the in-
trinsic width of the transition, and taking into account the
broadening of the d final state, the 3p-core-level width is,
at maximum, ~9 eV.

III. SAMPLES AND THEIR STRUCTURE

We have studied well-characterized crystalline UO, and
ThO, samples, UO,,, oxides which were close to
x ~0.66 and to 0.25, and two borosilicate glasses.

UO, and ThO, crystallize in the CaF,-type structure
common to tetravalent rare-earth oxides (ao=5.47 A for
UO, and a(=5.60 A for ThO,). The metal ions are
eightfold coordinated with U—O bond length d =2.37 A
in UO,.

The hyperstoichiometric uranium oxides UO,,,
(0<x <0.5) form a fluorite-type crystal like UO, with
oxygen atoms in excess.”>>> The additional oxygen atoms
go into interstitial positions, forming oxygen vacancies
and two types of interstitial oxygens, O’ and O”'. The for-
mation of chains of uranium clusters in the ratio 2:2:2
(Ref. 20 and 21) determines the presence of uranium sites
with coordination number ten, where there are, four nor-
mal U—O bonds (2.37 A), four U—O' of 2.22 A, and two
U—O" of 2.30 A in the chain direction. In these sites
there is a contraction of 5% of the average U-O distance
compared with that in undistorted regions.

For x =0.25 the crystal structure of U,Oy is formed by
ordering the 2:2:2 cluster chains in a 4a, superlattice
(with a smaller lattice parameter a, than in UO,). The
complete unit cell contains 64 additional interstitial oxy-
gen atoms at sites O, 64 vacancies, 64 intertistial sites at
sites O’, and 256 uranium sites.

The mean environment of uranium atoms in hyper-
stoichiometric oxides in the range 0.6 <x <1 can be
described as being formed by distorted pentagonal bi-
pyramids of oxygen atoms.?! For x =0.66 the crystal
structure of U;Oq is formed.” In U;O; there are two
types of uranium sites, giving a static mixed-valence sys-
tem. It can be described as y-UQO; crystal structure with
oxygen vacancies.

The local structure of uranyl nitrate hexahydrate s
formed by the uranyl group UO,?* nearly linear [3(0O—
U—0)=177°] with a very short U-O distance. The envi-
ronment of each uranium atom is completed by six oxy-
gen atoms at distances of 2.40—2.55 A. Four of them be-
long to bidentate nitrate groups and two to water mole-
cules. We performed EXAFS measurements®’ at the
uranium L; edge on this compound; the Fourier analysis
shows two well-resolved groups of atoms in the first shell,
two oxygen atoms at 1.77+0.02 A, and six (the
fitting gives 5.7) oxygen atoms at 2.4—2.5 A.

The glasses are boro-silicate glasses (60.9 wt. % SiO,,

55,56 i
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FIG. 1. Thorium and uranium M,-edge XANES spectra of
ThO,, UO,, and UO,;s. The thorium spectrum has been
aligned at the white-line maximum of UO,.
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18.8 wt. % B,0s, 13.2 wt. % Na,O, and 7.1 wt. % UO,
or ThO,). This type of glass is a simple model for glasses
of technological interest for the stockage of nuclear
wastes. EXAFS analysis of this glass indicates that the
uranium environment is composed of two oxygen atoms
at 1.8 A and five oxygens at 2.20—2.25 A, and it will be
published in a forthcoming paper.’” The uranium sites in
uranium-containing glasses changes accordingly with
composition and preparation conditions; in fact, on other
glasses the characteristic short U—O bond of the uranyl
group has been found.*®

IV. RESULTS

A. The 3d —5f transitions: The white lines
at the M, s edges

The M4-edge spectra of ThO,, and UO, ,s are reported
in Fig. 1. The threshold is dominated by a white line due
to transitions from the 3d-core level to unoccupied f
states. The strong absorption at the white lines is due to
the atomic resonance in the 3d —5f atomic cross section.
The spectra of ThO, and UO, have been aligned at the
white-line maximum. These two spectra are very similar:
the full width at half maximum (FWHM) is 7 eV in ThO,
and 8 eV in UQ,, much larger than the experimental reso-
lution. The white lines are asymmetric as shown in Table
I, where the half-width at half maximum (HWHM) on the
low- (I'}) and high- (I";) energy sides are reported.

My ! Mg f
I 1
Lot s
o
: .. T R
] ..
= rr,y URANYL “y URANYL
""--—...,_,____.-f"‘\“‘N M—. o e e
: .. —
: — "
GLASS GLASS
R U0, B UDygs
e 1 i —— “'"....: I | |
0 10 Zb 3b 0 10 20 3‘5

ENERGY (eV)

FIG. 2. Uranium M,-edge (left) and Ms-edge (right) XANES spectra of U;Os, uranium-containing borosilicate glass, and uranium
nitrate UO, (NO;)+ 6(H,0).
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TABLE 1. White-line half widths and energies.

J. PETIAU et al.

Thorium Uranium
glass ThO, Uo, U0, 55 U0, 66 Uranyl glass
M, T2 1.9 2.8 3.0 3.0 29 2.6 2.5
M, T 1.9 4.2 5 5 5 3.1
Ms T, 3 3 3 2.6 2.6
Ms T, 4.8 4.8 4.5 2.7
M, T 5.6 5.6 4.6
Ly Ty 6.6 6.6 7.1 5.6 6.2
AE (eV)* 0.0+0.2 0.8+0.2 1.01+0.2 1.2+0.2 1.01+0.2

I" half-width at middle height at low-energy side of the white line.
°T", half-width at middle height at high-energy side of the white line.
°AE is the energy shift of the M, (M) white-line maxima from the maximum in the M, (Ms) spec-

trum of UQ,.

Taking into account the instrumental bandwidth, we
have estimated an overall width of about 7 eV for the
unoccupied 5f states in the uranium oxide.

In Fig. 2 we report the M, and M5 XANES spectra of
UO, ¢6 and of uranium borosilicate glass. The energy po-
sition of the white line moves from the energy position in
UO, toward high energy in hyperstoichiometric oxides,
increasing by 0.81+0.2 eV in UQO, s and by 1+£0.2 eV in
UQO, ¢s, as shown in Table I. The maxima of the white
lines of UQ, ¢ and of uranium glass in Fig. 2 are at the
same energy. These two samples show a large difference
in the bandwidth of the white line, as shown in Fig. 3,
where the white lines are reported on an enlarged scale.
In the uranium glass the white line is nearly symmetric
and its bandwidth is only 5.6 eV.

The M, s spectra of uranyl nitrate are reported in the
top panel of Fig. 2 and the M white line is plotted in an
expanded scale in Fig. 3. The white line is as narrow as
that of uranium glass. In fact, the low-energy side of the
two white lines coincide, but the uranyl nitrate shows the
shoulder S at 4 eV above the white-line maximum.

In Fig. 4 we report the M, white lines of thorium boro-
silicate glass and ThO, and in the left-hand panel the
white lines of uranium borosilicate glass and of UO,. No
shift of the energy position of the thorium white line is
observed upon going from the oxide to glass. The white
line of thorium glass is symmetric and its half-width is
only 1.9 eV. An intrinsic width of ~1.0 eV for unoccu-
pied 5f states can be deduced. In ThO, the half-width T,
of the white line increases to 2.8 eV, showing an increase
of 1 eV in the oxide. Moreover, the white line becomes
asymmetric, extending up to 12 eV on the high-energy
side.

Comparing the white lines of UO, and of uranium glass
in Fig. 4, we observe the (1+0.2)-eV energy shift due to
the increasing effective positive charge of uranium ion in
the glass. This shift is similar to the ~1—1.5 eV ob-
served in the core-level shift in XPS spectra going from
formal U(VD) to U(IV) ions in oxides.?>~%* The half-width
of the white line ' increases from 2.5 to 3 eV upon going
from the glass to UO, and becomes more asymmetric.

B. 3d —cf transitions: Multiple-scattering resonances
in the continuum of M, s XANES

The absorption cross section from the 3d inner level to
final states in the continuum at energy c in the range
15—50 eV (see Figs. 1 and 2) above the white-line max-
imum is modulated by multiple-scattering reso-

3944 . . :
nances. In fact, the atomic cross section 3d —cf is
structureless in this energy region, and therefore the spec-
tral features are determined by the multiple-scattering ma-
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FIG. 3. The white line at the Ms edge of uranyl nitrate hex-
ahydrate, of UO, ¢, and of the uranium borosilicate glass are
shown from top to bottom. The zero of the energy scale has
been taken at the white-line maximum of the spectrum of uranyl
nitrate.
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XANES INTENSITY
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FIG. 4. Comparison between the white lines at M,-edge spectra of ThO, and of the thorium borosilicate glass (right-hand panel).
In the left-hand panel the spectra of UO, and the uranium borosilicate glass are reported.

trix for an /'=3 photoelectron emitted at the uranium site
and coming back at the uranium site after multiple-
scattering events with neighbor atoms; therefore, the
XANES spectra in this energy range can be interpreted in
terms of an atomic distribution of neighbor atoms.

The XANES spectra of ThO, and of UO, in Fig. 1 are
very similar, in agreement with the similar fluorite crystal
structure. Both spectra show the two peaks a and b. By
changing the energy scale of the UO, spectrum by a fac-
tor (d,/d,)*=0.95, where d, and d, are the U-O dis-
tances in UO, and the Th-O distance in ThO,, respective-
ly, we obtain a good overlap between the two spectra. The
M5 XANES of UOz, U02.25, and U02.66 above the white
line are reported in Fig. 5. The final states in the M
XANES and in the M4, XANES are different only for the
total angular quantum number J' of the f photoelectron
(J‘=% and -i— at M5 and M, respectively). The zero of
the energy scale has been fixed at the maximum of the
UO, white line. To obtain the spectra in Fig. 5, thick
samples were used to enhance the modulations in the
range 10—50 eV.

The continuum part of the M5 spectrum of UO, 5 in
Fig. 5 (and M, in Fig. 1) exhibit the same features as the
UO, spectrum plus the new feature b'. The feature b’ is
well resolved in Fig. 5 and it is at ~3.8 eV above b. This
spectrum can be considered as the sum of the UO, spec-
trum plus a new XANES spectrum determined by the
uranium tenfold sites in the 2:2:2 cluster chains formed by
interstitial oxygens.

The continuum Ms; XANES spectrum of UQ, ¢4 re-
ported in Fig. 5 shows a completely new set of features, Q
and p, different from UQO,, which indicate the pentagonal
bipyramid uranium-site structure in hyperstoichiometric

oxides for x >0.5. The spectrum of uranyl nitrate, re-
ported in the top panel of Fig. 2, exhibits a unique
XANES spectrum characterized by the satellite s and the
multiple-scattering features m and n, which are charac-
teristic of the uranyl UO,** site. The continuum M,
XANES spectrum of uranium borosilicate glass is com-

M; XANES INTENSITY

] 1 | | |
0 10 20 30 40
ENERGY (eV)

FIG. 5. Uranium M;-edge XANES spectra of UO,,,
(x =2, 2.25, and 2.66). Thick samples have been used to put in
evidence the modulations of the absorption spectra in the con-
tinuum in the range 10—50 eV above the white-line maxima.



7356

pared with UO, ¢ and uranyl nitrate in Fig. 2. It is clear
that the spectra of the glass and of UO, ¢¢ are nearly iden-
tical.

C. L; and M; XANES

The uranium L; XANES spectra of UO,, UO; ¢, and
uranyl nitrate are shown in Fig. 6. The spectra show a
broad white line, which is determined by the enhancement
of the total absorption cross section for transitions to the
lowest d-like conduction band by the 2p—(6,c)d reso-
nance in the atomic cross section [where (6, c)d indicates
d-like continuum states ¢ derived by 6d atomic orbitals].
In order to study the modulations of the absorption cross
section due to structural effects, we have subtracted in
each spectrum an arctan curve, shown in Fig. 6, which
simulates the spectroscopical absorption jump.

The spectra of UO,, UO, ¢, and uranyl nitrate after the
subtraction of the arctan are reported in Fig. 7. The M;-
edge spectra have been analyzed in the same way and the
difference curves for UO, and uranyl nitrate are reported
in Fig. 8.

L;—edge
Uo,

URANYL NITRATE

L; XANES INTENSITY

0 20 40 60 80 100
ENERGY (eV)

FIG. 6. Uranium L;-edge XANES of UO,, U304, and the
uranyl nitrate hexahydrate. The arctan curves for each spec-
trum simulate the spectroscopic absorption jump.
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In Figs. 7 and 8 the results of the fitting of the white
lines at threshold with Lorentzian curves are reported.
The bandwidth of Lorentzians used to fit the (6,c)d reso-
nance are reported in Table I. The bandwidth of the
Lorentzian to fit the uranyl nitrate M; white line is only
9.6 eV, well below the reported intrinsic width, 14 eV, of
the 3p-core level, which, therefore, is quite smaller than
predicted.*

The L; XANES spectra of UO, ¢ and the M; and L,

URANYL NITRATE

MSR

l 1 I I i
0 10 20 30 40 50
ENERGY (ev)

FIG. 7. The difference between the measured L; spectra and
the arctan curves for each spectrum shown in Fig. 6 are plotted.
The results of a fitting with Lorentzian curves of the white lines
and of the multiple-scattering resonance (MSR) are plotted. A
single line is observed in UO,. The second Lorentzian is at 15.5
eV in uranyl nitrate. It is a one-electron multiple-scattering res-
onance in the direction of the short U-O distance characteristic
of the uranyl groups. The multiple-scattering resonance in
UO, ¢ at 10 eV above the white line is characteristic of the pen-
tagonal bipyramid groups U;Os.
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FIG. 8. M;-edge spectra of UO, and uranyl nitrate after sub-
traction of an arctan curve to simulate the absorption jump.
The fitting with a Lorentzian curve of the white lines are
shown. The full widths at half maximum are 9.2 eV for uranyl
nitrate and 11.3 eV for UO,. The multiple-scattering resonance
(MSR) at 15.5 eV in the spectrum of uranyl nitrate is better
resolved in the M; spectrum.
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FIG. 9. Uranium M,-edge XANES of UO, and UO, ;s. The
spectra have been aligned on the rising absorption edge and nor-
malized at the absorption maximum to show the differences be-
tween the two spectra (features ¢ and g) due to uranium tenfold
sites in U02'25.
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FIG. 10. Uranium Lj spectrum of the studied uranium boro-
silicate glass. The L; spectrum of UO, ¢ is reported below for
comparison. The spectra are nearly identical, indicating that the
uranium site in the glass and in UO, ¢ is similar.

XANES of uranyl nitrate show a broad strong feature,
multiple-scattering resonance (MSR), at 10 and 15.5 eV
above the white-line maximum, respectively. The energy
positions of these MSR features has been determined by
fitting with a second broad Lorentzian, as shown in Fig.
7.

In Fig. 9 we report the M;-edge spectra of UO, 5 com-
pared with that of UO, in order to extract the differences
between the UO, ¢¢ and UO, spectra. We show in Fig. 9
the M, edge, where we have better resolution than at the
L; edge. The spectrum of UOQO,,s shows the same
features as UO, plus extra features ¢ and g on the high-
energy side of the white line. This result is consistent
with the M, s XANES spectra. The extra features ¢ and
g are assigned to the tenfold uranium sites in UO,,,
(x <0.5) oxides. In Fig. 10 we report the L; XANES
spectrum of the uranium borosilicate glass and of UO, ¢;
the comparison shows the similarity of the two spectra.

V. DISCUSSION

A. The uranium-site structures

The MSR peak in the uranyl nitrate spectrum shown in
Fig. 7 can be shown to be determined by multiple scatter-
ing in the direction of the linear O-U-O uranyl group.
This is shown by comparing the spectrum of uranyl ni-
trate with the angle-resolved XANES spectra obtained by
Templeton and Templeton®? for the uranyl ion in a
single-crystal rubidium uranyl nitrate reported in Fig. 11.
The comparison clearly shows that the MSR feature at
15.5 eV above the white line is due to the multiple-
scattering resonance of the d photoelectron in the direc-
tion x of the short O—U—O bonds of the uranyl ion; in
fact, it is present only in the spectrum for the electric field
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E polarized along the X axis of the linear uranyl ion.

The MSR peak at about 10 eV above the white line in
the L; spectrum of UO, ¢¢ and of the uranium-containing
glass are shown in Fig. 7. It determines the long tail on
the high-energy side of the L; white line, but it is not well
resolved as in the uranyl nitrate spectrum. It is charac-
teristic of the sites formed by distorted pentagonal bi-
pyramids where the differences between the shortest and
longest U—O bond lengths are 0.4 A or less, and not 0.7
A as in the uranyl nitrate, in agreement with EXAFS
data.

The tenfold uranium sites along the 2:2:2 cluster chains
formed by interstitial oxygens in UO,,s oxide’®?! have
been identified by M, s and L; edges. In the M, s edges
the multiple-scattering feature b moves with the intera-
tomic distance.

It has been demonstrated that the energy of full
multiple-scattering resonances for molecular groups of the
same symmetry are dependent on the interatomic dis-
tance.*>** The energy separation E of a multiple-
scattering resonance in the continuum from an atomiclike
resonance at threshold (like a white line) follows the rule
Ed?~const, where d is the interatomic distance. Devia-
tions from this rule are expected for variations of inter-
atomic distances larger than 10%, because the energy
dependence of scattering phase shifts cannot be neglected.

The change of the energy E, of the multiple-scattering
peak b in Fig. 1 from ThO, to UO, is in agreement with
the contraction of interatomic distance

E,(ThO,)/E,(U0,)=[d(U—0)/d (Th—0)]*=0.95 .

ABSORPTION

P R N
17160 17180 17200
ENERGY (eV)

FIG. 11. The L; absorption spectrum of uranyl nitrate
(upper curve) compared with the polarized spectra of rubidium
uranyl nitrate measured by Templeton and Templeton (Ref. 32)
for the polarization vector E along the uranyl axis x, E||x, and
Elx lower curves.

The peak b’ in the spectrum of UQO,,s in Fig. 5 is as-
signed to tenfold uranium sites formed by interstitial oxy-
gens. The peak b of UQO, ,s, which coincides with the
peak b of UO,, is due to undistorted eightfold uranium
sites. The energy separation between b and b’ indicates a
contraction of about 5% of the interatomic distance in the
tenfold sites. This is in agreement with crystallographic
results. 02!

The energy shift and shape of the white lines in L;-
edge spectra are essentially due to local-structure effects.
This is demonstrated by the angular dependence of the L;
white line for the uranyl group as shown in Fig. 11. The
energy shift of the L3 white-line maxima in UO, ¢ and in
uranium borosilicate glass from the UO, white-line max-
imum, AE =3 eV, is mainly determined by the contrac-
tion of the average uranium-oxygen distance.*’ In fact, the
contribution to the edge shift due to variation of core-level
binding energies is about 1 eV, as shown by M, s edges
and core-level photoemission.

B. Unoccupied 5f states

1. UO;and ThO,

The band structure of UO, is formed by a bonding
valence band ¥V, extending between 3 and 8 eV below the
Fermi level Er (mostly formed by O 2p orbitals), partially
occupied states ¥, (mostly formed by U 5f orbitals), and
an unoccupied conduction band C; (mostly formed by U
6d,7s orbitals).

Optical data give evidence of localized 5f behavior.!
Photoemission spectra show a mostly pure f band with
negligible dispersion at —1.5 eV below the Fermi lev-
el>~1> A gap of about 2 eV from f states to the conduc-
tion band C; was deduced from optical reflectivity. A
gap of 5 eV between the ¥V, and C; bands is in good
agreement with photoemission and BIS data'®>® and
band-structure calculations. !¢

In ThO, the localized Th 5f band is empty, this has
been shown by photoemission data and it is expected to be
at higher energy above the O 2p valence band, from
theoretical calculations.*

The open problem concerns the degree of the localiza-
tion of 5f states i.e., the degree of mixing of 5f orbitals
with O 2p and U 6d,7s orbitals. The mixing of U 5f with
O 2p orbitals has been the object of several investigations
and discussions by Naegele et al.® but in any case the con-
tribution of U 5f orbitals to the O 2p valence band is
small, as is shown by the resonance photoemission of the
broad O 2p valence band V,.!%!3

Here we discuss the evidence of mixing of the U 5f and
U 6d,7s orbitals in the unoccupied conduction band. In
the BIS spectrum of UQ, the strong and broad peak ex-
tending from 2 to 8 eV above Ep has been demonstrated
to be due to 5f final states®® and was assigned to 5/ final
states.!” The explanation of the broadening of this peak
remain unsolved. The multiplet splitting for 5f° final
states is expected to be much smaller®®! than the width of
the broad line assigned to the 5f° final states in BIS spec-
tra. In the XANES spectra the energy resolution of 3.5
eV does not allow one to resolve the 3d 51> multiplets.

8
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In order to extract information on the unoccupied 5f
states from the M, s white line, we start the interpretation
of the thorium glass and ThO,. In this case the final
states are 3d5f"' and no multiplets are present. The sym-
metric white line in the glass—as large as the intrinsic
overall resolution determined by the core-hole lifetime—
indicates that the lowest unoccupied band is a narrow (less
than 1 eV wide) band formed by localized 5f states. Go-
ing from the thorium-containing glass to ThO,, the ener-
gy position of 5f states remains constant; in agreement
with the fact that the formal valence of thorium is the
same. In the glass, the full width is much narrower (3.8
eV) than in ThO, (7 eV). This indicates the formation of
a broad band of 5f unoccupied states in ThO,. The varia-
tion of the width of localized 5f unoccupied states at the
bottom of the conduction band is indicated by the varia-
tion of the half-width at the low-energy side I’y of the

M, s white lines from the value of 1.9 eV for Th-

containing glass to 2.8 eV in ThO,.

The other difference between the glass and the oxide is
the long tail on the high-energy side of the oxide, which
indicates that the 5f orbitals contribute to the conduction
band of ThO,, extending at higher energy up to about 12
eV. Therefore, we can conclude that in Th-containing
glass the 5f states are all confined in a narrow band, while
in ThO, there is an important hybridization between 5f
and 6d,7s orbitals in the broad conduction band.

The similarity between the M, 5 spectra of ThO, and of
UO, indicates that also in UQO, there is a large mixing of
U 5f and U 6d,7s orbitals. The full bandwidth, ~8 eV,
of the 3d-core excitation to the unoccupied 5f states in
UO, has been found to be much larger than that deter-
mined by instrumental resolution and therefore cannot be
assigned to unresolved multiplets. The intrinsic full width
of the unoccupied 5f states in UO,, ~7 eV, extracted
from XANES, is in agreement with the width of the
unoccupied 5f band detected by BIS.”!°

Comparing the uranium M, spectra of uranium metals
measured by Lawrence et al.>* with the spectra of oxides
and glasses measured here, we observe that the asymmetry
of the M, s white line in the metals is larger than in the
oxides. The full widths of the M5 white line in UMn,
and UALl, are 10.2—10.8 eV, and are therefore larger than
in the oxides studied here. The half-width at the high-
energy side, I'y, is 1.9 eV in the thorium-containing glass,
4.2 eV in ThO,, and 5 eV in UQ,, as reported in Table I
and about 6.5 eV in metals obtained from the figures in
Ref. 33. This long tail of 5f states in the conduction band
in the oxides is due to an increasing contribution of f or-
bitals to a higher-energy conduction band extending up to
12 eV.

The observed broadening of the unoccupied f bands go-
ing from a glass to a crystalline oxide is similar to that
observed for the unoccupied 3d band of palladium going
from Pd impurities to crystalline oxide PdO.®? A similar
asymmetry of the white line has been found in the L,
edge of Pd metal. The observed asymmetry of the white
line in Pd metal has been clearly demonstrated to be deter-
mined by the atomic cross section enhancing the d, com-
ponents in the sp conduction band extending up to 8 eV,
while the unoccupied 4d states, are confined in a narrow
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set of states which correspond to the maximum of the
white line.2736:62

The behavior of core transitions to 5f states is different
from that observed in rare-earth compounds, where the
bandwidth of the core transitions to unoccupied atomic-
like 4f states is nearly constant in different systems.

Comparing the M, and L; spectra of ThO, and UO,
with the M, (Refs. 63 and 64) and L; (Ref. 48) spectra of
Ce0,, which has the same crystallographic structure and
similar electronic band structure,'®!” the spectra of ac-
tinide oxides do not show the multielectron final states
observed in CeO,. The presence of multielectron final
states in CeO, has been shown to be due to configuration
interaction between the 4f 0 and 4f 1L (L indicates a hole
in the O 2p band) configurations separated by AE in the
ground states.*”* The presence of configuration interac-
tion in the ground state in insulating oxides is determined
by the large correlation energy Ujr~8 eV for 4f states
that becomes larger than the charge-transfer gap 8E to ex-
cite an electron from the O 2p band to the unoccupied 4f
localized states, which is about 4 eV in CeO,. Moreover
the hybridization energy V between O 2p and 4f orbitals
is of the same order of magnitude of the energy separation
between the two many-body configurations ( V ~ AE).

The fact that no mixing of configurations is observed in
UO, indicates that in spite of non-negligible correlation
energy Uy, for 5f states (Usr ~O8E), we are in the case of
integral valence.*® This corresponds to the condition
V << AE, when the hybridization between U 5f and O 2p
is negligible with respect to the energy difference between
f"*!and f" many-body configurations.

2. UO;,, and the uranium borosilicate glass

The bandwidth of unoccupied 5f states in UO, ., is the
same as in UO,. We do not observe the static mixed
valence associated with different sites in hyper-
stoichiometric oxides. We observe a unique shift of about
0.7 eV upon going from UQO, to UO, ,s, which is in agree-
ment with the XPS shift of the 4f core lines.?*?* This in-
dicates that the shift can be associated with the variation
of the core-level binding energy, and the energy position
of unoccupied 5f states remains nearly constant.

The fact that we see a small shift as in XPS indicates
that the decrease of localized 5f electrons in the ¥, band
observed in the XPS valence-band spectrum in UQO,; s
does not affect the position of unoccupied conduction
band.

In the UO, ¢ oxide we observe a shift of about 1.1 eV
which is as large as that observed in 4f-level core-level
photoemission?*?* and indicates the formation of sites
with formal valence U%t. The bandwidth of the unoccu-
pied 5f band at the M, edge is similar to that of UO,.

Comparing the M, white lines in UO, ¢ an in the boro-
silicate glass, we observe that the energy position of the
white-line maxima coincide, showing the same uranium
effective charge. The only difference between the
XANES spectra of these compounds is the narrowing of
the M, and M white lines in the glass. This comparison
clearly shows the broadening of unoccupied 5f bandwidth
by about a factor of 2 from the glass to the oxide.

In conclusion, we have found that in the hyper-
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stoichiometric oxides the bandwidth of unoccupied 5f
states and the hybridization between U 5f and U 6d,7s
remains constant within the experimental resolution.

The presence of different sites in UO, ¢ with U** and
US* formal charge was detected by core-level XPS spec-
tra, which show two peaks separated by 1 eV,”>?* and in
the uranium-containing glass, where the optical spectra
indicate U and U®*. The presence of different sites
with different formal charge is not detected by XANES
showing that the energy separation of final states 3d5f",
3d5f?, or 3d5f° is not larger than 1 eV, as found in XPS.
If the 5f occupation number in these oxides were an in-
teger and if the correlation energy were U;r=4.6 eV as
suggested in Ref. 10, the Coulomb interaction between the
3d-core hole and the 5f electron should be larger than 4.6
eV and therefore we should be able to separate the final
states with an experimental resolution of 3.5 eV.

C. Uranyl nitrate

The M, spectrum of uranyl nitrate in Fig. 3 shows a
narrow white line due to the 3d5f! final state at thresh-
old. The narrow bandwidth of unoccupied 5f states indi-
cates that they are well localized, as in the Th-containing
glass.

The M, spectrum of uranyl nitrate exhibits a shoulder
s at about 4 eV above the white-line maximum which is
not present in glasses. Following the above discussion, we
assign this shoulder to the f components of the U 6d,7s
conduction band. The characteristic spectrum of uranyl
is determined by the fact that the unoccupied 5f localized
band is more localized than in uranium oxides and
separated from the U 6d conduction band; however, an
important hybridization between U 5f and U 6d,7s orbi-
tals is expected, as indicated by theoretical calculations.*>

The theoretical calculations of the electronic structure
of uranyl compounds also show a large mixing of U 5f
and O 2p orbitals.” The U 5f states at —1.5 eV in UO,
are not present in the valence-band photoemission spectra
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of uranyl compounds.?? The optical spectrum of uranyl
nitrate does not show f—f transitions and shows a
charge-transfer gap at about 3 eV (Ref. 65) that can be as-
signed to the transition from the mostly oxygen 2p band
to the unoccupied U 5f states. The core-level XPS spec-
tra show a characteristic satellite at 3.9 eV from the main
4f line,% as do other uranyl compounds®’ and U(VI) ox-
ides.? Keller and Jorgensen®” pointed out the need for an
explanation of this satellite different from that of other
satellites of uranium oxides.

Here we discuss the hypothesis that the shoulder at 4
eV at the M, edge is due to a charge-transfer excitation of
a valence electron. In uranyl nitrate the 5f states are
more localized and the charge-transfer gap 8E (O
2p—US5f)~3 eV is close to the Uyss correlation energy
~2 eV."? Therefore, using the language of configuration
interaction a mixing of the localized configuration 5f°
and 5f'L can be expected, as in CeO, and NiO,*~* that
we call interatomic intermediate-valence (IIV) systems, if
the hybridization energy V also becomes larger than the
energy separation of the two configurations. Where this
hypothesis will be verified, the 4-eV satellite in the M,
XANES can be associated with the final state 3d L5f°
and the main line with the 3d5f! final state. The large
intensity of the satellite in XANES can be explained by
mixing of 5f° and 5f'L configurations in the ground
state, in agreement with the expected large covalence of
the uranium-oxygen bond in uranyl UO,>* groups.
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