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A theoretical study of the uranium L3-edge x-ray absorption near-edge structure (XANES) is present-
ed for several uranium compounds, including oxides, intermetallics, uranyl fluoride, and cz-uranium.

Calculations were performed using FEFF6, an ab initio multiple-scattering (MS) code that includes the
most important features of current theories. The results, which account for both the fine structure g and
the atomiclike background po of the absorption coefficient p, are compared to new and previously mea-
sured experimental spectra, reavealing very good agreement for most systems. For several compounds, a
more detailed theoretical analysis determined the inAuence of cluster size and scattering order upon the
calculated spectra. Results indicate that MS paths and scattering paths that include rather distant atoms
make significant contributions for UO2, whereas XANES for crystals with lower symmetry and density
can be modeled using only shorter single-scattering paths. In most cases, assumption of a screened final

state in the calculation gives better agreement with experiment than use of an unscreened final state.
The successful modeling of spectra for a variety of different uranium compounds, with differing spectral
features, indicates that the semirelativistic treatment of XANES used here is adequate even for heavy
elements. The well-known resonance, observed experimentally for uranyl (UO2 +) compounds =15 eV
above the white line, is successfully modeled here for the first time, using multiple-scattering paths
within the 0-U-0 axial bonds. Overlapping muffin-tin spheres were required in the calculation, prob-
ably as a result of the short uranyl axial bonds.

I. INTRODUCTION

X-ray-absorption spectroscopy probes the local elec-
tronic and geometric structure around an atom of a
selected chemical element. X-ray-absorption spectra can
be divided into two regions which contain roughly com-
plementary information: (1) extended x-ray-absorption
fine structure (EXAFS) provides bond lengths, coordina-
tion numbers, and elemental identities for the first few
coordination shells around an absorbing atom. (2) X-
ray-absorption near-edge structure (XANES) refiects the
oxidation state and local structure around the absorbing
atom. Both approaches are element specific due to the
characteristic binding energies of core electrons, and can
be applied to disordered systems due to the limited
volume around the absorbing atom which contributes to
the fine structure. Because EXAFS arises from
photoelectron-atom scattering and is well understood
theoretically, it has become a widely used and accepted
experimental technique. ' The origin of XANES is more
complex, and depends on a number of effects which are as
yet not completely characterized. However, XANES is

growing in popularity because it can provide unique in-
formation about chemical state, band structure, bond an-
gles, and local structural order in a broad range of ma-
terials. '

In recent years, advances in theory have led to semi-
quantitative predictions of XANES for a variety of sys-
tems. The starting point for these models is the EXAFS
effect, whereby the photoelectron wave produced by x-
ray excitation scatters off neighboring atoms and is par-
tially rejected back to the emitter atom, where it inter-
feres with the outgoing wave and modulates the x-ray-
absorption cross section. In the EXAFS regime, this
effect is dominated by simple backscattering paths from
nearby atoms. For XANES, the mean free path of the
photoelectron can be much larger and the probability of
off-linear scattering increases. Both of these differences
tend to increase the number of scattering paths which
contribute significantly to the x-ray-absorption cross sec-
tion. In particular higher-order scattering, i.e., mul-
tilegged paths involving several atoms, becomes more im-
portant. Essential features of successful scattering for-
mulations for XANES include the consideration of
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multiple-scattering paths, ' use of a complex energy-
dependent self-energy, ' and, for systems with high-Z
atoms, at least, semirelativistic scattering potentials. '

Relativistic effects on the scattering states themselves are
small, but perhaps not negligible. In some cases, a one-
electron approach is not entirely adequate, and con-
sideration of multielectron excitations must also be in-
cluded. ' '"

In this paper, we present a theoretical study of urani-
um L3-edge XANES for several uranium compounds, in-
cluding oxides and intermetallics. The electronic struc-
ture of uranium, and the f elements in general, has been a
topic of considerable interest for many years. ' Attention
has focused, in part, on the relationship between band
structure and unusual magnetic and sup erconducting
properties. Uranium is of particular interest because it
exhibits intermediate localization of the f electrons.
Uranium XANES, using d initial states, has been used to
probe this important property directly. ' ' Due to di-
pole selection rules, XANES at the L3 edge, with the
2p 3 /2 initial state, accesses the unoccupied d band. Lo-
calization issues are also important for these states. ' ' '
Other investigations of actinides with x-ray-absorption
spectroscopy focus on the determination of structure and
speciation for actinides in solution' ' or in geological
systems, motivated mainly by environmental con-
cerns. The current work provides theoretical tools for
the interpretation of XANES in a broad range of actinide
research.

Calculations were performed using FEFF6, a
general-purpose x-ray-absorption spectroscopy code
which includes all the features described above except
multielectron excitations and relativistic scattering states.
Results of simulations are compared to new and previ-
ously measured experimental spectra, revealing very good
agreement for a number of systems. For several com-
pounds, a more detailed theoretical analysis determined
the inhuence of cluster size and scattering order upon the
calculated spectra. Results indicate that third-order
multiple-scattering paths, as well as first- and second-
order scattering paths to rather distant atoms, make
significant contributions for uranium dioxide, whereas
XANES for crystals with lower symmetry and density
can be modeled using only shorter single-scattering paths.
Calculations which assume either a screened or an un-
screened core hole are compared. Overall, use of a
screened final state gives better agreement with experi-
ment. However, for uranium dioxide, an unscreened final
state produces a better model of the white line intensity.
FEFF6 uses a combination of fully relativistic atomic po-
tentials, semirelativistic scattering phase shifts, and a
nonrelativistic multiple-scattering expansion with the
usual l, m angular momentum basis. The successful mod-
eling of spectra for a variety of different uranium com-
pounds, with differing spectral features, indicates that
this semirelativistic treatment of XANES is adequate
even for heavy elements.

The above-edge resonance which is observed experi-
mentally for uranyl fluoride and other uranyl compounds
has been attributed to either a shake-up process or a lo-
calized multiple-scattering resonance. ' ' Until now

there has been no direct theoretical consideration of ei-
ther explanation. This resonance is successfully modeled
here for the first time, using multiple-scattering paths
with the 0—U—O axial bonds. Overlapping muffin-tin
spheres were required in the calculation for this system,
probably as a result of the short uranyl axial bonds.

We are aware of only two previous theoretical studies
of actinide XANES. Guo et al. presented multiple-
scattering XANES calculations for the uranium M edges
in crystalline UO2 and molecular UC14. Results were in
good agreement with experimental measurements. In a
paper by Tyson, relativistic and nonrelativistic calcula-
tions of electron-scattering parameters were compared
for the Th L2 and L 3 edges. The present work
represents the first comparison of calculated actinide L3-
edge XANES to experimental results.

II. THKORKTICAL APPROACH
AND COMPUTATIONAL DETAILS

FEFF was originally developed as a theoretical EXAFS
standard, allowing the calculation of reliable scattering
phase shifts and amplitudes for use in fitting experimental
EXAFS. The basic theoretical formulation has been de-
scribed in some detail. ' In short, it performs an ab ini-
tio curved-wave single-scattering calculation within a
muffin-tin potential, using a complex energy-dependent
self-energy to model exchange-correlation effects and in-
elastic losses. FEFF5 introduced a separable Green's-
function formulation for higher-order scattering, and an
efficient sorting scheme to handle the potentially large
numbers of multiple-scattering paths. ' These improve-
ments, among others, facilitated the accurate calculation
of XANES, and in fact FEFF5 was successfully used to
model experimental results. ' ' However, because of its
roots in EXAFS, the code calculated only the oscillatory
x-ray-absorption fine structure y as a function of k, the
photoelectron momentum.

In the most recent version, FEFF6, additional calcula-
tions have been included to allow the determination of
p(E), the absorption coefficient, as a function of the x-ray
energy E. ' ' One of the forrnal difficulties associated
with a complex self-energy is that po(E), the atomiclike
absorption background, does not factor out from the fine
structure. But by neglecting the small contribution to
po(E) from the imaginary portion of the irregular (i.e.,
singular at the origin) part of the final-state wave func-
tion [Rl+(r) in Ref. 32, which vanishes for real poten-
tials], the expression for p(E) factors into a form analo-
gous to that for real potentials, p(E) =go(1+y). ' Using
a well-defined absolute threshold energy Eo, the fine
structure y can be expressed as a function of E, where
[E—Eo]~k .

For a given initial state nl, po(E) is calculated using the
(l + 1)&+,&z final state, which is derived for the scattering
calculations, and the core atomic orbitals available from
the construction of the scattering potential. ' ' These
atomic wave functions are determined using the self-
consistent, relativistic, Dirac-Fock-Slater atom code of
Desclaux. Semirelativistic scattering phase shifts are
determined from these relativistic atomic potentials by
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matching the Dirac equation solution at the muffin tin ra-
dius, using a method of Loucks. Scattering is otherwise
treated nonrelativistically, using a multiple-scattering ex-
pansion with the usual l, m angular momentum basis.
Thus the determination of po(E) is almost fully relativis-
tic, while that of y(k) is only semirelativistic.

Muffin-tin potentials are good models for metals, but
may be less reliable for structures with strong directional
bonding. In cases of severe anisotropy, the nonover-
lapped muffin-tin spheres used by default in FEFF6 may
lead to large discontinuities in the derived potential at the
edges of muffin-tin spheres. This problem may be avoid-
ed by using overlapped muffin-tin spheres, which removes
self-consistency from the potential, but nevertheless may
lead to better agreement with experiment, as demonstrat-
ed below for UO2F2.

The EXAFS spectrum y(k) is a coherent sum of oscil-
latory contributions from each individual scattering path.
Thus a limited number of scattering paths can be used to
approximate XANES, because the multitude of paths
which make very weak contributions to g(k) will tend to
cancel each other. FEFF5 and FEFF6 have several stra-
tegies to filter out the unimportant paths efficiently, as
described in Ref. 24. For all the XANES simulations
presented here, convergence was ensured by including ad-
ditional paths beyond the final path set, and verifying
that they did not alter results. Once the path set required
for convergence is determined, it may be instructive to re-
move some paths by decreasing the limits on cluster size,
path length, and scattering order. By following the
changes in the calculated spectrum as the path set is re-
duced, one can sometimes identify the origin of specific
spectral features in a subset of scattering paths. For
several of the compounds modeled here, such a path

analysis is presented to demonstrate the relative impor-
tance of various types of paths. For all calculations,
atomic clusters of radius =7 A were used, even when
scattering paths were restricted to a much smaller
volume. This cluster size ensured a converged scattering
potential for all the atoms involved in significant scatter-
ing paths.

One of the primary reasons for the larger numbers of
scattering paths required for the modeling of XANES, in
comparison to EXAFS, is the increased mean free path
(MFP) of the photoelectron at low kinetic energy (i.e.,
&30 eV). Recent FEFF5 calculations of XANES for al-
kali halides demonstrated the importance of rather long
scattering paths. For example, the Na E-edge XANES
of NaBr was best modeled by including paths up to 26 A
long (i.e., up to a cluster radius of 13 A). In the case of
uranium L3 XANES, however, the effective mean free
path of the photoelectron is severely constrained by the
short lifetime of the 2p3/2 core hole. The uranium 2p3/2
core hole has a natural linewidth of 7.4 eV, which
effectively limits the MFP to & 6 A for kinetic energies in
the XANES region. Based on this limitation, one may
predict that uranium I 3 XANES calculations should
converge using a fairly small set of scattering paths, and
indeed this result was obtained in the present calcula-
tions. In fact, the effective MFP is actually larger in the
higher EXAFS region than in the XANES region, con-
trary to the trend normally observed.

The current FEFF6 code uses an approximate treatment
of core-hole lifetime, which separately broadens po(E)
and y(E). For the present calculations, a more accurate
approach was used, which explicitly broadens the final re-
sult p(E). This improvement resulted in significantly
better agreement with experiment for line shapes, widths,

First
uranium

shell:
R {A), N
3.87, 12
3.76, 2
3.76, 1

4.19, 6
2.75, 2
4.80, 12
4.97, 12
4.60, 6
3.36, 4
3.10, 4
4.08, 12
4.38, 12

UOq
U308

cubic (CaF )'
orthorhombic ' 7.3, 2.4

6.6, 1.8
2.37, 8
2.07, 2
2.07, 2
1.74, 2UO2F2

n-uranium
UNi5
UCu5
UIn3
UA12
UMn2
UAs
Usb

6.3, 1 ~ 3
4.8, 4.8
7.7, 1.3
6.9, 1 ~ 1

4.1, 1.0
5.1, 1.7
6.5, 2.2
4.2, 2. 1

3.4, 1.7

rhombohedral
orthorhombic'
cubic (AuBe5)'
cubic (AuBe5)'
cubic (AuCu3)'
cubic (MgCu2)
cubic (MgCu2)
cubic (NaC1)'
cubic (NaC1)'

2.81, 12
2.92, 12
3.25, 12
3.22, 12
2.97, 12
2.88, 6
3.10, 6

'Reference 46.
Two distinct uranium sites.

'Reference 47.
Reference 48.

'Reference 49.
Reference 50.

TABLE I. Structural details of uranium compounds. Interatomic distances (R) and coordination
numbers (N), relative to a central uranium atom, are listed for the first coordination shell and for the
first coordination shell containing uranium. Both total and uranium-only atomic number densities are
also shown. References are listed for the crystal structures used in the calculations.

Compound Crystal structure Atom number First shell:
density: R (A), N

total, uranium
(10Xn A )
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and intensities in the edge-jump and white-line regions.
For many of the compounds modeled here, Debye tem-

peratures are not available and therefore Debye-Wailer
(DW) factors were assumed to be zero, i.e., the dampen-
ing effects of disorder were not considered. This approxi-
mation tends to overestimate the relative contributions
from (a) scattering paths through lighter atoms, which
have more extended spatial distributions due to the mass
dependency of thermal motion; and (b) higher-order
multiple-scattering (MS) paths, which are dampened by
the disorder of several atoms. The Debye temperature
for uranium dioxide is known; a simulation is presented
below which includes the treatment of thermal disorder
by the correlated Debye model.

Upon creation of a core hole by absorption of an x ray,
there is often a rearrangement of local electronic struc-
ture to screen the positive charge of the hole. In fact, x-
ray photoelectron spectroscopy has shown that distinct
screened and unscreened core-ionized final states are pos-
sible for a variety of systems. ' In FEFF a screened
final state is modeled simply by including an extra elec-
tron in the lowest unoccupied orbital of the core-excited
atom before calculating the muffin-tin potential. Calcula-
tions based on both screened and unscreened final states
are compared in this paper. Overall, the screened final
state gives better agreement with experiment, but there
are some exceptions described below. Work is in pro-
gress to develop theory and code to treat the possibility
of multiple final states in a unified way.

To calculate XANES, FEFF6 requires as input parame-
ters the positions of all atoms within the chosen cluster.

Therefore all the simulations presented in this paper are
based on structural information from the published
literature, summarized in Table I. Ultimately it is desir-
able to model experimental XANES using FEFF6 for sys-
tems where detailed structural information is unavailable.
This may be possible in some cases, especially where
direct comparisons to spectra of related known structures
are possible. The situation is similar for EXAFS, where
the technique is most successful when applied to un-
known systems for which there is already some idea of
the possible structures. In fact, the results presented in
this paper establish a basis for the modeling of actinide
L3 XANES spectra in systems which are not fully
characterized. In particular, results show that the urani-
um L3 XANES for a variety of intermetallic compounds
can be modeled with relatively small clusters and without
MS. Therefore modeling of XANES for related unknown
systems may be possible using a fairly small set of adjust-
able structural and nonstructural parameters.

III. RESULTS

A. Experimental data

To test the accuracy of the theoretical approach, calcu-
lated spectra are compared to new experimental spectra
and to previously published measurements. U L3-edge
spectra of UOz and U308 were measured in transmission
mode on the wiggler beamline 4-1 at the Stanford Syn-
chrotron Radiation Laboratory. An estimated spectral
resolution of =5 eV was obtained from the double-

TABLE II. Comparison of derived parameters from experimental and calculated spectra. To ensure
the most consistent comparison, the experimental energies reAect a recalibration of absolute energy
scale, as indicated. The parameters, de6ned in the text, characterize the edge jump and white-line {WL)
region of the XANES. WL intensity is given in units of eV x (normalized absorption). References are
listed for the experimental spectra, along with the energy shifts used for recalibration.

Compound Experiment
Edge WL WL

energy half-width intensity
(keV) (eV)

Calculated (screened)
Edge WL WL

energy half-width intensity
(keV) (eV)

Calculated (unscreened)
Edge WL WL

energy half-width intensity
(keV) (eV)

UAs'
USb'
UCU5
UNi,
a-U
cx-U'
UMn2'
UA12'
UIn3'
UO2'
U308'
UO2F2

17.1632
17.1636
17.1621
17.1627
17.1619
17.1607
17.1613
17.1618
17.1603
17.1640
17.1663
17.1658

11.56
10.71
11.16
13.01
11~ 88
13.18
13.62
11.16
10.57
7.47

10.2
8.52

26.22
25.79
25.26
24.60
23.44
22.11
23.32
24.34
24.42
27.10
25.94
25.54

17.1476
17.1476
17.1480
17.1464
17.1427

17.1451
17.1456
17.1467
17.1484
17.1493
17.1499

7.86
7.81
9.97

11.85
11.19

10.54
9.33
7.63
7.35

10.47
16.33

24.47
24.68
24.38
23.68
22.63

23.23
24.20
24.39
25.23
25.54
24. 18

17.1422
17.1424
17.1431
17.1417
17.1374

17.1396
17.1405
17.1429
17.1425
17.1444
17.1447

6.52
6.40
7.57

11.14
9.68

8.77
7.65
6.48
6.07
7.82
6.54

24.89
24.43
23.66
23.92
23.73

23.93
23.95
21.87
26.56
26.50
26.47

'Reference 16; hE =+4.5 eV.
Reference 13; 5E=+0.0 eV.

'Reference 15; KE =+5.8 eV.
Experimental u-U XANES data set used in Fig. 3.

'This work: DE=+4. 1 eV.
'Reference 42; AF. =+8.0 eV.
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crystal monochromator with Si(220) crystals, detuned
50% to reject higher-energy harmonics. The UO2
(99.9% purity) was a —200 mesh powder (Noah Chemi-
cal, Farmingdale, NY). The U30s (99.8% purity) was a
—100 mesh powder (Cerac, Milwaukee, WI). These
chemicals were mixed with a powdered boron nitride
buffer to give 3-mm-thick samples with an L3 absorption
edge jump of = 1.7 and = 1.0 for UO2 and U308, respec-
tively.

Measured U I.3 XANES from several publications are
also reproduced here. Kalkowski et al. published spectra
for several oxides and intermetallics, as part of a broad
survey of actinide XANES at many edges and for many
compounds. ' Spectra for UAs and USb were taken from
another paper by Kalkowski et al. , which compared
XANES for uranium, plutonium, and neptunium com-
pounds. ' Lawrence et al. measured spectra for a series
of uranium intermetallics in the context of a study of
XANES white-line characteristics for uranium and rare-
earth compounds. ' The spectrum for o.-U used in Fig. 3
is from this source. An unpublished UO2F2 spectrum
from the same experimental run is also presented here.
For the comparison, the absolute photon energy scales of
spectra from differing sources have been adjusted to give
the most consistent relative calibration possible (see Table
II). The energy scales used in all the plots are those pro-
duced by the calculations. In general, these tend to be
=15—20 eV lower than experiment; however, they pro-
vide a uniform reference for comparisons to experimental
results from a variety of sources. The recalibrated energy
scales of the individual experimental spectra have been
shifted to facilitate the comparisons, as listed in the figure
captions. For the comparison, the x-ray-absorption
coefticient in each experimental spectrum has been nor-
malized to equal unity at a photon energy =80 eV above
the edge jump, and zero below the edge jump. This
method of scaling is not ideal, and allowance for possible
small variations should be made in the comparisons to
calculations. To account for instrumental broadening, all
calculated spectra have been convoluted with a Gaussian
function of 5-eV full width at half maximum (FWHM).

U L3 XANES

UO2F2

~~
C

I0
O
C0

~~

0

& ~ m e a a a~e +AD ~%as ~~ 'O~ WW

3 8

white line are too narrow and too intense in the calculat-
ed spectra. This may be a consequence of ignoring
thermal broadening in the calculation. A separate calcu-
lation for UO2, discussed below, included thermal
broadening and obtained a closer match to experiment.
For all calculated spectra, the fine structure arises princi-
pally from y(k), as expected. Each calculated po(E) (not
shown) exhibits only an edge jump, a single resonance at
slightly higher energy, and no other structure. The width
and intensity of this white-line resonance in po(E) varies
somewhat between compounds. Note that, in general,
the white line in p(E) also includes a significant contribu-
tion from g(k).

In order to quantify the comparison between experi-
ment and calculations in the edge jump and white-line re-
gion, several parameters were extracted from both
theoretical and measured spectra. These parameters, list-

B. Comparison of calculated and experimental XANKS

Figures 1 —3 show a comparison of calculated and ex-
perimental uranium I.3 XANES. Results of calculations
assuming a screened or unscreened core hole in the final
state are plotted. Overall, the agreement with experimen-
tal XANES is quite good, especially using the screened
final state. In nearly every case, the calculations are suc-
cessful in reproducing the relative energies, widths, and
intensities of all the experimental fine-structure features.
The notable exception is UQ2F2, which is discussed
below. Even the white lines (i.e., the most intense reso-
nance in each spectrum, just above the edge jump) are
modeled reasonably well in most cases. Besides modeling
features within individual spectra, the calculations also
reproduce some trends between compounds. See, for ex-
ample, the reduced white-line maximum, increased
white-line asymmetry, and reduced fine-structure ampli-
tude of UMnz vs UAlz (Fig. 2). Many features above the

experiment
---- ~ screened

unscreened
~r

I t t & I I i t I s t I I t s i I t I t I

17.14 17.16 17.18 17.20 17.22 17.24
Photon Energy (Kev)

FIG. 1. Comparison of experimental and calculated uranium
L3-edge XANES for several oxygen-containing compounds.
Results of calculations assuming a screened or an unscreened
final state are plotted. All spectra calculated using the un-
screened final state have been shifted +4 eV in energy to facili-
tate comparison. References for experimental spectra are given
in Table II. For purposes of comparison, experimental photon
energies have been shifted by —20 eV from the recalibrated en-
ergy scale used for Table II. A constant offset has been added to
each curve, to separate spectra for the different compounds.
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ed in Table II, are defined as follows: (A) edge energy-
the energy corresponding to a normalized absorption of
one-half; (B) white-line half-width —the difference be-
tween the energy of the point on the edge jump with half
the maximum absorption and the energy of the first max-
imum; and (C) white-line intensity —the integral of the
normalized absorption over an energy range —15 to +20
eV, relative to the edge energy. Note that trends in the
experimental results are most reliable within sets of spec-
tra taken from a single source.

Examination of the results in Table II reveals several
interesting trends. The absolute edge energies are gen-
erally = 15—20 eV too low in the calculations; this
=0. 1%%uo accuracy is reasonable for the level of approxi-
mation used here. The experimental trends in relatiue
edge energies are not completely reproduced by the cal-
culations, although the results using a screened final state
show agreement within =0.5 eV for USb, UAs, UMn2,
UA12, and UOz. This level of success is, in fact, beyond
expectations for the formulation used here, which was
designed mainly for accurate modeling of electron
scattering. The screened final state gives white-line half-

widths which are somewhat smaller than the experimen-
tal values, but are closer than the half-widths from the
unscreened final state. Experimental trends in half-
widths are not well modeled, with the exception of UQ2
and U308, for which the screened final state reproduces
the absolute and relative values quite well. The white-
line intensity results do not clearly favor one of the final-
state models. The relative intensities are reproduced, us-
ing the screened final state, for UNi&, UCu5, and a-U.
Both relative and absolute intensities are reproduced,
again using the screened final state, for UMnz, UAlz, and
UIn3. The unscreened final state, however, is a more suc-
cessful model of the relative intensities for USb and UAs,
and of the absolute intensity for UO2. The observed ex-
perimental trends in the white-line widths and intensities
can be related to the degree of localization of the unoccu-
pied d band, as discussed in Refs. 13, 15, and 16. In fact,
the ability of XANES to probe this property was the pri-
mary motivation for those experiments.

U LB XANES

LB XANES
4

~4
In B

I5

Q)0
O

0

0
M

~ ~ ~+

a w

UCL) 5

Usb

Q)00
C0

0
V)

~0~1~ ~
~\ ~

t~ ~0 4
~~~~ ~0 ~ g

~t

~o ~4
~ ~ ~~ ~ + ~

~ o go+

re~

UMn 2

~ ~~ 0
~0

~~ ~ ~ ~ ~ ~ ~ ~ i ~~ e ~ ~ y ~~ ~ ~ + ~ ~e ~ ~ ~t
~et%a ~

~ ~ ~ I ~

wJPt

UAs

rim ent
ned

reened
experiment x 5

I » I I I I I I I I I I I I I I I « I

1 7.14 1 7.16 1 7.18 1 7.20 1 7.22 1 7.24
Photon Energy (KeV)

FIG. 2. Comparison of experimental and calculated uranium
L3-edge XANES for several uranium interrnetallics. Expanded
ofFset plots for two of the experimental spectra are also shown.
See Fig. 1 for further details.

experiment
----- ~ screened

unscreened
/i ---"- experiment x 5

I I I I I I I I I I I I I I I I I I I I I I

17.14 17.16 17. I 8 17.20 17.22 17.24
Photon Energy (KeV)

FIG. 3. Comparison of experimental and calculated uranium
L3-edge XANES for a-uranium and several uranium interme-
tallics. Expanded offset plots for two of the experimental spec-
tra are also shown. See Fig. 1 for further details. To facilitate
comparison, the photon energy of the UIn3 experimental spec-
trurn has been shifted by —17 eV (instead of the —20 eV used
for the other experimental curves).
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C. Scattering path analysis

1. Uranium dioxide

The Debye temperature of UO2 has been experimental-
ly determined to be 377 K. Figure 4(a) compares calcu-
lations made using the correlated Debye model to the ex-
perimental room-temperature XANES. Note that, for
both screened and unscreened final states, the above-edge
features are broadened, giving a better agreement with
experiment than for the comparison in Fig. 1, i.e.,
without the correlated Debye model. Shoulder B is
better modeled by the screened final state. The white-line
and edge-jump regions are unaffected by the thermal
broadening; in fact the parameters derived from the cal-
culated spectra are nearly identical to those listed for
UO2 in Table II.

Figures 4(b) —4(d) show the results of a scattering path
analysis for UO2. Each calculation employed the corre-
lated Debye model, a screened final state, and the same
electronic potential. The differences lie in the selection of
scattering paths used to determine the fine structure. The
fully converged (i.e., "full" ) calculation is reproduced as
the solid line in each part of Fig. 4. Other curves show
XANES calculated using subsets of the full path set. Fig-
ure 4(b) compares first-order (i.e., single-scattering or SS)
calculations using one or two coordination shells. The
single-shell result is clearly inadequate; however, the
two-shell calculation roughly resembles the converged re-
sult, especially in the region of peak C. Figure 4(c) shows
the results of using seven coordination shells, i.e., the full
cluster, with first- and second-order scattering. Increas-
ing the number of coordination shells from two to seven
leads to a poorer SS result, but the subsequent addition of
three-legged scattering paths (i.e., double scattering or
DS) greatly improves the agreement with experiment [see
Fig. 4(a)] in the region of shoulder 8 and peak D Al-.
though the inclusion of DS also gives a slightly poorer
agreement for peak C, this comparison provides clear evi-
dence of the importance of MS paths in this spectrum.
The fully converged result differs from the second-order
result only by the inclusion of third-order scattering. The
converged calculation gives a better agreement with ex-
periment than the DS result, particularly for shoulder B
and peak C. This indicates that third-order, i.e., four-
legged, scattering paths make significant contributions to
XANES.

The fully converged calculation for UO2 used 58 ine-
quivalent scattering paths (i.e., not counting degenera-
cies) within a seven-shell cluster. It is possible, however,
to reduce the number of paths without significantly
changing the result. Figure 4(d) shows XANES obtained
using 24 carefully selected paths within a six-shell cluster.
Indeed, the reduced path set gives a result which is very
similar to the full calculation and agrees equally well with
experiment. Figure 4(d) also shows the spectrum ob-
tained when this reduced path set is modified by remov-
ing the three paths which involve sixth-shell atoms. The
agreement with experiment for peak D is significantly
worse when the smaller path set is used, as shown in the
enlarged sections of the curves. This difference arises

from scattering paths which include the sixth-shell
atoms, not only in first order, but also in second order.
The best agreement with experiment for peak D is only
obtained when the calculation includes three-legged
near-linear scattering paths to the sixth-shell uranium
atoms. These two paths involve focusing either through
second- or fourth-shell oxygen atoms, with a scattering
angle of 29' in both cases (where 0' represents no
deflection). The large influence of these paths arises in
part from their large degeneracy —there are 48 ways to
build each of these two paths.

2. Uranium intermetallics

Figure 5 shows the result of a path analysis for UAs.
The situation here is much simpler than for UO2. The re-
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IV. DISCUSSION

The overall success of FEFF6 in the modeling of urani-
urn L3-edge XANES indicates that its combination of
fully relativistic, semirelativistic, and nonrelativistic ap-
proxirnations is adequate for high-Z atoms. Using a
somewhat similar treatment of relativistic effects, Guo
et al. were successful in the modeling of uranium M-edge
XANES. The calculated spectra presented here tend to
have narrower fine structures, as compared to the experi-
mental spectra. The observed difFerences are too large to
arise solely from an underestimation of instrumental
broadening. This disagreement is most likely a conse-
quence of thermal broadening, which was ignored in
most of the calculations. When the correlated Debye
model was used to model thermal effects for UOz, the cal-
culations yielded a closer match to experimental
line widths.

Agreement with experiment was generally better when
a screened final state was used in FEFF6. One notable ex-
ception is for UOz, where the unscreened final state gave
a better prediction of the white-line intensity. This may
be a result of a localized Anal state for the white line, in
UOz. Such localization of the excited electron would
effectively screen the core hole, and prevent an external
electron from occupying a screening state. Note that the
screened Anal state models shoulder B of the UO~
XANES better than the unscreened state [see Figs. 1 and
4(a)], suggesting that the shoulder state is not as localized
as the white-line state. Experimental evidence of locali-
zation for the white line state in UOz is clearly seen in
Table II; UOz has the largest intensity and by far the
smallest linewidth of all the white-line experimental data.
Based on the UOz results, the success of the screened
Anal state in modeling the white-line intensities for most
of the uranium intermetallics can be interpreted in terms
of a delocalized white-line state. In fact, experimental
XANES studies of actinide and rare-earth compounds
have been motivated in part by the need to measure the
degree of localization of conduction-band electrons. The
present results suggest that, with refinement, FEFF calcu-
lations may facilitate this measurement. Work is in pro-
gress to improve the treatment of multielectron effects,
including screening.

The scattering path analysis presented in Sec. IIIC
demonstrated striking differences between UOz and the
uranium intermetallics. The UOz XANES clearly in-
cludes contributions from higher-order scattering and
from more distant coordination shells, while XANES for
most of the intermetallics can be modeled using only sin-
gle scattering within a small cluster. This contrast may
be understood on the basis of crystal symmetry and den-
sity. UOz possesses the fluorite crystal structure, which
has very high symmetry and close packing of atoms in
comparison to the other uranium compounds studied.
For example, UOz has the second-largest atom number
density and uranium number density of all the com-
pounds studied here (see Table I). The short interatomic
distances and tight packing occur in combination with
large degeneracies for the coordination shells around the

uranium atoms. Of particular importance is the com-
bination of a fairly short distance to the first uranium

0
coordination shell (3.87 A) with a large coordination
number (12), and similar combinations for the successive
uranium shells. A large atomic density will tend to ac-
centuate multiple scattering (MS), simply because there
are more paths possible within a given path length. High
symmetries also favor MS because multilegged paths
have degeneracies related to a product of coordination
numbers. Electron-scattering amplitudes increase with
atomic number, so the coordination numbers and intera-
tomic distances to uranium atoms are of special irnpor-
tance. The notable first- and second-order scattering con-
tributions of the sixth coordination shell which were
demonstrated for UOz are easily understood considering
that the sixth shell consists of 24 uranium atoms.

The need for a six-shell cluster to model the L3
XANES of UOz is perhaps surprising in light of the suc-
cessful two-shell modeling of the UOz M3 XANES
presented by Guo et a/. However, sixth-shell contribu-
tions found here for the L3 XANES were specifically
identified by modeling an experimental feature (peak D of
Fig. 4) =55 eV above the white-line maximum. Al-
though it is otherwise quite similar, the experimental M3
spectrum apparently does not exhibit an analogous struc-
ture, and thus should not require the six-shell model.
This discrepancy between L3 and M3 probably results
from a difference in core-hole natural linewidths, which
were calculated to be 7.4 and =12 eV for 2@3/Q and

3@3/p respectively. ' The shorter lifetime of the 3p3/p
core hole should suppress contributions from more dis-
tant scatterers. Note, however, that a comparison of
UOz experimental XANES suggested that the M3
linewidth is closer to L3 than the calculated values indi-
cate. '

The uranium intermetallics have generally lower-
syrnmetry crystal structures and more open atomic pack-
ing, as compared to UOz. This explains the lack of
significant contributions from higher-order scattering and
more distant shells for most of the interrnetallics. The ex-
ceptions are the calculations for UA1~ and UMnz, which
required the inclusion of six coordination shells to give
the best agreement with experiment, and showed some
differences when MS was included. These exceptions
may result from the relatively large atom number and
uranium number densities for these compounds (see
Table I), and the large coordination number (12) for the
second and third coordination shells of uranium, as corn-
pared to the other intermetallics. The MS contribution
was shown to arise almost entirely from one path, which
gains importance because of a linear arrangement of
atoms arising in this crystal structure.

e-U has a rather low-symmetry crystal structure, with
five coordination shells within 4 A. However, it also has
a very large density of uranium atoms (see Table I). The
latter characteristic may explain the observed influence of
MS and fairly distant scatterers in the converged calcula-
tion.

The agreement between experiment and calculations
was greatly improved for UOzFz by the use of overlapped
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muftin-tin spheres in the construction of the scattering
potential. The uranyl moiety has, by far, the strongest
directional bonding of all the compounds considered
here. Nonoverlapped muffin-tin spheres may produce un-
physical discontinuities at the edge of the spheres for sys-
tems with short bonds, so the need for overlap is expected
in UO2F2. As a test, calculations using overlapping
muffin-tin spheres were also performed for several other
uranium compounds. Compared to the nonoverlapped
results, these gave either no di6'erence or slightly poorer
agreement with experiment. The UO2F2 calculation
which used overlapped spheres and an unscreened final
state predicts a very weak white line [Fig. 8(a)]. Consid-
ering the fairly narrow white line observed experimental-
ly, this result is somewhat surprising, especially in light
of the discussion for UO2 above.

The uranium I-3-edge XANES of uranyl compounds
consistently exhibit a resonance = 15 eV above the
white-line maximum, e.g., shoulder A in Fig. 8. This
feature shows only a limited sensitivity to environment,
with a similar appearance in aqueous uranyl complexes
and in a variety of uranyl solids. ' ' ' ' The common fac-
tors between all these systems are the uranyl moiety, i.e.,
a short linear 0-U-0 group, and the formal +6 oxidation
state of uranium. There have been two proposed ex-
planations for this resonance. Based on similarities to the
Ce L, 3-edge XANES in Ce02 and CeF4, the resonance has
been attributed to a shake-up process. In this case, the
dominant white line and the high-energy shoulder corre-
spond to diferent electron configurations for the final
state. This is inherently a multielectron process and
would not be modeled by FEFF6. Evidence for this ex-
planation can be found in the pressure dependence of
UO3 XANES, and in the differences between calculated
energies for several core-excited configurations of u-U.
The other proposed explanation is that the shoulder is a

multiple-scattering resonance associated with the axial
U—0 bonds. ' ' This view is supported by the striking
polarization dependence of the resonance —it is intense
when the linear polarization of the x rays is parallel to
the uranyl axis, and nearly absent for the perpendicular
case. Until now, neither proposed explanation has been
directly tested by theoretical calculations. The present
results, shown in Fig. 8, clearly demonstrate a localized
multiple-scattering origin for this resonance. However,
the possibility of additional contributions to the XANES
from multielectron excitations cannot be excluded, in
light of the limited agreement between the FEFF calcula-
tions and experiment. Contributions to the experimental
spectrum from s-symmetry final states, which are ignored
by FEFF, might also explain these difFerences. Further
work, both experimental and theoretical, is currently in
progress to better characterize the uranyl XANES.
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