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The x-ray linear dichroism of the uranyl ion~UO2
21) in uraniumL3-edge extended x-ray-absorption fine

structure~EXAFS!, andL1- andL3-edge x-ray-absorption near-edge structure~XANES!, has been investigated
both by experiment and theory. A striking polarization dependence is observed in the experimental XANES
and EXAFS for an oriented single crystal of uranyl acetate dihydrate@UO2~CH3CO2)2•2H2O#, with the x-ray
polarization vector aligned either parallel or perpendicular to the bond axis of the linear uranyl cation~O-U-O!.
Single-crystal results are compared to experimental spectra for a polycrystalline uranyl acetate sample and to
calculations using theab initio multiple-scattering~MS! codeFEFF 6. Theoretical XANES spectra for uranyl
fluoride ~UO2F2) reproduce all the features of the measured uranyl acetate spectra. By identifying scattering
paths which contribute to individual features in the calculated spectrum, a detailed understanding of the
L1-edge XANES is obtained. MS paths within the uranyl cation have a notable influence upon the XANES.
The measuredL3-edge EXAFS is also influenced by MS, especially when the x-ray polarization is parallel to
the uranyl species. These MS contributions are extracted from the total EXAFS and compared to calculations.
The best agreement with the isolated MS signal is obtained by using nonoverlapped muffin-tin spheres in the
FEFF6 calculation. This contrasts theL1-edge XANES calculations, in which overlapping was required for the
best agreement with experiment.@S0163-1829~96!00125-7#

I. INTRODUCTION

For aqueous solutions, in the presence of air, uranium is
nearly always found as the uranyl oxocation, UVIO2

21. This
species consists of a formally16 uranium atom tightly
bound to two oxygen atoms in a symmetric linear structure
~O-U-O!. The uranyl cation has a complicated solution
chemistry, with the formation of oligomers and strong com-
plexation by hydroxide and carbonate among the many
possibilities.1 However, in all these complexes the O-U-O
structure of the uranyl cation is preserved. This species is
also present in a large number of solids, with a great variety
of counter ions.2 Analogous linear actinyl cations exist for
several other actinides, specifically neptunium, plutonium,
and americium.3

Because the uranyl cation is prevalent and exhibits unusu-
ally strong covalent bonding, it has been the focus of con-
siderable study.4 X-ray-absorption spectroscopy~XAS!, in
particular, has been used to characterize uranyl speciation
and structure.5–7 Growing interest in the XAS of actinides
reflects the ability of this technique to study dilute quantities
of hazardous materials in systems with environmental rel-
evance, such as aqueous complexes with organic chelating
agents5,6 or mineral-surface sorption complexes.8–12For ura-
nium, theL3 absorption edge at'17.2 keV is perhaps the
most useful, allowing the straightforward measurement of
extended x-ray-absorption fine structure~EXAFS!, and pro-
viding oxidation-state and structural information in the
x-ray-absorption near-edge structure~XANES!.13–15 How-
ever, interpretation of theL3-edge EXAFS and XANES for
the uranyl cation may be complicated by the contributions of

photoelectron multiple-scattering~MS! paths.
In order to better understand MS effects, and to establish

a more fundamental basis for XAS studies of uranium, the
x-ray linear dichroism of uranylL3-edge EXAFS and
XANES has been investigated both by experiment and
theory. This effect has also been studied for theL1-edge
XANES, which samples different final states than theL3
edge. A striking polarization dependence is observed in the
experimental XANES and EXAFS for an oriented single
crystal of uranyl acetate dihydrate, depending upon the align-
ment of the x-ray polarization vector either parallel or per-
pendicular to the uranyl bond axis. The polarized XANES
spectra are very similar to those measured by Templeton and
Templeton for single-crystal rubidium uranyl nitrate.16 The
large XANES polarization dependence could be utilized to
experimentally determine the orientation of the linear uranyl
species, e.g., to measure the orientation of adsorbed uranyl
relative to a layered mineral substrate.

The single-crystal experimental results are compared to
measured spectra for a polycrystalline uranyl acetate sample
and to calculations for uranyl fluoride using theab initioMS
codeFEFF6.17 The theoretical XANES spectra reproduce all
the features of the measured spectra. By identifying the pho-
toelectron scattering paths which contribute to individual
features in the calculated spectrum, a detailed understanding
of the L1-edge XANES is obtained. MS paths within the
uranyl cation are shown to have a notable influence upon the
XANES.

The measuredL3-edge EXAFS also shows the influence
of MS, especially when the x-ray polarization is parallel to
the uranyl species. The implication is that the analysis of
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uranyl EXAFS, in general, should include MS contributions
to obtain reliable structural information for atoms at dis-
tances.2.5 Å. The MS contributions can be extracted from
the total EXAFS, allowing a detailed comparison to theory.
The best agreement with the isolated MS signal is obtained
by using nonoverlapped muffin-tin spheres in theFEFF6 cal-
culation. This contrasts theL1-edge XANES calculations, in
which overlapping was required for the best agreement with
experiment.

II. EXPERIMENTAL PROCEDURES
AND DATA REDUCTION

Uranyl acetate dihydrate@UO2~CH3CO2)2•2H2O, or
UO2Ac2# possesses an orthorhombic crystal structure, with
the linear uranyl cations aligned parallel~within 1°) to the
a axis.18 Single crystals were grown by slow evaporation
from a solution of'0.8 M UO2Ac2 ~reagant grade! and
'0.1 M acetic acid~electronic grade!. A well-formed rect-
angular prism measuring'0.6 mm3'0.7 mm3'0.2 mm
was selected for XAS. The smallest dimension of this crys-
tal, in particular, has a rather uniform thickness. The orien-
tation of the crystal latticea axis was determined by visible
linear dichroism. Due to the symmetry of the broad uranyl
optical absorption transition, peaked at'415 nm, the dis-
tinctive yellow color of the crystal is not observed for lin-
early polarized light with the electric-field vectorE parallel
to the uranyl bond axis.4 Thea axis was found to be parallel
to the'0.7 mm dimension. Theb axis was assumed to be
parallel to the'0.2 mm dimension. This corresponds to the
largest crystal face presenting only dangling hydrogen
bonds, easily satisfied by hydration, and thus possessing the
lowest free energy. This choice is also consistent with the
generalized Law of Bravais.19 A 13 mm diameter powdered
polycrystalline UO2Ac2 sample was also prepared, with a
thickness of 1 mm, using boron nitride as a buffer material to
adjust theL3 absorption edge jump to approximately unity,
the optimal value for transmission XAS.

XAS measurements were performed in transmission mode
using Si~220! double-crystal monochromators on wiggler
beamlines 4-1 and 4-3 at the Stanford Synchrotron Radiation
Laboratory ~SSRL!. The single-crystal XANES measure-
ments were reproduced using a similar monochromator on
bending magnet beamline 2-3 at SSRL. The beam size was
cropped after the monochromator exit slit to 0.5 mm30.5
mm for the single-crystal sample and 10 mm30.5 mm for
the polycrystalline sample. Argon-filled ionization chambers
were used to monitor the incident and transmitted x-ray flux,
as well as flux transmitted by a uranyl nitrate hexahydrate
energy calibration standard placed downstream from the
sample. Spectra were measured for the single crystal oriented
with the b axis parallel to the x-ray beam and thea axis
either horizontal or vertical (62°). Approximately 98% of
the synchrotron radiation is plane polarized withE horizon-
tal, so these orientations correspond to the electric vector
parallel or perpendicular to the uranyl bond axis, respec-
tively. These data sets will be referred to as ‘‘parallel’’ and
‘‘perpendicular.’’

The energy scales for the XANES spectra were calibrated
as follows. TheL3-edge white line maximum was assumed
to be at photon energy 17 175 eV for the uranyl nitrate

reference.13 In the absence of a reliable calibration energy for
the uranyl nitrateL1 edge, the maximum of the largest reso-
nance was assumed to be 21 835 eV, which makes the edge
inflection point roughly equal to the calculated ionization
potential fora-uranium metal.20 TheL1-edge XANES spec-
tra were normalized by removing a background based on a fit
to the pre-edge region and then defining the absorption co-
efficient to be unity at 21 870 eV. TheL3-edge spectra were
similarly normalized at 17 231 eV. The normalization factors
were 0.965, 0.970, and 0.907 for the parallel, perpendicular,
and polycrystallineL3 spectra, respectively; close to the op-
timal edge jump of unity. The nearly equal values for the two
single-crystal spectra indicate a uniform effective sample
thickness for these measurements. This shows that the rather
small crystal was well-positioned in the beam for both ori-
entations.

EXAFS data reduction followed standard procedures, us-
ing the EXAFSPAK software package.21 The photon energy
scale of each scan was calibrated by assuming a 17 171 eV
inflection point for theL3-edge jump of the uranyl nitrate
reference. The ionization threshold energyE0 was assumed
to be 17 180 eV, a value which allows good fits to the data
without adjusting the theoreticalE0 values, with one excep-
tion as described below. Fits and Fourier transforms utilized
k3-weightedx data over the rangek52.5–10.5 Å21. The
data fitting is discussed in detail below.

III. THEORETICAL CALCULATIONS

XANES and EXAFS calculations were performed using
the general purpose XAS codeFEFF, developed by Mustre de
Leonet al.22 This theoretical approach models the photoelec-
tron final state by anab initio curved-wave MS calculation,
using a complex energy-dependent exchange-correlation
self-energy within a muffin-tin potential. The latest version,
FEFF 6, computes the absorption coefficientm(E) by com-
bining the fine structurex(k) with an atomic absorption
backgroundm0(E), using a well-defined ionization potential
E0 .

17 The photoelectron wave numberk is related to the
photon energyE by k2}@E2E0#. FEFF 6 also allows the
calculation of XAS spectra with polarized x rays.

Recent calculations usedFEFF6 to model unpolarized ura-
nium L3-edge XANES for a variety of uranium
compounds.15 Good agreement between theory and experi-
ment indicated that this approach is adequate for high-Z el-
ements. Results for uranyl fluoride, UO2F2 , showed that
successful modeling of theL3 above-edge resonance re-
quired the use of overlapped muffin-tin spheres, which ap-
parently better simulate the anisotropic uranyl structure.15

This resonance, which lies'10 eV above the white line, was
shown to originate from MS paths within the linear uranyl
cation. These results demonstrated the value of a path analy-
sis, i.e., where the set of scattering paths used in the XANES
calculation is varied, to identify correlations between indi-
vidual spectral features and specific paths. A similar ap-
proach is used here to interpret theL1-edge XANES of
UO2Ac2 . Additional comparisons are presented to demon-
strate the influence of the degree of muffin-tin overlap upon
both XANES and EXAFS.

Although the crystal structure and atomic arrangement of
UO2Ac2 has been determined by single-crystal x-ray
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diffraction,18 the positions of the hydrogen atoms are not
known. Even if approximate positions were assumed for
FEFF6 calculations, the use of a muffin-tin potential to model
oxygen or carbon bound to hydrogen may be inaccurate due
to the short bond lengths and highly directional bonds. These
shortcomings of the muffin-tin potential can also introduce
convergence problems in the phase shift calculations, effec-
tively limiting the choice of overlap parameters used to con-
struct the potential. Therefore experimental results for
UO2Ac2 are compared here to calculations for UO2F2 . This
approach is justified for several reasons. Previously mea-
sured uranylL3-edge XANES spectra show little or no de-
pendence on the counter-ions,13–15and the polarizedL1- and
L3-edge XANES spectra measured here for UO2Ac2 are
quite similar to the results of Templeton and Templeton for
RbUO2~NO3)3 .

16 For EXAFS purposes, scattering phase
shifts and amplitudes depend only weakly on atomic number.
Chemical effects on these parameters may be significant, but
the chemical environment of uranyl axial oxygens and equa-
torial ligand atoms should be fairly similar in UO2F2 and
UO2Ac2 . Although UO2F2 has an equatorial coordination
number of six, while the value for UO2Ac2 is five, the two
compounds have similar axial and equatorial bond
distances.18,23

The single-scattering~SS! XAS fine structure is given by

x~k!5S0
2C~k!(

i

NiFi
eff~k,Ri !

kR2
expS 22Ri

l~k! Dexp~22s i
2k2!

3sin@2kRi1f i~k,Ri !1fc~k!#, ~1!

where the summation is over each shelli with Ni atoms at
distanceRi from the absorbing atom. This expression in-
cludes factors for intrinsic core-hole relaxation lossesS0

2 ,
extrinsic central-atom lossesC, effective backscattering
magnitudeFi

eff , photoelectron mean free pathl, Debye-
Waller ~DW! broadening~using the DW factors i

2), and the
oscillatory k dependence~with atomic phase shiftsf).22

Note that thel used here represents the decay of photoelec-
tron wave-function amplitude and is thus twice the mean free
path given by a more widely used definition which refers to
decay of electron intensity.FEFF 6 models only dipole tran-
sitions, with the further restriction of thel11 approxima-
tion. For theL1 edge, this assumesp-symmetry final states,
and is exact within the dipole approximation, but for the
L3 edge it assumes onlyd final states. Besides ignoring tran-
sitions to isotropics final states, this simplification fails to
consider a term arising from interference betweens and d
final states.24,25 The sd interference averages to zero in un-
polarized spectra but may make substantial contributions to
polarized spectra.26 The absence ofsd interference in the
calculations may explain some discrepancies in the EXAFS
results discussed below.

For the analysis of theL3-edge EXAFS, the polarization-
dependent part of the curved-wave corrections to the back-
scattering amplitude and phase,Fi andf i ,

27,28 are left out.
Test calculations showed these effects to be small above the
L3 edge for the SS paths, especially fork.3.5 Å21, and
very small for the MS paths. Polarization effects24 are then
easily incorporated into Eq.~1! by introducing effective co-
ordination numbers

Ni
e5 1

2 Ni~113 cos2u i !, ~2!

where the indexi now identifies shells with uniqueRi and
u i . The angleu i is defined as the angle between the electric
field vectorE of the x ray and the vectorRi from the absorb-
ing atom to the scatterer. Note that the fits to the measured
EXAFS, described below, combine calculated UO2F2 scat-
tering parameters with effective coordination numbers based
on the UO2Ac2 atomic positions.

Multiple-scattering paths can be included in Eq.~1! as
additional terms in the sum. For the linear, centrosymmetric
MS paths considered here, the angular dependence given
above forNi

e is valid. Atomic disorder is represented in Eq.
~1! by the DW factors i

2 , which is the relative mean-square
displacement alongRi .

29 This can be generalized for MS
~Ref. 30! by summing over each legj of the SS or MS path
i

s i
25

1

4 K F(
j

s j G2L . ~3!

The MS DW factors can be related to SS DW factors using
known or assumed correlations in the averaging of the indi-
vidual terms in the squared sum. There are two specific cases
relevant to the three MS paths which are important here:
Case~A! U→O1→U→ O1→U within the same axial U-O
bond ~path MS2!, and Case~B! U→O1→U→O2→U and
U→O1→O2→U within the linear O-U-O chain~paths MS1
and MS3, respectively!. For case~A!, clearly the bond dis-
tance is perfectly correlated to itself, sosms

2 54sss
2 , where

sss
2 applies to the axial U-O SS. For case~B!, ignoring

curved-wave and bending-motion effects,sms
2 5qs ss

2 , where
q can vary between 0 and 4, corresponding to the two ex-
tremes of symmetric- and asymmetric-stretch vibrational
modes, butq must be equal for MS1 and MS3. For uranyl,
where the large central atom mass causes the amplitudes of
these two stretching modes to be roughly equal,q should be
close to 2, the value for uncorrelated U-O1 and U-O2 bond
distances.

IV. X-RAY-ABSORPTION NEAR-EDGE STRUCTURE

A. Experimental results

Figure 1 shows the measuredL1 and L3 XANES of
UO2Ac2 , for a single crystal with polarization either paral-
lel or perpendicular to the uranyl bond axis, and for a ran-
domly oriented polycrystalline sample~i.e., equivalent to an
unpolarized measurement!. The striking variations observed
here agree with those of the polarized spectra measured by
Templeton and Templeton for rubidium uranyl nitrate.16 This
similarity suggests that the observed spectral features arise
primarily within the uranyl species, perhaps with contribu-
tions from the surrounding shell of equatorial oxygen atoms.
The polycrystalline spectra are close to the average~not
shown! of the perpendicular and parallel spectra, with
weighting factors23 and

1
3, respectively. This is expected for

a dichroic crystal,25 i.e., if the rather low symmetry of the
equatorial coordination shell around uranyl in UO2Ac2 is
unimportant. Note, in particular, that peak 1, emphasized in
the parallelL1 spectrum, is observed as a shoulder in the
polycrystallineL1 spectrum.
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The polarization dependence of the experimentalL1
XANES, in Fig. 1~a!, allows a rough assignment of features
in the polycrystalline spectra. Peak 1 and the lower-energy
part of peak 3, which are enhanced in the parallel spectrum,
arise mainly from scattering off the axial uranyl oxygens.
Peak 2 and the higher-energy part of peak 3, enhanced in the
perpendicular spectrum, arise mainly from scattering off
equatorial oxygen atoms, or perhaps more distant atoms in
the equatorial plane. Alternatively, if the uranyl is treated as
an isolated linear molecule, the 2s core state hassg symme-
try, and dipole selection or rules dictate that the parallel and
perpendicular XANES samplesu andpu final states, respec-
tively. In either case, a characterization is obtained for the
individual spectral features of the polycrystalline XANES.

B. Theoretical results

The results ofFEFF 6 calculations for UO2F2 are also
plotted in Fig. 1. The calculations are based on a 12-shell
cluster with 83 atoms and a radius of 6.5 Å, assuming the
atomic positions determined by neutron diffraction.23 Calcu-
lated energies are shifted123 ~120! eV for the L1 (L3)
edge to give the best agreement with experiment. To simu-
late the effects of experimental resolution, theL1 (L3) spec-
tra are convoluted with a Gaussian function of 6 eV~5 eV!
width @full width at half maximum~FWHM!#. Note that the
calculations also include the 14.0 eV~7.4 eV! Lorentzian
natural linewidth~FWHM! for the 2s (2p3/2) core hole.31

The calculated XANES are in good agreement with the ex-
perimental results, reproducing the polarization dependence
of all individual spectral features. In particular, the intensity
variation of theL3 above-edge resonance, peak A, is quali-
tatively modeled by the calculations, further supporting the
previous assignment of this feature to a MS resonance.14,15

The agreement between calculated and measured XANES
is notably better for theL1 edge than for theL3 edge. There
are several possible explanations:~1! This result may reflect
the l11 approximation used in the calculation, which is
more accurate for theL1 edge, as discussed in Sec. III. Note
that similar faults in the calculatedL3-edge XANES are ob-
served for the polarizedandunpolarized spectra, i.e., peak A
is too high in energy and too narrow, and peak B is too low
in energy. These polarization-independent errors cannot arise
from sd interference, but could be caused by purep→s
transitions. However thep→s transitions may be too weak
to explain the magnitude of the disagreement.32 ~2! Another
possibility is that thed final states are not modeled as suc-
cessfully as thep states, perhaps because thed states are
more sensitive to inaccuracies of the potential.~3! The
greater core-hole lifetime for theL3 edge allows contribu-
tions from longer scattering paths, which are generally more
difficult to model. In fact, several paths to atoms outside a
U-O2-F6 two-shell cluster were found to be significant for
the L3 XANES in Ref. 15, whereas the path analysis below
indicates that theL1 XANES arises only from paths within
such a cluster.

1. Path analysis

Figure 2 shows the results of a path analysis for theL1
XANES, i.e., a comparison of results from calculations
based on limited sets of scattering paths. The experimental
UO2Ac2 spectra from Fig. 1~a! are also plotted for compari-
son. Figure 2~b! presents the path analysis for the unpolar-
ized case. The full calculation, which includes 21 unique
scattering paths, is reproduced from Fig. 1~a!, and the curves
below are based on subsets of these paths. A curve nearly
identical to the full calculation is obtained using single-
scattering~SS! paths to equatorial~second-shell! fluorine at-
oms along with SS and MS paths to the axial oxygens of the
uranyl species. However a calculation based only on the
axial SS and MS paths is rather different, still showing the
lower-energy part of peak 3 and the shoulder for peak 1, but
missing most of the intensity for peak 2. A similar result,
with a weaker shoulder for peak 1, is obtained using only the
axial SS path. The final calculation shown in Fig. 2~b!, based
on equatorial SS, shows only peak 2 and the higher-energy

FIG. 1. Polarization dependence of uranyl~a! L1-edge and~b!
L3-edge XANES. Experimental spectra were measured using
UO2Ac2 and theoretical spectra were calculated using UO2F2 . The
solid lines represent either a measured polycrystalline sample or an
unpolarized calculation. The long- and short-dashed lines represent
x-ray polarization perpendicular and parallel to the uranyl bond
axis, respectively.
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part of peak 3. From this comparison it is evident that peak 1
and the lower-energy part of peak 3 arise from scattering
from the axial oxygens, while peak 2 and the higher-energy
part of peak 3 arise from scattering off the equatorial atoms.
These conclusions, obtained from theunpolarized path
analysis, are the same as those determined in Sec. IV A from
the polarization dependence of the experimental spectra.

Figure 2~a! shows a path analysis for perpendicular polar-
ization. The full calculation~14 paths! is very similar to re-
sults based on equatorial SS and axial SS~two shells! or
equatorial SS~second shell only!. This indicates that the per-
pendicularL1 XANES results only from SS paths to the
equatorial atoms. Figure 2~c! presents a path analysis for
parallel polarization. The full calculation~12 paths! is repro-
duced using only SS and MS paths within the uranyl species.
If MS paths longer than'7 Å ~twice the SS path length! are
excluded, the result~labeled ‘‘short axial SS/MS’’! is nearly
the same, except peak 1 broadens somewhat, becoming less
similar to experiment. Calculations based either on axial SS
and the strongest MS path, or on axial SS alone, show con-
siderable differences, and a much poorer agreement with ex-
periment. These results clearly indicate a MS origin for peak
1, as well as for the residual intensity in the region of peak 2,
observed for parallel polarization. Peak 1 is best modeled by
including longer MS paths, but is reasonably well modeled
using the three shortest MS paths, which are also discussed
below in reference to theL3-edge EXAFS. Note that the
energy of peak 1 is calculated'5 eV too high, relative to
the other peaks.

2. Overlap analysis

Muffin-tin overlap is a computational method, wherein
the radii of the muffin-tin spheres, which define the volumes
used to determine scattering parameters for each atom, are
increased such that adjacent spheres overlap. The calculation
then becomes a little inconsistent, because each atom is still
treated independently, even though electron wave functions
from neighboring atoms actually extend into the sphere.
Overlapping is commonly introduced into a muffin-tin poten-
tial to better model anisotropic bonding, for which significant

charge density may lie outside the nonoverlapped radii.33 All
of the calculations presented above are based on a potential
in which the muffin-tin spheres were overlapped using the
method of Norman.34 The degree of overlap is, in fact, an
influential parameter for these XANES calculations. Figure 3
presents a comparison ofL1 XANES calculations covering a
range of 0–1.25 in the overlap parameteru where
r i5rmt

i 1u(r n
i 2rmt

i ) is the radius used in the calculation for
atom i , based onrmt

i , the nonoverlapped radius, andr n
j , the

Norman radius. For the absorbing uranium atom,rmt51.09
Å and r n51.50 Å . In theextreme ofu51.25, the radius
used for this atom becomes 1.60 Å , which is nearly equal to
the 1.74 Å U-O bond distance. The potential obtained using
such a large degree of overlap may be unphysical but the
calculation is nevertheless included here as a limiting case.
Overall, the calculations withu51.00, i.e., using the Nor-
man radius, give the best agreement with experiment. A
similar result was previously obtained for theL3 XANES of
uranyl fluoride.15

Figure 3~a! compares the overlap results for perpendicular
polarization. Peak 2 shows the most variation, with the best
match to experimental relative intensity foru51.00 and to
experimental width foru50.75. The overlap dependence in
this case arises almost entirely from variations in the atomic
absorption backgroundm0 ~not shown!. For the parallel case,
shown in Fig. 3~c!, the calculations use the samem0 as for
the perpendicular case, but the overlap dependence arises
mainly from changes in the fine structurex ~not shown!.
Peaks 1 and 3 shift to their lowest energy values for
u51.00, and the width of peak 1 is minimized, to give the
best agreement with the measured parallel spectrum. The
width of peak 3 is better modeled byu50.75 or 0.50. The
unpolarized case, shown in Fig. 3~b!, shows the combined
effects of the polarized results; foru51.00, peaks 1 and 3
shift to their lowest energies, and the relative intensity of
peak 2 increases, giving the best match to experiment. Thus
overlapping withr i equal to~or slightly less than! the Nor-
man radius has two beneficial effects,~1! it improves the
modeling of scattering for resonances within the linear ura-

FIG. 2. Scattering path analysis for uranyl
L1-edge XANES:~a! Polarization perpendicular
to uranyl bond axis,~b! Unpolarized,~c! Polar-
ization parallel to uranyl bond axis. The curves,
as labeled, are the results of calculations using
various subsets of the ‘‘full’’ path sets. See text
for details.

160 54HUDSON, ALLEN, TERMINELLO, DENECKE, AND REICH



nyl group,~2! it optimizes the atomic backgroundm0 in the
region of peak 2.

V. EXTENDED X-RAY-ABSORPTION FINE STRUCTURE

A. Experimental results

The measuredL3-edge EXAFS for UO2Ac2 are shown in
Fig. 4. A large dependence upon polarization is seen for
k3x(k), in Fig. 4~a!, which is more easily interpreted by
examining the Fourier transforms~FT’s!, in Fig. 4~b!. These
each exhibit two major peaks, atR1D'1.3 and 1.9 Å,
which correspond to the uranyl axial oxygen shell and the
equatorial oxygen shell, respectively. As expected, the axial
peak is maximized for parallel polarization and minimized
for perpendicular polarization, while the opposite trend is
observed for the equatorial peak. However, contrary to ex-
pectations, the axial peak is barely diminished in the perpen-
dicular FT, relative to the polycrystalline FT. A third peak is
observed atR1D'2.8 Å, which is most intense for parallel
polarization. This polarization dependence suggests that the
peak arises from MS within the linear uranyl group, rather
than SS to another shell, because there are no neighboring
atoms at the appropriate distance in the direction parallel to
the uranyl axis. Note that the phase-shifted path length for
this MS peak is about twice that of the axial SS peak.

B. Results of EXAFS fitting

Figure 4 also plots the results of least-squares fits to
k3x(k), and quantitative results from the fits are listed in
Table I. A study of UO2Ac2 by x-ray diffraction ~XRD!
located three types of oxygen atoms in the uranyl equatorial
shell: two from monodentate acetate ligands, two from a bi-
dentate acetate, and one from water, with the distinct bond
distances listed in Table I.18 However, to simplify the
EXAFS data analysis a uniform equatorial shell with five
atoms was assumed. Likewise, a very small asymmetry in
the axial oxygen bond distances, also determined by XRD,
was ignored here. For the polarized EXAFS, the effective
coordination numbersNi

e in Table I were calculated using

the UO2Ac2 XRD structure and Eq.~2!. The assumed ori-
entation of the latticec axis, mentioned in Sec. II, influences
the value ofNe for the equatorial shell~by,10%). However
the quantitative fit results are only slightly dependent upon
this assumption, and all of the conclusions below remain
valid if alternative orientations of thec axis are assumed.

As mentioned in Sec. III, the scattering parameters used
in the fits were calculated for UO2F2 . A single MS path,
designated MS1, was included in the fit. The DW factor for
the path MS1 was held proportional to the DW factor for the
axial SS path, usingq52 ~see Sec. III!. The effective bond
distanceRMS1 for MS1 was held at twice the axial SS bond
distance,RSS1, andNMS1

e was equal toNSS1
e . Thus the inclu-

sion of the MS path did not introduce any adjustable param-
eters. The automatic muffin-tin overlap feature ofFEFF6 was
used, equivalent tou50.7; alternative fits usingu50.0
yielded slightly different quantitative results but support all
the following conclusions. This consideration of overlap is
essential in light of the results in Sec. V C below.

The derived bond distances for the polycrystalline data,
listed in Table I, agree rather well with the averaged XRD
values, and the DW values for this data set are comparable to
those found in other uranyl EXAFS studies.5,6,8,9,35The suc-
cessful fitting of the polycrystalline data indicates that the
use of UO2F2 scattering parameters and a simplified geom-
etry is valid here. Further examination of the fit parameters
in Table I reveals several notable results, which reflect dis-
cernible trends in the experimental FT’s. The bond distances
and DW factors show some variation between the different
data sets. In particular, the uranyl axial bond distanceRSS1

shows a decrease (20.05 Å! for the perpendicular case and a
slight increase (10.02 Å! for the parallel case. Also, the DW
factor obtained for this shell is very small for the perpendicu-
lar case, corresponding to a stronger-than-expected contribu-
tion to the EXAFS. These results may arise from the omis-
sion of sd interference~see Sec. III!. The discrepancies in
bond distance are similar in sign and magnitude to shifts
observed by Sto¨hr and Jaeger for the polarized surface
EXAFS of Au chemisorbed on Si~111! when thesd interfer-

FIG. 3. Muffin-tin overlap analysis for uranyl
L1-edge XANES:~a! Polarization perpendicular
to uranyl bond axis,~b! Unpolarized,~c! Polar-
ization parallel to uranyl bond axis. The curves,
as labeled, are the results of calculations using a
range of values foru, the muffin-tin overlap pa-
rameter. See text for details.
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ence term was not included in the data analysis.26 They also
found thatsd interference caused modifications of the scat-
tering amplitude, which could explain the relatively large
axial contribution observed here for perpendicular polariza-
tion. The present results support the conclusion of Sto¨hr and
Jaeger thatsd interference in the final state should be in-
cluded for an accurate modeling of polarizedL3-edge EX-
AFS.

C. Multiple scattering

Based on its polarization dependence and phase-shifted
path length, the FT peak atR1D'2.8 Å was tentatively
attributed above to MS in the axial uranyl bond. For parallel
polarization, where this feature is enhanced, a reasonably
good fit to this FT feature is obtained based on MS contri-
butions with no adjustable parameters. This is further evi-
dence for the MS origin of this feature.

Because the parallel data set provides this fairly well-
isolated MS feature in the FT, it presents an opportunity to
study EXAFS MS effects in some detail. In order to extract
only the MS contributions in the region of the MS peak, an
alternative fit to the parallel EXAFS was performed, in
which each of the two SS paths had an additional adjustable
parameterE0 . This resulted in a closer fit for the two SS
peaks. The MS path was then removed from the calculation,
and the residual, i.e., the difference between the calculated
and experimental EXAFS, was computed. This residual was
Fourier filtered to select contributions within the range
R1D52.5–3.25 Å. The resultingk3x(k) curve, which rep-
resents the extracted MS contribution to the EXAFS, is plot-
ted in Fig. 5.

FEFF 6 calculations have been performed to model the
extracted MS EXAFS. Three MS paths of the appropriate
length are possible due to scattering within the uranyl spe-
cies, as described in Sec. III. The calculatedk3x(k) curves
for these paths are shown in Fig. 6, using path lengths and
DW factors based on the fit to the axial SS~see Table I,
parallel data set!. The MS DW factors were obtained from
the SS DW factor using the relations derived in Sec. III, with
q52 for MS1 and MS3.

It is evident from Fig. 6 that the EXAFS contributions
from paths MS2 and MS3 tend to cancel each other for
k,5 Å, where they might otherwise have more amplitude

FIG. 4. Polarization dependence for UO2Ac2 L3-edge EXAFS.
~a! k3x curves and~b! Fourier transforms of thek3x curves. Note
that the FT’s do not include phase-shift corrections, so the mea-
sured bond distances, as derived from the least-squares analysis,
differ from the peak positions plotted here.

TABLE I. Results of fits to UO2Ac2 L3-edge EXAFS. Uncertainties, given in parentheses, are deter-
mined by the least-squares minimization and do not reflect possible systematic errors.

R ~Å!

Data set Shell Ne a R ~Å! s2 ~Å 2) ~from XRDb!

Parallel Axial 4.00 1.787~0.001! 0.002 24~0.000 13!
equatorial 2.50 2.331~0.005! 0.008 57~0.000 76!

Polycrystalline Axial 2.00 1.768~0.001! 0.001 52~0.000 13! 1.751c

equatorial 5.00 2.384~0.002! 0.011 19~0.000 33! 2.394d

Perpendicular Axial 1.00 1.717~0.004! 0.000 05~0.000 40!
equatorial 5.97 2.378~0.003! 0.008 06~0.000 43!

aNot varied in fit—calculated from the XRD structure of UO2Ac2 using Eq.~2!.
bReference 18.
cAverage of 1.741 and 1.762 Å .
dAverage of 2.346 Å~1!, 2.365 Å ~2!, 2.447 Å ~2!, using the weights given in parentheses.
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than MS1. Furthermore, fits to the extracted MS EXAFS
indicate that MS1 yields a much closer match to experiment
than either MS2 or MS3, even when the DW factors are
varied independently. Apparently a single MS path provides
the best model for the MS EXAFS, in contrast to results
presented above and in Ref. 15, which indicate that several
MS paths are needed to reproduce uranyl XANES reso-
nances. For the fits of Sec. V B, MS1 was the only MS path
used. Fits to uranyl EXAFS data for other compounds and
complexes also indicated that this path alone is capable of
modeling MS effects.5,6

By selecting a path length and coordination number, a
scattering amplitude function can be isolated from the ex-
tracted MS EXAFS. The result of this treatment is plotted in
Fig. 7, based on a path length twice that of the axial SS fit
result ~parallel data set!, andNe54. Also plotted are calcu-
latedFEFF6 curvesk3A, where

Ai~k!5S0
2C~k!Fi~k,Ri !expS 22Ri

l~k! Dexp~22s i
2k2! ~4!

is a function which may be compared to the experimentally
derived amplitude, and includes backscattering magnitude,
DW broadening, and the loss factors from Eq.~1!. The
curves in Fig. 7 are calculated for the path MS1, using the
same DW factor as in Fig. 6. The strong dependence of
k3A upon the muffin-tin overlap parameter,u, defined in
Sec. IV B 2, is illustrated in Fig. 7. Most of the observed
variation originates inFi . It is apparent that the best agree-
ment between the calculated and experimentally derived MS
EXAFS amplitude is obtained foru50.0, i.e., no overlap.
This results contrasts that found forL1 XANES above,
where the best agreement between calculated and measured
spectra was obtained usingu51.0, i.e., considerable overlap.
Overlap was also shown to be important for theL3 XANES
of uranyl fluoride.15 Figure 5 shows the result of a fit to the
extracted MS EXAFS, using the path MS1 calculated with
u50.0, where the DW factor was varied. The final MS DW
factor is related to the axial SS value byq51.50. The fit is
reasonably good, but Figs. 5 and 7 clearly indicate thatFEFF

6 is not completely successful in modeling the amplitude of
the MS contributions. Note that the calculations shown in
Figs. 5–7 do not include the polarization-dependent part of
the curved-wave corrections. However this effect was very
small for the MS paths, much less than for SS.

VI. CONCLUSIONS

Striking linear dichroism effects have been measured in
the uraniumL1- andL3-edge XANES, andL3-edge EXAFS,

FIG. 5. The multiple-scattering contribution to the UO2Ac2
L3-edge EXAFS;~a! k3x curves,~b! FT’s of thek3x curves. The
solid lines represent the measured MS contribution, extracted as
described in the text. The dashed lines represent a fit based on a
single MS path, MS1, with overlap parameteru50.0.

FIG. 6. k3x curves for multiple-scattering paths, calculated us-
ing FEFF 6. The paths, labeled MS1, MS2, and MS3, are shown
schematically on the right side.

FIG. 7. Comparison of measured and calculated multiple-
scattering amplitudes,k3A. The values of the muffin-tin overlap
parameteru are shown for each calculated curve.
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of uranyl acetate dihydrate. Photoelectron multiple-scattering
calculations, usingFEFF 6, have been employed to model
these effects. The calculated XANES spectra are in good
agreement with the measured spectra, especially for theL1
edge. The success of this one-electron approach suggests that
multielectron effects are not important in these spectra. A
detailed understanding of the origin of theL1 XANES is
obtained by isolating the scattering paths which contribute to
individual spectral features. MS paths within the uranyl cat-
ion have a notable influence, in particular by producing a
sharp resonance at theL1 edge jump, which is strongly en-
hanced when the polarization is parallel to the uranyl axis.
Examination of the polarization dependence of theexperi-
mental L1 XANES gives substantially the same results as the
theoreticalpath analysis of the unpolarizedL1 XANES. This
correspondence emphasizes thatFEFF 6 calculations provide
a valuable tool for the interpretation of measured XANES.
Such a theoretical approach is particularly useful for those
cases where oriented samples, and thus polarized measure-
ments, are unavailable or impractical.

For polarization parallel to the uranyl species, theL3
EXAFS shows an FT feature which is attributed to MS
within uranyl. This result indicates that any analysis of ura-
nyl EXAFS should include MS contributions to obtain reli-
able structural information beyond the equatorial shell~i.e.,
R.2.5 Å .! The scattering amplitude extracted from this MS
feature was most successfully modeled byFEFF 6 when the
muffin-tin spheres were not overlapped. That contrasts the
results of calculations forL3 XANES, in Ref. 15, and for
L1 XANES, presented here. For both of these edges signifi-
cant overlapping was found to improve the agreement with

experimental XANES. The nonoverlapped potential, which
is generally preferable because it is self-consistent, is appar-
ently a better model at higherk, but is less successful at low
k. This result highlights the need for an improved treatment
of anisotropic bonding within an electron-scattering formal-
ism.

The large polarization dependence of uranyl XANES
could be exploited to measure the orientation of this linear
species, in the tradition established for molecules on surfaces
using soft x-ray absorption.36 For example, polarized
XANES might be used to determine the orientation of ad-
sorbed uranyl relative to a layered mineral substrate. Such
structural information would complement that obtained by
EXAFS.
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