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A theoretical analysis of x-ray absorption near edge strudXireNES) atL; andL, edges for Pu hydrates
with a formal oxidation state of Pu ranging fro#3 to +6, using theab initio multiple scattering codeerr7,
is presented. For each hydrate our calculations reproduce well the white line intensity and relative peak
positions, which are the features commonly used for formal valence identification. In order to achieve such a
degree of coincidence between theory and experiment, it was necessary to use a relativistic Dirac-Fock treat-
ment of atomic densities and mixed Dirac-Fock—local-density-approximation exchange-correlation potentials,
not considered in previous actinide studies. We find that most of the white line intenkijyedges originates
from scattering of the photoelectron, i.e., x-ray absorption fine structure. We also show that the white line
shoulder peak, present in the case of plutonyl compounds'(Bad P§* ), is due largely to constructive
interference of scattering paths containing axial oxygens. Limitations cfeier code and ways to improve
the quantitative agreement between XANES calculations and experimental spectra are also discussed.
[S0163-182698)01613-0

[. INTRODUCTION of those features starting from the local electronic and atomic
structure. Reliable XANES calculations are also important
X-ray absorption near edge structup€ANES) spectra for biological materials, in which usually a very limited en-
have long been used to distinguish between different oxidaergy range is available for extended x-ray absorption fine
tion states of the absorbing atom, with applications rangingtructure(EXAFS) analysis, and improved XANES calcula-
from high-temperature superconductors to catafyskpe- tions can significantly improve structural analysis in this
cifically, in environmental studies of radioactive materials incase.
agueous solutions, the valence dependence of different There are four major methods that are now used to calcu-
XANES features such as white line intensity, the edge positate XANES  spectra.  Single-electron,  multiple-
tion, or peak positions relative to the edge has permitted thecattering'~*° (MS), and band structuf®& 2 (BS) codes
determination of formal oxidation states for different were more successful in reproducing XANES spectra, since
actinides?™* The ability of XANES spectra to determine im- many-body effects are often canceled in polarization-
portant aspects of actinides at low concentrations in compleaveraged spectra, the MS codes proved to work very well in
matrices has led to advances in the understanding of aqueotie EXAFS regiorf® are less reliable in XANES spectra due
systems of nuclear waste produtfsan important issue in to the lack of a self-consistent potential and the neglect of
nuclear waste disposalWhile XANES spectra of uranium nonspherical effects. Even though modern BS methods usu-
and neptunium have been reporfed until recently there ally include these effects and good agreement with experi-
were no systematic studies performed for plutonium.ment was obtained long ago for several c&Semreement is
XANES spectra for four different Pu hydrates with formal less impressive in other cases, even if core-hole effects are
oxidation states of Pu ranging from3 to +6 were recently included in calculations via a superc&liWhy the BS meth-
reported in Ref. 3. In that study a correlation between thends, which seem to be well suited for XANES calculations,
formal oxidation state of Pu and the position of the edge inrdo not always work is not yet clear. It may be neglect or
XANES spectra was found. In general, it is not practical tooverestimatior(via superce)l of the core-hole effects and/or
manufacture samples with pure oxidation states in order tother approximations in the codgsuch as linear dependence
provide standards for identification of oxidation states in dif-of phase shifts in the linearized muffin-tin orbitdlMTO)
ferent materials. Reliablab initio XANES codes could be method, or that one-electron theory is inadequate for some
used to produce such standards as well as to predict spectrsystems.Ab initio molecular orbital(MO) method$’?8 are
scopic features in new systems and to understand the origwften restricted to small clusters and a finite basis set of wave
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functions, which limits the applicability of calculations to the single-electron calculationdBS and MS do not reproduce
first 40 eV. Atomic multiplet(AM) calculationd® are very  the white line, the discrepancy could be attributed to many-
attractive since they can include some many-body effectdhody effects, such as the core-hole screening and the edge
however, they are based on a parametrized description of ingularities of Mahaf® In each individual case the origin of
effective Hamiltonian (ligand field parameters, Hubbard the white line may be different, so that theoretical calcula-
model, etc. These parameters can be estimated frsn tions are needed to provide an interpretation.
initio calculations, but they are usually adjusted to fit the !N this paper we present calculations of >§'§NE,S spectra
experiment. Similar to MO calculations, this theory is also®f Pu hydrates using thab initio code FEFF7™ which is
usually restricted to the first 40 eV from the edge, since threfly described in Sec. II. In Sec. Ill we compare with
effective Hamiltonian and the finite wave function basis seXPerimental spectra. We focus on reproducing the XANES
become inadequate at higher energies. This reduces the p1ape for each Pu hydrate and the trends observed in the
dictive power of such calculations. However, this theory pro-Main XANES features with the change of Pu oxidation state
vides the best interpretation of XANES peaks in terms offor the Ls and L, edges, and analyzing their origin. The
localized orbitals and their splittings due to the ligand fieldiNterpretation of the white line is discussed in Sec. IV. We
and hopping and can test many-body effective Hamiltonian§onclude with a summary.
by comparing to experimental XANES spectra. Thus, atomic
theory has proved useful in explaining some many-body ef-
fects, such as multielectron excitatioiisyhich are also ob-
served in an x-ray magnetic circular dichroigiMCD).3! Multiple-scattering XANES calculations are more chal-
Thus, despite all attempts, there is no reliable predictivdenging than EXAFS calculations, since the XANES ap-
XANES code which whould work in all cases. This in con- proach is much more sensitive to details of the scattering
trast to the EXAFS region where several MS codespotential and high-order MS patfghus self-consistent po-
[FeFr*2 ExcURVEY and GNxAs (Ref. 33] are now com- tential and nonspherical corrections via full potential MS
monly used to assist in the determination of local structuretheory are not needed for reliable EXAFS calculations, but
Different methods suggest different interpretations of themay be necessary for reliable XANES calculations. Also the
white line at thel; edge, the most salient feature of XANES MS path expansion may become divergent in XANES calcu-
spectra in Pu hydrates. Thus, within the AM and MO picturelations due to the increase of the mean free path and back-
it is interpreted as transitions to bound states’® The BS  scattering amplitude. Therefore a full MEMS) technique
method suggests a white line interpretation as transitions tshould be used in these cagdsiowever, the importance of
the unfilled part of the last barfd.For example, the x-ray self-consistent fieldSCP, nonspherical corrections and the
emission spectroscopy is therefore used to measure the widMS technique depends on the actual system.
of the filled bands. These two interpretations can be com- Within the MS formulation, XANES calculations depend
bined into a single more general interpretation of the whiteon four main ingredients: the muffin-tin scattering potential,
line as a transition to unoccupiett states. This interpreta- dipole matrix elements, the scatteringnatrix t;, and the
tion can be used for crystals or finite clusters. Such an interawo-center matrix elements of the free propagadgr A re-
pretation has been used in order to derive XMCD sunmview of high-order multiple-scattering theory and its appli-
rules®® and significantly simplifies XMCD analysis. How- cations to x-ray absorption calculations is available at the
ever, the neglect of continuum statesd) that also may FeFF site on the worldwide welfWWW).*! Here we will
contribute partially to the white line intensity leads to a typi- present a summary of the main developments not included in
cal error of the order of 10% in the determination of spin andprevious calculations on actinide compounds.
angular momentum@. MS calculations concentrate on cal-  The construction of the muffin-tin potential is the part of
culating the one-electron Green's function instead of indi-the calculation which has a stronger influence on the XANES
vidual states, and suggest a MS path interpretation of peakspectra than on EXAFS.FEFF7 uses the Mattheiss
instead of a state interpretation. Thus MS calculations autoprescriptior*? In this approach the total electron density is
matically include transitions to alld anded states, and they approximated by overlapped free atom densities. In this work
are not well suited to assign the XANES peaks as transitionthe free atom densities are calculated using a relativistic
to nd states. Instead, MS theory can distinguish atomic vs ®irac-Fock codé? which leads to much better estimates of
scattering origif’ of the white line. Thus, the white line may the absolute edge energies. In previous actinide calculdtions,
arise mainly due to the peak in atomic background known abased orFerFg a Dirac-Fock-Slater atomic calculation was
atomic XAFS(Ref. 38 or mainly due to the positive inter- used to obtain the free atom electronic densities. \WikFe
ference of the electronic waves scattered from the neighborgdge shifts about 100 eV were needed to get edge positions
as for all EXAFS peaks. The above scattering or path interright for Pu compounds, while farerr7these shifts are less
pretation of the white line is complementary to the state inthan 10 eV. Within the Mattheiss prescription it is possible to
terpretation. The path interpretation is traditionally used inchoose muffin-tin radii so that muffin-tin spheres just touch
EXAFS analysis to interpret peaks R space. The state or overlap by 10-306 . A more careful approach to the
interpretation is commonly used in XANES analysis, since itpotential construction would include self-consistency, and
appears to have more intuitive chemical interpretation iruse the relativistic full potential MS thed®/to avoid the
terms of electronic states and their splittings. It does noambiguity of overlapping muffin-tin spheres and to include
mean, of course, that MS calculations cannot reproducthe nonspherically symmetric part of potential. In order to
XANES peaks. MS results should be the same as BS resultget agreement with experiment, sometimes different poten-
if calculations are carried out to infinite ord&rAlso, if  tial constructions have been used for different edges of the
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same materidl. However, in the present calculations, we 2 . —_—
have used the same recipe fdk edge as fot. 3, making our
results more trustworthy.

The FEFF7 code uses a very rough estimate of the Fermi
level position. Therefore, in the present calculations, we var-
ied the Fermi level position in order to achieve better agree-
ment with the white line intensity. We note, however, that
these shifts were smalD—2 e\) and we use the same shifts
for theL, andL3 edges. Such shifts do not affect our con-
clusions about the nature of the white line and its interpreta-
tion. Of course, for the purpose of oxidation state calibration,
it is important to fix these shifts by SCF calculations. L

The photoelectron self-energy enters as an energy- 0.5+
dependent addition to the muffin-tin potential. The real part
of the self-energy alters the relative peak positions. Fok Pu
edges the imaginary part of the self-energy is small in the
XANES region compared to th€,. Thus the imaginary 2
part of the self-energy was neglected in our XANES calcu-
lations. The core-hole lifetim& .}, is included at the end of
the calculation by a Lorentzian convolution. This procedure
is different from that used in EXAFS calculations, where one
cannot neglect the imaginary part of the self-energy, since it
can grow to 5-10 eV in the “extended” region. For the real
part of the self-energy we used a partly nonolocal Dirac-
Fock—local-density-approximatiainDA) self-energy model
described in Refs. 41 and 45, which yielded better agreement
with experimental spectra than the commonly used LDA-like
Hedin-Lundqvist(HL) self-energy*® We note, however, that
this may be due in part to the absence of self-consistency of 0.5+
the potential, combined with the use of Dirac-Fock atomic ‘
densities in the Mattheiss prescription. Whether this form of 18060 18110
the self-energy leads to better agreement with experimental () Energy (eV)
spectra when self-consistent potentials are used is a matter of
current study.

1.5
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FIG. 1. L; edge XANES spectra of Pu hydrates: 3solid line),

. N + (long dashed ling 5+ (dashed ling and 6+ (dotted ling. (a)
Once the scattering potential is constructed, the rest g xperimental data. Note that the edge position shifts to higher en-

|ng.red|en.ts of mUIt',pk_a'scattermg th?ory can be CaICUIa'[edergy with the increasing valence of Rb) Calculations withFEFF?
us!ng various simplifying appI’OXIm'atIOHS. to SPeed Up,calcu'Spectra arenot shiftedto match experiment. Individual shapes
lations. As noted by Loucks| the spin-orbit(SO) interaction  (white line intensity and relative peak positiorare well repro-

is primarily important only in the deep core region. Thus, duced. Calculation of the relative edge positions compared to that in
one must include the SO interaction in the calculation ofexperiment needs improvement.

dipole matrix elements, where the deep core region is em-

phasized by the initial-state core wave function. Since in lll. COMPARISON WITH EXPERIMENTAL SPECTRA

these calculations we use the spinor-relativistic Dirac equa- FOR L3 AND L; EDGES

tion, the SO interaction is treated naturally in the calculation ExperimentalL; edge XANES spectra for the four Pu

of_ d_ipple—matrix glements. For Fhe same reason, the nonrehydrates studied are shown in Figal As noted in Ref. 3
ativistic expressions for matrix elements @, and a here is a reduction in the white line height fromPuto Pu
j-average calculation of the scatteringnatrix;*® which ne- s+ and then a small increase for Pu There is also a shift
glects the SO interaction, are adequate approximations fqp the edge position. Calculated spectra, shown in Fil), 1
the relativistic XANES calculations. reproduce both trends, as well as higher-energy features. We
Details of the input parameters used in these calculatiomote, however, that while the trend of edge position versus
(inputs for the codeEFF?) are listed in Appendix A. Struc- valence state is reproduced by the calculations, the relative
tural parameters of the local clusters of the Pu hydrates weredge shifts are underestimated in the calculated spectra by a
taken from the EXAFS analysis of Pu hydrdfeand are few eV. This discrepancy originates in the limitations in the
summarized in Appendix B. Here we only note that®u  construction of the muffin-tin potential and errors in the cal-
and Pd' have nine and eight oxygens at equal distancegulation of the Fermi level. The crude electron-gas approxi-
respectively, while P& and P¥" have the plutonyl struc- mation used to calculate the Fermi level is known to yield an
ture; i.e., they have two oxygens closer to the Pu ion aboverror of a few eV; additionally charge-transfer corrections
and below the equatorial plane, and four and six equidistarintroduced by self-consistent potentials are of the same
oxygens in this plane, respectively. order?® To illustrate the sensitivity of the XANES spectra to
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FIG. 2. L; edge of Pd". The XANES spectra calculated with 3+ ]
overlapped muffin-tin spherdslashed ling have worse agreement .5 T a4 ]
with experiment (solid line) than those with a nonoverlapped e B
muffin-tin potential(long dashed line = | 6+ |

details of the muffin-tin potential construction we present
XANES spectra for P8* calculated using a nonoverlapping
muffin-tin potential(also shown in Fig. Pand an overlap of
20% in the muffin-tin spheres. While in this case the use of
overlapping muffin-tin spheres yields slightly worse agree-
ment with experiment, for PUi and P$™ it was necessary

to use overlapping spheres to reproduce experimental spec-

Normalized absorption (arb. units)

7521

tra. This result is consistent with previous studies of urafiyls,
where the authors argue that overlapping geometry should be
used whenever short metal-oxygen bonds are present. We (b)

23200 23250

Energy (eV)

23300

checked whether the inclusion of hydrogen atoms in the scat-

tering cluster could yield a better prescription for the con-

FIG. 4. L, edge XANES of Pu hydrate$a) Experimental data.

struction of the muffin-tin potential. Normally hydrogen at- The first peak intensity and the slope at the edge are clearly smaller
oms are excluded in EXAFS calculations since they do nofor plutonyls (Pu>* and P$™). (b) Calculations withFerrz The
have a significant influence due to their weak photoelectroirermi level was not adjusted in these calculations, and the same
scattering cross section. In Fig. 3 we present XANES spectrahift as for corresponding ; edges was used. The experimental
calculated including hydrogen atoms. The relative positiorfeaturesireduction of first peak intensity and slopsre reproduced

of the edges is improved. However, the intensities of white2s Well as the overall XANES shapes.
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lines are significantly reduced, yielding larger disagreements
with experimental spectra. These results point out the fact
that the main limitations in the XANES calculations are in
our muffin-tin potential construction. Self-consistency may
account for charge transfer and full potential calculations for
the nonspherical corrections. It is not clear which missing
part in our calculations is more important, since both may
contribute to the failure of calculations which include hydro-
gen atoms as part of the scattering cluster.

The experimental data for the; edge is shown in Fig.
4(a). In this case, the free parameters which enter as part of
the input in the calculation had the same values as the ones
used in the correspondinig; edge calculations. As in the
case of thd_; edge calculations, these calculations do repro-
duce all individual spectral featurgsee Fig. 4b)]: reduction
of the first peak amplitude and slope for plutonyl com-
pounds, and number and amplitudes of peaks. This suggests
that the prescriptions used in the construction of the muffin-

FIG. 3. Calculated.; edge XANES spectra of Pu hydrates. The tin potential, and limitations in the precision of the calcula-
hydrogen atoms are included in the cluster. The relative edge postion, discussed above, are independent of the edge consid-

tion is improved, but white line intensity is worse.

ered.
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FIG. 5. Effect of axial oxygens oh; XANES spectra. Calcu- FIG. 6. Effect of axial oxygens oh, XANES spectra. Calcu-

lations for plutonyls with(solid line for Pt* and long dashed line ~ 1ations for plutonyls with(solid line for P@" and long dashed line

for PUS*) and without axial oxygengshort dashed line for B for Pu®") and without axial oxygengshort dashed line for Pu -

and dotted line for P%") show that the shoulder next to the white and dotted line for P") show that a strong reduction of intensity
line is primarily due to the scattering paths containing axial oxy-and slope near the edge, noticed in experimental data, is caused by
gens. the presence of axial oxygens.

o ) in origin or is related tgy and the white line intensity arises
The most significant spectral Jfature in thg XANES a5 result of scattering from neighboring atoms. In Fig. 6 we
that distinguishes the plutony(®u®* and Pif ) isthe ap-  present the absorption for Pu, with the contributions aris-
pearance of the shoulder 10 eV above the white line and a jng from MS and that from an isolated embeded atom. This
strong reduction of the whgite line intensity. For uranyls it gnows that the white line arises mostly due to the XARS (
was shown by Hudsoet al.” that the shoulder next to the \yhile the atomic background gives a contribution of only
white line is determined by the presence of axial oxygens._3no, Thus, in the case of Pu hydrates the white line ap-

This hypothesis is confirmed for plutonylsee Fig. 5. In nears as a result of constructive interference of MS paths,
this figure we excluded from the calculations all scatterlngsh(,mng the same origin as EXAFS peaks.

paths which include the plutonyl oxygens. The exclusion of - The hound vs continuum state interpretation of the white
axial oxygens in the calculation also affects strongly the |ine can be also checked with MS calculations. The states,
edges, as shown on Fig. 6. In this case the intensity at thggnstructed from localized 66 orbitals, can have energies
edge and the slope are significantly higher in the calculationgpsye or below the zero potential le@acuum level. For
in which the axial oxygens were excluded. molecules or finite clusters, the states below zero can be
We note that we were unable to reproduce even thgyerpreted as bound states, but states above zero should be
XANES shapes for all the Pu hydrates using the CBERFG  interpreted as metastable states, since they will strongly mix
which has been used in similar uranyl studies to explaifyiin continuum states of the same energy. Within MS
specific features in the spectra, e.g., the appearance ofgeory, to decide whether a state can be identified as a bound
shoulder next to the white line whenever short actinide+ 5 metastable state in a molecule, we need to determine the
oxygen distances are presérithus we attribute the success position of the zero potential level. Since the Fermi level

of present calculations witlFEFF7 in reproducing several hically lies a few eV below absolute zero and within this
trends in a systematic manner to the use of relativistic Diraczy|cyjation we have uncertainties in the position of the Fermi

Fock (DF) atomic densities and the use of partly nonlocaljgye| of the same order, it is difficult to decide whether the
DF-LDA exchange-correlation potential. white line represents bound or continuum states. A more
accurate estimate of the Fermi level is needed. This should
IV. WHITE LINE INTEPRETATION be checkgd using a §e|f—consistent potential construction and
full potential calculations.

The white line present at the, andL 5 edges arises from As noted in the Introduction, the state interpretation is
transitions to unoccupied states. Within MS theory, x-ray impractical to be carried with MS calculations and should be
absorptionu= u(1+ x) and/-projected density of states done with AM, MO, or BS calculations. Since our single-
(/DOS) p=p {1+ x) both have smooth backgrounds and electron calculations reproduce all four Pu hydrate XANES
the same oscillating functioiy determines the peak posi- spectra, this suggests that many-body effects play a small
tions. Thus, in general the XANES peaks should correspondble. Also & states are completely unoccupied in all four
to peaks in the DOS except near the edgermi leve), cases. Thus, if one interprets the white lines as transitions to
where the atomic background can have a sharp peak due tmoccupied @ states, the integrated intensity of the white
the behavior of dipole matrix elements. Consequently, MSine should be approximately the same in all four cases. In
calculations can clearly distinguish whether the white lineFig. 1 one can see a strong drop in integrated intensity from
peak intensity is determined Qy,, and thus is mainly atomic Pu*" to Pw*. The only reasonble way to explain this is to
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interpret the shoulder for Pd also as a transition to unoc- 2 —
cupied @] states. The increase of shoulder intensity compen-
sates for the decrease of white line intensity. The added in-
tensity of the white line plus the shoulder seems to be
conserved for both theory and experiment.

The interpretation of the white line as transitions to unoc-
cupied &l states allows one to explain the behavior of the
white line intensity from P to PP* in a simple form. If
no neighboring atoms were present, afl 6tates will have
the same energy. Transitions to these states will show up in
the spectrum as a Lorentzian peak with a wid#i0 eV
(core-hole lifetime broadeningWhen neighbors are present,
because of the nonspherical “crystal field” thel @&nergy 0.5
level will be split; such splitting would increase when neigh-
bors are placed closer. Thus the white line should become
broader and have a lower intensity, which is the trend ob- Energy (eV)
served from P@* to Pu**. The big energy splitting of &
states for PB" and P" arises due to the presence of a FIG. 7. Scattering origin of the white line is shown on example
close axial oxygen in these hydrates. Therbital with den-  of the P#* L; edge. The calculated embedded atom background
sity along this axis will have a higher energy than ite absorption(short dashed linehas a small increase at the edge,
orbital with density in the equatorial plane. Thus for pluto- which shows that the white line for Pu hydrates cannot have an
nyls (Pu®* and p,ji+) we associate the shoulder with meta- gtomic origin. Therefore the white line is a result of constructive
stable @& states with density oriented along the plutonyl interference of MS paths.
bond axis, and the white line witth states oriented in equa-
torial plane. The anomalous increase of the white line intenexidation state is reproduced, there are guantitative discrep-
sity from PWP* to Pu®" can also be explained within this ancies in the relative edge positions. A better potential con-
interpretation. The effect is similar similar to the reduction of struction is needed to reproduce the quantitative dependence.
intensity from Pd* to Pu**. In the first case the number of We find that the use of Dirac-Fock atomic densities and a
equatorial ligands increases from 4 to 6, and in the secongartly nonlocal exchange-correlation potential yields better
case the total number of water ligands is reduced from 9 to &esults for XANES calculations than their local-density-
It will be interesting to see whether AM theory can confirm approximation counterparts, used in previous calculations on
this interpretation of the white line. The splitting between theactinides. Overlapping muffin-tin potentials were found nec-
white line and the shoulder is about 10 eV and it seems to bessary to reproduce the XANES spectra i’ Pwand P8 "
too big to be explained by a ligand field. This splitting for the for plutonyls, in agreement with studies of uran§lslow-
3d level is typically only about 2 eV ever, for P¢* and Pd, the overlapping geometry yielded

However, the state interpretation does not seem to be advorse results. The two axial oxygens present in plutonyl
equate for thé.; edge, where one can expect the behavior ofstructuregPu®" and P#*) are shown to be responsible for
7p states to be similar to that oféstates. Thus in Fig. 4 and the appearance of the white line shoulder in casé& of 5
Fig. 5 one does not see strong white line, which alreadyedges, and for the strong reduction of the slope and the first
assumes strong mixing ofp7fandep states. One also expects peak intensity in case df, edge spectra.
splitting between B, , and 7, states, which is not observed Both the white line and it shoulder at the, edge of Pu
either in theory or experiment. In the caselgfthere is no  hydrates are best interpreted as XAFg,(or constructive
additional peak for plutonyls, which would explain the re- interference of scattering paths. The contribution to white
duction of the first peak intensity, interpreted as transitions tdine intensity from atomic backgroun@®XAFS) is not neg-
unccupied P states. Therefore the state interpretation doedigible, constituting of the order of one-third of the ampli-
not give a qualitative explanation of the spectral XANEStude.
features foilL; edge. On the other hand, our MS calculations The alternative qualitative interpretation of the white line
qualitatively reproduce all the features, and sh@¥ig. 7) and its shoulder as transitions to unoccupiatl Gates is
that a reduction of the slope and first peak intensity is reall}complementary to the path interpretation. This interpretation
connected to the structural properties: i.e., the presence cfn be used to qualitatively understand the behavior of their
plutonyl oxygens in P&" and P#*. We note that for struc- intensities with structural changes from Puto Pu* hy-
tural analysis it is essential connect observed structural progirate. However, such an interpretation cannot explain spec-
erties(XAFS) to spectral featureSXANES); the simulations tral features for thé.; edge. Theoretical simulations with our

L 4

Pu®

1.5+

Normalized absorption (arb. units)

carried with our code achieve this purpose. code, which reproduce spectral features for Hothand L5
edges, are more appropriate for the interpretation of XANES
V. SUMMARY features in terms of the structural properties.

The good agreement between experiment and our calcu-
XANES calculations performed with thab initio code lations shows that the approximations used infber7code
FEFF7 reproduce all the features of the individual XANES are adequate for reproducing the XANES spectra even for
spectra for the four Pu hydrates for bdth andL, edges. heavy elements. Future developments of the code may even
Although the trend in edge position with increasing formalfurther improve XANES calculations and reduce number of
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free parameters. Thus self-consistent calculations are exjive better results for Pii and P#™, but not for P& and
pected to account for charge transfer and fix the Fermi levePu*™.

position. The use of the full potential MS theory may ac- (4) The use of thé CORRECTIONS vr0 viQ card is nec-
count for the nonspherical corrections and remove the freeessary sinceEFF7 makes a very crude electron-gas estimate

dom in muffin-tin geometry. of the Fermi level. By specifiing vrO the Fermi level can be
shifted up and down. We used vi® —2-0 eV and vi0= 0
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APPENDIX A APPENDIX B
In this appendix we list the specific input cards used in the ~ Structural parameters of the Pu hydrétes.
FEFF7input file. Pu®*: nine water molecules form a tricapped trigonal
(1) The XANES card should be specified. It is important pyramid with an equal Pu—O distance 2.48 A.
to have accurate atomic positions in the clustdffOMS Pu**: eight water molecules form a cube with an equal
card. We used the atomic positions obtained from EXAFSPu-O distance 2.39 A.
analysis for these materials. Pu>" and P#* hydrates have the plutonyl structure: i.e.,

(2) Use the RPHASE$real phase shifiscard to discard they have two short Pu—O bonds along one axis and several
the imaginary part of the self-energy. We found that the usavater molecules in the equatorial plafeerpendicular to the
of partially nonlocal self-enerdy (EXCHANGE 5) worked — axis).
best for the Pu hydrates. Pu>": short Pu—O bond is 1.84 A, and four water mol-
(3) AFOLP (overlapped muffin tinsand ION cards both ecules form a square in the equatorial plane with Pu—O dis-
affect the muffin-tin potential. However, we did not use ION tance 2.45 A.
for any of the Pu hydrates. If AFOLP is specified, then the Pu®': short Pu—O bond is 1.74 A, and six water mol-
overlapped muffin-tin potential is constructed; otherwise, theecules form a hexagon in the equatorial plane with Pu—O
muffin-tin spheres are just touching. We found that AFOLPdistance 2.45 A.
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