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Abstract

Although actinide (An) Ls-edge x-ray absorption near-edge structure (XANES) spectroscopy has been very
effective in determining An oxidation states in insulating, ionically-bonded materials, such as in certain
coordination compounds and mineral systems, the technique fails in systems featuring more delocalized 5 f
orbitals, especially in metals. Recently, actinide Lz-edge resonant x-ray emission spectroscopy (RXES) has
been shown to be an effective alternative. This technique is further demonstrated here using a parametrized
partial unoccupied density of states method to quantify both occupancy and delocalization of the 5f orbital
in a-Pu, 6-Pu, PuCoGas, PuColns, and PuSby. These new results, supported by FEFF calculations,
highlight the effects of strong correlations on RXES spectra and the technique’s ability to differentiate
between f-orbital occupation and delocalization.
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1. Introduction

A hallmark of strongly-correlated electron behavior in lanthanide-based materials is the partial 4f-
orbital occupancy, ns, caused by strong interactions between localized f electrons and delocalized electrons
in energetically nearby orbitals, such as the conduction band [1]. Lanthanide Ls-edge x-ray absorption
near-edge structure (XANES) spectroscopy has been very successful in providing a bulk-sensitive, accurate,
and relatively routine method for measuring ny [2, 3, 4, 5, 6, 7, 8]. Unfortunately, this method is not
very effective when applied to actinide materials due to a decrease in the energy separation of relevant 5f
spectroscopic features (typically < 5 eV [9, 10] for light actinides and ~ 10 eV for the lanthanides) and an
overall decrease in the intrinsic spectral resolution from the decreased 2ps/, core hole lifetime (about 8-10
eV for the light actinides, compared to 3-4 eV for the lanthanides [11]). In addition, since 5f orbitals are
generally more delocalized than 4f orbitals, the ability of the 5f orbital to screen the core hole can vary
from sample to sample, further confusing the interpretation of actinide Ls-edge XANES spectra. Here, we
demonstrate the use of the resonant x-ray emission spectroscopy (RXES) technique from the L3 edge, which
has been used successfully on a range of intermediate-valent lanthanide intermetallics [12, 13, 14, 15], to
help overcome these limitations in plutonium intermetallic compounds.

*Corresponding author.
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Figure 1: Schematic of the RXES process. RXES is a two step process involving an excitation by an incident photon of energy
E; out of the initial, or ground, state of, for example, a 2p electron to a state above the Fermi level, denoted here as a 6d state.
The second step involves the decay of a 3d electron that fills the 2p hole and emits a photon with energy FE..

Although the fundamental limitations on conventional XANES spectroscopy likely will always forbid its
use in determining f-orbital occupancy in actinide intermetallics, the RXES technique and related techniques
offer ways to obtain the same information with higher resolution. In particular, one way to improve the
lanthanide (Ln) and actinide (An) Ls-edge spectra is to measure the L,; x-ray emission line with high
resolution as the incident photon energy, F;, is scanned across the Lz edge [12]. This technique, illustrated
in Fig. 1, separates the L3 x-ray absorption/emission process into three parts: the ground , intermediate,
and final states. The absorption process begins when the incident photon is absorbed by a 2ps/, core
electron, giving an intermediate state with a 2p core hole and an extra electron in a previously empty or
partially empty orbital, denoted in the figure as a 6d orbital. This intermediate state is the final state of
a conventional absorption process, where the broadening of the Ls-edge absorption spectra is limited by
the 2p core hole lifetime. Continuing from the intermediate state, one relaxation path is a decay of a 3d
electron, filling the 2p hole and leaving behind a 3d hole and a characteristic x-ray. It has been shown that
if one measures this characteristic x-ray with sufficiently high resolution, the final spectral broadening is
dominated by the lifetime of the 3d core hole, rather than the initial 2p core hole, significantly sharpening
the spectra [12]. If one measures the emitted photon only at the energy of peak emission, the spectrum as
a function of F; is essentially a conventional XANES spectrum, but with higher energy resolution. Such
spectra have been given different names, such as high-energy resolution fluorescence detection (HERFD)
[16], but here we will refer to them simply as high-energy partial fluorescence yield (PFY) spectra. More
information can be obtained by performing RXES, where one measures the emission both as a function of
the emission energy, E., and of F;. Such data are usually reported as a function of E; and F; = E; — E,,
since E} is the amount of energy transferred to the system in the final state and is therefore the change in
energy of the system relative to the ground state. Several excellent reviews describing the RXES technique
are available in the literature [17, 18, 19]

Since different oxidation states in otherwise similar bonding environments should be separated by about
5 eV [10], the broadening expected from a 3d core hole (about 4 e€V) should be sufficiently narrow to
see features associated with different oxidation states. This fact has been successfully exploited in RXES
studies of An coordination compounds [20, 21], and a recent null result in a search for different oxidation
state components in Am metal under applied pressure [22] has helped limit theoretical models [23] of the
observed structural transitions in that element [24].

Most recently, our RXES study of some uranium and plutonium intermetallics found that, indeed, fea-
tures in the RXES spectra were consistent and well described by intermediate valent, or multiconfigurational,
ground states, especially in two forms of elemental plutonium, a-Pu and 6-Pu [25]. We will expound on those
results below and outline some improved analysis techniques that are applied to the previous RXES data,
as well as to data from two new samples, the Pu-based 115 superconductors, PuCoGas [26] and PuColns
[27].



2. Experimental

A description of the sample synthesis and preparation for the a-Pu, §-Pu, PuCoGas, PuColns, and PuShs
samples has been described previously [25]. The PuOs s sample started from a well characterized stock
[28] that was subsequently calcined and delivered in a pure helium atmosphere, then handled and epoxied
in dry inert atmospheres (He and Ar). Given this treatment, the uptake of water by the oxide should be
negligible. X-ray diffraction indicated clear and sharp PuOy peaks with no amorphicity. In particular no
Pus O3 peaks were observed. Further details regarding this sample have been previously reported [28].

Most of the measured samples are solid crystalline material, typically measuring about 2 mm on a side.
The exception is the PuOs g sample, which was encapsulated in Stycast 1266 epoxy. No special treatments
were performed on the samples to prepare for the x-ray measurements, except that samples were chosen
that had accessible flat surfaces to use as the incident plane for the x-rays. Each sample was loaded into a
specially designed, triply-contained slotted aluminum holder with Kapton windows. The primary container
was loaded under an inert atmosphere for the a-Pu, §-Pu, and PuOs o samples.

RXES data were collected at room temperature on beamline 6-2 at the Stanford Synchrotron Radiation
Lightsource (SSRL) with a 7-crystal Johann-type spectrometer [29] using Ge(777) crystals and a Si(311)
monochromator. Total instrumental broadening was determined to be 1.7 eV by measuring the direct
scattered beam. Beam size was 500 x 200 pm. The monochromator energy calibration was performed by
setting the first inflection point of the Pu Lgz-edge absorption data collected on a PuOs reference powder to
18062.3 €V [10]. Other experimental details have been published previously [25]

3. Methods

A number of improvements have been made since the initial RXES report on elemental Pu and PuSby
[25]. First, a self-absorption correction has now been employed. This correction is obtained from a simple
extension to the correction typically applied to conventional XANES data [30], namely, that the corrected
normalized emission flux, I, is given by

I:Ctual(Ei,Ee) _ Ié“neasured(Ei, Ee)

Io(E;) B Io(E;)
o,
Sing- T
ind; I.(E; ,E.) ’
eimge TV 1 I.(Ef,EY)

where the sample is considered to be infinitely thick and the normalization is chosen as the emission flux
at the peak emission energy, E:mis, and at the last incident energy collected, E; , which assumes the
data were collected over a short energy range. The angle of the incident and the emitted photons, 6;
and 6., are measured relative to the sample surface, and are generally taken to be 45°. In addition,
B = 1t (Bemis)/ta (B ), v = p(Ei) /o (E;), and v = py(E;)/pa(E;"), where py(E) is the total absorption
coefficient at energy E, p,(FE) is the absorption from just the edge (atom) of interest (eg. from the Pu
L3 with the M-edge contributions removed), and py,(F) is the contribution from all background absorption
processes (eg. the Pu M-edges and the absorption due to Sb in PuSbs). The absorption coefficients are
calculated using the known chemical formula and the McMaster Tables [31]. For other approximations used
in this formula, refer to the FLUO documentation [30].

The second improvement to the RXES data analysis is that fits are now made using an adaptation to
the Kramers-Heisenberg formula describing the full, 2-dimensional F;, E; plane of the normalized measured



emission intensity (see, for example, Ref. [32, 33]):

I.(E;, Ey) =
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X
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where the sum is over excitations from the ground state, g, to the intermediate state, i, which decays to
the final state f, and the unoccupied partial density of states (upDOS), n;(e), is normalized to include
constant effects such as detector solid angle and transition efficiencies, etc. The energies Fy; and E;; are
the differences in energy between the ground and the intermediate state, and the intermediate and the final
state, respectively. For this work, the primary transition from the ground state to the intermediate state
is the dipole transition from the 2ps/, shell to the 6d manifold above the Fermi energy, Er. Although a
2p3/2 — Ts is allowed, the transition probability compared to that into a d state is only about 2% [34],
and the available density of states in these compounds is very small near Ep, so these transitions can be
neglected. Quadrupole transitions directly into the f states are possible, and indeed have been observed
in some materials [12], but FEFF9 calculations (discussed further below) indicate they have a negligible
contribution here.

As for the intermediate-to-final state transition, the spectrometer is tuned such that only the 3ds,, —
2p3 /o transition, that is, the L,; fluorescence, is measured. Therefore, under these assumptions one can
assume the matrix elements 77 and 75 for the individual state transitions within a given material are equal,
and one can simplify Eq. 1 to

n(e)
(Egi — €+ EZ)Q + F?/ﬁl

. Ty/em
(Ezf — €+ Et>2 + F?c/47

Ie(Ei,Et) O(/dE

(2)

where for multiple intermediate states, and Ey; and F;; are now energy offsets corresponding to the lowest
energy excitation above the Fermi level.

Using Eq. 2, it is possible to fit to RXES data with Eg;, E;¢, I';, I's, and n(e) as the fit parameters.
Short of deconvolving Eq. 2 to obtain n(e) directly, one can parametrize 7n(e) using some knowledge of
the material. As discussed previously [25], when an f-electron intermetallic is in an intermediate valent
state, the f contribution to the ground state will be a quantum mechanical mixture of various possible f
configurations, such as

) = eal f4) + es|f%) + eol £°),

where ¢? give the probability of finding the system in any one configuration f!. When the core hole is
created in the intermediate state, the Coulomb interaction between the hole and these f configurations
splits the degeneracy [35]. Since each configuration has a different number of electrons, they will each
screen the core hole differently, giving rise to an energy splitting in the intermediate and final states. This
splitting is reflected in the empty d states, that is, in 7(¢). A reasonable parametrization of 7(e) is therefore
a combination of a Gaussian to represent the excitations into the comparatively discrete empty 6d states
and a broadened step function to represent the continuum of states. Each potential configuration is then
represented by this combination of a Gaussian and the step function.

In the fits reported below, 7(€) is parametrized with each of three configuration contributions, p1, pa,
and ps, split by a constant energy of 5.25 ¢V (corresponding to Any =1 e~ ) and given by a Gaussian of
width T',, and of height p/s relative to the continuum step.

Note that in removing the sum over matrix elements in going from Eq. 1 to Eq. 2 makes explicit certain
assumptions regarding multiconfigurational states. in particular, the configuration splitting is assumed to
be the same in the intermediate state and in the final state in the fits reported below. Related to this
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Table 1: RXES fit results. Peak separation held at 5.25 eV. Three peaks, p1, p2, and p3, were varied in the parametrized
upDOS, each consisting of a smoothed step function plus a Gaussian. The reported ny assumes the full amplitude of each
of these peaks accounts for a configuration fraction for the f6, f°, and f* weight respectively, with only th PuOs.og sample
also including p4 peak for a f3 contribution. “p/s” is the relative amplitude of the Gaussian to the step. Reported errors for
most parameters are based on the number of free parameters and the covariance matrix, and represent the random errors. The
reported error on the f-orbital occupancy is based on the estimated absolute, systematic error on the configuration fractions.
Absolute errors are estimated to be about 0.1 for each configuration fraction. For comparison, note that the nominal ny of
PuOs.06 is 3.88.

compound Ey; Ty E;f Ty p/s I, pi(%) p2(%) p3(%) pa(%) ny

a-Pu 18061.4(3) 8.5(1) 3779.9(3) 2.1(1) 1.65(5) 3.1(1) 31(3) 56(4) 13(3) - 5.2(1)
§-Pu 18059.8(3) 8.6(1) 3778.7(3) 2.1(1) 141(6) 3.2(2) 46(3) 46(3)  8(2) - 5.38(15
PuCoGas  18060.3(2) 8.5(1) 3779.9(1) 3.2(1) L187(7) 24(4) 9(2) 62(2) 29(2) - 4.8(1)
PuColns  18059.9(1) &.1(1) 3779.3(1) 3.0(1) 1.96(6) 2.4(3) 2(1) 77(2) 21(2) - 4.8(1)
PuSh, 18057.2(1)  8.0(1) 3775.4(1) 2.8(1) 2.54(6) 2.1(1) 7(1) 78(1) 15(1) - 4.9(1)
PuOags  18059.5(1) 9.3(1) 3779.3(1) 1.7(1) 1.82(7) 3.6(3) 2(1) 13(2) 80(3) 4(2) 4.1(2)*

assumption is that other, higher-order, sources of off-diagonal transitions, such as a two-electron transition
involving a change in the f configuration between the intermediate and final states, are also ignored in the
fits. In each case, satellite peaks would appear near the main resonance in the RXES spectra at a constant
FE; that are not observed, justifying these assumption.

4. Results

4.1. RXES measurements and fit results

The previous method [25] of fitting each trace as a function of transfer energy at a fixed incident energy
required approximately 10 fitting parameters for each incident energy scan. Even though some could be
fixed across the entire data set, this amounted to in excess of 500 parameters for each RXES spectrum.
The new method has much less flexibility, with only about 10 parameters allowed to vary for the entire
2-dimensional spectrum, without a significant decrease in the quality of fit. The weakness of the technique
from a fitting point of view is simply one of choosing an appropriate lineshape, for which there is little a
priori knowledge. If calculational methods could be improved, it could be possible to base a lineshape on a
theoretical calculation, but that situation does not yet exist.

Examples of the data and fit results are reported for PuShy (Fig. 2) and PuColns (Fig. 3). The best fit
for the unoccupied partial density of states summed over the three configuration lineshapes is given in Fig.
4. The fit results are summarized in Table 1.

It is important to note that at this point in this article, we have not yet assigned any particular f
configuration to the reported fractions p1, ps, and ps in Table 1. To that end, we first consider data on the
PuOs3. g6 sample to calibrate the threshold energies for a localized f material, and as a test of the method
for providing accurate f occupancies. By comparison, the threshold E; energies are nearly constant across
the series, with only that of PuSby deviating appreciably. A similar situation exists for E;;. In the fits,
these energies corresponds to the lowest energy peak in the upDOS, which is ideally due solely to the f¢
configuration. The peak width I'; is very nearly the expected value from the 2p3/, core hole lifetime of 8.7
eV. Meanwhile, the fitted peak width I'f is typically somewhat smaller than that expected from the 3d core
hole life times ~ 4.1 eV. We do not currently offer a rationalization for this fact. Note that these widths are
different than those reported previously in these materials due to the recent application of a self-absorption
correction to these data (Sec. 3), and also that these widths include the total instrumental broadening (Sec.
2). In any case, the p3 peak must be assigned to the f* configuration in PuOs6. The other peaks, p;
and po, are then fixed at —10.5 eV and —5.25 eV relative to ps and corresponding to +2 e~ and +1 e~
differences in their electron count, that is, to the f® and f° configurations, respectively.

The excess oxygen in the PuOs og sample implies possible f3 and/or f2 contributions. Fits including an
f? contribution indicated non was present, although some f2 may be present. The fits in Table 1 therefore
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Figure 2: RXES data and fit results for PuSbs. The data and fits are displayed in two different ways. The left panel shows a
selection of constant-FE; cuts as a function of E;. Each cut is normalized to that cut’s maximum emission so that data below
the main threshold energy ~ 18060 eV, where the emission flux is comparatively quite low, is visible on the same scale as data
above this energy. Data are offset by that scan’s E;. On the right are the 2-dimensional color plots, followed by the fitted
parametrized n(e) (upDOS) with its individual components.
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Figure 4: The upDOS obtained in the parametrized fits to the RXES data for all measured samples.

include a fourth peak, py, to attempt to account for an f3 contribution. The estimated ny = 4.1(2) is
consistent with the expected ny from the oxygen stoichiometry, and the potential presence of pentavalent
Pu (f?) is consistent with recent work on oxidized forms of PuOs [36, 37].

In order to make peak assignments for the other measured materials, there are some important points to
consider. Foremost is that the f* (highest energy) peak energy can’t be much higher than that of PuOs, since
the f’s must be fairly localized already in PuOsy (FEFF calculations given below indicate an f peak in the
upDOS similar in width to that of PuColns, as well as a similar Fermi energy), and any delocalization would
only increase the threshold. For most of the other Pu materials reported here, the Ey; and E;f energies are
similar to that of PuOs o6, and the peak configuration assignments are made accordingly. The exception is
PuSb,, which apparently does have a more strongly localized f orbital judging from both its experimentally
measured intense and narrow main emission feature and its shifted threshold energy relative to all other
samples. For these reasons, the main peak in PuSh, is associated with a localized f°® configuration. The
reported ns’s in Table 1 are therefore all made with the py, p2, and p3 peaks assigned to the f©, f°, and A
configurations, respectively.

4.2. PFY measurements and FEFF Calculations

In addition to the full RXES spectra, it is important to consider some basic simplifications to these
spectra. Figure 5(upper) shows data for each measured sample where the spectrometer was set to only
measure at a single emission energy that corresponds to the F. at peak resonance for the Pu L3 edge. As
mentioned previously, we refer to such a cut as PFY data. If one instead integrates over the whole emission
peak at a given E;, then one obtains the more conventional low-resolution total fluorescence yield (TFY)
XANES spectra, which are shown for comparison in Fig. 5(lower). The enhancement of the spectra in
Fig. 5(upper) is obvious and substantial, and helps emphasize the sizable energy shift between the different
samples and the changes in the main resonance amplitude, a.k.a the white line height.

As was noted previously [25], conventional XANES spectra (and by extension, PFY spectra) cannot
be used to determine absolute f configuration fractions in uranium and plutonium intermetallics because
the observed energy shifts of the L3 edge may be due to either a change in f occupancy, a change in
f localization, or some combination of the two. This situation is in contrast to that in Ln intermediate
valent systems because the f band remains narrow, and thus effectively screens the 2ps /5 core hole, more or
less equally for all materials. However, the f orbital bandwidth can change significantly between different
plutonium intermetallics; that is, the degree of f delocalization can change.

At the present time, there are no available methods for calculating RXES spectra for correlated f-
electron systems, although some excellent codes do exist for materials that aren’t dominated by electron
correlations [38, 39]. Fortunately, the FEFF code (version 9.6.4) is capable of demonstrating the role of f
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Figure 5: Experimental PFY and TFY results for all samples.

orbital delocalization in contributing to shifts in the threshold energy [40, 41]. Figure 6 shows the results
from such ab initio calculations using the nominal crystal structures [26, 27, 42, 43, 44] and mostly default
values for running the code, with a few exceptions. The cluster radius was chosen to be 6 A after finding that
the calculations for all samples were converged using this size. By default, FEFF freezes the f-occupancy
at a nominal value, which produces some sizable errors in the Fermi energy estimates, so the calculations
reported here allow the f-occupancy to vary. Each calculation used the Hedin-Lunqvist potential. FEFF
applies a default core-hole broadening of 8.7 eV for a Pu Ls-edge absorption calculation. The calculations
in Fig. 6(upper) are narrowed from this value by 2 eV in order to simulate the effects of taking a PFY cut
through the RXES plane, while the calculations shown in Fig. 6(lower) use the default value to simulate
conventional XANES data and the TFY integrations of the RXES data. Although narrowing by 4 eV for
the PFY spectra produces better agreement between the white-line heights in the calculations compared to
the data, a 2 eV narrowing was chosen because FEFF produces much sharper spectral features elsewhere
in the spectra that obscure the main comparisons discussed below, emphasizing that comparisons between
these calculations and the data should only be made qualitatively.

A clear shift in threshold energy is observed in these calculations, as indicated by the shift in the main
edge, but also from the position of the peak absorption. This shift is reflected in the Fermi level shift, but not
in the amount of charge transfer or in the f occupancy (Table 2). The reason for this shift illustrates that
An f electrons can experience significant delocalization, which can reduce the core-hole screening and hence
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Figure 6: Calculations of the PFY and XANES using FEFF 9.6.4, as described in the text. The XANES calculations use the
default core-hole broadening; PFY spectra are narrowed by 2 eV.

shift the Fermi level. This situation is illustrated in Fig. 7(upper), which shows a systematic sharpening of
the f density of states going from a-Pu to PuSb,, exactly following the trend in Er. This sharpening reflects
the systematic localization of the f electron. For comparison, the f density of states in Yb calculations are
always only about 0.2 eV full width at half maximum. In contrast, the d band extends over many eV [Fig.
7(lower)], and shows no obvious correlation with the energy shifts. These calculations therefore demonstrate
that one can achieve edge shifts without a change in the f-occupancy in these compounds, as discussed
previously from a purely experimental point of view [25].

The comparison between the calculations (Fig. 6) and the actual data (Fig. 5) allows for other interesting
conclusions. First, the shift of the main edge in the calculations is much smaller in the actual data. Given
the similarity in the shift of the white line position, this may be indicative of the competing effects of
f orbital delocalization and occupancy. Another striking feature is the difference in amplitude of the
white line features. Related to this observation is the generally more strongly modulated character of the
calculated XANES, despite the smaller amplitude of the white line. At least part of the explanation for
these differences lies in the lack of f/d electronic correlations in the calculation, which should produce a
stronger f/d hybridization, and therefore a stronger peak in the d density of states at the Fermi level.
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Table 2: Charge transfer (CT), Fermi energy (EF), and f-occupancy (ny) in the final state from FEFF calculations. Note
that the final state starts from the so-called “final state rule” [45], which includes an extra electron in the f orbital to balance
the core hole, which we denote here as n’}

compound CT  Ep (eV) nj

a-Pu 0.242  -14.737  6.605
6-Pu -0.067  -11.692  6.727
PuCoGas  0.258 -10.274  6.663
PuColns 0.309  -9.231  6.697
PuSb, 0.129  -8.057  6.736

5. Discussion

Given the results of the calculations, it is clear that one cannot use the Pu L3 edge position to determine
f occupancy. One instead must rely on the effect of a split peak of the main absorption line. The basic
idea is that states near the Fermi level are sharp in these materials, enhanced to some degree by electron
correlations. Assuming that the f state is an intermediate valence state, as discussed in Sec. 3, the final
state 2p core hole will split these states. Once these states are split, their absolute energy positions are
less important for determining ny, since ny may be determined by the relative weight of each configuration
fraction.

There are three important caveats to this technique. The first is made clear by the FEFF calculations.
Although these calculations are only in rough qualitative agreement with experimental data, details in the d
band could be mistaken for peaks split by the different f configurations. This concern is partially mitigated
by the clear enhancement of the white line feature in experiments relative to the calculation, as well as the
overall smearing out of details in other parts of the spectrum. Based on these facts, we estimate that the
error in any particular configuration fraction remains below the 0.1 estimate reported earlier [25].

Regarding the absolute error estimate of 0.1, which was based on the lack of knowledge about the exact
lineshapes, we note that this estimate is consistent with discrepancies between measurements using different
techniques in the literature. For instance, using YbAgCus, YbInCus, and YbAlz for comparisons, estimates
of Yb valence using Ls-edge XANES [4, 5] are generally consistent with photoemission (as long as surface
effects are reduced [46, 47]), and M-edge studies [47]. The role of the excited state core-hole should be
different in these measurements, yet they all have results within about 0.1 electrons for the valence of
specific materials. Theoretical comparisons are difficult in these systems due to the many-body nature of
the ground states, but in small molecules where electron correlations are important, high-levels of theory
are applicable, such the multiconfiguration Complete Active Space Self Consistent Field (CASSCF) method.
In these cases, estimated valences are within 0.05 electrons in a variety of Yb organometallic compounds
[6, 48]. However, without many-body calculations on plutonium compounds, the role of the final-state core
hole will remain unclear, and while all experimental indications are consistent with a 0.1 electron absolute
error, it remains possible that this error estimate could be somewhat too small.

The second important caveat is that it isn’t always clear when one expects a split state. In order to split
the f electrons in an intermediate valent state, the Coulomb interaction Uss between the core hole p and an
f electron has to be larger than the binding energy of the intermediate valence state [35]. In Ln materials,
the strong localization of the f electrons guarantees a large Up¢, thereby enabling a split peak in all known
Ln intermediate valence materials at the Ln L3 edge. In contrast, this splitting condition is typically not
met in transition metal systems, and no split peaks are observed (energy shifts are observed instead) [49].
Actinides can potentially exhibit either kind of behavior.

The third and final caveat is that although multiple features corresponding to different state configura-
tions are observed in some compounds, they are sometimes only observed as an enhanced broadening of the
emission spectrum. In this analysis, we assume three features are present in an effort to treat all data on the
same footing. This treatment is justified by the small peak widths consistently observed in the fit results.

The primary purpose of this article is to expound upon the RXES method for obtaining information
about the f electronic structure using Pu L3-edge excitations. As such, data are presented that were first
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Figure 7: The unoccupied local partial density of states functions for (upper) f and (lower) d states. These states are artificially
broadened using a constant imaginary component of 0.2 eV. Note that in the final XANES calculation, core hole broadening
of several eV is applied.

reported previously [25], as well as data on two currently relevant samples, namely, the 115 superconductors.
The former are presented to highlight improvements, while the latter were chosen to extend the literature
base and further the knowledge of the electronic structures in this important class of material.

The improvements to the technique have allowed for better fit results over the entire range of collected
data while greatly decreasing the number of fit parameters. The self-absorption correction has served to
properly sharpen the spectra taken above the threshold energy, although the change in ny estimates is small.
It should be noted that the primary affect of the self-absorption correction on these fits and those reported
previously is the decreased intermediate and final state widths, I'; and TI'y.

The biggest success of the new methods is providing a proper fit of the spectra from PuSbs. The previous
method of fitting each incident energy scan individually did not provide a wholly unambiguous result, since
the peak in the XES scans appeared to shift uncharacteristically as the incident energy increases in the
threshold vicinity. This shift is now understood in terms of a nearly mono-configurational f° state and a
very sharp resonance.

Through comparison with the FEFF calculations (Fig. 6), the PFY results on the Pu 115 superconductors
(Fig. 5) indicate that PuColns has a narrower f band than that of PuCoGas, consistent with recent
calculations [50]. On the other hand, the f-band of §-Pu is rather similar to that of PuCoGas. The most
surprising result is the apparently large ps peak fraction (Table 1), consistent with an f4 content between
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20% and 30%, while the small f¢ content is consistent with zero (< 10%). This combination gives an
ny = 4.8+ 0.1 for both 115 samples, in contrast to recent calculations that indicate more f¢ character and
an ny resembling that of §-Pu [51], although the RXES results are qualitatively consistent in the presence
of a mixed valence state and similarity of the f-band width to that of §-Pu.

There are potential reasons why weight may exist in any of the peaks py, p2, or ps that does not correspond
to a particular ground state f configuration, other than spurious features in the d band mentioned earlier.
One possibility is a heavily oxidized surface of the sample. We do not, however, believe this reason is justified
here: While one might be tempted to assign a portion of p3 to an oxidized surface, there is no indication
from local structure measurements that such a phase exists, especially at such abundance. It is possible that
self-irradiation damage somehow plays a role, since this structure is known to self-damage quickly, even at
room temperature, with &~ 25% of the atoms displaced or distorted within a year of their last anneal [52].
This damage rate is in contrast to the lack of damage developing at room temperature due to annealing in
0-Pu [53, 54, 55], a situation that is linked to bond strength; hence, the Debye temperature is a qualitative
indicator. In this sense, both a-Pu (©p = 150 K [56]) and é6-Pu (©p ~ 100 K [57]) have relatively low Debye
temperatures, and so any damage will anneal out at room temperature easier than in PuCoGas (©p &~ 248
K [58]), PuColns (Op = 203 K [25]), or PuSbhy (Op = 255 K [25]). With this difference in mind, it seems
reasonable to be concerned that radiation damage could inflate p3 over that of the ground state. It should
be noted, though, that this conclusion would be inconsistent with the observed increase in magnetic moment
with radiation damage in both §-Pu [54] and PuCoGas [59], which is consistent with a more localized f°
configuration, not more f° weight.

As a final note regarding reliability, it must be stressed that it remains possible that an unusually large
feature exists in the d band that is not related to configuration splitting in the excited state, and could
therefore skew the RXES results. We do not have any evidence of such a feature at this time, as so maintain
our current estimate of 0.1 as the systematic error on any one configuration fraction.

Bearing these potential errors in mind, one can make several useful observations about the measured
materials based on the RXES data. Continuing with the superconductors, despite the potentially inflated
f* configuration fraction, the results indicate very little weight at the p; peak position (f% configuration
fraction), which cannot be easily ascribed to any known systematic errors. If one considers all of the weight
in the p3 peak to be due to some systematic error, the upper bound for ny is 5.24 and 5.14 for PuCoGas
and PuColns, including the potential systematic occupancy error of 0.1 e™.

A great advantage of these techniques is that an experimenter can deconvolve the competing effects of
f-orbital occupancy and delocalization through the observation of split peaks and energy shifts. Such effects
help explain the relatively large energy shift of about —5 eV in the PuSbs conventional XANES spectrum
relative to that of a-Pu [25] and in the PFY spectrum reported here (Fig. 5), despite a difference of only
-0.3 e~ in ny, where one would otherwise expect an least a positive difference in the f occupancy based
on the energy difference. Comparing to the FEFF calculations (Fig. 6), one can see that the bulk of the
energy shift is due to the strong localization of the f band, which is even more localized than in PuO,, as
indicated by the negative energy shift of the threshold energies, Ey; and E;¢. Although a substantial shift
in the threshold energies is not observed for the 115 samples, the similarities between the PuO5 and the 115
FEFF calculation and the data, as well as the overall increase and shift of the white line, indicate strong f
localization in the superconductors, similar to PuOs, but nevertheless intermediate between that of PuSb,
and the two elemental plutonium samples.

The main conclusion reached for the superconductors is that the f8 fraction is systematically decreasing
going from 6-Pu to PuCoGas and PuColns. This decrease in the f8 contribution consequently indicates a
moderately localized f orbital, weaker f hybridization with the conduction band, yet stronger correlations
and more heavy-fermion-like electronic and magnetic behavior.

6. Conclusion

The RXES technique is powerful for obtaining information about the electronic structure of a material,
especially in f-electron intermetallics where few alternative techniques exist. Moreover, the technique is
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bulk sensitive and relatively easy to perform, assuming one has access to an appropriate, expertly-staffed
beamline at a high-energy synchrotron source. For instance, recent improvements on beamline 6-2 at SSRL
allow for a high quality full RXES spectra to be collected in about 45 min, which is now sufficiently fast to
allow temperature dependent studies, or other studies where one may require many spectra.

Improvements to the data analysis and interpretation are still largely empirically based, and as such,
data on more materials is still necessary. In particular, the apparent correlation between threshold energy
and f-band localization should be further explored. While peak splitting and orbital occupancy effects
are likely the most important effects in Pu spectra, a localization study will likely require uranium-based
compounds, where delocalized f states should dominate, and neptunium-based compounds, which should
exhibit crossover behavior.
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