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BRIEF REPORTS AND COMMENTS

This section is intended for the publication of (1) brief reports which do not require the formal structure of regular journal
articles, and (2) comments on items previously published in the journal.
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As part of our studies of 5f covalency in uranium com-

pounds, a comparative structural study of UF4 and UO2,

using extended x-ray absorption fine structure (EXAFS) and

x-ray absorption near edge structure (XANES) techniques,

was performed. This work confirms the quality of our sam-

ples and provides additional insight into geometrical issues

related to ionicity and covalency. The local structure of UF4

from EXAFS is consistent with the long range structure

derived from diffraction data.

Actinide compounds, particularly actinide dioxides, have

a propensity to exhibit covalency in their bonds.1 Previously,

a variety of soft x-ray techniques, including x-ray absorption

spectroscopy,2 bremsstrahlung isochromat spectroscopy,2

resonant inverse photoelectron spectroscopy,3 and x-ray

emission spectroscopy (XES)3,4 have been used to investi-

gate uranium dioxide (UO2). Now, as a further test of these

analytical methods and the interplay of ionicity and cova-

lency in actinide compounds, the studies are being expanded

to include uranium tetrafluoride (UF4). UO2 and UF4 are iso-

electronic in terms of their formal charge states, i.e., Uþ4,

and they make for an interesting comparison in terms of

covalency and ionicity, respectively. However, this compari-

son is complicated by significant structural differences: UO2

is in a highly ordered, single site (fluorite) structure5,6 and

UF4 is monoclinic with two U sites, as shown in Fig. 1.7 The

possibility of changes in the electronic structure are pursued

in the XANES measurements (Fig. 2), while the structural

difference is addressed with the EXAFS (Fig. 3) experiment.

U LIII-edge data were collected in fluorescence mode

from the U La line (about 13.6 keV) on BL 11–2 (Ref. 8) at

the Stanford Synchrotron Radiation Lightsource using a

half-tuned double Si(220) (u¼ 0�) LN2-cooled monochro-

mator on unfocused beam and a 100-element Ge solid-state

detector.9 The solid samples were placed in a LHe-flow

cryostat, and all data were collected at T¼ 50 K. Data were

processed using standard procedures and the RSXAP analy-

sis package10–12 with scattering functions generated by the

FEFF8 code.13 Data were corrected for dead time of the Ge

detector. XANES data were energy calibrated by setting the

first inflection point of the UO2 spectrum to 17 166.0 eV.

These data were normalized and corrected for self-

absorption using the FLUO code.14 A self-absorption correc-

tion was also applied to the EXAFS data15 (factor of about

1.40 at 5 Å�1). The EXAFS function v(k)¼ (If(k)� I0(k))/

I0(k) was determined from the measured fluorescence inten-

sity If(k) and the so-called “embedded atom” fluorescence

I0(k) (analogous to the embedded atom absorption la) as a

function of the wave vector k¼ [(2 me/�2)(E�E0)]1/2, where

me is the rest mass of the electron, E is the incident photon

energy, and the threshold energy E0 is determined from the

energy at the half-height of the U LIII absorption edge. I0(k)

was determined by fitting a 7 knot spline through data up to

14 Å�1.11

Because of a monochromator glitch in the UF4 data at

about 17 475 eV, our comparative study will use only the

limited k-range up to about 9 Å�1. However, if the complete

range of the UO2 data, up to 14 Å�1 is used in the Fourier

transform (FT), then the real space EXAFS result for UO2 is

almost identical in terms of peak position and peak size to

those reported earlier in Ref. 5 (Fig. 2) and Ref. 6 (Fig. 3).

Both samples were single crystals. The uranium dioxide

sample was part of the depleted UO2 single crystals obtained

by Los Alamos Scientific Laboratory (LASL, now Los

Alamos National Laboratory, LANL) from Pacific

Northwest Laboratory in 1969.

They are the same samples used and characterized in

recent thermal conductivity measurements. An optical pho-

tograph, Laue diffraction pattern and additional details

regarding sample chemistry are referenced therein.16 The

uranium tetrafluoride sample was originally prepared at
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Y12/Oak Ridge National Laboratory, similarly to our previ-

ous uranium sample.17

In the region of the absorption edge, it is possible to

observe the large spectral features known as XANES (Fig.

2). For the U LIII (2p3/2) edge, the threshold is near

17 160 eV. The experimental spectra in Fig. 2 for UO2 and

UF4 duplicate the earlier results of Kalkowski et al. for both

compounds.18 In general, XANES gives a measure of the

unoccupied density of states.19 This is exemplified in Fig. 2,

by comparing the experimental XANES spectra with simu-

lated spectra, using the 6 d state distributions calculated in

Ryzhkov’s cluster models.20,21 Here, Doniach-Sunjic line-

shapes22 have been used, with the asymmetry parameter (a)

of 0.3 and lifetime width (C) of 4 eV, with C¼ 1=2 the full

width half maximum of the Lorentzian component. The

underlying assumption is that each state generates a contri-

bution of equal intensity. As can be seen, there is a good

agreement between the experimental and simulated spectra.

The UO2 and UF4 experimental XANES spectra shown in

Fig. 2 are similar, with some tantalizing suggestions of dif-

ferences; for instance, the first inflection point of the UF4

spectrum is 1.4 eV higher (at 17 167.4 eV) than that of the

UO2 spectrum (defined to be 17 166.0 eV), and the peak in

the absorption is 0.3 eV higher in UF4 (17 172.5 eV)

compared to UO2 (17 172.2 eV). Note that the values for

UO2 are consistent with those reported in Ref. 5, given the

difference in energy calibration. The differences reported

here between the UF4 and the UO2 spectra may indicate

increased localization (or decreased covalency) in UF4 rela-

tive to UO2, but differences in the lineshape may indicate

another alternative, such as increased crystal field splitting in

UO2 relative to UF4. The resolution in these measurements

is, however, insufficient to achieve a convincing differentia-

tion. (The effective resolution in these measurements is lim-

ited by the lifetime broadening of the 2p3/2 core hole of

about 10 eV.) However, measurements made in the resonant

x-ray emission spectroscopy (RXES, Refs. 23 and 24) mode

do exhibit clear differences, but that will be discussed else-

where.25 As the energy of the incoming photons rises

FIG. 2. (Color online) L3 XANES of uranium dioxide and uranium tetra-

fluoride, plus simulated spectra based upon the cluster models of Ryzhkov

et al. (Refs. 20 and 21). E (eV) is the experimental excitation photon energy,

from the beamline monochromator. The experimental energy scale is

directly from the measurements, with no shifting. The theory energy scales

are directly from the energy scales for the unoccupied density of states in

Refs. 20 and 21, again with no shifting. The experimental pair and theory

pair have been arbitrarily aligned relative to each other, but with matching

energy ranges. The theory insert is 40 eV wide. The intensity zeros are the

same for the experiment and theory. The theory intensity is arbitrarily scaled

relative to the experiment.

FIG. 1. (Color online) Top: UF4 is monoclinic, with two types of U. The

image is from Wikipedia, specifically File:Kristallstruktur Uran(IV)-fluo-

rid.png. Bottom: UO2 is a fluorite (cubic) structure. The image is from

Wikipedia, i.e., Cadmium at en.wikipedia.

FIG. 3. (Color online) Plot of the EXAFS oscillations vs the wave vector of

the outgoing electron. Error bars were determined by averaging three scans.
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substantially above the edge, the spectral features diminish

in size and change in nature, becoming the oscillations asso-

ciated with EXAFS.

EXAFS is a powerful analytical technique for the deter-

mination of interatomic distances and structure, with results

ranging from water26 through Pu (Ref. 27) and beyond.28,29

EXAFS oscillations dominate the absorption spectrum about

20 eV above the absorption edge and are caused primarily by

the scattering of emitted electrons from nearby atoms. While

initially measured as a function of the incoming photon

energy, this curve is subsequently converted into a normal-

ized plot of the EXAFS function v (Refs. 10 and 11) versus

the wave-vector of the outgoing electrons (Fig. 3). It is use-

ful to begin the data analysis in the most simple and direct

fashion, by applying a Fourier transform to the oscillations

in k-space, which then produces a spectrum in r-space. This

spectrum is similar to a partial radial pair distribution func-

tion (RDF). It is, however, different from an RDF in some

important respects. Most importantly, since EXAFS is an in-

terference effect, both the amplitude and the phase of the

photoelectron are important, and are varied both by the

absorption atom and by the backscattering atoms. Because

of these complications, peaks in r-space are shifted from the

values of the actual pair distances, and interference effects

can also cause peaks and dips in unexpected places in the

spectrum. Moreover, the backscattering amplitudes are a

function of k (and therefore r), causing more differences

with an actual RDF. Fortunately, the complex backscattering

functions are well reproduced by codes such as FEFF,13 and

actual metrical data can be gleaned from careful fits to these

spectra as described below. In spite of these issues, it

remains instructive to consider the raw spectra in the absence

of any fitting with these complications in mind.

Consider the transforms in Fig. 4. Our EXAFS transform

for UO2 agrees qualitatively with those for UO2 reported ear-

lier: specifically Fig. 2 in Ref. 5 and Fig. 3 of Ref. 6. The

major difference is the reduction of the peak near 4 Å, rela-

tive to that reported in Refs. 5 and 6. We attribute this reduc-

tion to the limited width of our data set, i.e., only up to about

9 Å�1, as shown in Fig. 3. (See the Experimental discussion.)

This leads us to preliminarily assign the two largest features

to the nearest neighbor oxygen atoms (R¼ 2.36 Å) and the

next nearest neighbor uranium atoms (R¼ 3.85 Å), follow-

ing Refs. 5 and 6. Thus, in the UO2, with its highly ordered

(fluorite) structure and single site for U, it is possible to eas-

ily see both nearest neighbor (O) and second nearest neigh-

bor (U) peaks. However, the UF4 behavior is different: here,

only a single strong transform peak is observed in Fig. 4,

near r¼ 2 Å. There are weak maxima at larger r values, but

clearly nothing as strong as the peak in the UO2 transform

near r¼ 4 Å. Thus, it appears that only the nearest neighbor

backscattering peak is clearly observed. This result suggests

that for UF4, in a monoclinic structure with two U sites, only

the nearest neighbor F ring produces a clear peak, while the

U-U scattering washes out due to the two sites and multiple

U-U distances. However, this hypothesis needs to be tested

with a more sophisticated and accurate analysis, as described

below.

As mentioned above, a monochromator glitch at about

17475 eV limited the useful k-range of UF4 data to about

9 Å�1. Since the EXAFS from UO2 has been measured many

times in the past, we limited the k-range of both samples to

9 Å�1 to make a direct comparison to the UF4 results. Figure

4 shows the corresponding FT results, together with fits,

which are described below.

Fits to the data were performed in r-space, with errors

determined using a Monte Carlo method.30 The fitting mod-

els were based on the nominal crystal structure of each com-

pound, and as such, the model for UO2 (fcc cubic)31 is much

simpler that for UF4 (monoclinic).7 In each case, the scatter-

ing amplitude of each shell was constrained to that of the

nominal crystal structure, using a single amplitude reduction

factor, S0
2, for all the shells in each EXAFS spectrum. With

such a model, any deviations between the actual local struc-

ture and the fitting model would be reflected only in the

measured pair distances and by enhancements in the pair-

distribution variances, r2, and to a lesser degree in the fitted

S0
2. Since UO2 forms in a high symmetry, the first few scat-

tering shells are distinct, with 8 U-O neighbors nominally at

2.368 Å, 12 U-U neighbors at 3.867 Å, and 24 U-O neigh-

bors at 4.534 Å (see Table I). Fits to the EXAFS data utilized

a fitting model based on these scattering shells, as well as

FIG. 4. (Color online) FT of k3v(k) vs r data and the results of the data fits

for (a) UO2 and (b) UF4. The experimental data between 2.5 and 9.0 Å�1,

shown in Fig. 3, were transformed using a 0.3 Å�1 wide Gaussian window.

Both the FT amplitude (þ) and amplitude squared (X) are shown. Errors

were determined by averaging the transforms from each of the three scans.

These spectra have not been phase shift corrected. The fit results are shown

as smoothly curving lines.
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including multiple scattering paths within the fit range. Fit

results are shown in Table I and Fig. 4. The fits to the UF4

data are also relatively straightforward, but since these data

can’t resolve pairs closer than Dr� p/2kmax� 0.2 Å together,

a significant enhancement to the r2 values occurs due to

static displacements of each scattering shell relative to a well

ordered system like UO2. A fitting model was chosen using

three single-scattering shells with U-F, another U-F, and

U-U pairs. Grouping the expected distances into the first 8,

9, and 8 neighbors, respectively, average pair distances and

distribution variances were determined from the x-ray

diffraction (XRD) data for comparison to the EXAFS

results, as shown in Table I, with the corresponding fit

shown in Fig. 4.

As shown in Fig. 4, there are distinct differences in the

EXAFS data for UO2 and UF4. Interestingly, even though

the static nearest-neighbor U-O distribution is much sharper

in UO2 than the U-F distribution in UF4, the larger scattering

factor of fluorine still generates a larger first peak in the r-

space spectrum of UF4 than in UO2. On the other hand, the

relatively broad static distributions of the second U-F-shell

and the U-U-shell generate smaller features in the EXAFS

beyond 3 Å. These differences are consistent with the nomi-

nal crystal structures as reflected by the fit results. In particu-

lar, the scattering shell distances from the EXAFS fits are

very consistent with the models generated from the nominal

crystal structures. Moreover, although data were only

obtained at a single temperature of 50 K and we therefore do

not know the exact thermal contribution to the EXAFS dis-

tribution widths, the results from the fits are qualitatively

consistent with the expected static displacements from the

fitting model in that those from UO2 are small and consistent

with scattering widths limited by thermal vibrations and

those from UF4 are enhanced by amounts consistent with the

expected static distributions in the fitting model.

Additionally, the measured S0
2 values are both near 0.9, con-

sistent with most other previous EXAFS results.

The local structure of UF4 is consistent with the long-range

structure derived from diffraction data, confirming the quality

of the UF4 sample and the structural differences between UF4

and UO2. While the XANES measurements suggest that there

are differences between the UF4 and UO2 6d unoccupied den-

sity of states, the resolution of these differences and fuller dis-

cussion of the underlying causes will need to wait for the

higher resolution of the RXES measurements.25
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