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Abstract

Recently, it was suggested that the single electron charge transfer model (ligand 2p to Uranium 5f
transition) could be used to explain the U My s Resonant X-ray Emission Spectroscopy (XES) of uranium
dioxide (UO2) and uranium tetrafluoride (UF). [1] Here, it is shown that this model produces results
inconsistent with the band gaps of UO; and UF,4 and is thus insufficient to explain the observed behavior.

l. Introduction

Historically, valence band photoelectron spectroscopy (PES) and conduction band inverse
photoelectron spectroscopy (IPES) have been used to a provide an empirical insight into the occupied and
unoccupied density of states (ODOS and UDQS, respectively). [2-9] In fact, these two were often
combined to produce a global picture of the DOS near the Fermi Energy. Examples of this are shown in
Figure 1, using the X-ray Photoelectron Spectroscopy (XPS) and Bremsstrahlung Isochromat Spectroscopy
(BIS, a high energy variant of IPES). When the samples are metallic, it is easy to combine the two: just
line up the Fermi Energies (Er). However, if there is a band gap, the situation is more complicated. For
example, in the data below, Baer et al. show a separation but the individual values of the bad gaps are
unknown.
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Here, a variant of the approach shown in Figure 1 will be used to test the accuracy of the charge
transfer model in explaining the observed behavior in uranium dioxide and uranium tetrafluoride. It will be
shown that the model fails for the combination of UO;and UF..

1. Materials and Methods

The UO, XPS experiments were performed at LLNL using a spectrometer specifically designed
for actinide spectroscopy. The sample quality, including the purity of the surface, of the polycrystalline
UO, sample was confirmed by an exhaustive series of in vacuo measurements. [10] The XES and High
Energy Resolution Fluorescence Detection (HERFD, effectively a type of high-resolution X-ray
Absorption Spectroscopy or XAS) experiments were performed on Beamline 6-2 at the Stanford
Synchrotron Radiation Light-source, using a Si (111) monochromator and a high-resolution Johansson-type
spectrometer [11] operating in the tender x-ray regime (1.5-4.5 keV). The samples used were the same as
those used in several earlier studies [12-16]. Oxidation and sample corruption can be a problem with
uranium samples, but that was not an issue here, in part because both samples were already oxidized by
either oxygen or fluorine.

1 Results and Discussion
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Ila Resonant XES

To begin, it is useful to compare our UO; and UF4 XES spectroscopic results to those reported
earlier [17] and to a study in which the charge transfer model was used successfully. [18] The resonant
spectra from our experiments are shown in the upper panel of Figure 2. Both the spectrum for UO; and the
spectrum for UF, are in almost perfect agreement with those reported by Butorin (not shown) [17], thus
confirming the validity of our XES spectra. The lower panel shows Resonant Inelastic X-ray Scattering
(RIXS), i.e. Resonant XES, spectra for a series of uranium oxides, with the oxygen stoichiometry
increasing as one moves upward in the figure, from UO; (bottom-most) to UO3 (top-most). Again, there is
near perfect agreement between our UO; spectrum and that of Kvashnina et al. [18] In general, as the
oxygen stoichiometry increases and the uranium oxidation state increases correspondingly, one would
expect that the U atom would become more positive. Corresponding, one would expect that the U in UF4
would be more positive than the U in UO,. Although both have the same oxidation state, fluorine is a more
powerful oxidant and would drive the U more to the ionic limit. However, the UF, peak shifts in the
OPPOSITE direction to the shift observed in the uranium oxide samples. This is our first irrefutable
indication that UF4 does not fit into the charge transfer picture.

I1b Bandgap Tests

ODos

1.0 _:AIK Sps Clharlge 'Il'ransferl I
JAIKa X2p= U 5f
Jhv = 1487 eV l UOEAE:TeV Figure 3 Followin
1w uo: UFeAE=10eV gure { 9
083 = UF Sgp‘ sev K the philosophy of Figure 1,
0 Jupos UF+ ~ 46V Too big the band gaps of UO; and
E JMHERFD XAS UF, at half maximum are
o 064 = ur estimated for the Charge
< GAP Transfer Model. The XPS is
= ] used as the ODOS and the My
@ 04~ e HERFD XAS as the UDOS.
*2 = | | | 5f UDOS See the legends and the text
= g2l 2p ODOS 1 for further detail. The UF,
3 XPS is taken from Teterin et
3 . al. [8
il " .
0.0+ = ——

-10

-5 0 5 10
Energy vs 5f ODOS Max (eV)

In essence, the charge transfer model says that an electron is moved from the occupied ligand 2p
(O or F) to the unoccupied U 5f, just above the band gap, near the Conduction Band Minimum (CBM).
From XPS, one can obtain a map of the occupied states, as shown in Figure 3 for UO, [10]and UF4[8].
(Teterin’s results are in excellent agreement with the earlier XPS by Thibaut et al. [5]) The assignments
date back to the 1970s and have been confirmed repeatedly. [9] One can get a measure of the unoccupied
DOS by using the M, HERFD/XAS. [13,15] Within the electric dipole selection rules, that transition is
theoretically 100% day, to fsp. [13-16] Thus, the M4 HERFD will be used as a measure of the 5f UDOS near
the CBM. (It has been experimentally verified that the 5fs,, UDOS sits below the 5f7, UDOS, with the 5fs,
at the CBM. [13,15]) The final question is: “how does one space the separation between the occupied 5f
and unoccupied 5f?” In the charge transfer model, that is determined by the transition from the filled
ligand 2p to the empty U5f. From Figure 2 above, for UO,, the transition size is 7 eV. For UF,, itis 10 eV.
The results of these operations are shown in Figure 3.

The results in Figure 3 are inconsistent with what is known about the band gap of uranium
tetrafluoride. The literature citations for the band gaps (uranium dioxide [19]) and uranium tetrafluoride
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[20]) are theoretical works that reference analogous experiments (uranium dioxide [4] and uranium
tetraflouride [21]). The EcapV®? = 1.45 eV is a calculated value, without spin—orbit splitting. The analogous
experimental value of ~2 eV is taken from the combined XPS and BIS work of Baer and Schoenes [4].
However, joint technique studies suffer from the necessity of a cross correlation between techniques. In the
case of uranium tetrafluoride, Miskowiec argues that the band gap should have a value of EcapV™ = 2.4 eV,
consistent with the green color of uranium tetrafluoride, which is further supported by the observation of a
fluorescence peak near 540 nm (~2.3 eV) in a lower energy, visible Raman study by Villa-Aleman and
Wellons [21]. Thus, while the Charge Transfer model works for the uranium dioxide and probably the other
uranium oxides as well, it fails for uranium tetrafluoride.
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On the other hand, if the same analysis is applied to the uranium dioxide/uranium tetrafluoride
system, but using the Raman based model [1], substantially better agreement is obtained. In the Raman
Model, a two-electron process which is parallel to that observed in the Ns Resonant XES of UO; [22], the
spectroscopic energy transfers are halved, because the energy is shared between two electrons. The results
can be seen in Figure 4. For the uranium dioxide, the agreement is the same as that seen in the Charge
Transfer Model. However, for the uranium tetrafluoride there is a substantial improvement in agreement,
with a value of ~ 3eV, which is fairly close to literature value of EcapV™ = 2.4. While not perfect, the
agreement is credible.

One can tweak the results to enhance the agreement between one or the other case, but always at
the expense of the other. Underlying all this is the fact that the difference between the band gaps (UO; and
UF,) in the Charge Transfer Model will be 2 eV (10 -1 -7) and the difference between the band gaps (UO:
and UF4) in the Raman Model will be 1.5 eV (10/2 — 7/2). Thus, the Raman Model will always give better
agreement. Additionally, it suggests the physically reasonable result that Egap¥? ~ 1 eV and EgapVF ~ 2%
eVv.

(\Y Conclusions

The single-electron, charge-transfer model (ligand 2p to Uranium 5f transition) cannot be used to
explain the U Mys Resonant X-ray Emission Spectroscopy (XES) of uranium tetrafluoride (UF4). [1] It has
been shown that this model produces results inconsistent with the systematics of the band gaps of UO, and
UF,4 and is thus insufficient to explain the observed behavior.
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