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Uranium oxides are readily amenable to investigation using Raman spectroscopy, and this technique is
frequently used as a chemical analysis tool. We show, in triuranium octoxide (U3Og), the presence of
previously unreported Raman peaks located below 100 cm™~'. By maximum intensity, the strongest peak
in U30g appears at 54 cm ! and is resolution limited, making this mode an ideal candidate for chemically
identifying U3Og using Raman spectroscopy. Detailed peak analysis indicates that the main spectral
feature between 300 and 500 cm~! is more accurately described by a septet than a triplet. Two samples
of differing oxygen content show only minor differences in bulk crystal structure, but subtle changes in
lattice dynamics are suggestive of defect scattering in analogy to UO,..
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1. Introduction

Raman spectroscopy has been used for identifying chemical
composition of uranium oxides with great success [1-3]. In
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addition to probing fundamental information about the lattice
dynamics of materials, Raman spectroscopy with microscopy (u-
Raman spectroscopy) has been shown to be a useful chemical
identification and analysis tool [3—5]. Because of its ubiquity as a
stable oxide form at room temperature, triuranium octoxide (U3Osg)
is a critically important oxide form for nuclear materials, geology,
and forensics, and consequently the Raman spectra of UsOg has
been investigated by many authors [1,2,4—10]. We extend these
previous works by employing high-resolution u-Raman spectros-
copy on samples of a-U30g. We use a high-resolution notch filter
with a band cutoff equivalent to a Raman shift of 45 cm~! to extend
the dynamic range of spectral interrogation below the common
~100cm ™! limit.

U30g was prepared by calcination of UO, (natural isotopic
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composition) pellets in air in a Thermolyne 47900 furnace. Two
samples are investigated in this work: one calcined for 60 m at
1323 K gained a mass equivalent to UzO7600 (= 80% oxidized) and a
second calcined at 973K for 180 m gained a mass equivalent to
U307.9g80 (= 99% oxidized). Hereafter these samples will be referred
to as the low-oxidation sample (LOS) and high-oxidation sample
(HOS). For powder x-ray diffraction, samples were prepared by
manually pulverizing the powder before mounting on a zero-
background silicon plate, mixed with NIST SRM 640e (Si line po-
sition standard), and measured on a Proto Mfg. AXRD benchtop x-
ray diffractometer. Raman spectra were collected on a Renishaw
inVia u-Raman spectrometer with three laser lines: 532, 633, and
785 nm. We present data only from the 785 nm laser line, for which
the instrument was equipped with the high-resolution filter, but no
dispersive behavior was observed in any spectra. With the 785 nm
laser, we used a 1200 lines/mm diffraction grating for analysis. Data
presented here were collected through a Leica 25 mm, 50x optical
objective. The average spectral resolution in the region of interest
(0-900cm™1) is =3 cm~. Raman spectra were background sub-
tracted using an asymmetric least-squares algorithm with
p=100,000 and 4 = 0.0015 prior to fitting [ 12]. Peak locations were
determined by multipeak fitting using the Imfit module as imple-
mented in the PeakFitGUI package written by one of the authors
[13,14]. Discrimination of models with different numbers of peaks
was done by comparing the Akaike information criterion [15]. A
symmetry analysis indicates that all 30 optical phonons in «-U30g
are Raman active.

In Fig. 1 we present x-ray diffraction patterns of LOS and HOS.
Phase identification was done via Rietveld refinement: some frac-
tion of $-U30g was observed in both samples (HOS: 27.4 mmolg/
mola; LOS: 58.7 mmol3/mola) [16]. General agreement is observed
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Fig. 1. X-ray diffraction pattern of (blue) HOS and (red) LOS «a-U30g collected with
CuK, radiation. A small fraction of §-U3Og was observed in both samples, but the
majority phase fraction is Amm2 a-U30g [11]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

between lattice constants in HOS and LOS in Table 1 with the re-
ported values of «¢-U30g in the Amm2 space group as reported by
Loopstra [11]. No discernible differences in lattice constants be-
tween HOS and LOS are observed. Although our value of b would
appear to be lower than previous measurements, 11.95 A is within
the historically observed range for UsOg [17].

Fig. 2 shows as-counted Raman spectra of LOS and HOS collected
at room temperature. Major features include a triplet of bands in
the 300—500 cm ™! region, a broad spectral feature near 807 cm™ !, a
quartet of modes between 90 and 150 cm~! and, most importantly,
previously unreported resolution-limited modes at low energy.
Below 100 cm™, a typical Raman energy cutoff, two intense modes
at 54 and 87 cm ! are observed. The 54 cm~! mode, in particular, is
noteworthy because it shows the narrowest linewidth of any peak
(2cm™! Gaussian width) and has the highest peak counts and
therefore highest signal-to-noise ratio. To our knowledge, this

Table 1
Refined lattice constants of HOS and LOS «-U30s.
a b c
A A A
HOS 4.14 (8) 11.95 (1) 6.72 (7)
LOS 414 (7) 11.95 (1) 6.72 (2)
Loopstra [11] 4.148 11.968 6.717
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Fig. 2. Raw Raman spectra of (a) HOS and (b) LOS «a-U30s. Data were collected over the
course of 1hat an input 785 nm laser power of 1.5 uW, corresponding to a power
density of 100W/cm?, through a 25mm working length 50x optical objective
(NA=0.5). Photon count uncertainty (not shown) is approximately the width of
plotted lines. Dashed red lines show calculated background term using an asymmetric
least-squares algorithm with p=10° and A= 1.5x 10-3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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mode has not yet been reported in the literature. Collectively, the
five modes below 150 cm™! are a strong candidate for spectral
identification due to their narrowness. The narrowness of these
peaks also indicate that they are not of electronic origin (i.e., fluo-
rescence), which must be significantly broader, and their intensities
are not commensurate with possible atmospheric scattering (nor
do measurements of the same beam path without a sample show
an excitation at 54 cm™!). Other possible sources of artifact scat-
tering include cosmic rays and “hot” pixels, which can be excluded
due to the peak width (larger than one CCD pixel). Thus, the
54cm~! mode cannot plausibly be explained by experimental
artifacts.

The triplet feature near 300—500cm~' has previously been
used as a defining chemical feature in U30g. After background
subtraction (Fig. 3), it is clear that LOS and HOS show only small
differences. No significant shifts in peak location are observed be-
tween samples, and intensity variations of some peaks (90,100,112,
350, 415, and 807 cm~! show intensity differences) are minor. This
observation is in strict contrast to the case of the fluorite-structured
actinides UO, and PuO,, in which significant shifts in both spectral
position and intensity as a function of oxidation (i.e., x in [Ac]O2.x),
[Ac] = U or Pu) have been observed [18,19]. In the fluorite actinides,
additional oxygens are accommodated by interstitial sites, acti-
vating a defect-mediated Raman mode and causing a decrease in
lattice parameter and a hardening of the T, mode in response. In
Us30g, suboxidation occurs such that oxygen vacancies are expected.
The details of oxygen vacancy locations in U3zOg are not yet fully
understood, but a commensurately simple relationship with lattice
structure and dynamics apparently does not present itself [20].

Detailed peak fitting was performed for LOS and HOS (Fig. 4),
with results tabulated in Table 2 and compared to previously re-
ported literature values. In Table 2, the parameters are given by
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Fig. 3. Background subtracted Raman spectra for (blue) HOS and (red) LOS «-U30g,
normalized to total counts after background subtraction. LOS U3Og shows slightly
enhanced intensity of the 350, 415, and 810 cm ™' peaks, and slightly lower intensity of
90, 100, and 112 cm~" peaks. Overall, the differences in Raman spectra from LOS and
HOS «-U30g are minor, in contrast to UO, or PuO,, for instance Refs. [18,19]. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. Result of peak fitting for (a) HOS and (b) LOS o-U30s. Modeled here, U3Og
contains 21 pseudo-Voigt profiles. The ordinate is truncated to show additional detail.

amplitude, u is the peak center position, and ¢ is the Gaussian
width. Full spectral fitting reveals that the triplet of modes between
300 and 550 cm™! is more accurately described as multiplet of at
least 7 modes. While the 420 cm™! mode in the LOS sample is the
strongest, the mode centered at 398 cm™~! has more total counts in
the HOS sample. In fact, the change in intensity of the 420 cm™!
mode (418.5cm™! in HOS) between HOS and LOS is the most
apparent difference between those samples. To wit, this mode
contains 80% more counts in LOS than in HOS (compared to the
other peaks in the multiplet), and is significantly more Gaussian in
nature (« = 0.14 in HOS and « = 0.56 in LOS).

Based on these facts, we speculate the 420cm™" mode may
include a component originating from defect scattering. The
Gaussian portion, dominant in the HOS, represents normal Raman
scattering events. The Lorentzian component originates from oxy-
gen vacancy defect scattering, in analogy to UO5, and is stronger in
the LOS case wherein the defect density is necessarily higher. All of
the increase in intensity of the 420 cm~' peak can be explained by
an increase in counts originating from the Lorentzian component
only. Although it is much weaker in intensity, the peak near
135 cm™! shows the same pattern: an increase in intensity in the
LOS relative to other peaks in the multiplet that can be attributed
entirely to an increase in Lorentzian component.

Additional theoretical analysis, such as density functional the-
ory calculations, would be required to examine this possibility.
However, the lack of significant differences in lattice constants for
HOS and LOS suggests that oxygen vacancies do not have a drastic
impact on long-range structure. In UO,, defect-driven overtone
modes were observed [18]. Here, those overtones would be ex-
pected at 840 cm™~! but, if they exist, they could not be resolved in
these data.

1
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Table 2

Raman peak intensities, positions, widths, and Lorentzian fraction for HOS and LOS U30g, as well as literature values for UsOg peak intensities, positions, and widths. Bold = not
previously reported. Italic = not previously observed. For referenced values, * indicates our own determination - s = strong, m = moderate, w = weak, n = narrow, br = broad,
sh = shoulder. Entries that have been observed but not reported do not have previous spectral assignments.

HOS LOS Literature

Rel. Inten Center Width Lor. Frac Rel. Inten Center Width Lor. Frac Center Amplitude Width Ref.
54 53.7 1.8 0.74 61.0 54.6 2 0.71

20 55.1 1.7 1 <1 60.6 25.9 0.81

5 74.6 34 0 3 74.9 3.1 0 [21]
36 86.9 49 0 27 87.8 5.1 0 [21]
35 101.0 3.6 0.7 17 102.1 3.5 0.04 [21]
32 1243 3.7 0.48 20 125.0 34 0.63 [21]
18 1343 29 0 18 135.1 3.2 0.19 130 s* n* [8]
14 139.5 39 1 10 1394 4.7 1 [1-4]
17 165.6 6.3 0.04 14 166.8 6.1 0 164 w* m* 3]
23 2204 12.0 0 17 219.1 11.2 0 185 m* n* [1]
53 244.8 8.9 0.46 38 245.3 9.4 0.22 243 m m* [8]

5 327.2 8.0 0 7 327.6 8.4 0 343 m m* 2]
67 346.6 16.5 0 52 3483 14.7 0 351 m sh* [2]
100 397.7 18.0 0 70 396.5 17.3 0.01 [1-4]
79 418.5 11.6 0.14 100 420.6 114 0.56 412 s m* 2]
58 438.5 17.8 0 54 433.8 214 0 [1-4]
85 481.2 13.2 0 66 483.3 141 0 483 s m* [2]

41 508.3 14.2 0 28 510.6 131 0 [1-4]
8 633.7 14.6 1 5 632.1 138 0.94 638 w m* [4]
45 750.3 325 0.66 22 751.0 26.2 0.45 738 m br* [2]
87 807.1 8.8 1 79 807.3 8.4 1 811 s n* [2]

Proper fitting of the spectra in U3Og reveals subtle changes in
peak character that may be indicative of defect scattering in the
strong multiplet between 300 and 550 cm™~". In addition, the low-
energy regime (<100cm™') shows the presence of several addi-
tional peaks with high signal-to-noise ratio. In UO,, the position
and intensity of defect bands is systematically related to the stoi-
chiometry. Here, we show that such a correlation may exist for
U30g as well, but that a careful analysis is needed due to the larger
number of Raman active modes in the U30g structure.

Data availability

The raw and processed data required to reproduce these find-
ings are available upon request to the corresponding author.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jnucmat.2019.151790.
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