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Abstract 

UO2.07 was characterized using neutron total scattering in order to elucidate defect morphology 

in the low oxygen-to-metal regime (x < 0.125 for UO2+x). Data were collected at temperatures 

(600 °C and 1000 °C) coinciding with the single-phase UO2+x region of the established phase 

diagram, and results were compared with data of stoichiometric UO2 collected at near-identical 

temperatures. Experimental data were modeled and interpreted using a holistic approach 

employing a combination of analyses that characterized multiple spatial length scales. 

Preferential modeling of long-range atomic arrangements with Rietveld refinement suggests the 

existence of primarily mono-interstitials in UO2.07, whereas preferential modeling of short-range 

atomic structures with small-box pair distribution function (PDF) refinement indicates the 

presence of defect clusters in UO2.07. Simultaneous modeling of multiple length scales using 

complementary reverse Monte Carlo (RMC) and molecular dynamics (MD) methods confirms 

that excess oxygen atoms in UO2.07 exist as small defects, such as mono-interstitials and di-

interstitials. RMC and MD results agree with diffraction analysis but differ significantly from 

small-box PDF refinements, which may be related to a lack of intermediate- and long-range 

structural information gained from the small-box PDF refinement procedure. Employing a 

combination of analysis methods with varying length-scale sensitivities enabled more accurate 

assessment of the UO2+x defect structure. Our findings provide experimental support for 

previously predicted di-interstitial defect morphologies in UO2+x that highly influence the 

accurate prediction of bulk physiochemical properties of UO2+x, such as oxygen diffusivity. 

 

1. Introduction 

Uranium dioxide is of primary technological importance as a nuclear fuel material. A unique 

feature of the uranium oxide system is the high degree of off-stoichiometry that the material 

exhibits upon varying oxygen partial pressure and temperature, such as under off-normal 

operating conditions. For example, there exist approximately 20 unique compositions and phase 

mixtures between UO2 and U3O8, the most stable oxidation product in dry air at ambient 

pressure, with the total number remaining subject of debate [1, 2].  

Oxidation of UO2 is an exothermic process that proceeds largely through the 

incorporation of oxygen atoms into the UO2 matrix. Inspection of the UO2 fluorite structure 

(space group Fm-3m) would suggest that excess oxygen atoms occupy large octahedral holes in 
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order to minimize Coulombic forces. However, numerous experimental [3-9] and computational 

[10-17] studies have shown that excess oxygen atoms are not distributed at random among 

octahedral sites, but rather form clustered defects with neighboring lattice oxygens as a result of 

electronic structure effects (Figure 1). Modern ab initio density functional theory (DFT) studies 

have shown that 2p orbitals of interstitial oxygens can hybridize with 5f orbitals of nearby 

uranium atoms, thus decreasing band energy and yielding an attractive potential [18]. Defect 

clustering in oxidized UO2 is therefore envisioned as a dynamic competition and balance 

between repulsive Coulomb forces and attractive hybridization effects. 

Point defects are relatively small and diffuse in low concentrations but can highly 

influence bulk phase stability when clustered and ordered over long spatial scales. Excess 

oxygen interstitials at low oxygen-to-metal ratios (O:M) are theorized to exist largely as mono-

interstitials and small clustered defects, such as di-interstitials (Figure 1) [19, 20]. Upon 

increasing interstitial concentration, defect clustering intensifies and interstitials tend to form 

larger cuboctahedral-type defects [21]. At even higher concentrations (UO2+x with x ~ 0.24), 

cuboctahedra order over long spatial length scales to form the basis for U4O9-type phases, as 

confirmed experimentally [9]. What remains unclear is the underlying mechanism by which 

smaller mono- and di-interstitial defects transition to larger cuboctahedral clusters, and how 

defect morphology is affected by temperature. Recent theoretical findings outline a mechanism 

by which di-interstitials progressively agglomerate to form cuboctahedra [16]; however, the 

presence of di-interstitials has yet to be confirmed experimentally owing to the diffuse nature of 

these miniscule defects. 

Experimental crystallographic studies of oxidized uranium oxide in the low-to-mid O:M 

regime (UO2+x with 0 < x < 0.125) are currently limited to findings from neutron diffraction, 

which is sensitive to low-Z oxygen atoms. Studies performed by Willis and Murray on UO2+x (x 

= 0.11-0.13) at 700-800 °C show that excess oxygen in single-phase UO2+x favor two unique 

interstitial sites displaced along <110> and <111> directions from large octahedral holes in the 

fluorite structure (O’ and O’’-type interstitials, respectively) (Figure 1) [4, 5, 7]. O’ and O’’-type 

interstitials form in equal concentrations to yield the so-called 2:2:2 Willis-type defect cluster. 

Experimental findings from Willis, although reproducible [4, 5], remain at odds with theoretical 

models, which consistently show that 2:2:2 defect configurations are unstable and decompose 

into smaller di-interstitial defects upon structural relaxation [14, 15]. 
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A potential explanation for this discrepancy was derived from high-temperature ab initio 

molecular dynamics simulations, which show that 2:2:2 configurations are low-energy transition 

states that arise as di-interstitials migrate throughout the material [15]. This concept of low-

energy migration states is not unique to 2:2:2 defects and has large implications for the 

prediction of bulk physical properties. Ab initio studies of UO2.065 have shown that several low-

energy migration pathways are available to di-interstitials, and proper accounting of these low-

energy pathways enables drastic improvements in predictive capability for the derivation of 

diffusion coefficients with varying O:M [14, 17]. Accurate determination of defect cluster 

morphology in single-phase UO2+x is therefore critical not only for better predicting bulk 

physical properties, such as oxygen diffusivity, but also for improving nuclear fission gas release 

models, which rely on careful interpretation of defect migration energies [22, 23]. 

Here, we present results from high-temperature neutron total scattering measurements of 

UO2.07 performed to elucidate defect morphology in the low O:M regime in which experimental 

data are currently limited. The use of neutron total scattering ensures sensitivity to both low-Z 

oxygen atoms and small point defects, which contribute to the diffuse component of the total 

scattering profile. Data were collected at temperatures coinciding with the single-phase UO2+x 

(UO2+x (s)) region of the established phase diagram (Figure 2), and results are compared to data of 

stoichiometric UO2 collected at near-identical temperatures. Experimental data are modeled and 

interpreted using a holistic approach employing a combination of different analysis methods that 

characterize various spatial length scales. The materials are first characterized with Rietveld and 

pair distribution function (PDF) refinements to study long-range and short-range atomic ordering 

schemes, respectively. Data are then analyzed using a large-box, reverse Monte Carlo (RMC) 

method to model both short and long length scales simultaneously. RMC results are compared to 

molecular dynamics (MD) simulations in order to investigate effects of defect cluster 

morphology and nano-domain formation. 

 

2. Methodology 

Uranium oxide samples were produced from microcrystalline UO2+x (~UO2.16) powder purchased 

from International Bio-analytical Industries Inc. USA. The feedstock material was first converted 

into nanocrystalline UO2+x powder by high energy ball milling prior to pelletization by spark 

plasma sintering (SPS). Two dense pellets (> 95 % theoretical density) were prepared by SPS at 
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1300 °C for either 5 or 30 minutes under a pressure of 40 MPa using graphite dies. The use of 

graphite dies ensured that UO2+x was reduced in situ at high temperature, with the degree of 

reduction being dependent on sintering time. For example, UO2.07 and UO2.00 samples were 

obtained with sintering times of 5 minutes and 30 minutes, respectively. After sintering, the 

dense pellets were stored and handled exclusively in inert-gas atmosphere. 

Pellets were analyzed by scanning electron microscopy (SEM) and laboratory X-ray 

diffraction (XRD). SEM images were collected with a Carl Zeiss Supra 55 field emission SEM 

instrument and XRD patterns were recorded using a Panalytical X'Pert instrument equipped with 

a Cu Kα beam (λ = 1.5406 Å). Analyses of SEM images confirmed that both pellets contained 

very dense microstructures with grain sizes on the order of 1-5 μm. XRD patterns demonstrated 

that both materials were highly crystalline with reflections consistent with the cubic fluorite 

structure and no secondary phases. After SEM and XRD characterization, the dense pellets of 

UO2 and UO2.07 were crushed into microcrystalline powders in inert-gas atmosphere using an 

agate mortar and pestle. The microcrystalline powders were subsequently loaded into thin-

walled, quartz nuclear magnetic resonance (NMR) tubes that were mounted inside vanadium 

cans. The vanadium cans were sealed inside the glovebox and removed immediately prior to 

each neutron scattering experiment.  

Neutron total scattering measurements were performed at the Nanoscale Ordered 

MAterials Diffractometer (NOMAD) instrument of the Spallation Neutron Source (SNS) at Oak 

Ridge National Laboratory. Data were collected for 30 minutes at each temperature point using 

an Institut Laue-Langevin (ILL)-type vacuum furnace. UO2 data were collected at 25, 100, 200, 

300, 400, 500, 625, 750, 875, and 1000 ºC. UO2.07 data were collected at 25, 100, 150, 200, 250, 

300, 350, 425, 600 and 1000 ºC. The present study only concerns the data collected at 600, 625, 

and 1000 ºC in the single-phase UO2+x region. Analysis and interpretation of the data collected at 

all other temperatures is reported elsewhere [24]. Measurements of an empty vanadium can with 

an empty quartz NMR tube insert were also performed at identical elevated temperatures in order 

to account for and subtract background signal. Extensive testing ensured that scattering intensity 

from the quartz NMR tube was not over- or under-subtracted from the sample data 

(Supplementary Materials (SM) Figure 1 [25]). All data were treated for multiple scattering [26] 

and absorption effects [27] and were normalized into absolute scale by taking into account 
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sample densities and packing fractions. Corrected total-scattering structure factors, F(Q), were 

converted into total radial distribution functions, G(r), by Fourier transform [28]: 12 4 sin   

where  is the average number density of the material, Q is the scattering vector of length 

4πsin(θ)/λ for a neutron of wavelength λ scattered at an angle 2θ, and r is real-space distance. 

Qmin and Qmax were set to 0.3 and 31.4 Å-1, respectively. The G(r) function naturally highlights 

atomic arrangements at very short length scales. The alternative differential correlation function, 

D(r), representation was therefore used to provide more emphasis at higher r-values, i.e., 

structural information at longer length scales. The D(r) function is defined as [28]: 4  

Stoichiometry calculations were performed by both unit cell parameter and ignition 

methods. The unit cell parameter method employed the empirical formula derived by Teske et al. 

[29] and utilized unit cell parameters derived from X-ray diffraction measurements of the pellets 

and neutron diffraction measurements of the powders. The ignition method was modeled after 

the procedure outlined in standard reference material ASTM C1453-00 [30]. The average of the 

three independent stoichiometry calculations yielded stoichiometry values (O:M) of 1.996(1) and 

2.072(2) for the two samples, where uncertainties reflect propagated standard errors. Additional 

details regarding these calculations and the stoichiometry determination methods are reported 

elsewhere [24]. 

Rietveld refinement of the neutron diffraction patterns was performed with the GSAS 

software [31]. Instrument parameters were derived by fitting diffraction patterns of a powder Si 

640e National Institute of Standards and Technology (NIST) sample. PDF analysis was 

performed by both small-box (i.e., PDF refinement) and large-box (i.e., RMC modeling) 

methods. Small-box PDF refinement was performed on the D(r) functions with the PDFgui 

software [32]. For the refinements, UO2 models were constructed assuming ideal fluorite 

structure symmetry (space group Fm-3m). Small-box UO2.07 models were approximated by 

either: (1) incorporating 2 oxygen interstitials into 23 supercells in order to obtain an overall 

composition of U32O66 (UO2.0625), or (2) incorporating 16 oxygen interstitials into 43 supercells in 
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order to obtain an overall composition of U256O528 (UO2.0625). The positions of the interstitials in 

the 23 and 43 supercells were dictated by the defect model specified, as described in Section 3.2. 

Large-box, reverse Monte Carlo (RMC) modeling of neutron total scattering data was 

performed with the RMCProfile software [33]. UO2 data were modeled with 16000-atom, 103 

supercells made up of 4000 uranium atoms, 8000 oxygen atoms, and 4000 vacancies. Vacancies 

were modeled as pseudo-atoms with neutron scattering lengths equal to zero. Preliminary tests 

with UO2 data confirmed that vacancies order at empty octahedral sites, as in the ideal fluorite 

structure. Testing also showed that the presence of vacancies does not significantly influence 

optimized models. In the case of UO2.07, 280 oxygen atoms were added to each 103 supercell at 

the expense of vacancies to yield an overall composition of U4000O8280Va3720. The 280 oxygen 

atoms were initially distributed among 4000 random octahedral interstitial sites in each 103 

supercell. Sensitivity analyses confirmed that supercell size, initial position of interstitials, and 

relative concentration of interstitials (x = 0.07 ± 0.04 for UO2+x) do not significantly affect 

derived defect structures (SM Figures 2-3 [25]). Each RMC simulation was performed by 

simultaneously fitting the experimental Bragg pattern, G(r) function, and D(r) function of a 

sample at a single temperature. Each simulation was run for at least 12 hours to allow sufficient 

time for structural optimization. Results reported for each sample at each temperature represent 

the ensemble average of at least 10 different RMC runs. RMC simulations were performed 

multiple times and averaged in order to mitigate uniqueness effects. 

Optimized RMC configurations were subsequently used as starting structures for MD 

simulations. MD simulations for both UO2 and UO2.07 were performed at temperature 

(approximately 600 °C and 1000 °C) for up to 100 ps using interatomic potentials by either 

Basak et al. [34], Morelon et al. [35], or Cooper et al. [36]. Simulations were performed several 

times with each interatomic potential to avoid uniqueness effects (see, for example, SM Figures 

13-14 [25]). Simulations were also performed at MD temperatures much lower than the 

experimental temperatures in order to optimize the fits of the MD models to the experimental 

data. 
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3. Results and Discussion 

3.1. Neutron diffraction – average structure 

UO2 and UO2.07 were first characterized by neutron diffraction in order to assess the influence of 

oxidation on the average structure and long-range atomic ordering arrangements. Prior analyses 

reveal that the diffraction patterns of UO2 are well reproduced with a fluorite structural model 

between 25-1000 °C [24]. This is in contrast to UO2.07, which was shown to undergo a UO2 + α-

U4O9  UO2 + β-U4O9 transformation at ~85 ºC and a UO2 + β-U4O9  UO2+x transformation 

at ~500 ºC [24], in agreement with the established phase diagram [37]. These findings confirm 

that measurements of UO2.07 performed at 600 °C and 1000 °C coincide with the single-phase 

UO2+x regime of the phase diagram (Figure 2). 

Rietveld refinement of the diffraction patterns collected at 600 °C, 625 °C, and 1000 °C 

show that both UO2 and UO2.07 are highly-ordered and well-reproduced by single-phase models 

(space group Fm-3m) with uranium and oxygen at 4a and 8c Wyckoff sites, respectively (SM 

Figure 4 [25]). Various defect structures [38] and U4O9-type phases [9] were fit to the diffraction 

patterns of UO2.07 at 600 °C and 1000 °C; however, they did not yield an improvement over a 

simple fluorite structural model with interstitials (x = 0.07) randomly distributed among 

octahedral interstitial sites. The octahedral interstitial defect model consistently yielded the 

lowest goodness-of-fit value, Rw. These diffraction results suggest that either oxygen interstitials 

in UO2.07 exist largely as randomly-dispersed mono-interstitials or diffraction analysis alone is 

not sensitive to interstitial arrangements in UO2.07. 

It’s noted that Rietveld analysis of reciprocal-space diffraction data is not well-suited to 

investigate anharmonic effects, such as anisotropic displacement of anions, which are known to 

be significant in UO2 (and presumably UO2.07) and might influence defect ordering at high 

temperature [39]. This is because Rietveld refinement is reliant on the use of crystallography. A 

consequence of applying crystallographic constraints (e.g., space group Fm-3m) is that isotropic 

atomic displacement parameters (ADPs) must be used to describe the atomic motion because 

atoms on special positions require certain coordinate/occupancy/ADP constraints. One way to 

circumvent this issue is to reduce the symmetry of the structural model. This was not attempted 

because all Bragg peaks were accounted for with the Fm-3m model, which indicates that defect 

signatures are conveyed in the diffuse scattering, which can only be interpreted with the use of 

real-space (i.e., pair distribution function) analysis. 
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3.2. Small-box pair distribution function refinement – local structure 

Numerous experimental [3-9] and computational [10-17] studies have shown that oxygen 

interstitials in single-phase UO2+x are not randomly distributed among interstitial sites, as 

suggested by the diffraction analysis, but rather aggregate and form defect clusters. Defect 

clusters often incorporate excess interstitials, displaced lattice oxygens, and oxygen vacancies in 

very close proximity to each other (~2 Å at closest approach [4]). Therefore, short-range atomic 

structure modeling is needed in order to accurately evaluate the morphology of disordered 

atomic arrangements in UO2+x. One means to probe short range atomic ordering is through the 

use of PDFs, which are weighted histograms of interatomic distances in a material. A prior 

comparison of neutron PDFs for UO2 and UO2.07 samples identical to the ones used in the current 

study showed that the local structures of the two materials are very similar and PDF signatures 

induced by oxygen defects are heavily suppressed by thermal disorder at high temperature [24]. 

In order to identify and interpret subtle changes in local structure associated with oxidation, the 

PDFs of UO2.07 at 600 °C and 1000 °C were analyzed using the small-box PDF refinement 

method. 

PDF refinement is analogous to Rietveld refinement of Bragg diffraction patterns. The 

small-box method employs relatively small and tunable structural models (98-atom 23 supercells 

in this case) with periodic boundary conditions to simulate a PDF in order to reproduce the 

experimental PDF and thus the local structure of a material. Unlike diffraction refinement, PDF 

refinement is sensitive to anharmonic effects, such as anisotropic displacement of anions, 

because the PDF is a spatial and temporal average of atomic correlations in the structure. 

Changes in the PDF are readily observable (assuming sufficient detector resolution) when anions 

displace/vibrate anisotropically because anions will be located in certain directions for longer 

periods of time, thus increasing/decreasing select PDF peak intensities (relative to the PDF of a 

purely isotropic material). These dynamic anharmonic effects are approximated by static atomic 

disorder (i.e., reduced symmetry) in PDF refinements. PDF analysis is not suited to investigate 

dynamic mechanisms because the measurement is inherently time-averaged. 

A total of eight atomic configurations were fit to the local structure of the experimental 

PDFs of UO2.07 at 600 °C and 1000 °C. These configurations were the so-called octahedral, 

<111> octahedral, <110> octahedral, di-interstitial, split di-interstitial, Willis 2:2:2, staggered 
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IX4, and stacked IX4 models. The first six aforementioned models were 23 supercell models and 

were fit to the PDF range 1 Å < r < 11 Å. The latter two (staggered IX4 and stacked IX4) were 

represented by 43 supercells because more atoms were needed to both model split quad 

interstitial defects and to achieve an appropriate stoichiometry, as to match the stoichiometry of 

the experimental sample. The 43 models were fit to a broader range (1 Å < r < 22 Å) to match the 

larger size of the model. Larger defects, such as the cuboctahedral cluster, were not fit because 

they yield oxygen-to-oxygen correlations that are incompatible with the experimental PDF, as 

described in Section 3.4 and illustrated in SM Figure 15 [25]. 

All defect models use a fluorite structure supercell as an underlying framework. The 

octahedral model represents a fluorite structure supercell with oxygen interstitials (x = 0.07) 

randomly distributed among octahedral interstitial sites. The <111> and <110> octahedral 

models are variants of the aforementioned model in which interstitials were allowed to relax 

along either <111> or <110> directions from octahedral sites, respectively. The di-interstitial 

defect is illustrated by Wang et al. [15] and contains two interstitials located at the centers of two 

adjacent oxygen cubes. The split di-interstitial defect is described in detail by Andersson et al. 

[14] and contains three interstitials offset along <111> directions and centered around a single 

vacancy. The Willis 2:2:2 is made up of two oxygen vacancies, two <111>-type interstitials, and 

two <110>-type interstitials as described by Willis [5]. The IX4 defect is a cluster of two split di-

interstitial defects that are inverted from eachother and is also known as a split quad interstitial 

defect. The staggered and stacked variants indicate how IX4 clusters are arranged in the 43 

supercells. These two models are illustrated in SM Figure 17 [25]. The di-interstitial, split di-

interstitial, and Willis defects are illustrated in Figure 1. Agreement between the fitted models 

and experimental data was assessed using goodness-of-fit (Rw) values, which quantify 

discrepancies between models and experimental data. Lower Rw values indicate better fits to 

data. 

Results from PDF refinements (Figure 3) show that several models are competitive in 

best representing the local structure of single-phase UO2.07 at 600 °C and 1000 °C. The split di-

interstitial and Willis models yield the best fit to the 600 °C data whereas the IX4 models yield 

the lowest Rw values in the 1000 °C case. The graphical and table insets of Figure 3 illustrate the 

fit of the Willis defect model to the data at 600 °C and the corresponding refined positions of O’ 

and O’’ interstitials of the 2:2:2 cluster as described by Willis [5]. Interestingly, the octahedral 
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model, which best fits the diffraction data, yields the worst fit to the local structure of UO2.07. 

The octahedral model fails because it yields PDF peak intensities that are incompatible with the 

experimental PDF profile. This peak intensity mismatch is mitigated when interstitials deviate 

from the highly-symmetric 4b octahedral site, as demonstrated by the improved fit of the <111> 

and <110> octahedral models compared with the octahedral model. 

 

3.3. Reverse Monte Carlo total scattering modeling – multiple length scales 

Conversion of UO2 to UO2.07 is largely caused by the ingress of oxygen interstitials into the 

structure, but the specific arrangement of oxygen interstitials in single-phase UO2+x remains 

unclear. The Rietveld diffraction analysis, which interprets long-range atomic arrangements, 

suggests a random distribution of mono-interstitials and negligible point defect clustering. Local-

structure PDF refinement, on the other hand, indicates the presence of defect clusters. In order to 

more accurately assess the defect structure of UO2.07 at 600 °C and 1000 °C, neutron total 

scattering data were further analyzed using the reverse Monte Carlo method [33].  

The RMC method is a stochastic modeling approach capable of yielding relatively large 

atomic structure models (16000-atom 103 supercells in this case). Starting configurations were 

constructed using unit cell data derived from Rietveld refinement of diffraction data. The aim of 

the method is to maximize entropy of a given atomic ensemble within a set of constraints using 

stochastic atom movement and swap operations. The primary constraint and driving force is that 

the RMC model must reproduce corresponding experimental data. Other restrictions, such as 

bond valence constraints, can also be utilized to add increasing levels of detail or to make models 

more chemically-sensible. 

RMC offers two key advantages to characterizing the defect structure of single-phase 

UO2+x. First, the method can model Bragg patterns (reciprocal-space data) and PDFs (real-space 

data) simultaneously in order to obtain a model that is consistent with all length scales. Second, 

the method is not dependent on symmetry constraints or starting defect configuration and is 

therefore not subject to bias from a priori defect models, such as the Willis and split di-

interstitial models, as is the case for the small-box PDF refinement procedure. This ensures that 

the optimized RMC model is derived purely from experimental data and not pre-existing models. 

 The RMC method was benchmarked by modeling stoichiometric UO2. The fits to the 

Bragg patterns and PDFs at all temperatures (SM Figure 5 [25]) demonstrate that the optimized 
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models fit all data well and are therefore consistent with all length scales. Bond valence sum 

(BVS) analysis results (SM Figure 6 [25]) show that uranium and oxygen positions are consistent 

with +4 and -2 charge states, respectively, meaning that the structural models are also chemically 

sensible. Partial PDFs, highlighting specific bond types, show how the two sublattices evolve 

with temperature (SM Figure 7 [25]). At high temperature, atomic vibration intensifies and 

atoms increasingly deviate from ideal sites (i.e., Wyckoff positions) in the fluorite structure. This 

increase of atomic position distributions is manifested through broadening of PDF peaks at 

elevated temperature. Peaks in the U-U partial PDF, which purely represents the uranium 

sublattice, undergo the least amount of broadening of all partial PDF peaks. This agrees with the 

assessment that uranium atoms are much heavier and less prone to thermally-induced disorder 

relative to lighter oxygen atoms, which contribute to U-O and O-O partial PDFs. 

Prior studies of stoichiometric UO2 have identified unexpected properties, such as 

anisotropic thermal conductivity [40] and magnetic inelastic response far above the Néel 

temperature [41]. One possible explanation for these findings is that UO2 contains non-cubic 

local atomic arrangements. Non-cubic arrangements can manifest through, e.g., tetragonal 

distortion of the uranium sublattice and/or non-cubic uranium polyhedra. To test for the 

possibility of a tetragonal distortion, optimized 103 supercells were collapsed into unit cells and 

analyzed along different orientations to check for anisotropic uranium distributions (SM Figure 8 

[25]). Analyses show that distributions of uranium atoms are approximately isotropic and there is 

no evidence of tetragonal distortion of the uranium sublattice at 625 °C or 1000 °C. The 

distribution of oxygen atoms (SM Figure 8 [25]) also appears isotropic despite the anisotropic 

broadening of the first-nearest-neighbor (1-NN) peak of the U-O partial PDF.  

Similar anisotropic peak broadening was identified in a prior neutron PDF study of UO2 

at 1000 °C and was attributed to the presence of local Pa-3 atomic arrangements [42]. A unique 

consequence of the Fm-3m to Pa-3 space group conversion is that the characteristic fluorite-type 

1-NN U-O distance splits into two distinct U-O distances. This binary U-O distribution improves 

the fit of the Pa-3 structural model to the local structure of UO2 because it better reproduces the 

experimentally-observed anisotropic peak broadening. This model differs from the RMC model, 

which shows no evidence of a binary U-O distribution as a possible cause of the anisotropic 

broadening in the present data. The RMC UO2 model instead shows that PDF data are well 

reproduced assuming a broad distribution, i.e., continuum, comprising a variety of U-O 
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distances. The observation of this continuum is enabled by the relatively large sampling size 

(16000 atoms) of the RMC model. In order to assess effects of starting configuration, the RMC 

modeling procedure was repeated using a supercell with atoms initially arranged with Pa-3 

symmetry. Test results showed that both Fm-3m and Pa-3 starting configurations converge to 

very similar atomic configurations wherein the 1-NN U-O peak comprises a continuum of U-O 

distances. This confirms that it is possible to reproduce the experimental data assuming a broad 

distribution (i.e., continuum) of U-O distances instead of two discrete U-O distances. If local Pa-

3 atomic arrangements are present in UO2, they must exist in the form of modulated nano-

domains, as previously postulated [43]. Further consideration of nano-domains is presented in 

Section 3.4. Results for UO2 data collectively show that the RMC procedure yields robust large-

box models that are chemically-sensible and consistent with all length scales. 

 The procedure for modeling UO2.07 was identical to that of UO2 except that the starting 

configurations each contained 280 extra oxygen atoms randomly dispersed among octahedral 

interstitials sites to yield an overall O:M of 2.07. Modeling results show that the optimized 

configurations for UO2 and UO2.07 are very similar at both 600 °C (Figure 4) and 1000 °C (SM 

Figure 9 [25]). As is the case for UO2, optimized UO2.07 models are consistent with all length 

scales and yield BVS results that are consistent with the presence of mostly U4+ and O2- ions 

(SM Figure 6 [25]). The mean valence of uranium atoms is slightly shifted to a higher value as 

compared with UO2, consistent with the expected partial oxidation of U4+ to U5+ upon ingress of 

oxygen into the structure. The key difference between UO2 and UO2.07 results is the presence of a 

small O-O correlation at ~2 Å in the UO2.07 partial PDF (Figure 4d). Inspection of the G(r) fits 

suggests that this simulated correlation arises as a means to reproduce the low-r shoulder of the 

first peak in the experimental PDF of UO2.07. Extensive testing and sensitivity analyses confirm 

that this very subtle shoulder is a true feature of the experimental PDF and is not an artifact from 

data reduction (see SM Figure 1 [25] and associated figure caption for details). 

The correlation at ~2 Å comprises the shortest inter-oxygen distances in the material and 

is therefore attributed to oxygen interstitials in the supercell. Bond vector analysis of all O-O 

pairs with interatomic distances between 1.9 and 2.1 Å shows that these O-O pairs are primarily 

oriented along <111>-type directions (Figure 5a-c). Visual inspection of these defects in the 

supercells reveals that these <111> O-O pairs primarily consist of one lattice oxygen and one 

oxygen interstitial. However, each interstitial can form between one to four 2-Å O-O pairs with 
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neighboring lattice oxygens (Figure 5d-f). These defects closely resemble mono-interstitials 

because each interstitial is almost always located near an octahedral interstitial site, and 

interstitials do not appear in very close proximity to other interstitials. 

The key distinguishing features of these point defects are the very unique inter-oxygen 

distance (~2 Å) and the <111> orientation of octahedral interstitials with respect to neighboring 

lattice oxygens. Optimized RMC models of UO2.07 at 600 °C and 1000 °C are highly disordered 

as a result of thermal effects. It is therefore difficult to determine if lattice oxygen atoms 

contributing to 2-Å O-O pairs are significantly displaced from ideal 8c Wyckoff sites or if 

interstitials are significantly displaced from octahedral interstitial sites. The preferential 

orientation of short O-O pairs along <111> directions may be caused by the inherent anisotropic 

vibration of anions. Lattice oxygens in the UO2 fluorite structure are located at the centers of 

uranium tetrahedra and are more likely to vibrate along the four <111> directions towards 

octahedral interstitial sites rather than towards uranium neighbors. This assessment, coupled with 

the RMC results, suggests that excess oxygens in UO2.07 primarily exist as mono-interstitials, and 

the distance of closest approach between interstitials and neighboring lattice oxygens is ~2 Å. 

This value is notable as it is the distance of closest approach reported for O’-type interstitials of 

the 2:2:2 Willis defect [4]. 

A limitation of the current RMC modeling approach is that electronic structure effects, 

which are key driving forces for defect clustering in UO2+x, are not modeled explicitly, but 

instead approximated using soft, chemical, BVS constraints. In order to assess the effects of the 

BVS approximation, RMC modeling was performed with and without BVS constraints. Results 

show that simulations performed without BVS constraints also yield predominantly mono-

interstitials and the formation of a small O-O correlation at ~2 Å (SM Figure 3e [25]), albeit with 

broader and unrealistic uranium valence distributions. This demonstrates that the key aspects of 

the UO2.07 RMC defect model are robust and reflect the true atomic scattering profile of the 

material. Application of BVS constraints merely makes the models more chemically-sensible and 

does not influence point defect morphology in the models. 

 

3.4. Molecular dynamics – nano-domain effects 

RMC models show negligible point defect clustering in UO2.07 and indicate the presence of 

smaller defects, such as mono-interstitials. However, RMC models are prone to artificially-
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broadened atomic distributions because the procedure inherently maximizes atomic disorder. It is 

possible that maximizing disorder inhibits the stability of larger clusters, such as the 2:2:2 Willis 

and split di-interstitial defects, in the simulation supercells. Current versions of the RMC 

software are also incapable of simulating phase mixtures induced by co-existing nano-domains. 

This means that RMC simulations can potentially yield a hybrid structure when the true defect 

structure is instead a mixture of tessellated defect-rich and defect-free nano-domains. MD 

simulations using interatomic potentials were applied to the optimized RMC configurations in 

order to investigate these possibilities and to assess how different defect clusters and defect 

structures affect the simulated diffraction pattern and PDF of UO2.07. 

MD simulations were performed at temperature (approximately 600 °C and 1000 °C) 

using the optimized 103 RMC models as starting configurations. Simulations were performed 

using either a Basak [34], Morelon [35], or Cooper [36] potential, which are denoted PotentialBa, 

PotentialMo, and PotentialCo, respectively. Figure 6 shows the MD configurations, simulated 

PDFs, and simulated Bragg patterns for UO2.07 after running for 50 ps at approximately 600 °C. 

MD data for UO2.07 at 1000 °C show qualitatively similar behavior and are presented in SM 

Figure 11 [25]. A comparison of the simulated data to the experimental data shows that 

PotentialMo and PotentialCo configurations best reproduce the experimental Bragg pattern of 

UO2.07 despite having very different defect structures (see Figure 6f-h and SM Figure 13 [25]). 

PotentialMo configurations contain mostly mono-interstitials and small di-interstitials whereas 

PotentialBa and PotentialCo models incorporate larger cubocahedral-type defect clusters (SM 

Figure 12 [25]). Experimental PDFs are also reproduced well by both PotentialMo and PotentialCo 

(SM Figure 14 [25]); however, PotentialMo yields the only configuration that adequately fits the 

very local structure of the material (r < 3 Å) (SM Figure 15 [25]). Fit quality in this region is 

dictated by the shapes and relative peak intensities of the first two PDF peaks. The arrangement 

of oxygen atoms in cuboctahedral clusters (PotentialCo) causes a sharp increase in PDF peak 

intensity near 2.6 Å, which is incompatible with the experimental PDF (SM Figure 15 [25]). This 

is in contrast to smaller mono- and di-interstitial defects (PotentialMo) that cause subtle peak 

broadening, as is observed experimentally. PDF peak intensity from smaller defects is more 

homogeneously distributed between 2-3 Å, thus better emulating the asymmetric character of the 

first two peaks in the experimental PDF (SM Figure 15 [25]). 
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Of the three interatomic potentials used, PotentialMo results are also most qualitatively 

similar to the results obtained from RMC, which is to be expected since both models contain 

smaller point defects. This differs from the models derived from PotentialBa and PotentialCo, 

which yielded larger cuboctahedral defects. Each cuboctahedral cluster incorporates 4-5 oxygen 

interstitials whereas mono-interstitials and di-interstitials only require 1 and 2 oxygen 

interstitials, respectively. Considering that all 103 atomic configurations contain an identical 

number of oxygen atoms, PotentialBa and PotentialCo configurations more closely resemble two-

phase models that contain defect-rich (i.e., areas of strongly clustered defects) and defect-

deficient domains. This domain-like patterning is observed as texturing of light and dark regions 

in Figures 6b and 6d. This behavior contrasts with the configurations derived from PotentialMo 

and RMC, which are best described as single-phase models that contain smaller, diffuse point 

defects and yield more homogeneous atomic distributions (Figures 6a and 6c). 

MD findings confirm that experimental data are best reproduced by structural models in 

which excess oxygen form smaller, diffuse defects. Models containing large defect clusters and 

domain-like patterning are incompatible with the experimental data. Optimized RMC 

configurations demonstrate that excess oxygen atoms exist mostly as mono-interstitials with rare 

instances of di-interstitials. However, PotentialMo configurations show that experimental data can 

also be adequately reproduced with moderate concentrations of di-interstitials relative to mono-

interstitials. Collectively, RMC and MD results indicate that excess oxygen atoms in single-

phase UO2+x in the low O:M regime (x  0) exist predominantly as mono-interstitials and di-

interstitials, which supports findings from numerous DFT studies. Rudimentary analysis of 15 

different MD configurations obtained using PotentialMo at temperatures between 300 °C and 600 

°C suggest that approximately 10-20% of excess oxygen in UO2.07 forms di-interstitials and the 

remainder remains in the form of mono-interstitials (SM Figure 16 [25]). 

RMC and MD results qualitatively agree with the Rietveld diffraction analysis results, 

but differ significantly from the small-box PDF refinement results that predict the presence of  

larger defect clusters. This discrepancy can be explained by spatial length scale considerations. 

Small-box refinements emphasize local structure more heavily than intermediate- and long-range 

atomic ordering. Small-box models can only simulate long-range atomic ordering through the 

use of periodic boundary conditions or very large supercells, which increase complexity and 

reduce computational modeling efficiency. RMC and MD methods inherently model a larger 
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system size, thus directly modeling both short and long-range interatomic interactions and 

correlations. This suggests that the mono-interstitial/di-interstitial model is not only influenced 

by short-range atomic arrangements, but also by the ordering scheme of atoms and defects over 

longer length scales. 

Future studies of point defect clustering should emphasize modeling of multiple length 

scales in order to derive more robust structural models. As demonstrated in this study, selective 

modeling of either short- or long-range atomic ordering can lead to inconsistent results. UO2+x 

defect models may also benefit from explicit electronic structure modeling. Recent studies have 

demonstrated the potential to couple RMC with ab initio DFT to simultaneously model atomic 

and electronic structures [44]. Further development, optimization, and eventual application of 

this modeling method may potentially yield new insights into the complex interplay between 

atomic-scale defect behavior and bulk physiochemical properties in UO2+x. 

 

4. Conclusions 

UO2.07 was studied using neutron total scattering in order to elucidate defect morphology in the 

low O:M regime. Data were collected at temperatures coinciding with the single-phase UO2+x 

region of the established phase diagram (600 °C and 1000 °C), and results were compared to data 

of stoichiometric UO2 collected at near-identical temperatures. Experimental data were analyzed 

and interpreted using a holistic modeling approach employing a combination of different 

analyses that characterize various spatial length scales of the materials. Modeling of long-range 

atomic arrangements with Rietveld refinements of diffraction data suggests the existence of 

mono-interstitials in UO2.07 whereas modeling of short-range atomic structures with pair 

distribution function (PDF) refinements indicates the presence of defect clusters in UO2.07. 

Simultaneous modeling of multiple length scales using complementary reverse Monte Carlo 

(RMC) and molecular dynamics (MD) methods confirms that excess oxygen atoms in UO2.07 

primarily exist as small defects, such as mono-interstitials and di-interstitials. RMC and MD 

results agree with Rietveld results but differ significantly from PDF refinement results, which 

may be related to the lack of emphasis on the intermediate- and long-range structural information 

gained from the small-box PDF refinement procedure. Employing a combination of analysis 

methods with varying length-scale sensitivities enabled more accurate assessment of the UO2+x 

defect structure. These findings provide experimental support for previously-predicted di-
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interstitial defect morphologies in UO2+x that highly influence the accurate prediction of bulk 

physiochemical properties, such as oxygen diffusivity. 
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Figure 1: Select oxygen defect cluster morphologies proposed to exist in single-phase UO2+x by 
various researchers. Simple-cubic oxygen sublattices are shown in brown and lattice uranium 
atoms are shown as blue spheres. (b) A simple di-interstitial cluster comprises two neighboring 
octahedral interstitials separated along a <110> direction (red spheres). (a) These octahedral 
interstitials can displace along <110> directions (pink spheres; O’-type interstitials) and displace 
two neighboring lattice oxygens along <111> directions (green spheres; O’’-type interstitials) to 
form a so-called 2:2:2 Willis-type defect cluster. (c) Alternatively, octahedral interstitials can 
displace along <111> directions (green spheres) and displace a neighboring lattice oxygen along 
a <111> direction (green sphere) to form a split di-interstitial cluster. Split di-interstitial clusters 
can further chain together in pairs to form split quad interstitial (IX4) defects or agglomerate in 
larger numbers to form larger cuboctahedral defects with occupied or unoccupied centers. 

 

Figure 2: Phase diagram of uranium oxide at ambient pressure adapted from reference [37]. 
UO2+x (s) denotes the single-phase hyper-stoichiometric regime. Red dots indicate temperatures 
and O:M values at which neutron total scattering measurements were performed. Blue triangles 
illustrate the region investigated by Willis and Murray using single-crystal neutron diffraction [4, 
5]. 

 

Figure 3: Goodness-of-fit, Rw, for different defect structural models fitted to the pair distribution 
function, D(r), of UO2.07 at 600 ºC and 1000 ºC. The IX4, split di-interstitial, and 2:2:2 Willis-
type defect models yield similar fits to the experimental data, as illustrated by the low Rw values. 
The IX4 models yield the lowest Rw values in fitting UO2.07 at 1000 ºC, while the split di-
interstitial and Willis models yield slightly better fits to the 600 ºC data. The graphical inset 
illustrates the fit of the Willis 2:2:2 model (red line) to the data (black circles) at 600 °C. The 
table inset shows the displacement values [5] for <110> and <111>-type interstitials derived 
from the optimized Willis 2:2:2 defect models. Dashed lines are used to guide the eye. 
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Figure 4: Fits of optimized reverse Monte Carlo (RMC) models to experimental total scattering 
data of (a-b) UO2 at 625 °C and (c-d) UO2.07 at 600 °C. RMC models fit well to (a & c) long-
range, (a & c insets) intermediate-range, and (b & d insets) short-range structures 
simultaneously. (b & d) UO2 and UO2.07 partial pair distribution functions show similar features 
except for a small O-O correlation present at ~2 Å in the UO2.07 data. 
 
Figure 5: Oxygen point defect configurations in UO2.07 reverse Monte Carlo (RMC) models at 
600 °C and 1000 °C. (a) Oxygen interstitials in the optimized RMC models cause the emergence 
of a small O-O correlation at ~2 Å. (b-c) Bond vector analyses show that these short (1.9-2.1 Å) 
O-O pairs are oriented primarily along <111> directions. The edges of these ternary plots 
represent the three principal cubic unit vectors (x, y, and z), and each data point in the ternary 
plot represents the orientation of a single 2-Å O-O pair in an optimized RMC model. A point 
lying at the center of a ternary plot represents a <111> O-O orientation, a point lying at one of 
the vertices represents a <100> O-O orientation, a point lying at a leg midpoint represents a 
<110> O-O orientation, etc. The color of the point denotes the corresponding distance for the O-
O pair. (d) Counting statistics for short O-O pairs show that each interstitial forms one to four 
short (1.9-2.1 Å) O-O pairs with neighboring lattice oxygens. Atomic structural models for (e) 
single pair and (f) 4-pair configurations show that oxygen interstitials are almost always located 
near octahedral interstitial sites and resemble mono-interstitials. Uranium atoms, oxygen atoms 
at lattice sites, and oxygen atoms forming short O-O pairs (1.9-2.1 Å) in (e-f) are shown in grey, 
red, and blue, respectively. 
 
Figure 6: Comparison of reverse Monte Carlo (RMC) and molecular dynamics (MD) models for 
UO2.07 at 600 ºC. (a-d) Projections of 103 optimized supercells along principal axes. Uranium and 
oxygen atoms are shown in green and blue, respectively. (e-h) Comparisons of simulated PDFs 
(red lines) with experimental PDFs (black circles), and difference curves (green lines). Insets of 
(e-h) show simulated Bragg patterns (red lines), experimental Bragg patterns (black circles), and 
difference curves (green lines). MD PotentialBa yields the most disordered structural models that 
poorly reproduce all experimental data. PotentialCo models are less disordered and contain larger 
defect clusters, but do not adequately reproduce the experimental PDF at low r values. 
PotentialMo models contain small point defects, are qualitatively similar to the RMC model, and 
best reproduce all experimental data, as illustrated by the low-intensity difference curves. 
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