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Abstract

Atomic arrangements in the mixed valence oxide U307 are refined from high-resolution
neutron scattering data. The crystallographic model describes long-range structural order in a
Us0O140 primitive cell (space group P4»/n) containing distorted cuboctahedral oxygen clusters.
By combining experimental data and electronic structure calculations accounting for spin-
orbit interactions, we provide robust evidence of an interplay between charge localization and
the magnetic moments carried by the uranium atoms. The calculations predict UsO7 to be a
semiconducting solid with a band gap of close to 0.32 eV, and a more pronounced charge-
transfer insulator behavior as compared to the well-known Mott insulator UO>. Most uranium
ions (56 out of 60) occur in nine-fold and ten-fold coordinated environments, surrounding the
oxygen clusters, and have a tetravalent (24 out of 60) or pentavalent (32 out of 60) state. The
remaining uranium ions (4 out of 60) are not contiguous to the oxygen cuboctahedra, and
have a very compact, eight-fold coordinated environment with two short (2 x 1.93(3) A)
“oxo-type” bonds. The higher Hirshfeld charge and the diamagnetic character point to a
hexavalent state for these four uranium ions. Hence, the valence state distribution corresponds
to 24/60 x U(IV) + 32/60 U(V) + 4/60 U(VI). The tetravalent and pentavalent uranium ions
are predicted to carry non-collinear magnetic moments (with amplitudes of 1.6 pug and 0.8 us,
respectively), resulting in canted ferromagnetic order in characteristic layers within the

overall fluorite-related structure.



1. Introduction

Due to its wide range of oxidation states, the coordination chemistry of uranium is today
rapidly expanding and uranium complexes are being studied in many application fields,
reaching beyond that of its more common use as nuclear fuel.!? Nevertheless, despite decades
of ongoing research, even the binary U-O system continues to challenge researchers and
engineers.>* Uranium(IV)oxide (UO) remains the dominant component for today’s fuels
used by commercial nuclear power reactors. Many of its physical properties such as density,
thermal conductivity, self-diffusion, impurity and fission product diffusion are all highly

dependent of slight deviations from exact stoichiometry.>

A significant body of work has been published on the thermodynamics of the U-O binary
system as well as on the oxidation kinetics of UO, under dry and wet conditions.®!° Oxidation
alters the original fluorite-type crystal lattice by forming oxygen defects and defect clusters.!!
At temperatures above 700 K, a wide non-stoichiometric solid solution phase field (UO»-x)
gradually develops, but at lower temperatures only slight deviations from stoichiometry

(0 <x <0.03) can occur.’ Upon further oxidation in the low-temperature region, morphotropic
phase transformations take place with formation of mixed-valence compounds, commonly
referred to as UsQy, U307, and UsOs.'?"!> The oxides UsOy and U307 are structurally closely
related to the original fluorite-type crystal lattice, while the transformation to U3zOg induces a
more drastic crystallographic reorganization which is associated with a considerable volume
increase (36 vol.%).

Uranium oxides are recognized as a small-gap semiconductor (with either Mott or charge
transfer insulator characteristics) where strong interactions exist at low temperature between
the electronic and lattice degrees of freedom.'® The magnetic structure of UO; has been
studied extensively during the past 60 years,'”!8 though certain details are not fully
understood yet. The situation is even less established for the higher oxides retaining a fluorite-
type structure such as UsO9 and U307 where some of the tetravalent U(IV) uranium ions are
replaced by pentavalent U(V) or hexavalent U(VI) ions. Nevertheless, magnetic properties

have been characterized in a multitude of uranium complexes.!*2°

Numerous first-principles studies of binary uranium oxides have been published in recent
years. Most of them within the Density Functional Theory (DFT) approach, thereby
combining the Perdew-Burke-Ernzerhof functional and an on-site Coulomb repulsion between
localized felectrons (PBE+U),?'? using the parametrization of Dudarev and co-workers in
their well-known study of UO».2? In addition to further studies on UO,?*?7 also UsQy,>>-2628
U307,23%628 and UsOs were investigated extensively.?32628-30 Point defects in UO, have also
been studied following the PBE+U approach,®! as well as oxygen cluster stability in
UO2++.3>*3 The Heyd-Scuseria-Ernzerhof (HSE) hybrid functional approach,3* which is

computationally more expensive, has been less applied to study the uranium oxides so far, and



only to address smaller unit cell systems, such as UO; or U30s.2>?72%35 We note that spin-
orbit coupling (SOC) is often neglected, although uranium is a heavy element. The main
reason for neglecting this correction is the reduction in computational cost. Researchers that
do take it into account, however, have reported dissimilar conclusions. While earlier studies
on actinide dioxides, including UQO,, found that the effect of SOC is subsidiary,?’*¢ more

recent studies on UO; find that it favors the correct 3k magnetic order in its ground state. '8

In the progressive oxidation of the U—O system, U307 is the last compound with a fluorite-
related structure before the transformation to the layered structure of UzOs, which makes it an
interesting structure to unravel. Contrary to the parent compounds UO; and U4Oy, the U307
phase is characterized by a tetragonal distortion of the formerly cubic lattice. Various
experiments showed a gradually increasing axial ratio of 1.000 < ¢/a < 1.031,!2.1437:38
indicative of a sub-stoichiometric phase field U3O7... Additionally, a lattice strain effect
attributed to topotactic growth of U307 onto UsO9 has been considered to affect the
stoichiometry and axial ratio of the UsO7 phase.!® At the oxygen-rich boundary, however, the
oxygen-to-uranium ratio (O/U) was determined as 2.34 & 0.01, consistent with the nominal
composition U307 (O/U = 2.333).%°

Until recently, the crystal symmetry of phase-pure U3O7 remained inconclusive and atomic
arrangements unconfirmed, despite ongoing theoretical and experimental efforts.?840-42
Electron diffraction investigations have confirmed the (pseudo-cubic) tetragonal distortion of
the fluorite-type parent structure, and additionally revealed a long-range ordered
superstructure, characterized by sharp satellite reflections.*® Similar observations exist for the
related system of UsO9,* but the symmetries of the long-range order are substantially
different from each other. The superstructure of UsO7 proved to be commensurate with the
parent fluorite unit cell, but with a non-trivial orientation relationship between the fluorite
lattice vectors and the lattice vectors of the defect ordering. It is described in an expanded cell
with a P4»/n space group symmetry, comprising fifteen fluorite cells. By combining the
symmetry of the defect ordering in U307 with the cuboctahedral anion cluster model proposed

44.45 3 self-consistent trial model was

originally by Bevan et al. for anion-excess fluorites,
proposed.®® In this trial model the structural symmetry derived from the diffraction

experiments was maintained, and the unit cell composition (i.e. UgoO140) satisfied the nominal
O/U ratio of 2.333. Importantly, bond valence sum analysis and an in-depth assessment of the
electron diffraction data indicated that the geometry of the cuboctahedral cluster model would

need to be distorted, but the data did not enable further refinements of the atomic positions.

The charge localization mechanism in mixed-valence uranium oxides is a fundamental aspect
of interest to a broad scientific community. In the fluorite-derived compounds U409 and Uz O~
mainly the U(IV) and U(V) oxidation states occur for the uranium ions, whereas U3Og
contains a mixture of U(V) and U(VI) species.’®#647 Interestingly, a minority fraction of

U(VI) has also been reported for the fluorite-derived compounds.**#° The associated uranium
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coordination chemistry is, however, not straightforward. In addition to simple cubic and
octahedral coordination environments also pentagonal bipyramids, square antiprisms and
various distortions of the former polyhedra can be identified. Evidently, the uranium
speciation is related to the type of oxygen clusters present in these oxide phases. Recent
explorations of the U—O radial distribution in the U307 phase from Extended X-ray
Absorption Fine Structure (EXAFS) data confirmed the cuboctahedral oxygen cluster as a
suitable building block in the structural model, but further indicated that its local deformation

is likely different from the trial model proposed before.*®

In this work, we present the results of X-ray experiments performed at room temperature and
neutron diffraction experiments conducted at 1.5 K, 100 K and 298 K on a polycrystalline
U307 powder sample prepared at thermal equilibrium. The aim was to accurately refine
atomic arrangements, and to determine the electronic structure by spin-resolved density-
functional theory calculations. The corroborating experimental and calculated results allowed
to derive a robust model of the charge localization in U3O7. Additionally, the occurrence of
long-range magnetic order was evaluated from the neutron diffraction data, and predictions

within the electronic structure calculations.



2. Materials and methods
2.1.Sample preparation

Polycrystalline U307 powder was prepared by performing a controlled oxidation of depleted,
nuclear grade UO»-+, powder supplied by FBFC International (Dessel, Belgium).
Approximately 5 g of the feed material was heated to 523 K at a rate of 5 K min™! in a
Nabertherm LT 9113/P330 muffle furnace, under normal atmospheric conditions. An
isotherm duration of 7 h was applied before cooling back to room temperature (10 K min™).
The stoichiometry (O/U) was measured by gravimetric analysis and was equal to

2.333 £ 0.001, and additionally, powder X-ray diffraction was performed to confirm the phase
purity.

2.2.Diffraction techniques

Room temperature X-ray diffraction (XRD) was performed on a Bruker D8 Advance
diffractometer, in a vertical Bragg-Brentano geometry. The radiation source consisted of an
LFF X-ray tube (Cu Ka; = 1.5405929 A)*°, and a position-sensitive 1D detector (Bruker
Lynxeye) with an active length of 3.3 ° 20 was used. Goniometer alignment validation was
performed on a weekly basis, using a standard reference material (NIST SRM1976b). The
U307 sample was prepared in a designated sample holder via the standard back-loading
technique for polycrystalline powders.

The incident beam optics consisted of a fixed divergence slit (1/2°) and a copper beam mask
to control the spot size. Soller slit assemblies (1.6°) were inserted in both incident and
diffracted beam paths to limit axial divergence. The sample holder was placed on a rotation
stage set to 15 rotations per minute. A beam knife was positioned above the sample to reduce
scatter at low incident angles. The Cu K} contribution to the diffracted signal was largely
removed by application of a Ni filter in front of the detector. The pattern was measured
through the range 20-122 °26, using a step size of 0.018°.

Neutron diffraction data was collected at the D2B and D20 beamlines of the Institut Laue-
Langevin (France).’'"2 At D2B the data were acquired with a wavelength of 1.594 A at 1.5 K
and at room temperature (298 K), using a standard orange cryostat. At D20 the wavelength
2.41 A was selected using the high flux 42° takeoff angle. Measurements were performed at
1.5 K and at 100 K, also using a standard orange cryostat. The sample consisted of U307
polycrystalline powder, loaded into a cylindrical vanadium canister (6 mm diameter). The

same sample was used for the acquisitions at both beamlines.

Data evaluation and full-pattern refinement (Rietveld method) were performed with the
JANA2006 software package.>® A systematic approach was followed, with consecutive
refinement operations on a parameter set which included the scale factor, a 5™ order
Cheybchev background function, lattice parameters, sample displacement or zero-shift, and a
pseudo-Voigt profile function. Specific details are given in the corresponding subsections of



this work when isotropic thermal displacement parameters and atomic positions were
additionally refined. Each refinement cycle was executed until the ratio of numeric shift (p)
to estimated standard deviation (8s) for each checked parameter was smaller than 0.05. The
convergence was also evaluated from the expected and weighted-profile R-factors (Rexp and

Ry, respectively), and the goodness-of-fit value (y):

#(profile points)—#(variables)
Rexp = -1
exp Y w;-yi(obs)2 00 >

_ [EwrGiobs)—y(calc))®
R _\[ S wiyi(obs)? 100,

— Rwp
Rexp ’
with y;(obs) and yi(calc) the observed and calculated intensity at profile point i, respectively,

and wj the corresponding, calculated weight.

2.3.Electronic structure calculations

The first-principles calculations were performed with the Vienna Ab initio Simulation
Package (VASP),>* using the projector-augmented wave (PAW) method to describe the
electron-ion interactions.>>-*¢ Specifically, the O 2s?2p* and U 6s? 6p° 52 6d' 7s* electrons are
treated as valence electrons in the PAW potentials used. The energy cut-off for the plane
wave basis set was 600 eV. As previous authors, we describe the exchange-correlation
interactions within the PBE+U approximation, as applied by Dudarev et al.?* Here, only the
difference between the parameters describing the screened Coulomb and exchange
interactions is relevant, resulting in an effective repulsion parameter Uesr= U-J. The values
used are U =4.50 eV and J = 0.54 eV, as deduced from photoemission measurements on
UO0,.%" To overcome the problem of possible metastable solutions, we applied the so-called
ramping method,>® where the U parameter was adiabatically increased from 0 to the target
value of 3.96 eV in 20 steps. Furthermore, we included spin-orbit coupling in all our
calculations. The inclusion of spin-orbit configuration interactions partly lifts the degeneracy
of the 5/ manifold of U(IV) and of the 5/ manifold of U(V), effectively improving the
convergence to the ground state. The effect is important both for describing valence

correlation effects and the spin-orbit polarization of the outer-core orbitals.

The crystallographic data used as input for these calculations are those obtained from the
neutron diffraction measurements at 1.5 K, reported and discussed in detail in this paper
further down. They correspond to the large, tetragonal unit cell (12.0018 x 12.0018 %
16.6239A%) containing 200 atoms (UsoO140). For the self-consistency calculations, the
Brillouin zone was sampled using a I'-centered 4 x 4 x 3 Monkhorst-Pack k-point grid and
the total energy was converged to within 10~ eV. For the density of states calculations, the

tetrahedron method with Blochl corrections was used and the k-point grid was increased to



8 x 8 x 6. The path in k-space for the band structure calculations follows a standard
sequence.®® For charge analysis, we considered the Bader partitioning using the software
developed by Henkelman and co-workers,®! as well as the Tkatchenko-Scheffler iterative

Hirshfeld partitioning,®? as implemented in VASP.



3. Results
3.1.Definitions of the structural model

The U307 crystal structure described in the P4,/n space group consists of a unit cell spanned
by lattice vectors here denoted as A, B, C. It contains 60 uranium and 140 oxygen atoms,
leading to the composition UgoO140 (simplified as U3O7). The expanded cell can also be
regarded as 15 subcells, of which 11 have a fluorite-type composition (U40Og), and 4 contain a
cuboctahedral oxygen cluster (UsO13).3° In Figure 1, a visualization of the expanded unit cell
is presented, illustrating the occurrence of cuboctahedral oxygen clusters on the cell edges and
face-centers. Also, a single fluorite-type subcell is visualized by the gray dashed lines. The
lattice vectors of the subcell are here denoted as ar, by, ¢, and their magnitudes refer to the
values which have often been quoted in earlier literature (i.e. ar=br=~5.38 A, cr~5.55A;
cilar = 1.03).12:6364 The relation between both vector spaces was worked out by Leinders and
coworkers: A =ar—2 b, B=2ar+bg, C=3 ¢’

Figure 1. Illustration of the U307 (UsoO140) crystal structure trial model derived from electron
diffraction data, figure adapted from Leinders er al.*® Copyright 2016 American Chemical
Society. Uranium and oxygen atoms are represented by black and red spheres, respectively.
Green colored polyhedra indicate the positions of cuboctahedral oxygen clusters.

The atomic arrangement of the UgoO140 crystal structure in the P4»/n space group, as derived
from X-ray diffraction and electron diffraction investigations,* is reproduced in Table S1 of
the ESI. Three atomic groups can be distinguished: (1) cations on eight unique Wyckoff sites
labeled Ul to US, (2) anions on 15 fluorite-type positions labeled O1 to O15, (3) anions
comprising the cuboctahedral oxygen clusters (7 unique Wyckoff sites labeled O’c and O’1 to
0’6). The notation originally used to distinguish the size and degree of distortion of the



cuboctahedra, i.e. parameters u and J, respectively, was maintained. Table S2 in the ESI
shows the atomic coordinates when u = 0.41 and ¢ = 0.0625. This setting is further referred to

as the “trial model”.

To evaluate the absence or presence of cuboctahedral oxygen clusters from the diffraction
data it is also useful to consider a model which consists simply of 15 fluorite-type subcells
(U403) in the expanded unit cell. The corresponding structural model is referred to as the
parent structure, and its unit cell composition is equal to UgoO120 (simplified as UO»). This
setting is presented in Table S3 of the ESI.

3.2.Sample characterization from diffraction data

The phase purity of the UsO7 powder sample was checked by performing X-ray diffraction
analysis at room temperature. The XRD pattern presented in Figure 2 (a) obeys the same
extinction conditions as for a face-centered cubic (fluorite) structure, but clearly shows
tetragonal splitting of all (hk/) reflections, except when /4 = k = /. No satellite reflections can
be distinguished, and hence, the pattern can be evaluated directly from the parent structure
model with cations and anions located at the corresponding fluorite-type atomic positions (cf.
Table S3 in the ESI). The fit to the X-ray pattern based on a Rietveld refinement using the
parent structure model as input, is illustrated on Figure 2 (a). It shows relatively good
agreement (Rwp = 10.40, y = 3.04), although some discrepancies in the fitted intensity (e.g.
around 10% overfitting of the (111)¢reflection) are apparent. Lattice parameters and
agreement factors obtained from the refinement are reported in Table 1.

In addition to room temperature X-ray diffraction, the sample was also analyzed by room
temperature neutron diffraction (ND). A relevant section of the acquired ND pattern is
presented in Figure 2 (b). To allow direct comparison with the aforementioned XRD pattern,
the abscissa of both figures was set to the d-spacing (in unit A), but additionally, both

subplots show the corresponding Bragg angles on a separate horizontal axis.

The ND pattern contains high-intensity reflections which originate from the fluorite-type
parent structure of U3O7. Note that, unlike for X-rays, neutron scattering factors for uranium
and oxygen are similar, hence reflections of the type (hkl)r with & + k + [ = 4n + 2 are very
weak in the neutron diffractograms due to out-of-phase diffraction of uranium and oxygen
atoms. In addition to the sharp, parent structure reflections, a series of satellite reflections can
be readily distinguished in the region between 35-50° 26. Also, the background appears more
perturbed, which is caused by the occurrence of numerous, low-intensity satellite reflections.
Similarly to the evaluation of the XRD pattern, the ND pattern was evaluated via Rietveld
refinement, using the parent structure model (results are presented in Table 1). The resulting
fit (solid red line in Figure 2 (b), Rwp = 13.39, y = 4.82) also contains discrepancies in the
fitted intensity, and obviously, it captures only reflections corresponding to the fluorite-type

parent structure. This allows to distinguish the satellite reflections from the main reflections.
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Figure 2. Room temperature X-ray (a) and neutron (b) diffractograms of a polycrystalline U307
powder sample. Measured data are represented by black dots. Solid lines represent Rietveld fits
to the pattern using either the parent structure without oxygen clusters (red line), or the trial
model with cuboctahedral oxygen clusters (blue line). The corresponding difference profiles
are shown below each subplot on a relative intensity (Ir.1) scale. Miller indices of some of the
reflections are given either with respect to basis vectors ay, by, ¢r of the original fluorite structure
(subplot a) or basis vectors A, B, C of the expanded cell (subplot b).

Table 1. Agreement factors and lattice parameter values obtained after Rietveld
refinement of the room temperature XRD and neutron diffraction patterns. Estimated
standard deviations on the trailing digit (esd’s) are given in parentheses.

Diffractogram XRD,298 K ND,298 K ND, 298 K

Structural model Parent Parent Trial

Rvwp (%) 10.40 13.39 13.39

X 3.04 4.82 4.82
A=B (A) 12.0303(2) 12.0258(8) 12.0258(8)
C(A) 16.6542(3) 16.651(1) 16.650(2)
as = br (A) 5.3801(1) 5.3781(4) 5.3781(4)
cr (A) 5.5514(1) 5.5503(3) 5.5500(6)
cr! ar 1.032 1.032 1.032
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It is evident that the parent structure model does not allow a correct evaluation of the ND
data. The satellite reflections in the diffraction pattern relate to the occurrence of oxygen
clusters forming a long-range order in the crystal structure of U307.!3*° Hence, a structural
model which includes oxygen clusters needs to be applied. Subsequently, Rietveld refinement
was performed using the previously defined trial model (see section §3.1). However, the
resulting fit (solid blue line in Figure 2 (b), Rwp = 13.39, y = 4.82) does not improve, see also
Table 1. Although additional reflections are modelled in the 35-50° 26 range, significant
misfits in the profiles of both the satellite and main reflections occur. Clearly, a further
refinement of atomic arrangements and displacement parameters in the expanded structural
model is required. For this purpose, we will consider neutron diffraction data sets acquired
both at room temperature and at 1.5 K (see sections §3.3 and 3.4).

3.3.Assessment of low-temperature antiferromagnetic order in U307

The acquisition of diffraction data at cryogenic temperatures results in minimal interference
of thermal displacements on local disorder, in contrast to conventional room temperature
acquisition. However, cryogenic conditions may also affect the crystal structure by inducing a
phase transition or allowing additional magnetic ordering schemes. Such behavior, and in
particular an antiferromagnetic transition, has been reported to occur in UO; at temperatures
just above 30 K.%-%¢ To identify or rule out such effects on U307, neutron diffraction
experiments were first carried out using the high-intensity two-axis diffractometer at beamline
D20 of the ILL, operating at 1.5 K and 100 K in a He cryostat (see details in §2.2).

d-spacing (A)
2212 2
TN B n " 1
15K e
100 K
3
<
0
€
>
o]
o
o 254
€ 0o M ~
®5l 0 - - - - O
20 50 80 110 140

Bragg angle (° 20, i, = 2.41 A)

Figure 3. Neutron diffractograms of polycrystalline UsO7 powder acquired at 1.5 K (black
dots) and 100 K (red line) using the high-intensity two-axis diffractometer at beamline D20
(Anp = 2.41 A) of the ILL. Intensities are normalized to the main reflection. The difference
profile between both patterns is shown at the bottom of the plot on a relative intensity (Irer)
scale. No indications for long-range antiferromagnetic ordering could be distinguished from
the data comparison.

A comparison between both scans, with intensity normalized to the highest intensity

reflection, is presented in Figure 3. The difference profile is additionally shown at the bottom
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of the plot, on a relative intensity scale. Some scatter is visible around the main reflections
due to differences in thermal expansion, but no additional reflections can be distinguished in
the low angular range. Based on these data, a phase transition producing a long-range
antiferromagnetic order between 1.5 K and 100 K can be ruled out. On the other hand, a
canted magnetic order which does not produce strong additional scattering signals cannot be
immediately ruled out, and such an assessment will be carried out based on the electronic

structure calculations reported and discussed further.

3.4.Structure refinement at 1.5 K and 298 K

To comprehensively assess the U3sO7 crystal structure, neutron diffraction data were
additionally measured using the high-resolution two-axis diffractometer of beamline D2B at
the ILL, both at 1.5 K and 298 K (see details in §2.2). Apart from the thermal contraction and
reduced diffuse scatter, the 1.5 K neutron diffraction pattern (displayed in Figure 4 (a)) is

identical to the diffractogram recorded at room temperature, i.e. no additional reflections are

observed.
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Figure 4. U307 neutron diffractograms, acquired at 1.5 K (top) and 298 K (bottom). Measured
data points are represented by black dots, a fit to the pattern after Rietveld refinement is
shown by the overlaying red line. The corresponding difference profile is shown below the
pattern, on a relative intensity (Ir1) scale. Vertical black lines denote the position of
reflections with a relative intensity larger than 2%.
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The 1.5 K neutron diffractogram was analyzed by Rietveld refinement, following the general
approach outlined in section §2.2. The scan range considered was from 9.00 to 159.95 °26,
but a window between 149.5 and 153.0 °20 was excluded because of a parasitic signal from
the cryostat. The parameter set was progressively expanded by refining four individual
isotropic thermal displacement parameters (uui-s, Uoi-15, Uo’e, U0’1-6), €ach constraining a
subgroup of atoms in the structural model, corresponding respectively to U1-U8, O1-015,
O’c, and O’1-O’6. This refinement improved already (Rwp = 9.07 and y = 4.17) as compared
to the parent structure refinement reported in section §3.1. However, a significant misfit on
the intensities of the satellite reflections was still apparent, and additionally, the isotropic
thermal displacement parameters were still elevated (uui-s = 0.0090(5), uoi-15 = 0.0319(7),
uoc = 0.15(4), uo'1-6 = 0.141(9)). At the temperature under investigation this is indicative of
further structural disorder, mainly on the oxygen sublattice.

In a next refinement cycle the coordinates of atoms on general (xyz) Wyckoff positions, and
subsequently, those of the remaining atoms were included, constrained to their respective site
symmetry conditions. This operation led to a remarkably better agreement between the
diffraction data and fit (Rwp = 4.82 and y = 2.25, see Figure 4 (a)), and also the isotropic
thermal displacement parameters decreased significantly (uui-g = 0.0040(6),

uoi-15 = 0.0085(9), uo’c = 0.05(1), uo’1-s = 0.029(2)). A summary of the refinement results is
presented in Table 2.

Table 2. Comparison of results obtained after Rietveld refinement of the 1.5 K and
298 K neutron diffraction data. Esd’s are given in parentheses.

Acquisition temperature

1.5K 298 K

Ryp (%) 4.82 4.95

z 2.25 1.80

A=B @A) 12.0018(3) 12.0253(3)

c@A) 16.6239(7) 16.6496(6)
U1-8 0.0040(6) 0.0070(6)

. 01-15 0.0085(9) 0.014(1)

uio B ¢ 0.05(1) 0.05(1)

0’1-6 0.029(2) 0.034(3)

The 298 K neutron diffraction data acquired at beamline D2B was subsequently evaluated via
Rietveld refinement, using the crystallographic information obtained at 1.5 K as starting input
data. The scan range considered was from 9.00 to 154.95 °26, with a window between 148
and 151 °260 being excluded because of the previously discussed parasitic scattering signal
coming from the cryostat. The refinement approach was identical as before, also including the
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four individual isotropic thermal displacement parameters (uui-s, uoi-15, Uo’c, Uo’1-6) defined
earlier. The calculation converged readily, demonstrating the suitability of the input structure,
and excellent agreement was obtained (Rwp = 4.95 and y = 1.80), see Figure 4 (b). Because the
diffraction data was acquired at room temperature, the isotropic thermal displacement

parameters increased slightly, as compared to their values at 1.5 K (see Table 2).

The thermal displacement parameters of the oxygen atoms comprising the cuboctahedral
oxygen clusters (O’c and O’1-6) stand out from the values of the U1-8 and O1-15 atoms at
both acquisition temperatures. With respect to the 1.5 K conditions, this is indicative of some
remaining structural disorder. Arguably, it could be possible to release the constraint on uo'1-6
and continue the refinement using anisotropic parameters on O’c and the six individual O’
atoms. However, such operation would increase the total number of variables from 85 to 125.
We attempted this model, but obtained no smooth convergence in the refinement procedure,
most likely because of the strong correlation between positional and anisotropic parameters of
the atomic model. In another attempt, the positional parameters were kept fixed, and only the
thermal displacement parameters were further refined, but this led to meaningless negative
values for the anisotropic ellipsoids axes, which indicates we overreached the information of
the diffraction data set.

Figure 5. Illustration of the refined UszOy7 crystal structure at 1.5 K, in the expanded unit cell
(P42/n) with lattice parameters 4 = B = 12.0018(3) A, C = 16.6239(7). Uranium and oxygen
atoms are represented by black and red spheres, respectively. Green colored polyhedra
indicate the positions of distorted cuboctahedral oxygen clusters.
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All structural parameters refined from the 1.5 K and 298 K diffraction data are summarized in
their corresponding crystallographic information files (CIF), and made available as supporting
information. Additionally, comprehensive overviews of the refined structural parameters are
presented in Tables S4 and S5 of the ESI. A visualization of the expanded unit cell, refined
from the 1.5 K neutron diffraction data, is shown in Figure 5. It appears that the uranium
atoms remain close to their original fluorite-type positions, with relative displacements not
exceeding 0.16 A . The oxygen atoms, however, are much more severely affected, and
variations from the original positions may reach up to 0.89 A.

One of the most obvious differences with the initial trial model (see Figure 1) is that the
cuboctahedral oxygen clusters are no longer regular. For a regular cuboctahedron, the vertices
are described by a <uu(0>-type displacement from the central atom (12 symmetry-equivalent
positions).®”-%® Hence, the value of u denotes the cuboctahedron size, and in previous studies
where regular cuboctahedral oxygen clusters were assumed to occur in U307, values between
0.37 and 0.41 have been derived.’®*>% Although we now find that the clusters are severely
distorted, a corresponding value of the u parameter may be derived by averaging the distance
between the polyhedron vertices and the center. Based on the model refined on the 1.5 K
neutron diffraction data, an average value of u = 0.39 £ 0.04 (10) is obtained, which is in

excellent agreement with earlier predictions.

3.5.Electronic structure calculations

The electronic properties of U307, imposed by the refined structural model at 1.5 K, were
assessed with emphasis on the environment of the uranium atoms and their related properties.
Given that long-range collinear magnetic order has been ruled out from our neutron scattering
experiments (see section §3.3), the possible emergence of canted magnetic order induced by
spin-orbit coupling (SOC) was considered. Figure 6 shows the band structure of U307
obtained including SOC, with energies referenced to the valence band maximum. It indicates
that U307 is a semiconductor, with a band gap close to 0.32 eV. Alternatively, a paramagnetic
calculation neglecting SOC predicted UzO7 to be a metal (see Figure S1 in the ESI), contrary
to experimental evidence.”® Another discrepancy, which occurs when SOC is excluded from
calculations, is related to the occupation of the 5f orbitals. The nuclear model contains eight
groups of uranium atoms (U1, U2, ... US), and although no point symmetry was enforced in
the calculations, the SOC correction appears only weakly effective in breaking the tetragonal
symmetry of the nuclear model. Hence, eight groups of uranium atoms showing similar
properties are reproduced (see Figure S2 in the ESI). On the other hand, results of calculations
without SOC are not satisfactory because they show occupancy discrepancies within most of
the groups. Therefore, the latter type of calculation is unable to describe properly the 5f nature
of the states in U307, and henceforth, only results including SOC are reported and discussed.
We point out that the relevance of SOC to the chemistry of uranium complexes (and more

generally, actinide complexes) has been long recognized,”! and furthermore, it is of
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paramount importance to explore non-collinear magnetic configurations, as will be

demonstrated in section §4.2.

Energy (eV)

Figure 6. PBE+U calculated band structure of U307 along the high symmetry lines of the
Brillouin zone that corresponds to the tetragonal structure, including spin-orbit coupling.
U307 is predicted to be a semiconductor with a band gap of close to 0.32 eV (energies
referenced to the valence band maximum).
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Figure 7. PBE+U projected density of states of UsO7. The dominant contributions in the
energy range shown come from the oxygen 2p and the uranium 64 and 5f states. Interestingly,
the oxygen 2p states contribute more to the top of the valence band than the uranium 5f states.
This implies that U307 can be considered a charge-transfer insulator, and not strictly a Mott
insulator like UO; (energies referenced to the valence band maximum).

The electronic structure of U307 was further analyzed by considering the nature of the
electronic states in the valence and conduction bands. Figure 7 shows the projected character
of the corresponding contributions. The valence band has main contributions from oxygen 2p
and uranium 5f states, and a lesser presence of uranium 6d states. The conduction band is
dominated by uranium 5f states, with minor contributions of oxygen 2p and uranium 6d states.
This is rather similar to what is observed in UO,.?” Interestingly, whereas in UO, the gap

occurs essentially between uranium 5f states, i.e. the top of the valence band and bottom of
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the conduction bands are mainly of uranium 5f character, in U307 the valence band is mainly
of oxygen 2p character. This means that in contrast to UO,, which is a Mott insulator, U307 is
better described as a charge-transfer insulator,'® or rather as a mix of the two, with a stronger
bias toward the latter. The difference with UO; can be understood as arising from the overall
change in oxidation state of the uranium atoms, which in turn also produce changes of the

coordination polyhedra and shorter U—O bonds.

The uranium chemical states in the refined structural model of U307 were subsequently
evaluated in two different ways. Firstly, via the Bader (Atoms in Molecules) analysis, where
the atomic charge is integrated within non-overlapping atomic basins having boundaries
defined by the zero-flux condition of the electron density.”> And secondly, via the iterative
Hirshfeld (Hirshfeld-I) approach, in which the charge density is mapped over a reference
density and it is split in basins that can partially overlap (the iterative Hirshfeld method is an
improved version of the original Hirshfeld partitioning).%? In principle, the Hirshfeld-I charges
correlate with the ion interactions and provide a better descriptor of the nominal oxidation

state of an ion.%?

The results of Bader and Hirshfeld-I charge analyses are presented in Figure 8. The eight
uranium groups are clearly reproduced, and within each group the values are consistent with
the site symmetry rules. The independent calculation of the Bader and Hirshfeld-I charges for
each atom in the cell provides proof of the accuracy of the calculations, which are dependent
on the sampling over a real space fine grid and on the energy cutoff of the basis functions. We
can distinguish at least three families of environments: (1) Uranium site U1l shows the highest
charge depletion, and hence, must exhibit the highest oxidation state, (2) sites U3, U4, US, U7
fall within a narrow charge interval and will have a similar but lower oxidation state than U1,
(3) sites U2, U6, U8 are assigned the lowest charges, but display some scatter.
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Figure 8. Uranium atom charges resulting from the Iterative-Hirshfeld (Hirshfeld-1) and Bader
partitioning schemes. Both methods show a similar trend from which at least three types of
environments can be deduced: Ul, (U3, U4, U5, U7), and (U2, U5, U8).
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The non-collinear spin-resolved calculations of the electronic structure allow also the
complete determination of the amplitude and the orientation of the local magnetic moment of
the different uranium atoms. Due to the localized 5/ orbitals one can expect a localized
magnetic moment, although its magnitude and direction will depend on the actual electronic
structure. In Figure 9 the magnitude of the spin magnetic moment is presented, taking into
account the contribution of either all orbitals (dark red dots) or only the 5/ orbitals (gold dots).
This comparison shows clearly that the dominant contribution stems from the 5f orbitals.
Interestingly, the magnetic moment values reproduce very distinctly the aforementioned three
families of uranium sites. Quite importantly, uranium atoms at Wyckoff site 4d (i.e. atoms
Ul) are found to have a (nearly) zero magnetic moment, which would correspond to a formal
hexavalent state (absence of 5f electrons). The highest magnetic moments are assigned to
uranium sites U2, U6 and U8 (1.6 ug on average), whereas an intermediate value (0.8 ug on
average) is calculated for uranium sites U3, U4, U5 and U7. By combining these results with
the charge analyses it may be presumed that the UsO7 phase contains a single hexavalent
environment (U1), four pentavalent environments (U3, U4, U5, U7), and three tetravalent
environments (U2, U6, US). Based on the site symmetry values, this would lead to a

24/60 x U(IV) + 32/60 U(V) + 4/60 U(VI) distribution of uranium chemical states.
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Figure 9. Local magnetic moment of the uranium atoms: total (dark red dots) and f-orbitals
contribution only (gold dots). The analysis of the magnetic moments clearly partitions the U1-
U8 atoms into three classes establishing a bijective correspondence with the U(IV), U(V), and
U(VI) environments.
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4. Discussion
4.1. Charge localization in the nuclear structure

Recent experimental evidence, specifically X-ray absorption spectroscopy results,*®47

emphasized that tetravalent and pentavalent uranium states are the prevalent charge
compensation mechanisms in both UsO9 and U3zO7. The occurrence of a hexavalent chemical
state could only be evidenced in U3Og and UOs. Similarly, in a recent theoretical study by Ao
and coworkers, Bader charge values corresponding only to tetravalent and pentavalent
uranium states were assigned to the UsO7 phase.? Their calculation, however, pertains to the
split quad-interstitial oxygen defect model, and results in different atomic environments and
charge distributions which cannot be normalized and compared to the work presented here.
Our results coincide in that U(IV) and U(V) charges are dominant in the U3O7 phase, but
additionally, a small contribution of U(VI) states is found. To further assess the uranium
speciation, bond-valence-sum (BVS) calculations were performed using the well-known
Zachariasen parameter set derived from tetra-, penta- and hexavalent uranium compounds.”
The results are presented in Table 3.

Table 3. Cation charges derived from bond-valence-sum calculations, applying the
Zachariasen parameter set.”> For each atomic site, only the calculated value with the
smallest deviation from the nominal valence may be retained. Incompatible values are
parenthesized and greyed out, for clarity towards the reader. The esd on the BVS

values, propagated from the uncertainty on the refined structural data amounts to
+ (0.4 (10) on average.

Site Bond-valence-sum Formal cation
mult. charge assigned
uayv) uUy) uv)
Ul 4 (7.3) (6.8) 6.6 4 x6°
U2 8 4.1 (3.8) (3.6) 8 x 4*
U3 8 (5.7) 53 (5.0) 8 x 57
U4 8 (4.8) 4.5 (4.3) 8 x 57
Us 8 (4.8) 4.4 (4.2) 8 x 57
U6 8 4.5 4.2) (4.0 8 x 4"
U7 8 (5.3) 4.9 (4.7) 8 x 57
U8 8 4.1 3.8) (34 8 x 4"
Average cation charge Total cation charge
4.67 280"

The BVS results reproduce the observations from the electronic state calculations, and divide
the associated formal cation charge in three groups of uranium sites: (1) Site U1 displays the
highest cation charge and can only be assigned a U(VI) state; (2) sites U3, U4, U5, and U7

correspond best to a U(V) state, but the calculated charges display some scatter from the
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nominal 5* value; (3) sites U2, U6, U8 are associated to a U(IV) state. This thesis is further
supported by evaluating also the average (280/60 = 4.67) and total cation charge. By taking
into account the site multiplicity factors the latter value corresponds exactly to the
theoretically expected value to respect Pauling’s electrostatic valence rule, i.e. in UgoO140:
(24 x 4"+ 32 x 57+ 4 x 6)=280" = (140 x 2°).

(@)

(b)

Figure 10. Illustration of some of the uranium coordination environments in the refined U307
structure. Uranium atoms are differentiated by black, dark grey and white colors,
corresponding respectively to tetra-, penta-, and hexavalent states. Oxygen atoms are
represented by red and green spheres to distinguish between anions on the originally, fluorite-
type positions, and those associated to the cuboctahedral clusters, respectively. (a) A 9-fold
coordination (capped square-antiprismatic and elongated square pyramidal) occurs around
sites U2, U3, U4, U7 and US. (b) Sites U5 and U6 display a 10-fold coordination
(sphenocorona environments). Site U1 is distant from any of the oxygen clusters and exhibits
an 8-fold coordination (distorted cubic) with two short “oxo-type” U—O bonds.
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It is now useful to correlate the local coordination chemistry in the U3O7 structure to the
derived uranium speciation, see Figure 10. Nine-fold coordinated uranium atoms (sites U2,
U3, U4, U7, and U8) are located around the oxygen clusters, and this group can further be
subdivided based on their geometry. Sites U2 and U3 are adjacent to the (originally) square-
faces of a neighboring cuboctahedral oxygen cluster and display a capped square-
antiprismatic environment. Sites U4, U7 and U8 represent uranium atoms closest to
(originally) triangular faces of the cuboctahedra, showing elongated square pyramidal
environments. Ten-fold coordination occurs around uranium sites U5 and U6, conforming
best to sphenocorona environments. One uranium site (U1) is eight-fold coordinated, but
strongly distorted (see also Figure 10) from its original fluorite-type coordination in the trial
model. Four pairs of opposite bonds occur (U1-09, U1-010, U1-012, and U1-015), with
the two U1—09 bonds being very short “oxo-type” bonds (1.93 A). The U1 environment also
displays shorter-than-average interatomic distances between oxygen atoms (e.g. 2.21 A
between 09—015 and 2.38 A between 09—015), leading to an overall very compact

environment.

Oxo-type bonding has been commonly associated to pentagonal bipyramidal (seven-fold), or
octahedral (six-fold) uranium environments as found in U3zOg and in the UO3 polymorphs. Its
occurrence in an eight-fold coordinated environment, however, is unique, and was hitherto
only postulated by Conradson and coworkers in their EXAFS studies on UO»+ and
PuO2+.”*7 In a recent examination of the local structure in U307 by EXAFS, the shortest
U-O0 interatomic distances were modelled at 2.18(2) A, and displayed a mean thermal
displacement value of 0.08(4) A 38 Hence, bond lengths around 1.93 A were not resolved. The
aim of the study was to evaluate the UzO7 trial model with cuboctahedral oxygen clusters and
necessitated to define an average local environment consisting of three main classes of
uranium-oxygen coordination. The refined structural model reported in the present work,
however, contains up to 69 distinct bond lengths in the first coordination sphere of the
different uranium sites. The short oxo-type bonds found in the Ul environment represent one
out of 69 possibilities, thus contributing only marginally to the convoluted scattering profile at
short U—O distances. In addition, complementary oxygen shells could not be evaluated from
the EXAFS data because the information limit was reached.?® The highest density of U-O
bonds occurs in the 2.1 to 2.5 A region (a histogram illustrating the axial distribution around
each uranium site is available as Figure S3 in the ESI), which agrees well with the EXAFS

evaluation.

Until now, the prevalent charge compensation mechanism for the U;O7 phase was embodied
by a 1/3 x U(IV) + 2/3 U(V) distribution of uranium oxidation states. This was supported by
High-Energy Resolution Fluorescence Detection (HERFD) X-ray Absorption Near-Edge

Spectroscopy (XANES) at the U Mi-edge that indicated a 36% U(IV), and 64% U(V) charge

character in U307.%” The electronic structure calculations and BVS assessment presented here
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similarly point towards a uranium charge distribution model involving predominantly U(IV)
and U(V) states, but additionally, a small contribution of U(VI) states is highlighted. A closer
look at the UsoO140 structural model shows that some restrictions are imposed on the
distribution of uranium chemical states based on site multiplicity rules. For example, the
original scheme of 1/3 x U(IV) + 2/3 U(V) states, which corresponds to a

20/60 x U(IV) +40/60 U(V) distribution, can only be achieved if uranium site U1 (site
multiplicity 4, all other sites have a multiplicity of 8) is assigned a tetravalent state. Although
this condition was assumed in the trial model, the atomic arrangements in the refined structure
evolved towards a solution with a very compact Ul environment, which can only be

associated to a higher valence state.

In this context it is interesting to compare the refined crystal structure of UzOy to that of
Ca,YDbF7 (14/m), an ordered phase in the system CaF>—YbF3 which also exhibits a fluorite-
related superstructure.’®’” Their similarity is illustrated in the ESI (Figure S4), together with a
graphic presentation of the orientation relation between both structures (Figure S5). The
dominant crystallographic feature is the occurrence of cuboctahedral anion clusters in sheets
perpendicular to the four-fold axis. Furthermore, within these sheets, the clusters are
alternated by eight-fold coordinated (cubic) cation environments. In Ca;YbF7 the geometry of
the cubic CaFj sites is restrained by the cation valence state, i.e. Ca(Il), and it remains regular.
However, in uranium oxides such as U307, a wider variety of cation states can occur, enabling
the equivalent UOs site (U1) to become distorted in a much more compact environment. Most
likely this mechanism is required to avoid steric hindering between the distorted and spatially

more extended cuboctahedral oxygen clusters, as compared in Ca,YbF7.

------ U,0, HERFD-XANES at U M,-edge (Ref [45])
Fit resulting in 36% U(IV) + 64% U(V) (Ref [45])
Simulation corresponding to:

(1): 20/60 U(IV) + 40/60 U(V)

—— (2): 24/60 U(IV) + 32/60 U(V) + 4/60 U(VI)
—— (3): 4080 U(IV) + 20/60 U(V1)

Normalized intensity (a.u.)

............................................

Incident Energy (keV)

Figure 11. Experimental HERFD-XANES spectrum of U307 at the U Ms-edge, reproduced
from Leinders et al.*’ Copyright 2017 American Chemical Society. The colored lines present
fits to the spectrum obtained by convoluting spectra of the isolated tetra-, penta- and
hexavalent components with the relative contributions indicated in the legend. While the third
scheme (magenta line) can clearly be disregarded, a preference for either the first (blue line)
or second scheme (green line) cannot be ascertained within the precision of the XANES
measurement.
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The distribution of uranium oxidation states determined in this work introduces a new scheme
to maintain charge neutrality in the UsO7 phase: 24/60 x U(IV) + 32/60 U(V) + 4/60 U(VI),
which corresponds to a 40.0% U(IV), 53.3% U(V), and 6.7% U(VI) charge character. To
compare the possible charge distribution models, the U M4-edge HERFD-XANES spectrum
reported in Ref. 45 was simulated by convoluting spectra of the isolated tetra-, penta- and
hexavalent components with the aforementioned relative contributions (see Figure 11).4” We
found that the experimental spectrum can be simulated with both the original and new
scheme, leaving only a minor discrepancy for the intensity at the U(IV) shoulder. The local
differences between experimental data and modelled spectra are of the same magnitude but
inverse from each other, which shows that, within the precision of the XANES measurement,
the unambiguous distinction between both charge distribution schemes cannot be made. It will
be of specific interest to further investigate the evolution of hexavalent uranium states during
progressive oxidation in the U—O system, for instance, by comparing structural relations

between the phases enveloping the UzO7 phase field, i.e. UsO9 and U3Osg, respectively.

4.2.Magnetic correlations predicted from first-principles calculations

The electronic structure calculations evidence a strong interaction between f-electrons,
producing a strong charge localization described as a charge-transfer insulating regime within
the overall Mott-Hubbard mechanism. The low energy physics of insulator systems, in some
cases, is described in terms of spin-only Hamiltonians: This happens for instance when the
local symmetry of the f~element is low enough to lift the orbital degeneracy of the f~manifold.
However, when the f~element possesses an orbital degeneracy in addition to that originating
from spin, different kind of interactions become meaningful as for instance long-range
correlations driven by Jahn-Teller, or exchange interactions that are responsible for orbital

ordering and spin-gapped states.

The situation in U307 is possibly at the frontier between the two limit cases, because the
structure retains some pseudosymmetries of the fluorite system, and additionally, a relatively
strong relativistic spin-orbit coupling entangles locally spin and orbital degrees of freedom.
The physics of such systems may differ from that of compounds in which SOC has a weaker
perturbative nature, and it may produce magnetic interactions that depart from those described
by the SU(2) symmetry. The strong charge localization occurring in the U3zOy structure,
evidenced in the current work, introduces an interesting possibility because the triangular
lattice of strongly magnetic U(IV) ions of the fluorite structure can be partially depleted by
the presence of diamagnetic U(VI) ions, and the interactions can also be weakened by the
existence of U(V) ions. The introduction of SOC seems a suitable way of capturing the
frustrated ferromagnetism in this insulating system because this coupling contribution can
favor a spin canting of magnetic moments that would be otherwise aligned.
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The ab-initio model used for the electronic structure calculations detailed in section §3.5
started from the refined coordinates of the nuclear positions in the P4»/n space group and
employed an automatic initialization of the Cartesian components of the magnetic moments of
the uranium atoms. This particular choice converges to a possible magnetic structure solution
in which the atomic charge distribution and the norm of the magnetic moments still respect
the experimental tetragonal symmetry. However, the orientations of the magnetic moments
produce a symmetry break that lifts the orbital degeneracy: The P4,/n symmetry of the
nuclear structure is broken, as the 4-fold rotations are not maintained (see Table S6 in the
ESI). The resulting magnetic structure is ferromagnetic and it can be described in the
monoclinic subgroup P2’/c’ of the tetragonal nuclear structure. To check the robustness of the
initialization choice, we have performed a second calculation where the initialization of the
magnetic moments obeys the requirement of this monoclinic subgroup. This calculation
converges smoothly to a lower minimum, confirming the predictions of the preliminary
calculation. A comparison of the uranium charges and amplitudes of the magnetic moments

for the two initializations is available in the ESI (Figures S6 and S7).

The standard description of the magnetic subgroup P2 ’/c’ requires the following lattice

transformation:
-1 0 1
(ambmcm)=(ABC)' 0 0 19,
0 1 0

with am, bm, ¢m, and A, B, C, the monoclinic and tetragonal basis vectors, respectively. The
resulting monoclinic lattice parameters are equal to am =4 = 12.0018(3) A,
bn=C=16.6239(7) A, cm = A2 =16.9731(4) A, and = 135°. The loss of symmetry
elements of the paramagnetic group roughly doubles the number of independent atoms. The
atomic positions of the 16 independent U atoms (and 42 O atoms) are available as a magnetic
CIF in the ESI, and additionally, the structural parameters of the magnetic uranium atoms are

summarized in table S7.
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Figure 12. Representation of the P2’/c’ magnetic structure, projected along the em-axis. The
unit cell consists of stacked cation layers, 4 of them being independent because of the
inversion symmetry. The bottom and middle layers contain the cuboctahedra centers and a
mixture of U(V) and U(VI) atoms; the two intermediate layers contain a mixture of U(IV) and
U(V) and display the largest magnetic amplitudes.

A projection of the magnetic structure along the cm axis (see Figure 12) allows to distinguish
a repeating stack of 4 cation layers having different characteristics. Each one of the
independent U atoms belongs to a particular layer so that the orientation relations of the
magnetic moments among layers are not constrained by symmetry elements. The layer at the
bottom of the stack (a 0 ¢) and the one at (a % ¢) contain the cuboctahedra centers, and
localize the diamagnetic U(VI) ions (Ula, Ulb) and two sets of U(V) ions (U3a, U3b, USa,
US5Db), see Figure 13. Half of these pentavalent atoms (U3b or U5a) carry magnetic moments
roughly oriented along the 4am—cm direction while the other half (U3a or U5b) have their
main component out of plane along the bn direction. Overall, these two layers display similar

canted ferromagnetic arrangements.
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Figure 13. Projections of the P2°/c’ magnetic structure along the bm-axis, at elevations bm
corresponding to the four characteristic layers. To improve readability, the atomic radii were
decreased by a factor 2, and all oxygen atoms were omitted. Within each layer a canted
ferromagnetic order is observed: The main component of the amplitudes is roughly oriented
along the em-direction in the bottom and middle layers, and along the am-direction in the
intermediate layers.

The intermediate layers, corresponding to the planes (a '/s ¢) and (a '/ ¢), contain a mixture
of 2/3 U(IV) ions and //3 U(V) ions but they have different magnetic arrangements in the two
layers (see also Figure 13). In the second layer from the bottom, the three independent
tetravalent ions (U2b, U6b, and U8b), with the largest magnetic moments, display a
ferromagnetic order with the main component along the am direction and a smaller out-of-
plane component along bm. The two independent pentavalent ions (U4b and U7b) have
similar alignment, but half of them are flipped. In the third layer, the tetravalent ions display a
variety of behaviors. One third of them (U8a) have an in-plane component that is still oriented
roughly along am. Another third (U2a), all of those in capped square antiprisms adjacent to the
oxygen cuboctahedra, have a large component along bm and a smaller in-plane component at
45° with am. The last third (U6a) have also a large component along bm and an in-plane
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component oriented at about 90° with am. Half of the pentavalent atoms in this layer (U4a) are
aligned along bm, the remaining ones (U7a) along cm. In summary, while the nuclear
arrangements are clearly fluorite-related, the ground state magnetic order in U307 displays a

layered sub-structure.

We have used this structure to calculate the corresponding magnetic intensities in the neutron
diffraction experiments (see Figure 14). The predicted magnetic intensities are very weak (the
largest magnetic contribution to a reflection is only 0.2 % of the main nuclear peak). These
corrections to the nuclear intensities are comparable to the noise level of the scattering data
that is 0.3 % and 0.1 % (relative intensity) for the D2B and D20 acquisitions, respectively.
Therefore, while we are unable to further refine this magnetic model against the experimental
data, the magnetic solution provided by the electronic structure minimization is correct within

the accuracy of our experiment.
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Figure 14. Comparison between the experimental neutron diffraction pattern acquired at 1.5 K
at beamline D2B (black dots), and simulations assuming nuclear scattering (red line), or
magnetic scattering only (green line). Vertical green lines indicate reflections from magnetic
scattering with a relative intensity higher than 0.1 %. The contribution of the magnetic
scattering is also reproduced on a relative intensity scale at the bottom of the graph,
overlapped with the difference profile between experimental data and nuclear scattering fit.
Clearly, the magnitude of the magnetic scattering is at the noise level of the diffraction data.

While the nuclear and magnetic structure models are fully consistent with the powder
diffraction experiments, a more accurate assessment of the magnetic symmetry would require
a polarized neutron scattering experiment on a single domain crystal that is not currently
available for this compound. Alternatively, methods resulting in magnetic susceptibility or
heat capacity data at cryogenic temperatures may be considered to further probe the magnetic
properties. A further refinement of the electronic calculation would involve distinct Hubbard
parameters for each one of the different environments of the uranium atoms and the eventual
use of hybrid functionals. This might increase the current small dispersion in the magnetic
moment amplitudes that we observe with a single Hubbard parameter, but this is not a trivial

task considering that up to 16 distinct values can be expected.
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5. Conclusion

High-resolution and high-intensity neutron diffraction data were acquired at 1.5 K, 100 K and
298 K from a polycrystalline U307 powder sample prepared at thermal equilibrium. These
data were comprehensively assessed to refine atomic arrangements in the crystallographic
trial model proposed from prior investigations, i.e. the UsoO140 superstructure model
containing four cuboctahedral oxygen clusters. The refined structure, and specifically the
anion sublattice, appears much more distorted than the trial model, confirming earlier
observations which could not fully resolve the atomic arrangements in the U3O7 phase.

Three groups of uranium sites are distinguished, each associated to either a tetravalent (U2,
U6, U8), pentavalent (U3, U4, US, U7), or a hexavalent (U1) uranium state, leading to the
charge-neutral valence state distribution 24/60 x U(IV) + 32/60 U(V) + 4/60 U(VI) in the
Us0O140 structural model at 1.5 K. Uranium environments surrounding the distorted
cuboctahedral oxygen clusters are nine- to ten-fold coordinated, and associate to the tetra- or
pentavalent valence states. The centrosymmetric Ul environment is peculiar and consists of
an eight-fold coordinated polyhedron (distorted cube) which contains two short

(2 x 1.93(3) A) oxo-type U-O bonds, resulting in an overall very compact environment with
a high local charge.

Self-consistent ab-initio calculations performed on the refined crystal structure provide novel
insights on the electronic structure of U3O7. Firstly, we find that spin-orbit coupling is
required to obtain semi-conductor properties. The valence and conduction bands are
dominated by O 2p and U 5f'states, respectively, suggesting that UsO7 can be described as a
charge-transfer insulator, as the excitation takes place from the anion states, rather than

among uranium states as in the Mott insulator picture characteristic of UOx.

Corroborating results with respect to the uranium speciation were further obtained from Bader
and Hirshfeld-I charge analyses, establishing a very good correlation with the calculated
magnetic moments carried by the uranium atoms, and also with bond-valence sum
calculations. The occurrence of long-range antiferromagnetic order in U3O7 between 1.5 K
and 100 K was ruled out by assessing the neutron diffraction data. The spin-resolved
electronic structure calculations, on the other hand, predict a magnetic ground state structure
in U3z0O7. Based on the orientation of the magnetic moments carried by the uranium atoms, a
model was described in the P2’/c’ magnetic space group. The magnetic structure displays
canted ferromagnetic order in four characteristic layers, two consisting of mixed hexavalent
(diamagnetic) and pentavalent (0.8 ug) ions, and the other two consisting of tetravalent (1.6
us) and pentavalent (0.8 ug) ions. The predicted magnetic intensities are very weak and
cannot be experimentally refined using powder diffraction data. To further probe the magnetic
properties, dedicated experimental methods still need to be considered.
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TOC graphic

Charge localization in U307 (UsoO140) = 24xU(IV) + 32xU(V) + 4xU(VI)
— °

Synopsis

Atomic arrangements in the mixed-valence oxide U307 are refined from neutron scattering
data. By combining experiment with electronic structure calculations, an interplay between
uranium charge localization and the magnetic moments carried by the uranium atoms is
revealed. Most cations have tetravalent and pentavalent states, and carry magnetic moments
of respectively 1.6 ug and 0.8 ug. One particularly compact environment is assigned a
hexavalent state, resulting in a 24/60 x U(IV) + 32/60 U(V) + 4/60 U(VI) charge distribution.
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