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Structural and electronic properties of U4sOy from ab initio and empirical potential calculations
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We address here the description of the different phases of U;Oq¢ with ab initio density functional theory and
molecular dynamics empirical potential calculations. These phases are built from the UO, fluorite by the addition
of oxygen interstitials which assemble in clusters named cuboctahedra. Due to the unit cell size and complexity,
their simulation represents a formidable task for numerical approaches. With DFT4U, we study in detail two
potential structures for « —U,Oy, however, these are just two representatives among the numerous coexisting
structures we found. The role of the different valence uraniums (U**, U+, and possibly U®*) is highlighted
thanks to our quantum-mechanical approach. Temperature effects are then appraised with empirical potentials
to describe the evolution of the U,Oq structure with temperature. We observe a continuous symmetrization of
the structure with increasing temperature. Indeed, below 800 K, it gradually turns cubic and the cuboctahedral
oxygen clusters tend to symmetrize. Beyond 800 K, the cuboctahedra start to disappear up to 1400 K, where

none can be found in our simulated structures.
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I. INTRODUCTION

Uranium oxide exists in several forms, the most important
one being UO,, the main component of standard nuclear fuel.
The first overstoichiometric oxide is U;Og, which shares with
UO; the face-centered cubic arrangements of uranium atoms.
The overstoichiometry is accommodated by the incorporation
of oxygen interstitials in the UO, fluorite structure. These in-
terstitials gather in clusters containing five interstitials, noted
I°. They were originally thought to be filled symmetric cuboc-
tahedra [1] (I2): each I is made of 12 oxygen atoms forming
the cuboctahedron per se, plus an additional oxygen intersti-
tial in its center. The I3 are positioned around an interstitial
site in the fluorite structure and replace an eight-oxygen atom
cube. They thus count as five oxygen interstitials, which
explains the I° notation. Three phases of U;O¢ have been
observed experimentally [2—4] with increasing temperature.
All phases have 424 atoms in their body-centered unit cell.
Their exact stoichiometry is therefore U230586 or UO7.234375.
I° clusters exhibit a specific order with 1/2(321) vector types
for I°—I° first distance. The structure is best visualized in the
828 conventional cubic cell, which corresponds toa4 x 4 x 4
repetition of the conventional cubic cell of UO;.

The B phase is observed at intermediate temperatures
(between 340 and 820 K). Its structure has been well charac-
terized by Willis and coworkers and others [1,5,6]. It exhibits
the 743d space group and I° clusters prove distorted and
shifted. Above 820 K, U;4Oq adopts the so-called y phase that
is isosymmetric to the 8 phase, but with variations in some
interatomic distances [7]. This defined phase dissolves into
the high-temperature UO,_, solid solution above 1400 K.

The « phase is stable below 340 K. It has a lower symmetry
space group: R3c [7,8]. The o phase has been much less
characterized than the 8 phase. We have recently proposed
descriptions of its atomic structure based on atomistic sim-
ulations with a semiempirical potential. The lowest energy
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structure proves orthorhombic, in disagreement with experi-
ments. The next phase up in energy (1.2 eV per U4Oy unitcell,
i.e., 2.9 meV per atom) is rhombohedral as in experiments.
This rhombohedral structure has the correct R3¢ space group.
In both structures, I’ clusters adopt a specific structure If:X,
which lie in between IZ and I (see below).

Starting from the rhombohedral structure, we performed
Rietveld refinement of neutron diffraction experiments and
obtained a reasonable fit at the expense of noticeable
shifts of the atomic positions. We thus proposed three
different structures: two from simulations and one from
experiments.

Attempts have been made [9] using more accurate de-
scription of atomic interactions, namely, density functional
theory (DFT) to deduce the structure of I’ clusters in U0y
from the study of the structure of isolated clusters of oxygen
interstitial in UO,. That proved an uneasy task. Indeed, DFT
calculations on actinide oxides are not straightforward and
heavy computationally. For many years, these calculations
pointed to the stability of the Iy cluster (made of four oxy-
gen interstitials) as more stable than any form of I°. This
appears to be due to spurious interactions between defects
due to too-small interaction boxes, as suggested by empirical
potentials [8] and recently confirmed by DFT (see Yang and
Wirth [10]). These authors did find that I° clusters are the most
stable arrangements of oxygen interstitials in UO,. However,
the clusters adopt a so-called I3, structure quite different from
symmetrical cuboctahedra as the five interstitials are packed
with the four oxygens, forming the regular face of the fluorite
oxygen cube.

The exact atomic structure of U4Qq, especially the one of
IS, thus remains unclear, especially in the a phase. More-
over, the evolution of U4O9 with increasing temperature with
atomistic simulations requires study. In the present paper,
we use atomic scale simulations, using two complementary
approaches, to tackle these two points.
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We first present results of DFT calculations of the structure
of Us09. We took extra care to describe in the best possible
way the electronic structure of the material. We present our
prediction of the structure of U4Oy9 at 0 K.

We complement this study by semiempirical potential sim-
ulations of the evolution of the structure of I° clusters in
U4O9 with increasing temperature, which we connect with
experimental observations available in literature.

II. AB INITIO aa—=U409 AT 0 K
A. DFT+U calculations

The electronic structure calculations in UO, are a del-
icate matter, mostly because of the localized open-shell f
electrons of uranium. To address this problem, the DFT+U
[11,12] is today the most used approach: it is very cost
effective (it is a standard mean-field approach) and yields
sensible physical results (it opens up a band gap in Mott
insulators), however, at the price of introducing empirical
on-site electron interaction parameters U and J. While U and
J could, in principle, be calculated [13-15], in the present
paper, we simply adjusted the parameters to obtain band gaps
and the lattice constant of UO; in correct agreement with
experiment.

Here we use the rotationally invariant formulation of
Liechtenstein et al. [11] as implemented in VASP [16] to-
gether with the PBE functional [17]. We use noncollinear
magnetism (with transverse 3k ordering) and introduce the
spin-orbit coupling. With these two contributions, the unit
cell of UO, remains cubic, as it should in the experi-
ment. In our previous calculations without these effects
[18], the UO, unit cell experienced a slight tetragonal
distortion.

The inclusion of the experimental magnetic order has a
very mild effect (if any) on the energetic defects we are
interested in in this paper. Notice the very small energy
scale reported in Ref. [19]. Quite the opposite, the inclu-
sion of spin-orbit coupling has a very positive consequence
on our calculations: the infamous multiple minima problem
that affects DFT4-U calculations during the electronic self-
consistent cycles (see Refs. [20,21]) is much mitigated, as
also noticed by Yang and Wirth [10]. Our hand-waving in-
terpretation is that the L - S spin-orbit term is a strong driving
term that allows the minimization algorithm to overcome the
problematic barriers separating the local minima of DFT+U.
That is why we do not employ any advanced technology and
rely on the default algorithm in contrast to our previous studies
[18,22].

Summarizing the electronic structure parameters of this pa-
per, weuse U =3.70 eV, J =0.51 eV for uranium f electrons,
a plane-wave cutoff of 500 eV, and uranium projector-
augmented wave pseudopotential [23] with 14 electrons. The
k-point sampling is limited to the sole I"-point, since we only
consider large cells here with 108 or 128 formula units of
UO,. Notice that the U had to be reduced compared to that of
calculations without spin-orbit coupling. With these settings,
the UO, lattice constant is 5.537 A (experimental value is 5.47
A [24]) and the band gap is 2.36 eV (optical experimental
value is 2.1 eV [25]).

TABLE I. DFT+U clustering energies (eV) of the oxygen clus-
ters in UO, and U4QOy.

UOZ U02 U409
Cluster type This paper Yang-Wirth [10] This paper
1 0.00 0.00
I —0.50 —0.54 —0.62
I —-0.49 —0.67
By —0.54 —0.60
I3 —0.55 —0.67 —0.70

B. Isolated oxygen clusters in UO,

Before addressing U4Oq that is built from periodically
spaced oxygen clusters, we investigate these oxygen clusters
as isolated objects in the perfect UO, matrix first.

To evaluate quantitatively, the formation of oxygen defects
in the UO; host, we use the clustering energy per oxygen atom
E.:

1
E(I) = ~[EQ") + (1= DE@) ~nE(p)]. (D)

where E(I") stands for the total energy of the supercell con-
taining one oxygen cluster I, E (&) for the perfect supercell of
the same size with no cluster, and £ (I(I)) for the same supercell
with a single isolated interstitial 1.

The clustering energy measures the energy gained when
forming clusters as compared to isolated interstitial I},. At
variance with the formation energies often used to charac-
terize defect energetics, the cluster energy is intrinsic to the
bulk material and does not need any reference to an external
chemical potential, as can be observed in Eq. (1).

In this paper, we employ a 3 x 3 x 3 cubic supercell,
which translates into a host of 108 U and 216 O. We fol-
low Yang and Wirth [10] who concluded that the smaller
2 x 2 x 2 supercells are not sufficiently large to extract the
isolated clustering energies. Targeting the U4Oq structure, we
limit our study to neutral oxygen clusters, since in UsOq
charge neutrality will eventually enforce this balance.

Besides the isolated single oxygen interstitial I}, we study
four different I’ oxygen clusters that are drawn in Fig. 1: the
I§, proposed by Andersson et al. [9]; the I3 cuboctahedron
extracted from Bevan ef al. U4Og structure [1]; the ng twisted
cuboctahedron obtained from SMTB-Q empirical potential by
Souli€ et al. [8]; and the I; half cuboctahedron calculated by
Yang and Wirth [10].

The clustering energies of these four clusters are reported
in Table I. Our energies compare favorably with the Yang and
Wirth results when available. While the I3 cluster prevails in
terms of energy, it should be noted that all these energies span
a narrow range. An interesting feature is the displacement of
the central oxygen atom in Ig. In contrast with the experimen-
tal position in U409 determined by Cooper and Willis [5],
which found a (111) shift, the DFT+4U calculations favor a
(110 shift.

In the DFT+4-U, we are able to identify the uranium cations
that switch valence from U*t in UO, to Ut or even U%*
to compensate for the additional oxygen interstitial that for-
mally bear a —2 charge state. Based on calculations for UzOg

063602-2



STRUCTURAL AND ELECTRONIC PROPERTIES OF ...

PHYSICAL REVIEW MATERIALS 7, 063602 (2023)

FIG. 1. Oxygen cluster structures with their uranium first neighbors. From left to right, the clusters are I§, I3, I3, and I5;. These structures
are the relaxed DFT+U positions. The yellow sticks and balls represent the oxygen atoms, whereas the large balls are the uranium atoms. Pink

color stands for U**, blue for U>*, and green for U°*.

and the positive polaron in UO,, we observed that the total
charge obtained from atomic projections or the Bader vary
by at most 0.2 electrons (as also reported in Ref. [26]) and
are not conclusive enough to identify the uranium valence.
The spin magnetization of each uranium appears as a rather
reliable marker of the valence. But, surprisingl,y we remarked
that the projection on the atomic Ud shell is an even more
distinctive fingerprint of the uranium valence: U®" valence
induces a larger d occupation than U*, that in turn shows a
larger d occupation than U**. With this technique, we report
in Fig. 1 the valence of the uranium nearby an oxygen cluster.
We observe the occurrence of Ut in the four clusters. In all
the calculations we have carried out, we always have found
the ideal number of U and U®* cations to compensate the
oxygen negative charges. This fact gives us confidence in our
detection procedure of U+ and U®*. As expected in a Mott
insulator, no delocalized electron or hole is created in the band
structure.

After this preliminary study on isolated oxygen clusters,
we now turn to the crystalline « —U4Og phase based on peri-
odic oxygen clusters.

C. 0[—U409

We now explore the structure candidates for the « —U4Oy9
based on DFT4-U energies. This study had to face two main
difficulties. First, the unit cell of U4Oy is very large: it contains
414 atoms, including 128 uranium atoms. This uncommon
size rules out any systematic method such as those that are
routinely employed in crystal structure prediction [27]. The
computational tasks would be orders of magnitude too large.
Second, we found that the standard structural minimizations
always end up in local energy minima, e.g., two similar guess
structures often produce two distinct final structures, with two
different energies.

Owing to these difficulties, we adopt an iterative strategy
based on human-intuition-driven guesses. We have calcu-
lated 34 structure candidates, which includes the experimental
structures published in Refs. [5,8] and the theoretical structure
in Ref. [9]. The other candidate structures have been produced
by placing the isolated oxygen clusters obtained in the previ-
ous section in the host atoms with the experimental positions
of Cooper and Willis [5]. For the creation of the unit cell, we
enforce the R3¢ space group symmetries SO once an oxygen
cluster is inserted, the other five clusters are uniquely obtained

by application of the space group operations. Different ori-
entations of the clusters with respect to the host have been
tried. Note that the position of the U+ or U® cations are not
preset: we let the electronic structure optimization localize the
charge wherever it is energetically favorable. We experienced
that simply tuning the oxygen environment is not sufficient to
enforce the localization of a U or U+ valence.

In Fig. 2, we propose a classification of the 34 resulting
U4Og structures after structural optimization with DFT+U.
Note that some structures are beyond the represented scale.
We use the pair correlation function g(r) to sort out the
different U4Og families. Indeed, the g(r) is handy since it is in-
sensitive to the orientation and to the origin of the crystal cell.
Besides a few outliers, this two-dimensional representation
correlates well with the type of oxygen clusters, as determined
by direct observation. We have created two categories of Ié:
those that were created out of experimental positions and
those that were created from the isolated clusters presented
above. This is not a surprise that the structure with g(r) closest
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FIG. 2. Bidimensional scatter plot reporting the clustering en-
ergy E,. as a function of difference in the pair correlation function
g(r) in arbitrary units. The experimental g(r) from Ref. [28] has
been considered as the reference. The most stable DFT4U structure
sets the zero of energies. The coloring scheme evidences the type
of oxygen clusters that are present. Two structures U;Oq(I3) and
U40(I2) that will be studied in detail are highlighted with a black
edge.
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FIG. 3. Relaxed structures for the two candidates U;Oy(I3) (upper panels) and UsOq(I3) (Iower panels). On the left, we represent the
conventional cell containing 12 clusters. On the right, we zoom in for a close-up view of a single oxygen cluster with its neighboring uranium
atoms. The yellow sticks and balls represent the oxygen atoms, whereas the large balls are the uranium atoms. The regular fluorite oxygen
atoms are not represented for visualization purposes. Pink color stands for U**, blue for U>*, and green for U°*.

to experiment is a relaxation starting from some experimental
positions. We observe that the optimized DFT4+U energies
almost form a continuum. Structures containing the same type
of clusters often end up with different energies because of lo-
cal minimum trapping. The structure named I§, is interesting:
it is the theoretical structure proposed by Andersson et al. [9],
which is based on periodic I‘)‘( clusters in UO,, however, with
a completely different ordering and space-group than U4QOo.
This structure does not deviate so much from the experimental
g(r).

The best clustering energies for each cluster family is then
reported in Table 1. One notices that the I2 cluster that was
very competitive as an isolated specie, is not energetically
favored in the U4Oq periodic structure.

Among those structures, we select two low-energy ones
that will be representative of their respective family: the
U409(I3) and the UsO9(I3) as highlighted in Fig. 2. The
U409(I§() structure is our overall minimum in DFT+U en-
ergy but with a large g(r) distance to experiment, whereas

U409(Ig) is more compatible with the experimental g(r) but
with a slightly higher energy. Both structures are drawn in
Fig. 3 and their atomic positions and their pair correlation
functions are reported as Supplemental Material [29].

U409(I§() is our best structure in terms of energy. It is
constructed from I; clusters. Before relaxation, the R3¢ space-
group symmetries were fulfilled, but then are broken in the
final configuration. Attempts were made to symmetrize again
the relaxed structure, but eventually yielding the broken-
symmetry result. As drawn in the upper panels of Fig. 3, the
nearest uranium atoms around the I assume U>* valence for
three of them, and U®* for one of them. The rest of the U+
are spread among the host uranium atoms. A detailed analysis
of the pair correlation function (see Supplemental Material
[29]) shows that Ut correlates with shorter U-O bonds
(~2.1 A instead of ~2.3 A). However, XANES measurements
advocate for the absence of Ut in UsO9 [30,31], which
raises some doubts about the actual existence of this DFT+U
phase.
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FIG. 4. Energy volume curve in eV /atom. The two U4Oy candi-
date structures are compared to plain UO,. The minimum energy of
each structure is set to zero. The bulk moduli B are given in GPa.

Our second interesting structure, U409(Ié), is only
0.035 eV higher in terms of E.. It is based on 12, which
are placed according to the R3c space group. Symmetries are
conserved all along with the relaxation. The oxygen charges
are neutralized by U>* valence only, as shown in the lower
panels of Fig. 3. The six uranium atoms facing the IY. clusters
are all U>* as hinted at in the neutron diffraction study by
Desgranges et al. [7]. Note that uranium atoms in the corner
of the cube containing the oxygen cluster are always U** for
U409 (Ié) and U409 (I%), which also agrees with Desgranges
etal [7].

Both structures have similar lattice vectors. The energy
versus volume curves are shown in Fig. 4. For instance, in
U409 (Ié), the lattice constant is 19.15 A and the rhombohe-
dral angle « is 109.61A°, to be compared to 18.82 A and « =
109.49A° from neutron diffraction [8]. The lattice constant is
slightly too long in DFT+U, however, it is already the case in
plain UO,. Then, it is more instructive to speak in terms of unit
cell volume contraction. In DFT+U., this contraction amounts
to 1%, whereas it is 2% in the experiment. Whereas the lattice
are similar, the bulk moduli of UsOg(I}) and U409 (I3) are
rather different. Unfortunately, experimental values could not
be found for U4Oy.

We now turn to the electronic structure of U;Q9, which
is largely unknown in the experiment. Figure 5 reports the
projected density-of-states for plain UO,, U409(I§), and
U409 (Ié). The overall total valence density of states is less
structured in U409 than in UQO,, certainly due to the less
ordered structure. The UO, band gap is 2.36 eV and is mostly
due to U uranium atoms as expected for a Mott insulator.
U409(I§() and U409(Ié) have a much smaller band gap of
0.95 eV for both. This band gap narrowing is due to the
introduction of the U>*, which has a low-energy first empty
state. In U409(I§(), the Ut atoms do not contribute to the
band edges. The oxygen atoms belonging to the cluster have
a vanishing spectral weight in the band gap region (not shown
here). An experimental value of the fundamental band gap of
U409 would be an important piece of information.

We further evaluated the cost of creating additional local-
ized charges in U409(Ig), or, in other words, of positive and
negative polarons. Introducing a positive polaron amounts to
turning one additional U** into U>*. In DFT+U, the energy
difference (including the monopole charge correction [32]) is
0.31 eV below the energy of a delocalized hole at the top
valence band, which is a quite large energy gain. The creation
of a negative polaron, (i.e., turning one U>" into one U**) is
even more favorable: the DFT-+U energy is 0.57 eV below
that of a delocalized electron at the bottom of the conduction
band. These two polaron energies show that U** and U3+
valences easily switch in UsOy.

III. MOLECULAR DYNAMICS AT FINITE TEMPERATURE

The structure of U409 proves highly complex at zero tem-
perature. In an attempt to study how this structure evolves with
temperature, we switch to semiempirical potential molecular
dynamics (MD) calculations. Indeed, ab initio (from DFT
calculations) MD simulation are completely out of reach due
to the unreasonable computer resources this would require.

A. Empirical potentials method

We use the second moment tight binding with charge
equilibration potential (SMTB-Q) [33,34], with the same
parametrization as in our previous studies on UO, and U;0q
at 0 K [8,22,35]. We start from two different structures: the
lowest energy orthorombic one and the rhombohedral one just
higher in energy. We considered also this second structure as
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FIG. 5. Valence projected density of states of UO, (left-hand panel), U409(I§() (central panel), and U409(Ig) (right-hand panel). The top
valence energy has been set to zero. The UO, y axis is rescaled so to have the same number of uranium atoms as a U;Og unit cell to ease the

comparison.
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FIG. 6. Time-averaged cell angles as a function of temperature.

it exhibits a closer agreement with available information from
experiments (e.g., the correct space group). See our previous
study for a detailed description of these two structures [§]
at 0 K. We heat them by steps of 100 K up to 2000 K.
We can thus compare the behaviors of these two structures
with increasing temperature. We use a 2 x 2 x 2 supercell of
the conventional cubic cell of UsOy, which corresponds to
6624 atoms and originally 96 I2y. The heating time is set to
50 ps. Then a constant temperature constant pressure run is
performed for another 50 ps during which a snapshot of the
atomic positions is stored every 0.5 ps. The atomic structure
is analyzed for each of these snapshots and quantities are
averaged over them.

B. Evolution of U;Oy structure with temperature

We first monitor the evolution of the cell angles (see
Fig. 6). In the orthorhombic structure, the angles oscillate
around 90° with temperature. More interestingly, for the
rhombohedral structure, the angle proves to decrease with
temperature from 90.08° at 100 K to 90° at 700 K. We also
indicate the experimental value at room temperature obtained
by Belbeoch et al. [2]. Our value proves strikingly close to
this experimental value. Beyond 800 K, the angles simply
oscillate around 90° (not shown in the figure). The transition
to a perfectly (B-like) cubic structure is therefore slightly
delayed in our calculations compared to experiments. The
DFT value for the Ig rhombohedral structure is 90.3°, which
deviates notably from both our empirical potential value and
the experiment. The volume of the cell increases regularly
temperature. However, one can note a noticeable increase of
the thermal expansion coefficient from around 4d-6 K-1 to
around 6d-6 K-1 between 900 K and 1200 K.

We find that whatever the starting structure, the uranium
lattice is not affected by the heating up to the final 2000 K
temperature. It remains face-centered cubic. Beyond thermal
vibration and thermal expansion, no uranium atom was ever
displaced during our simulations. The structural analysis can
then be focused on the positions of the oxygen atoms and
especially the one forming I° clusters. To detect them, we
use a simple distance criterion, counting the number of oxy-
gen atoms at the distance lower than 1.8 ay from empty
cubes of the underlying fluorite structure (ag being the lattice

07k ® Rhombohedral| _|
’ A QOrthorhombic
% DFT 1

0 | | 1 1 1 | 1 1
0 100 200 300 400 500 600 700 800

Temperature (K)

FIG. 7. Time-averaged shift of I° central atom with respect to the
ideal interstitial site as a function of temperature.

parameter of the underlying fluorite structure at the considered
temperature). If there are 13 oxygen atoms within the sphere,
the defect is classified as a I°. Eye inspection on some con-
figurations confirms that this simple distance criterion indeed
identifies the I°. Other cubes may contain less than 13 but
more than 8 oxygen ions. When such cubes are neighboring
an I°, they are just indicating the vicinity of the I’ and do not
contain any new defect. Otherwise, the detected cubes contain
interstitial clusters of another type. These other defects prove
short-lived and unstable, so they are not further characterized
here.

While perfect cuboctahedra are symmetrical polyhedra,
actual I° clusters are distorted. We follow the evolution of
these distortions with temperature using two parameters. First,
the oxygen interstitial inside the I is not exactly at the center
of the original eight-oxygen cube. For each of the 96 atoms
inside the I clusters, we monitor the vectorial shift of their
actual position with respect to the center of the perfect cube
and average this vector over the one hundred positions saved
during each constant temperature run. We then calculate the
average over all I° clusters in the box of the norm of these time
averaged shifts. Second, due to the I° distortions, the distances
between the atoms at the 12 vertices of the cuboctahedron and
the internal atom are all different, while they would be equal if
the clusters were perfectly symmetric. For each temperature,
we calculated the average of each one of these distances along
the one hundred snapshots.

Note that our empirical potentials, while quite accurate, fail
to reproduce the exact structure of the U409(Ié) DFT phase.
But the magnitude of the shift and the dispersion of distances
at 0 K with SMTB-Q are comparable in intensity to the ones
of the DFT U409(Ié) structure which is reassuring for our
results, as we describe below.

We first present the results about the shift of the center
of the I° with respect the center of the fluorite oxygen cube
(see Fig. 7). The empirical potential values at low temperature
prove very close to the DFT U409(Ié) structure. Globally
speaking, one can note that there is a partial centering of
the central oxygen atom with increasing temperature. This
centering is more pronounced in the orthorombic structure
but can also be seen in the rhombohedral one. Starting at
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FIG. 8. Time-averaged distances between cuboctahedral atoms
and the atom at the center of I° as a function of temperature and
corresponding Mean Square Deviation. The values at 0 K are those
of the I3 DFT structure.

800 K, the shift starts to increase again. This happens at the
temperature where the I° clusters start to disappear during the
simulation (see below).

The evolution of the average I° interatomic distances is
exemplified in Fig. 8 in the case of one I’ in the orthorhombic
structure. The spread of distances tend to decrease upon heat-
ing from 0 K up to 700 K. This signals the symmetrization
of the clusters with temperature. Starting at 800 K, some
distances tend to deviate again from the average. These anal-
yses cannot be pursued at higher temperatures because then
I° clusters tend to disappear. The behavior proves very similar
for all I’ clusters in both structures.

Figure 9 indicates the average number of I detected during
each constant temperature runs in the orthorhombic structure
(the behavior being very similar in the rhombohedric one).
Below 800 K, all clusters remain in their original positions.
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Then two types of I° clusters are observed: the ones that
are situated on regular U4y sites, and the ones that appear
centered on other interstitial sites. One can see that the number
of I° clusters on the U4Oy sites rapidly goes down to zero
between 900 K and 1400 K. This decrease in the number
of I° clusters appears concomitant with the observed change
in thermal expansion (see before). I° clusters on other sites
appear at 1000 K, increase up to about 40% of the total
initial number at 1400 K, when there are almost no regular
clusters anymore. Then these other I’ clusters also vanish.
Eye inspection of the atomic structures during these simu-
lations shows that I° clusters disappear by the emission of
one or more oxygen atoms, which destroy the cuboctahedral
cluster. Oxygen atoms emitted from I° clusters tend to diffuse
and some of them gather on other sites to again form five-
atom clusters. Starting from 1000 K, I’ clusters appear and
disappear during the 50 ps simulated time, with decreasing
lifetimes with increasing temperature. This makes the pre-
vious structural characterizations, based on time averaging,
impossible to perform. Smaller clusters formed either by the
destruction of I° clusters or gathering of emitted interstitials
tend to evolve quickly and to be short-lived, with no specific
structure.

Starting at 1400 K, no clusters are detected in the ini-
tial U4Oy positions anymore. The remaining I° clusters are
formed on other sites. One may wonder whether UsOq is
formed again dynamically with I° clusters respecting the in-
tercluster arrangements of UsOg but on sites different from
the original ones. To check this possibility we plotted the
P-r g(r), see Fig. 10. In practice, clusters are located at the
position of their central atom. At low temperatures, the g(r)
function exhibits distribution of peaks characteristic of U;sOq
with the first peak at 1.87 ag = 1/2(321)ay. All peaks remain
visible up to 1200 K, where they rapidly disappear to form a
flat signal at 1400 K, indicating that the U4Og of P clusters is
not rebuilt at higher temperatures. One notes, however, that a
minimal distance corresponding to the original first-neighbor
distance (1.87 ag) remains. I° clusters thus tend to repel each
other at short distances.
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FIG. 9. Average number of detected number of I°.

FIG. 10. I°—T° radial distribution function g(r) as a function of
temperature. Results are reported in units of the equilibrium lattice
constant ay that varies with the temperature.
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IV. DISCUSSION

The search for the true ground-state structure of UsO9 at
0 K unexpectedly proved to be a formidable task. As de-
tailed in Sec. II, we obtained many different stable structures
depending on the initial atomic arrangements in the oxygen
clusters. The many different minima we find are of purely
structural origin, as we do not expect multiple minima due
to electronic trapping in our simulations. We confirmed this
by performing calculations at 0 K with the SMTB-Q em-
pirical potential, where we also found many different stable
structures all quite close in energy, thus showing that the
complicated energetic landscape of U4Oy is a genuine feature
of I° oxygen clusters.

Unfortunately, as already mentioned above, the lowest en-
ergy structure we found [U409(I§()] seems to contradict the
experimental facts as it contains U%* ions that are considered
absent in experiments [30,31]. We suspect that this structure
could be an artifact of the DFT+4-U approach. This nonphysi-
cal result may originate from the fact that in our simulations
all uranium atoms are treated equivalently, irrespective of their
valence. While this obviously should be the case in a pure
DFT, the DFT4-U scheme relies on a tuning parameter U. We
chose the same parameter for all uranium atoms and fitted it
on the electronic structure of UO,, which contains only U4,
The proper description of U3+ and U®* in overstoichiometric
uranium oxide would certainly require one to choose different
values of U for the 54 and 64 valences. The stabilization
in some of our structures of U%* thus may originate in this
improper value of U. Nevertheless, having the same U for
all uranium enables the electronic minimization to position
freely the U3*(and unfortunately to create the U%") in the
U,4Qg structure, which is an advantage over calculations where
a different U parameter is chosen for the different uranium
valences. In such calculations, the positions of the U>T have
to be chosen by hand.

The U0y (1) structure contain only U*™ and U" ions.
The positions of the U>* ions are common to most structures
with no U and thus do not seem to depend on the slight
differences in I3 structures. It is worth stressing again that,
surprisingly, not all the U™ are linked to the I clusters.
Twenty four out of 60 are indeed located on uranium atoms in
the fluorite structure away from the oxygen clusters. Only the
six uranium facing the I along (100) directions are U*. This
result is consistent with the suggestion made by Desgranges
et al. [7], based on the observation of the distances between
uranium situated along (111) directions from the cluster cen-
ters and their oxygen first neighbors. They found a distance
of 2.61 A while ours is 2.68 A which is very close when
our distance is further rescaled to the shorter experimental
aop value (18.82 A instead of 19.15 A). This consistency is
a strong support for our UsOy(I3) predicted structure.

We turn now to evolution of the U4Qg structure with tem-
perature in our simulations and their possible connections
with experimental knowledge. A hint of strong I°—I° inter-
actions appears in our finite temperature simulations. Indeed,
when the I clusters start to disappear from their original site
and form again in other sites, they never get closer from each
other than they were in the ordered structure, which evidences
strong short-range repulsion between them. The evolution

of the I’ center shift and interatomic distances both point
to the symmetrization of the cluster with temperature. This
symmetrization is consistent with experimental observations.
Indeed, the B structure is more symmetric than the o one
(higher symmetry space group). Moreover, Cooper and Willis
[5] gave refined positions for I’ at 503 and 773 K. Careful
examination of their internal parameters prove that the cluster
center gets closer to the perfect position and that their distor-
tions (though different from the ones we simulate) are smaller
at higher temperatures.

a to B and B to y phase transitions have been associated
in literature [36] to changes in the U**—U>* distribution as
shown by the changes in the electrical conductivity which in-
creases at the transition. We cannot establish any connections
between our MD simulations and such changes in valences,
as our empirical potential does not include multiple valences.
Still, we observe that the rhombohedral structure tends to
become cubic at higher temperatures. Nevertheless, our DFT
calculations are consistent with the possibility of a disorder
in U** and U>* positions at a relatively low temperature.
Indeed, we find a formation energy for the disconnected po-
laron pair of 64 meV. This proves to be a very low energy,
740 K in equivalent temperature units. One can compare with
the equivalent energy in UO;, which is 1.64 eV according
to our calculations. This can be easily explained considering
uranium valences. In UO,, forming a polaron pair amounts
to creating a pair of U>* and U**. This process is obviously
costly in energy. Quite the opposite in U4Oy, creating a po-
laron pair consists of changing a U** into a U>* and vice
versa, essentially simply inverting the valence of two ions.
The very small cost of this inversion is consistent with the
apparition of valence changes and disorder at low temperature
in U40y. Furthermore, the existence of U>* ions disconnected
from the I° clusters and low lying in the gap may have a
positive impact on the electric conduction of U4Og, something
one can relate to the larger electrical conductivity of UsO9
compared to that of UO, [37].

Returning to the atomic arrangements in UsOg, our re-
sults evidence the huge structural freedom that exists in this
structure. At 0 K, we found 35 different structures within
5.4 eV of each other. This energy spread proves quite small
when rescaled by the number of atoms in the simulation box.
Indeed, 1 eV amounts to 0.9 eV per cluster, 0.18 eV per
oxygen interstitial, or 1.3 x 1072 eV /atom in the simulation
box, i.e., about 150 K in equivalent temperature. The differ-
ence between the two quite different structures U4Oq (I;) and
U409(I2) is 1.05 eV or 30 K.

We thus have to humbly consider that the UsOq (Ié) struc-
ture presented above is just our best guess for the ground
state structure of U4O9. Any change in the computational
framework may result in a different prediction for the lowest
energy structure. However, many features remain common to
most of the structures, namely, the localization of Ut and the
magnitude of the gap.

V. CONCLUSION

In the present paper, we performed a combination of DFT
relaxation at 0 K and SMTB-Q empirical potential MD sim-
ulations at finite temperature and zero pressure on U;O9 to
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explore the properties of the «, §, and y phases. These cal-
culations were extremely challenging due to the unit cell size
(414 atoms) and the numerous structural metastable states that
trap the geometrical relaxation.

The DFT calculations have resulted in many metastable
structures, among which we have identified two interesting
candidates. The U409 (Ig() is the absolute ground state of our
numerical approach. It is based on I3 clusters that are pure
predictions from DFT+U calculations [10] and have no ex-
perimental confirmation. This structure involves U®* cations
which have no experimental counterpart either [30,31]. Our
second structure U409(Ig) conforms better to experimental
facts, however, at a slightly higher energy in DFT+U. As
discussed above, the energy differences we observe are never-
theless very small when considering the size of the unit cell.

Then turning on the temperature using empirical poten-
tial, we observe some expected features: the increase of

symmetry with temperature, the convergence from pseu-
docubic to cubic, the centering of I oxygen clusters. A
striking fact is the persistent repulsion between neighbor-
ing oxygen clusters, which systematically favors the very
peculiar 1/2(123)ap minimal distance between first-nearest
neighbors.

The DFT calculations finally demonstrate the very low
energetical cost of polaron pairs in UsOy, which gives support
to the experimental claim that the B to y phase change is
driven by polaron arrangements [36].
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