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Using density functional theory, we examine a recently discovered structure for di-interstitial oxygen clus-
ters in UO2+x in which three oxygen ions share one lattice site. This di-interstitial cluster exhibits a fast
diffusion pathway; the migration barrier for these clusters is approximately half of that for mono-interstitials.
Using kinetic Monte Carlo, we calculate the diffusivity of oxygen with and without the di-interstitial mecha-
nism as a function of x and find that oxygen transport is significantly increased for higher values of x when the
di-interstitial mechanism is included, agreeing much more closely with experimental data. These results em-
phasize the importance of clustering phenomena in UO2+x and have implications for the evolution of UO2+x.
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Urania, UO2, is the primary component of fuels in many
nuclear reactors and under operating conditions or after fab-
rication often exists in hyperstoichiometric form, UO2+x. In
UO2+x, oxygen ions occupy interstitial or interstitial-like sites
in the parent fluorite lattice �CaF2 type� and U5+ or U6+ ions
act as charge-compensating defects. The thermodynamic and
kinetic properties of the excess oxygen ions govern radiation
tolerance, fission product accommodation, fission gas release
and micro-structural evolution.1

Depending on stoichiometry and temperature, UO2+x can
phase separate into UO2 and U4O9.2,3 In this Rapide Com-
munication, we focus on the high-temperature regime where
UO2+x forms a solid solution and the excess oxygen can be
viewed as interstitials in the UO2 structure. In the simplest
model of UO2+x, these interstitials are assumed to randomly
occupy the empty octahedral interstitial positions in the fluo-
rite lattice. For increasing nonstoichiometry �larger x�, how-
ever, the oxygen ions are known to aggregate.4,5 Propositions
for the structure of these clusters include the so-called 2:2:2
Willis cluster4,5 and the cuboctahedral cluster.6 Recent theo-
retical work identified new geometries for clusters of oxygen
interstitials in UO2+x, encompassing both di-interstitials8,9

and quadinterstitials.8

Experimental studies of oxygen diffusion in UO2+x for
low x have found that the activation energy for oxygen dif-
fusion ranges from 0.9 to 1.3 eV,10–15 with 0.9–1.0 eV iden-
tified as the most probable regime.13 Diffusion in the low x
regime is typically ascribed to the motion of already-present
oxygen interstitials. The diffusivity initially increases as
function of x and then saturates, and even decreases, for high
x.

In this Rapid Communication we employ density func-
tional theory �DFT� based methods to explore the stability of
oxygen interstitial clusters in UO2+x, as well as the corre-
sponding migration paths and barriers. The kinetic param-
eters thus obtained are then used in a kinetic Monte Carlo
�kMC� model to study oxygen transport as a function of
composition in UO2+x.

The DFT calculations were performed with the Vienna ab
initio simulation package �VASP� �Refs. 16–18� using the
projector augmented wave �PAW� method.19,20 The exchange

and correlation effects were treated within both the general-
ized gradient approximation �GGA� �Ref. 21� and the local
density approximation with an additional onsite Hubbard U
term included �LDA+U�.22 In agreement with earlier
studies,23–25 our GGA calculations predict UO2 to be metallic
and underestimate the lattice constant by 0.13 Å �5.34 Å
compared to the experimental value of 5.47 Å �Ref. 26��.
The LDA+U method has been used in several studies8,27–33

to describe the strongly correlated U-5f electrons more ac-
curately and this methodology captures the correct Mott-
insulating behavior of UO2 as well as reproduces the experi-
mental lattice constant ��5.45 Å�. The LDA+U approach
applied here was described in Ref. 8 and its predictions agree
well with recent hybrid DFT treatments of strong correla-
tions in UO2.34,35 Unless otherwise stated all reported num-
bers refer to the LDA+U calculations. Since test calculations
showed that spin-polarized GGA calculations only provide a
minor correction to the nonspin-polarized results for oxygen
based defects,36 the GGA calculations were performed at the
nonspin-polarized level. A 23 supercell expansion of the cu-
bic fluorite unit cell was used to study defect properties and
the volume was held constant at the calculated volume of
UO2. All calculations used a 23 Monkhorst-Pack k-point
mesh and the plane-wave cutoff was set to 400 eV. All inter-
nal structural parameters were relaxed until the Hellmann-
Feynman forces on each ion were sufficiently small
��0.02 eV /Å�.

Oxygen monointerstitials �I1� in UO2+x migrate by the
interstitialcy mechanism. At large x, di-interstitial clusters
are likely to be more abundant and, as we show here, exhibit
a different diffusion mechanism. The diffusion pathways of
mono-interstitials and di-interstitials were investigated with
DFT-based dimer37 and nudged elastic band38 techniques.
Due to the relative complexity of LDA+U we have only
used these methods with GGA; thus, all barriers are calcu-
lated with GGA.

The migration rates of defects are expected to follow the
Arrhenius relation for a thermally activated process: k
=� exp�−Em /kbT�, where k is the rate, Em the migration bar-
rier, � the pre-exponential or attempt frequency factor, T is
the temperature, and kb is the Boltzmann constant. Using Em
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found from DFT, we constructed a kMC �Refs. 39–41�
model of oxygen diffusion in UO2+x. In all cases, interstitial
oxygen atoms were distributed on a 403 unit cell lattice of
the fluorite structure. We then calculate the mean square dis-
placement �MSD� of individual oxygen and extract the dif-
fusivity via the Einstein relation. The total diffusivity is then
obtained as D= x

2+x �Di�, where �Di� represents the averaged
diffusivity of the individual oxygen ions and x the UO2+x
stoichiometry.

The point defect structures that have been analyzed in the
present work include monointerstitials and di-interstitials of
various types. Willis and co-workers4,5 proposed a di-
interstitial structure with two interstitial ions situated on oc-
tahedral sites with a very specific distortion of the surround-
ing oxygen ions. These distortions were so large that Willis
and co-workers4,5 described the resulting structure as a 2:2:2
cluster, comprised of, in essence, four interstitials and two
vacancies. Starting from this structure and relaxing, we find
this precise atomic arrangement to be unstable. In fact, it
relaxes to one of two alternative structures. In what follows,

we will thus consider only these two structures, hereafter
referred to as the di-interstitial �I2

O� and the split di-interstitial
�I2

X�; the 2:2:2 cluster specifically proposed by Willis4,5 is not
considered further.

The di-interstitial I2
O is composed of two oxygen intersti-

tials residing in nearest neighbor octahedral sites �hence the
superscript O in the label�. We,8 and others,7,9,42 also found a
structure, the split di-interstitial I2

X, which consists of three
oxygen ions arranged in an equiaxed �GGA� or equilateral
�LDA+U� triangle centered on a vacant regular oxygen site
and oriented on a �111	 plane �the X label is inspired by
notation often used to describe split mono-interstitials�.
Schematic illustrations of these two defect structures are
shown in Fig. 1 and the bond geometries are defined in Table
I.

We have calculated the relative stability of I2
O versus I2

X

using both GGA and LDA+U. For each, we have performed
two sets of calculations, corresponding to the GGA and
LDA+U lattice constant, respectively, where the latter is
close to the experimental value. The results are summarized
in Table I. First, at the LDA+U experimental lattice con-
stant, I2

X is predicted to be the more stable di-interstitial clus-
ter, being about 0.25 eV lower in energy than I2

O. Using
LDA+U at the GGA lattice constant, which corresponds to a
pressure of 15 GPa, the stability difference is reduced to 0.04
eV. Interestingly, these trends are reproduced using the GGA
functional. We thus conclude that the defect stability is not
overly sensitive to the particular functional used, but rather
the volume of the simulation cell. According to our calcula-
tions, the binding energy of monointerstitials to form di-
interstitial clusters is negative or repulsive �−0.38 eV�. Con-
sequently, there is a net energetic driving force for
dissociation; however this energy is small enough to allow a
non-negligable fraction of di-interstitials to form at finite
temperature, especially away from the dilute-limit stoichiom-
etry range.

Using the dimer method at the LDA+U lattice constant,
we have found a surprisingly fast diffusion mechanism for I2,
illustrated in Fig. 1. It actually involves both I2

O and I2
X. Start-

ing from I2
X �A-B-C�, there is a barrier of 0.47 eV with GGA

�but at the experimental lattice constant� for the structure to
convert into I2

O �a-b-c�. There are three equivalent pathways
for this motion, with the formation of I2

O structures composed
of the ions A and B �the I2

O structure illustrated in Fig. 1�, A
and C, or B and C. I2

O acts as an intermediate state and the
a-b structure can transform into a second I2

X structure by

c

C

A
B

d

a

b

FIG. 1. �Color online� Idealized schematics of the structure of
the I2

O �red/solid squares� and I2
X �blue/circles� di-interstitial struc-

tures. The cubes represent the simple-cubic oxygen sublattice; for
clarity, U ions are not shown. The I2

O structure has two oxygen
interstitials �a and b� in octahedral interstitial sites in the lattice,
while the remaining oxygen �c and d shown explicitly� remain in
more or less perfect lattice sites. In the I2

X structure, interstitial ions
a and b move toward c to form the A-B-C structure, in which three
oxygen ions share the one site originally occupied by ion c. Equiva-
lently, a and b can push out d to form I2

X. This motion of A-B-C to
A-B-D via a-b is also the pathway discussed in the text for di-
interstitial migration.

TABLE I. The relative stability of I2
X and I2

O clusters ��E=E�I2
O�−E�I2

X��, as well as the barrier associated with transforming the stable
defect structure to the less stable structure �Ea�. Data are reported for two different lattice constants �a0� and for each a0 both GGA and
LDA+U numbers have been calculated. We use the notation XY to denote the distance between ion X and Y in Fig. 1, where X and Y
represent A, B, C, a, b, or c. Exc identifies the exchange-correlation functional used.

a0

�Å� Exc

�E
�eV�

Ea

�eV�
AB
�Å�

AC
�Å�

CB
�Å�

ab
�Å�

ac
�Å�

cb
�Å�

5.45 LDA+U 0.25 n/a 2.75 2.64 2.64 3.56 2.43 2.47

5.45 GGA 0.31 0.47 2.57 2.57 2.58 3.35 2.39 2.40

5.34 LDA+U 0.04 n/a 2.79 2.69 2.69 3.60 2.41 2.43

5.34 GGA 0.03 0.40 2.59 2.60 2.60 3.44 2.39 2.34
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kicking out d or return to the previous state by kicking out c.
The barrier to move from I2

O to I2
X is 0.16 eV. There are four

equivalent pathways for I2
O→ I2

X motion �a and b can kick out
either c or d, and each of those can move into one of two
positions�. Thus, the net barrier for I2 diffusion at the experi-
mental lattice constant is 0.47 eV. This is relatively fast, es-
pecially compared to the migration barrier of I1 :0.81 eV,
again at the experimental lattice constant. Thus, in a situation
in which a large number of interstitials are present �large x�,
and di-interstitials form via random encounters of I1, a new
fast diffusion pathway exists for oxygen transport. For com-
parison, at the GGA lattice constant, the migration barriers
are 1.22 eV for I1 and 0.40 eV for I2. A recent study by
Ichinomiya et al.,42 using temperature accelerated dynamics
�TAD�,43 also find a fast diffusion pathway for I2, though the
details differ.

In the kMC simulations, we consider two cases. In the
first case, only mono-interstitials can move, and they can
only move into an interstitial site if that site is empty. Mono-
interstitials are also prevented from occupying nearest neigh-
bor sites. This blocking model is motivated by the repulsion
between oxygen interstitials occupying nearest-neighbor oc-
tahedral sites8 and it is the same as used by Murch.12 How-
ever, in reality this repulsion is not infinite, as assumed by
this model, and the repulsion may be reduced by forming the
more complex I2

X di-interstitial defect configurations. In the
second kMC case we model these modified interactions by
allowing di-interstitial clusters to form and provide a second
diffusion mechanism that could change the diffusion behav-
ior. In the second model di-interstitials may form with a rate
governed by the calculated binding energy and I1 diffusion
barrier, and then hop via the faster di-interstitial mechanism.
Clusters containing more than two interstitial are prevented
from forming via a blocking scheme equivalent to the one
used for mono-interstitials in the first kMC model; that is this
model is as simple an extension of the first model as possible
and still allows for the formation of I2. The effective barrier
for dissolving a di-interstitial is 0.43 eV, which is slightly
lower than the I2

X migration barrier of 0.47 eV. The dissolu-
tion barrier results from assuming diffusion-limited forma-
tion of the initial di-interstitial. In both models, we used �
=1�1012, which also gives good agreement with experi-
ments at low x. The oxygen interstitial diffusivities �D� for
these two models are plotted as a function of the non-
stoichiometry �x� in Fig. 2 and compared with the experi-
mental observations.10,11 All simulations and observations
are at the same temperature, 1073 K. In the kMC model, we
do not explicitly account for the I2

X structure; for simplicity,
we keep the interstitials on octahedral sites.

In the monointerstitial model, as x increases, D initially
increases until the interstitials begin to interact with each
other by blocking available diffusion paths, which results in
decreasing D for high x. It is seen that the oxygen diffusivity
calculated by this simple blocking model is in good agree-
ment with experimental observations at low x but is much
lower than the maximum D at x�0.12. The inclusion of the
di-interstitial mechanism increases the oxygen diffusivity at
all non-stoichiometric values, but the effect is more pro-
nounced at higher x values. The oxygen diffusivity is much
closer to the experimental results when di-interstitial diffu-

sion is incorporated into the kMC model. This is a combined
effect of less restrictive blocking due to formation of the
more stable I2

X clusters and the fact that these clusters may
migrate with a barrier that is close to the cluster disassocia-
tion barrier. For low x, where the influence of di-interstitials
should be small, the diffusivity is almost indistinguishable
from the monointerstitial mechanism. Simulations where
mono-interstitials do not block nearest-neighbor sites give
rise to a diffusivity that increases much too fast as function
of x �not shown�. Even within the di-interstitial model the
simulated data exhibits a slightly sharper downturn than ex-
periments, which could be related to formation of even larger
clusters at high x.8 This would imply less restrictive blocking
than for the current di-interstitial kMC model, which, in ac-
cordance with difference between the two present models
based on I1 and I2, may increase the diffusivity at high x.

To summarize, we have examined a recently discovered
di-interstitial structure, referred to here as a split di-
interstitial, which is energetically competitive with structures
previously described in the literature. Furthermore, we have
found a fast diffusion mechanism for di-interstitials that in-
corporates the split di-interstitial structure. This di-interstitial
and its diffusion pathway account for the fast oxygen trans-
port seen experimentally at intermediate x. This emphasizes
the importance of cluster formation in UO2+x and extends the
significance of split di-interstitials from thermodynamic to
the kinetic properties. We also speculate that similar diffu-
sion mechanisms may be found in other fluorite derived ma-
terials and, if the di-interstitial clusters could be stabilized
by, e.g., chemical alterations, such materials could provide
very high ionic conductivity.
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