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Point-defect formation energies in uranium dioxide UO, are still a matter of debate due to the significant
discrepancies between the various studies published in the literature. These discrepancies stem from the density
functional theory (DFT)+ U approximation that creates multiple energy minima and complexifies the search for
the ground state. We report here DFT + U values of the formation energies for the single oxygen interstitial and
vacancy in UO,, both in the fluorite and the Jahn-Teller distorted structures, using a scheme developed on bulk
UO, [B. Dorado, B. Amadon, M. Freyss, and M. Bertolus, Phys. Rev. B 79, 235125 (2009)] and based on
occupation matrix control. We first investigate the Jahn-Teller distortion in UO, in the noncollinear antiferro-
magnetic order and we show that the distortion stabilizes the system by 50 meV/UO, compared to the fluorite
structure. Moreover, it is found that the oxygen atoms are displaced in the (111) directions, in agreement with
experiments. For the bulk fluorite structure, we show that the use of the Dudarev approach of the DFT+U
without occupation matrix control systematically yields the first metastable state, located 45 meV/UQO, above
the ground state. As a result, all previously published point-defect formation energies are largely underesti-
mated. We then use the occupation matrix control scheme to calculate the formation energies of the single
oxygen interstitial and vacancy in UO,. We confirm that this scheme always allows one to reach the lowest
energy states and therefore yields reliable formation energies. Finally, we compare our values with those
obtained in previous studies and show that the discrepancies observed stem from the calculations of defective

supercells which have reached different metastable states.
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I. INTRODUCTION

The failure of standard approximations of the density-
functional theory'-? to describe strongly correlated materials,
such as actinide compounds, has led to the development of
new approximations, in particular, hybrid functionals,? self-
interaction correction* or the density functional theory
(DFT)+U formalism.” Uranium dioxide (UQO,) is the con-
ventional fuel of current nuclear reactors and has been in
recent years extensively studied using the DFT+U formal-
ism. In particular, the stability of oxygen and uranium point
defects,"!3 as well as the solubility of fission products'?!4-18
in this material were investigated. Such studies are of prime
importance to better understand the behavior of UO, under
irradiation. Resulting formation and solution energies can be
used as input data in higher scale models and should there-
fore be calculated with high accuracy. Unfortunately, signifi-
cant discrepancies have been observed in the formation en-
ergies of point defects calculated at the DFT+U level and
published so far, although the same method [projector
augmented-wave (PAW) method] and very similar calcula-
tion parameters were used. As shown in a previous study on
the perfect UO, crystal,'? these discrepancies stem from the
use of the DFT+ U approximation. This formalism localizes
electrons and creates numerous local-energy minima,?’~2* or
metastable states, which makes it difficult to find the ground
state of the system. This increased number of energy minima
has also been observed in UO, within other approximations
that localize electrons, such as hybrid functionals,>** as well
as in other compounds such as Ce,?*? PuO,,? or PrO,.”

In our previous study,'” we have shown that if one wishes
to reach the ground state systematically, the most effective
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method is to switch off all wave-function symmetries and to
control the electronic occupancies of the 5f orbitals, i.e., to
impose initial occupation matrices (OMs) and monitor them
during the calculations. The present study is the application
of this method to large defective supercells. Our objective is
to obtain the most reliable formation energies of point de-
fects in UO, within the DFT + U approximation. For this pur-
pose, we assess the accuracy of the method developed to
calculate formation energies of two oxygen point defects in
UO, (interstitial and vacancy).

All the authors®71%12-15 who studied point defects and
fission products in UO, within the DFT+U approximation
used the Dudarev approach as implemented in the VASP
code.?~28 Consequently, in order to get further insight into
the discrepancies observed in the formation energies, we
have implemented the possibility to control the occupation
matrices in VASP, namely, by allowing one to define initial
electronic occupancies. Using this method, we have then
studied the stability of the Jahn-Teller (JT) distortion in UO,
and calculated point-defect formation energies in both the
fluorite and the Jahn-Teller distorted structures. This is the
first study of the Jahn-Teller distortion in UO, within the
PAW formalism.?%30

The paper is organized as follows: in Sec. II, we present
the computational details and recall briefly the DFT+ U for-
malism. In Sec. III, we study the stability of the Jahn-Teller
distortion in bulk UQO,, as well as the influence of the anti-
ferromagnetic ordering, after validating our occupation ma-
trix control implementation. In Sec. IV, we calculate the for-
mation energies of the single-oxygen interstitial and vacancy
in the two UO, phases (fluorite and Jahn-Teller distorted
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phases). Finally, in Sec. V, we compare our results with the
ones from the literature and discuss the discrepancies
observed.

II. COMPUTATIONAL DETAILS

All calculations presented here were carried out in the
PAW formalism?*3° and using the VASP code.?*?® Given the
failure of standard density functionals [local-density approxi-
mation (LDA) and generalized gradient approximation
(GGA)] to describe uranium dioxide, we used the DFT+U
approximation which improves the treatment of the correla-
tions between uranium 5f electrons. The DFT+U energy
functional is given by

Epprev = Eprr + Exw — Egc (1)

where Eppr is LDA or GGA contribution to the energy, Ey,
the electron-electron interactions from the Hubbard term,
and E,. the double-counting correction. The DFT+U ap-
proximation is thus a correction to the standard DFT energy
functional. Ey,;, and E4. depend on the occupation matrices
of the correlated orbitals. We used the two currently avail-
able approximations for the Hubbard term Ey,,: the rotation-
ally invariant version introduced by Liechtenstein et al.3! and
the simplified rotationally invariant approach due to Dudarev
et al.’ As regards the double counting correction, we used the
local spin density approximation (LSDA) +U formulation,
also called the fully localized limit,*' whose expression is

Edc=%]N(N— 1)-%2 NP(N°—1). (2)

o

For the exchange and correlation energy, we used the GGA
functional as parametrized by Perdew, Burke, and Ernzerhof
(PBE).*?

For the calculations on bulk UO,, we used a six-atom and
a 12-atom cell and studied both the 1k (collinear) and the 3k
(noncollinear) antiferromagnetic (AFM) orders. This allows
us to assess the relative stability of the two configurations
and thus to validate the approximated collinear order. A 600
eV cut-off energy for the plane-wave basis set was used in
these calculations with a 6 X 6 X 6 Monkhorst-Pack?? k-point
mesh for the sampling of the irreducible part of the Brillouin
zone.

The perfect UO, crystal was represented by a 96-atom
supercell with an approximated 1k order. We added or re-
moved an oxygen atom from this supercell to create either an
interstitial or a vacancy. This leads to an oxygen/metal ratio
equal to 2.031 and 1.969, respectively, with a deviation from
stoichiometry x=0.031. Convergence studies were carried
out in order to determine the influence of the cut-off energy
in point-defect calculations. The results listed in Table I
show that a 500 eV cut-off energy is necessary to obtain
converged structural parameters. Absolute total energies,
however, are only converged to approximately 24 meV/atom,
but we used this cut-off energy to allow for acceptable com-
putational time. The single-oxygen interstitial and vacancy
induce a cell volume variation of 0.3% and 0.02%, respec-
tively. We can therefore consider that the supercell size is
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TABLE I. Convergence of total energies and structural param-
eters (a, b and ¢) with respect to the cut-off energy. The reference
energy is taken to be the total energy calculated at 700 eV.

Cut-off energy E-E;y a, b c
(eV) (meV/atom) A) (A)
400 27 5.502 5517
500 24 5.536 5.553
600 8 5.537 5.552
700 0 5.538 5.554

large enough to accommodate these defects. A 2X2X?2
k-point mesh, yielding four k points in the irreducible part of
the Brillouin zone, is sufficient to get converged structural
parameters and total energies. The defective supercell vol-
ume is kept constant during the calculations and equals the
perfect supercell volume.

For all calculations, the U and J parameters of the DFT
+ U approximation were set to 4.50 eV and 0.51 eV, respec-
tively, as determined by Kotani and Yamazaki,>* based on the
analysis of x-ray photoemission spectra. Finally, we used a
Gaussian smearing for fractional occupancies with a smear-
ing width of 0.1 eV.

As mentioned above, we implemented the possibility of
defining initial occupation matrices and impose them during
the calculation of the DFT+ U potential in the VASP code. We
thus precondition the calculation of the potential which is
then applied as a correction to the standard DFT potential.
Occupation matrices are imposed during the first ten elec-
tronic steps. After these ten steps, the constraint is lifted and
the calculation is left to converge self-consistently on its
own.

II1. BULK URANIUM DIOXIDE

Our previous work'” showed that in order to reach the
ground state of UO, using the DFT+ U approximation, it was
necessary to switch off all symmetries and to control the 5f
electronic occupancies, i.e., to define initial occupation ma-
trices, impose them during the first electronic steps and
monitor them during the calculations. As symmetries are
lowered, the degeneracies of orbitals are lifted and electrons
have more freedom to find lower states. This is all the more
necessary in UO, since it has been shown experimentally
that this material exhibits at low temperature a Jahn-Teller
distortion of the oxygen cage.>° We did not, however, con-
sider the Jahn-Teller distortion in our work in Ref. 19 and we
obtained the ground state of the fluorite structure. The aim of
this section is to investigate the stability of the Jahn-Teller
distorted UO, with respect to the fluorite structure, as well as
the influence of the magnetic ordering. For this purpose, we
first validate our implementation of occupation matrix con-
trol in VASP by comparing results with those obtained in Ref.
19. We also compare the results on UO, given by the Liecht-
enstein and the Dudarev approaches of the DFT+U.

A. Fluorite Fm3m structure

1. Liechtenstein’s approach

In these calculations, we model UO, in its ideal fluorite
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TABLE II. Relative energies of the states obtained starting from the 21 initial diagonal occupation
matrices, calculated with the Liechtenstein DFT+U. Egg is the total energy of the ground state.

E_EGS (thls WOrk)

E—EGS (Ref ]9)

i j Matrix (eV/U,04) (eV/U,04) Comment
-3 -2 [1100000] No convergence
-3 -1 [1010000] 0.06 0.02 First metastable state
-3 0 [1001000] 1.81 1.89 Metallic
-3 1 [1000100] 0.06 0.74 Different states
-3 2 [1000010] 1.66 1.65 Metallic
-3 3 [1000001] 3.34 3.48
-2 -1 [0110000] 0.00 Ground state
=2 0 [0101000] 1.53 1.67
-2 1 [0100100] 0.00 Ground state
-2 2 [0100010] 2.19 2.64
-2 3 [0100001] No convergence
-1 0 [0011000] 1.81 1.89 Metallic
-1 1 [0010100] 0.81 0.74
-1 2 [0010010] 2.06 1.65 Metallic
-1 3 [0010001] 0.06 0.02 First metastable state
0 1 [0001100] 1.81 1.89 Metallic
0 2 [0001010] 0.18 0.12
0 3 [0001001] 1.81 1.89 Metallic
1 2 [0000110] 2.00 1.65 Metallic
1 3 [0000101] 0.06 0.02 First metastable state
2 3 [0000011] 1.66 2.34 Different metallic states

structure (space group: Fm3m) and the wave-function sym-
metries are taken into account. Using the Liechtenstein ap-
proach, we perform a similar systematic study as that of Ref.
19 on a six-atom UO, primitive cell: we study the states
reached by the calculation depending on the initial electronic
occupancies. In order to span the entire potential-energy sur-
face, we should have imposed numerous diagonal and non-
diagonal occupation matrices. To validate our implementa-
tion, however, diagonal occupation matrices are sufficient.
We recall that there are 21 possible diagonal occupation ma-
trices which correspond to the 21 different ways of filling the
seven 5f orbitals with the two electrons of the U*" uranium
cation. The relative energies of the states obtained from the
21 diagonal occupation matrices (using the simplified nota-
tion introduced in Ref. 19) are presented in Table II.

We see that the results obtained in our work are very close
to those presented in Ref. 19: there are ten different states
and the insulating or metallic character of these states is well
reproduced. It can also be seen that the differences in energy
between metastable states are very similar in the two studies.
Finally, the occupation matrices obtained are also in perfect
agreement. Their expression is given in Appendix. It should
first be noted that these occupation matrices only differ by
the signs of the nondiagonal terms in the spin T component.
Then, as we did not take into account the spin-orbit coupling,
there is no off-diagonal spin component (7| or |1 compo-
nent) and the occupation matrices hence predict no orbital
magnetic moment.

A few differences, however, are observed between the two
studies. First, we see that in the present study, two of the 21
initial diagonal occupation matrices allow us to reach the
ground state ([0110000] and [0100100]). These two occupa-
tion matrices are identical by symmetry and it is therefore
consistent that they both lead to the same state. In Ref. 19,
the calculations starting from these two occupation matrices
did not converge and imposing only diagonal occupation ma-
trices did not allow us to reach the ground state. Second,
some initial occupation matrices (namely, [1000100] and
[0000011]) do not lead to the same final state in the two
studies. These differences probably stem from the fact that
the various energy minima are very close to each other and
that two different electronic minimization algorithms were
used in the two studies. Another difference is that the first
metastable state lies 63 meV above the ground state in the
present study. This energy difference is significantly larger
than the value found previously (23 meV). This could be due
to the difference in the PAW atomic data sets used for ura-
nium and, in particular, in the PAW cut-off radius, which
affect the electronic occupancies obtained.

These results therefore enable us to validate our imple-
mentation of occupation matrix control in the VASP code. We
now switch to the Dudarev approach of the DFT+ U, since it
is the most widely used approach in studies of uranium di-
oxide and its defects available in the literature. This will
allow us to compare directly our results with those already
published and make a comparison between the Liechtenstein
and Dudarev approach of the DFT+U.
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TABLE III. States of bulk uranium dioxide U,0O, reached de-
pending on the initial imposed OM. The Dudarev DFT+ U is used.
Metastable states are sorted by increasing relative energy (AE) with
respect to the ground state.

AE
State Initially imposed OM (meV/U,0,)
GS Liechtenstein first MS 0
MS, Liechtenstein GS 87
MS, [0001010] 249
MS; [0010100] 701
MS, [0010010] 1256
MSs [0100010] 1301
MSq [0101000] 1601
MS, [1001000] 1678
MSy [1000001] 1722
MS, [1000010] 1995
MSy [0011000] 2317
MS, [1010000] 2996
MS, [1100000] 3315

2. Dudarev’s approach

We still consider the ideal fluorite structure and take all
symmetries into account. We impose the 21 possible diago-
nal occupation matrices, as well as numerous nondiagonal
occupation matrices, in particular, the occupation matrices of
the Liechtenstein ground state and first metastable state that
were determined in Sec. III A 1. We then sort the metastable
states obtained according to their relative energy with respect
to the ground state. Results are presented in Table III.

It is observed that the first metastable state lies 87 meV
above the ground state. This difference in energy between
the two states is slightly larger than the value yielded by the
Liechtenstein approach (63 meV). We also see that the Du-
darev ground state is the Liechtenstein first metastable state
and vice versa. For the fluorite structure, the Dudarev
ground-state occupation matrices will be used in Sec. IV for
the calculations of point-defect formation energies and will
be referred to as OMg (F for Fluorite). The fact that the UO,
ground state depends on the DFT+U formalism shows that
the physical meaning of the first two states is unclear and
that only a method which allows fluctuations between states
[such as LDA+dynamical mean field theory (DMFT)] (Refs.
40 and 41) may improve the system electronic description.

It should also be stressed that the two DFT+ U approaches
yield very similar electronic states. This is consistent since
the Dudarev approach is a simplified version of the Liecht-
enstein approach. The states reached are structurally identical
with the exact same cell parameters. The occupation matrices
are, however, slightly different. Though having the same
form (same as given in Appendix), the electronic occupan-
cies differ. This is one of the reason why we observe a total-
energy difference of 0.25 eV/UO, between the two DFT
+ U functionals.

Moreover, we found that the state reached when elec-
tronic occupancies are not controlled is the Liechtenstein
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TABLE IV. Total energies of bulk U3,0¢4 calculated using the
Dudarev approach with and without imposing occupation matrices.
The error made by considering the fluorite structure without occu-
pation matrix control is also presented. Some symmetries are taken
into account.

Cut-off energy  Imposed occupation  Total energy  Error

(eV) matrices (eV/U3,044) (eV)
400 OMg -930.248109
400 None —928.759564 1.49
500 OMg -930.560748
500 None —929.032588 1.53
600 OMg -932.053732
600 None -930.516873 1.54

ground state. As the two DFT+ U approaches switch the first
two states, it means that without occupation matrix control,
the Dudarev approach always reaches the first metastable
state. As mentioned above, this metastable state lies 87 meV
above the ground state. Its presence thus induces an error in
the total energy of about 45 meV per uranium atom, which
becomes significant in the case of 96-atom supercells used in
the defect study. A first estimate of the error on the total
energy of these supercells is 1.4 eV.

In order to confirm this estimate, we calculated the total
energies of the perfect 96-atom supercell in the Dudarev ap-
proach using symmetries, both in the ground state (i.e., im-
posing the OMy matrix) and the first metastable state (i.e.,
leaving the calculation converge on its own). To check the
influence of the cut-off energy on the total energy, we used
three different cut-off energies: 400, 500, and 600 eV. Re-
sults are presented in Table IV.

Several conclusions can be reached from these results.
First, the total energies obtained are always lower when oc-
cupation matrices are controlled. As mentioned previously,
letting the calculation converge on its own always yields the
first metastable state of the fluorite structure. Second, as ex-
pected, reaching the first metastable state leads to an error in
the total energy of the supercell of approximately 1.5 eV.
This error is almost independent of the cut-off energy. Fi-
nally, it should be noted that the structural parameters depend
on the state obtained. In the Dudarev approach, the ground
state exhibits a ¢ parameter slightly larger than a and b
(c/a>1). This slight dilatation occurs along the ¢ axis be-
cause of the approximated 1k AFM order considered.'® On
the contrary, the first metastable state exhibits a ¢ parameter
slightly smaller than a and b(c/a<1). This constitutes a
simple test to check whether the ground state of the fluorite
structure has been reached in a calculation.

B. Breaking the Fm3m symmetry: The Jahn-Teller
distortion in UO,

It has been shown experimentally that UO, exhibits at low
temperature a Jahn-Teller distortion of the oxygen cage.?>°
Without this distortion UO, would have a degenerate ground
state: in the paramagnetic fluorite structure, the point-group
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FIG. 1. (Color online) Jahn-Teller distortion of uranium dioxide
as observed experimentally. The displacement of oxygen atoms
(represented by arrows) were multiplied by ten in order to make the
distortion of the oxygen cage visible.

symmetry of uranium atoms is O, and the crystal field splits
the seven 5f orbitals into two threefold degenerate T, and
T,, levels and a nondegenerate A,, level. The two electrons
of the U* cations must therefore be placed in the lowest
threefold degenerate level, which results in three possible
configurations. The distortion of the oxygen cage enables the
crystal to lift this degeneracy, hence the Jahn-Teller denomi-
nation. Experimentally, the oxygen cage is distorted with a
displacement of oxygen atoms of 0.014 A in the (111) di-

rections (Fig. 1), changing the space group from Fm3m to

Pa3.%°

The Jahn-Teller distortion is in UO, directly linked to the
orientation of the magnetic moments of uranium atoms. Ex-
perimentally, UO, exhibits a noncollinear (3k) AFM order®
with uranium magnetic moments pointing toward the (111)
directions. This noncollinear AFM order is difficult to model
and is commonly approximated by a collinear (1k) AFM
order. In this section, we first perform calculations to inves-
tigate the stability of the Jahn-Teller distortion in UO,, in the
1k order. Then, we assess the validity of the 1k approxima-
tion by comparing its total energy to the 3k structure. The
spin-orbit coupling is neglected in these calculations but its
effect will be briefly discussed in Sec. III B 2.

1. Stability of the Jahn-Teller distortion in the 1k order

We first consider the 1k order in which uranium atoms
have magnetic moments which change sign along one par-
ticular axis (in our case, the ¢ axis). Calculations are per-
formed in a 12-atom unit cell starting from the Jahn-Teller
distorted structure without taking symmetries into account.
The total energy of the 1k Jahn-Teller distorted structure is
then compared with the one obtained in the 1k fluorite struc-
ture, in its ground state (Sec. IIT A 2).

Table V shows that the Jahn-Teller distortion stabilizes
the structure by 50 meV/UO,. This is significant since in a
96-atom supercell it would decrease the total energy of the
perfect crystal by approximately 1.6 eV/U3,0¢4. Additional
calculations were performed in the Jahn-Teller distorted
phase with several different initial occupation matrices.
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TABLE V. Stability of the Jahn-Teller distortion in the 1k AFM
UO, with respect to the fluorite structure within the Dudarev
DFT+U.

Total energy E-E.,
Structure Space group (eV) (meV/UO,)
Fluorite Fm3m -116.505199 51.8
Jahn-Teller Pa3 -116.712499

Since all calculations yielded the same final state, it is very
likely that the ground state has been reached for this struc-

ture. This confirms that breaking the Fm3m symmetry by
atomic displacements facilitates the search for the ground
state, as shown in our previous study.

The oxygen-cage distortion, however, does not occur in
the (111) directions, as seen experimentally. This is due to
the approximated 1k order considered since, as mentioned
above, the distortion is closely related to the magnetic mo-
ments of uranium atoms. These are, however, the first DFT
+U calculations in the PAW formalism yielding the Jahn-
Teller distorted structure as the most stable phase of UO,.

In this Jahn-Teller distorted structure, all uranium atoms
have similar occupation matrices which only differ by the
signs of several terms. These occupation matrices will be
used in Sec. IV for the calculation of point-defect formation
energies and will be referred to as OM; (JT for Jahn-Teller).
Calculation results also point out that in the perfect crystal,
occupation matrices depend on the oxygen positions in the
supercell. This is because the oxygen atoms govern the crys-
tal field applied on the uranium atoms. In the 1k fluorite
structure, the point-group symmetry of uranium atoms is Dy,
and the crystal field imposes a particular form to the occu-
pation matrices. If the oxygen cage is distorted, however, the
point-group symmetry is then Cs; and the occupation matri-
ces exhibit a different form. Reciprocally, the initial occupa-
tion matrices govern the final positions of the oxygen atoms.

We performed a calculation in the Fm3m symmetry and im-
posed occupation matrices corresponding to the Jahn-Teller
distorted structure (OM;yy). We then saw that the oxygen at-
oms move from their fluorite to their Jahn-Teller positions
and that the final total energy is very close to the energy of
the Jahn-Teller distorted structure.

2. Stability of the 3k order in UO,

As mentioned above, the 1k order is an approximation of
the 3k order observed experimentally®® in which the uranium
magnetic moments point toward different (111) directions. In
order to determine exactly the error caused by this approxi-
mation, we compared the total energies of the 1k and the 3k
structures. We used a 12-atom primitive cell, which is the
minimum cell size required to reproduce the 3k order. There
are four uranium atoms in the cell. Their fractional coordi-
nates and their magnetic moments are presented in Table VI.
Calculations were performed starting from the experimental
Jahn-Teller distortion. Both atomic positions and cell volume
were optimized and symmetries were switched off. The final
total energies are presented in Table VII.
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TABLE VI. Magnetic moments of the uranium atoms in a 12-
atom conventional cell exhibiting a 3k AFM order.

Fractional coordinates Magnetic moments

(0.00,0.00,0.00) (1.2,1.2,1.2)

(0.50,0.50,0.00) (1.2,-1.2,-1.2)
(0.50,0.00,0.50) (-1.2,-1.2,1.2)
(0.00,0.50,0.50) (-1.2,1.2,-1.2)

We see that the two structures have similar total energies.
The 1k order is, however, slightly more stable than the 3k
order, contrary to what is observed experimentally. This or-
der of stability might change with the inclusion of the spin-
orbit coupling in the calculations. It would indeed yield dras-
tic changes in the occupation matrices due to the filling of
complex spherical harmonics that would give rise to large
matrix elements in the nondiagonal T| and | spin compo-
nents. We have performed several calculations including the
spin-orbit coupling in order to calculate the orbital magnetic
moment of uranium atoms in the fluorite phase of UO,. We
find it to be equal to =3.3ug per uranium atom, which com-
pares well to the value found by Dudarev et al** and
Laskowski et al.** The occupation matrices yielded by these
calculations indeed display large complex off-diagonal ele-
ments. Such changes in the occupation matrices, however,
require a new systematic search for the ground state, which
is not in the scope of this study where we study defect for-
mation energies that can be compared with other values re-
ported in the literature where spin-orbit coupling was ne-
glected.

Finally, it is seen that in the 3k AFM structure, the cell is
perfectly cubic (a=b=c) and the oxygen cage undergoes a
distortion Ag of 0.09 A in the (111) directions, which is
significantly larger than the distortion observed experimen-
tally. Our results are, however, consistent with the all-
electron calculations performed by Laskowski et al.,*> who
also calculated the 1k structure to be most stable, as well as
a large distortion of the oxygen cage (Ag=0.16 A).

The above results emphasize that the 1k order is a good
approximation of the 3k order and therefore justifies its use
in our calculations of point-defect formation energies. As the
Jahn-Teller distorted structure is found to be the most stable
phase, we will calculate formation energies in both phases of
UO0,.

IV. STABILITY OF UO,,,
This section reports the values of the formation energies

of the single-oxygen interstitial and vacancy in UO, calcu-

TABLE VII. Relative stability and cell parameters of the 12-
atom primitive cell in 1k and 3k AFM orders without the spin-orbit
coupling.

1k order 3k order
Total energy (eV) -116.712526 —-116.710061
E3k_E1k (meV/UOz) 0 0.61
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FIG. 2. (Color online) Local environment of a single oxygen
atom in an octahedral interstitial site (the center of the cube). Blue
atoms stands for uranium atoms while red atoms stand for oxygen
atoms.

lated with occupation matrix control. It should be stressed
that the formation energies calculated for the Jahn-Teller dis-
torted structure cannot be directly compared with experimen-
tal data at ambient or higher temperature since it is only
stable below 30 K. Consequently, we also studied the case of
the fluorite structure for comparison with experimental data.
To calculate formation energies in the fluorite structure, how-
ever, several adequate wave-function symmetries were kept
in order to prevent the system from getting back to the most
stable phase, i.e., the Jahn-Teller distorted phase. For the
investigation of the oxygen interstitial, the extra oxygen
atom is added in a 96-atom supercell at an octahedral inter-
stitial site (see Fig. 2). It exhibits six uranium atoms as first-
nearest neighbors (located at the center of the faces) and
eight uranium atoms as second-nearest neighbors (located at
the corners of the cube). In this configuration (Us,Og;s), the
oxygen/metal (O/M) ratio equals 2.031. The oxygen va-
cancy is surrounded by four uranium atoms as first-nearest
neighbors and the O/M ratio equals 1.969.

Our objective is to provide the most reliable point-defect
formation energies in the fluorite and Jahn-Teller distorted
phases in checking the ground state is reached or approached
as much as possible in the calculations of defective super-
cells. The search for the ground state in large defective su-
percells is even more complex than in perfect crystal struc-
tures and we show how occupation matrix control can
prevent the system from being trapped in metastable states.
For this purpose, we performed calculations in both phases
with occupation matrix control, as well as default calcula-
tions for comparison. We also used as initial wave functions
those obtained in a preliminary spin-polarized GGA (SP-
GGA) calculation, as has been done in Refs. 12 and 24.

A. Hyperstoichiometric UO,,,

The formation energy of the single-oxygen interstitial is
given by
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TABLE VIII. Relative energies of the Jahn-Teller distorted
structure containing an oxygen interstitial, starting from different
electronic occupancies.

Initial OM E-E.;, (eV)
Default 0.32
OM;t 0.00
SP-GGA calculation 0.04
1
F 97 96
E10 = EIO —-E7°— EEOZ’ (3)

where E?Z) is the total energy of the supercell with the single-
oxygen interstitial, E%® is the total energy of the perfect su-
percell in its ground state (i.e., either the fluorite or the Jahn-
Teller distorted structure), and Eo, is the total energy of the
reference state of oxygen: the dioxygen molecule O, in its
triplet state calculated using the spin-polarized GGA approxi-
mation. For the dioxygen molecule, we find the binding en-
ergy to be 30% higher than the experimental value. The
larger part of this error (2/3) comes from the limitation of the
PBE functional to describe the O, molecule.*? The rest of the
error is probably due to the PAW data set of the oxygen
atom. It is difficult, however, to tell whether it acts on the
total energy of the dioxygen molecule or the single oxygen
atom. In the latter case, the error would have no influence on
the calculated formation energies.

Table VIII shows the result of the three calculations per-
formed on the Jahn-Teller distorted structures. It can be seen
that the lowest energy state was obtained when the occupa-
tion matrix control scheme was used. Furthermore, one
should notice that the three different calculations lead to
three different results, which is the origin of the discrepan-
cies observed in the literature, as will be discussed in Sec. V.
Thanks to occupation matrix control, uranium atoms far from
the defect and which are not affected by its presence are in
their ground state. It should also be stressed that in the low-
est state, oxygen atoms did not move back to their ideal
fluorite positions. The most stable phase is thus a Jahn-Teller
distorted structure. Furthermore, starting from SP-GGA
wave functions is also an effective way of approaching the
system ground state. This particular scheme was used in our
previous study of the incorporation of iodine in UO,.'? The
highest energy states are obtained using the default calcula-

tions without occupation matrix control, both in Fm3m and

Pa3 structures.
Table IX presents the formation energies Efo of the oxy-

gen interstitial in the fluorite and the Jahn-Teller distorted

TABLE IX. Formation energies of the single-oxygen interstitial
and vacancy in the fluorite and the Jahn-Teller distorted structures.

Structure Efo Ef,o
Fluorite (with OMg) 0.10 5.67
Jahn-Teller distortion (with OM;t) 0.47 6.01

PHYSICAL REVIEW B 82, 035114 (2010)

structures. It can be seen that the formation energies are posi-
tive in both phases, 0.10 eV and 0.47 eV, respectively. The
formation energy in the Jahn-Teller distorted structure is
therefore 0.37 eV larger than the one in the fluorite structure.
Both these energies are small and the question of the sign of
the oxygen interstitial formation energy is still a matter of
debate. It seems consistent, however, to find a positive for-
mation energy for the Jahn-Teller distorted UO,,, given that
this hyperstoichiometric phase is not stable at 0 K.*

In both the fluorite and Jahn-Teller distorted phases, we
observed the presence of two U>* cations. We performed
several additional calculations to determine their most stable
location and found it to be the second coordination sphere of
the extra interstitial oxygen atom. The optimal separation
distance between the two cations is then d=9.64 A. The
magnetic moments of these two cations changed from =2 up
to *£1up, suggesting the loss of one electron. It should be
noted, however, that the presence of the two U+ cations
could be an artifact of the DFT + U formalism, which tends to
favor integer electronic occupancies.* Only an experimental
evidence of the presence of U ions in UO,,, at low tem-
perature could thus confirm these results.

Finally, we investigated the atomic relaxations of the extra
oxygen nearest neighbors. In both the fluorite and the Jahn-
Teller distorted structures, the distance between neighboring
uranium atoms decreases, resulting in a local decrease in the
cell parameters. This is in agreement with experimental ob-
servations that the cell parameters decrease with the addition
of oxygen in the material. In the work of Teske et al.,* they
found that the cell parameters decrease as a function of the
deviation from stoichiometry x

a=(5.4705 - 0.1306x) 4)

with a negative slope of 0.1306. We accordingly calculated
this slope and found it to be 0.1093 and 0.1132 in the fluorite
and the Jahn-Teller distorted structures, respectively. Our
calculations are therefore in good agreement with the experi-
mental observations of Teske et al. It can also be seen that
the influence of the extra oxygen atom on the cell parameters
is similar in the two phases, suggesting that the crystal field
does not have a large influence on the defect structural prop-
erties.

B. Hypostoichiometric UO,_,

The formation energy of the single-oxygen vacancy is
given by

1
Ey =Ey —E*+ ~Eo, (5)

where E({),S is the total energy of the supercell with the oxy-
gen vacancy, E° is the total energy of the perfect supercell,
and Eo, is the total energy of the dioxygen molecule. We
performed the two calculations described above for the fluo-
rite structure and the three calculations for the Jahn-Teller
distorted structure.

The results show that the lowest energy states are reached
in the Jahn-Teller distorted structure, either with occupation
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TABLE X. Formation energy of the unbound oxygen Frenkel
pair in the fluorite and the Jahn-Teller distorted structures.

F
Structure EFPO
Fluorite (with OMg) 5.77
Jahn-Teller distortion (with OM;r) 6.48

matrix control or when SP-GGA wave functions are used.
The fluorite structure states are systematically higher in en-
ergy.

Table IX presents the formation energies Ef,o of the oxy-
gen vacancy in the two UO, phases. It can be seen that the
formations energies are similar in the fluorite structure (5.67
eV) and the Jahn-Teller distorted structure (6.01 eV) with a
difference of 0.34 eV between the two structures, similar to
what was found for the oxygen interstitial. As regards the
atomic displacements of the defect nearest neighbors, we
found that the oxygen vacancy only triggers slight modifica-
tions in the bonding distances (less than 0.05 A). As a con-
sequence, the cell parameters remains unchanged with and
without the defect.

For both oxygen point defects, the above results seem to
show that the formation energies in the fluorite are 0.3 to 0.4
eV lower than in the Jahn-Teller distorted structure and that
the crystal field in UO, has only a moderate influence on the
formation energies. Moreover, results show that occupation
matrix control gives accurate results because it always allows
one to reach the lowest states. Consequently, when calculat-
ing defective structures in the DFT+U approximation, one
should always control the occupation matrices by imposing
the occupation matrices corresponding to the ground state of
the phase considered. This is all the more necessary when
studying the fluorite structure using the Dudarev approach
since its ground state can only be reached by imposing the
OMEg occupation matrix.

C. Unbound oxygen Frenkel pair

From the formation energies of the oxygen interstitial and
vacancy, we can estimate the formation energy of an un-
bound oxygen Frenkel pair both in the fluorite and the Jahn-
Teller distorted structures. This defect is composed of an
interstitial and a vacancy with no interaction between the two
defects. It is thus the sum of the two formation energies
calculated in this work

Epp, =Ej +Ey, . (6)

We present in Table X the formation energies of the unbound
oxygen Frenkel pair in the fluorite and the Jahn-Teller dis-
torted structures. The Frenkel pair formation energy in the
Jahn-Teller distorted structures is much higher than in the
fluorite structure. We recall, however, that for comparison
with experiments, the fluorite structure should be considered.
In this case, the formation energy equals 5.77 eV, which can
be compared with the value found in previous DFT+ U stud-
ies of approximately 4 eV.%719 Our value is therefore much
larger than in the previous studies, due to the larger forma-
tion energy found for the oxygen interstitial.

PHYSICAL REVIEW B 82, 035114 (2010)

Previous investigations of defects in UO, (Refs. 7 and 12)
have shown that interactions between defects have a large
influence on the formation energies and should then be taken
into account in calculations of complex point defects. For-
mation energies of bound Frenkel pairs should therefore be
calculated. This involves supercells containing both the oxy-
gen interstitial and vacancy. However, due to the relatively
small size of the supercells which can currently be consid-
ered, the oxygen interstitial can only be first- or second-
nearest neighbor of the vacancy. In both cases, the oxygen
interstitial atom gets back into the vacancy. This result is
consistent with the results of a recent classical molecular
dynamics study by Van Brutzel et al.,*” where recombination
is observed for these two positions of the interstitial oxygen
atom.

V. COMPARISON OF OUR RESULTS WITH THOSE
OF THE LITERATURE

We showed in Sec. III A 2 that the use of the Duravev’s
approximation of the DFT+U always yields the first meta-
stable state if the OMg occupation matrix is not imposed at
the beginning of the calculation. The Dudarev formalism is
used by most authors who studied UO, within the DFT+U
approximation, except Andersson et al.'' who used the
Liechtenstein approach. None of these authors, however,
mentioned having controlled the occupation matrices. Con-
sequently, it is very likely that their calculations yielded the
first metastable state of the fluorite structure. This can be
easily checked by looking at the cell parameters obtained,
since in the fluorite structure, there is a dilatation along the ¢
axis in the ground state while it is a compression in the
metastable state. In the work of Iwasawa et al.,® Dorado et
al.,"> Gryaznov et al.,'” and Yu et al.,"’ for instance, the
slight compression along the ¢ axis is observed. This means
that the first metastable state was indeed reached. In the stud-
ies of Gupta et al.” and Nerikar et al.,'” the cell is found to be
perfectly cubic. We showed in Sec. III B 2 that the cubic cell
can only be obtained without constraining symmetries by
considering the noncollinear AFM order. We thus think that
the cell was forced to remain cubic in these calculations but
that the first metastable state was still reached. Consequently,
all previous studies obtained very probably the same final
state for the perfect supercell.

We present in Table XI the formation energy of the oxy-
gen interstitial and vacancy given by the various authors, as
well as our values for the fluorite structure. As already men-
tioned, there are large discrepancies in the formation energies
published. The formation energy of a point defect involves
three terms: the total energy of the perfect crystal, the total
energy of the reference state for oxygen and the total energy
of the defective supercell. We showed above that all previous
studies had reached the same fluorite metastable state for the
perfect crystal. In addition, the reference state for the oxygen
atom is in all studies the dioxygen molecule calculated in the
SP-GGA approximation and using the same PAW data sets.
Any error in the total energy of the dioxygen molecule would
only lead to a slight variation in the formation energies (less
than 0.2 eV). The dioxygen molecule is therefore not the
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TABLE XI. Formation energies of the oxygen interstitial and vacancy calculated by various authors using the Dudarev DFT+U

approach.

Iwasawa Gupta Nerikar Dorado Yu

(Ref. 6) (Ref. 7) (Ref. 10) (Ref. 12) (Ref. 13) This work
Relaxation Complete Volume only Volume only Complete Volume only Complete
Cut-off energy (eV) 400 400 400 400 500 500
GGA PBE PWO1 PWI1 PBE PBE PBE
Io (eV) -0.4 -1.6 -13 -2.44 0.10
Vo (eV) 4.5 5.6 53 35 5.06 5.67

origin of the discrepancies observed, contrary to the state-
ment of Yu et al.'® Consequently, the discrepancies must
stem from the calculations of the defective supercells which
reached different metastable states. In defective supercells,
the number of metastable states increases significantly and
the ground state is more difficult to reach, especially when
symmetries are not switched off. Table VIII clearly points
out this difficulty since each calculation reached a different
state.

The error caused by considering the fluorite structure
without imposing the ground-state occupation matrices sig-
nificantly affects the formation energies published so far. We
have indeed shown that the first metastable state is located
1.5 eV above the ground state (for the 96-atom supercell)
and thus induces a significant underestimation of the forma-
tion energies. Consequently, to take this error into account,
all formation energies found in the works cited above should
be shifted upward by 1.5 eV. It could be argued that this error
is also present in the calculations of defective supercells and
therefore cancels out in the calculation of the formation en-
ergies. Our calculations show, however, that the error is
much smaller in the calculations of point defects than in the
perfect crystal, provided symmetries are switched off. In the
particular case of Yu et al.,'? it can be seen that their forma-
tion energy for the oxygen interstitial is largely negative.
This low value stems from the fact that symmetries have
probably been switched off in the calculations, and that the
defective supercell converged toward the most stable phase
at 0 K, e.g., a Jahn-Teller distorted structure. In the case of
the oxygen vacancy, we had obtained the lowest formation
energy published so far using SP-GGA wave functions as
initial guess for the calculations.!?

VI. CONCLUSION

In the present paper, we report DFT+ U values of oxygen
simple point defects in UO,, both in the fluorite and the
Jahn-Teller distorted structures. Contrary to previous studies,
these values were calculated using an efficient occupation
matrix control scheme which we developed on the perfect
crystal. These are also the first DFT+ U calculations in which
the defects in the Jahn-Teller phase are considered. We first
studied the Jahn-Teller distortion in perfect UO, in the non-
collinear antiferromagnetic order. We show that the fluorite
structure is not the most stable phase at 0 K, as seen experi-
mentally. The most stable phase is a Jahn-Teller distorted

structure that exhibits a distortion of the oxygen cage with an
oxygen displacement along the (111) directions, in agree-
ment with experiments. The oxygen displacement calculated
is, however, larger than the experimental one. We show that
this distortion of the oxygen cage stabilizes the structure by
approximately 50 meV per uranium atom, which is a signifi-
cant energy difference. As for the fluorite structure, we show
that if occupation matrices are not controlled, the use of the
Dudarev approach of the DFT+U systematically yields the
first metastable state, which is located 45 meV per uranium
atom above the fluorite ground state. This results in a large
underestimation of the point-defect formation energies pub-
lished in the literature. In the case of point-defect calcula-
tions, we confirm that occupation matrix control always al-
lows one to reach the lowest energy states. Using this
procedure, we find the formation energy of the single-oxygen
interstitial to be 0.10 eV and 0.47 eV in the fluorite and the
Jahn-Teller distorted structures, respectively. The extra oxy-
gen atom induces a contraction of the cell parameters in
good agreement with the experimental value. These are the
first DFT+ U calculations in which the formation energy of
the single-oxygen interstitial is found to be positive. This is
consistent with the experimental observations showing that
UO,,, is not stable at 0 K. As concerns the oxygen vacancy,
the formation energy is found to be 5.67 eV and 6.01 eV in
the fluorite and the Jahn-Teller distorted structures, respec-
tively. For oxygen simple point defects, the crystal field
therefore seems to have only a moderate influence on the
defect formation energies. Finally, we show that the discrep-
ancies observed in the literature on the defect formation en-
ergies stem from the different metastable states of the defec-
tive supercells reached in the various calculations.

In the specific case of UO,, the existence of the Jahn-
Teller distortion facilitates the search of the lowest states due
to the breaking in symmetries it induces. This is the reason
why calculations without occupation matrix control reach
low-energy states for oxygen point defects in the Jahn-Teller
distorted structure. For direct comparisons of point-defect
formation energies with experiments, however, the fluorite
structure must be considered, and controlling occupation ma-
trices is mandatory to reach the ground state. More generally,
occupation matrices should always be controlled in studies
using a method which localizes electrons, such as hybrid
functionals, self-interaction correction method, or the DFT
+ U approximation.
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APPENDIX: OCCUPATION MATRICES

We report below the ground state and the first metastable
state occupation matrices of bulk uranium dioxide in its fluo-
rite structure, without taking into account the spin-orbit cou-
pling. Occupation matrices are calculated in the basis of real
spherical harmonics.

Within the Liechtenstein approach of the DFT+U, the
occupation matrix is given by spin component |

0.347 0.000 0.450 0.000
0.000 0.146 0.000 0.000
0.450 0.000 0.677 0.000
0.000 0.000 0.000 0.040
0.000 0.000 0.000 0.000 0.677 0.000 -0.450
0.000 0.000 0.000 0.000 0.000 0.026 0.000
0.000 0.000 0.000 0.000 —0.450 0.000 0.347

0.000
0.000
0.000
0.000

0.000
0.000
0.000  0.000
0.000  0.000

0.000
0.000

spin component |

PHYSICAL REVIEW B 82, 035114 (2010)

0.033 0.000 0.002 0.000
0.000 0.116 0.000 0.000
0.002 0.000 0.025 0.000
0.000 0.000 0.000 0.034
0.000 0.000 0.000 0.000 0.025 0.000 -0.002
0.000 0.000 0.000 0.000 0.000 0.025 0.000
0.000 0.000 0.000 0.000 —-0.002 0.000 0.033

0.000
0.000
0.000
0.000

0.000
0.000
0.000  0.000
0.000  0.000

0.000
0.000

whereas in the first metastable state, it is given by spin com-
ponent T
0.347 0.000 -0.450 0.000 0.000 0.000 0.000
0.000 0.146 0.000 0.000 0.000 0.000 0.000
—0.450 0.000 0.677 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.040 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.677 0.000 0.450
0.000 0.000 0.000 0.000 0.000 0.026 0.000
0.000 0.000 0.000 0.000 0.450 0.000 0.347

spin component |

0.033 0.000 0.002 0.000
0.000 0.116 0.000 0.000
0.002 0.000 0.025 0.000
0.000 0.000 0.000 0.034
0.000 0.000 0.000 0.000 0.025 0.000 -0.002
0.000 0.000 0.000 0.000 0.000 0.025 0.000
0.000 0.000 0.000 0.000 —-0.002 0.000 0.033

0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000  0.000
0.000  0.000
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