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A first-principles study on point defects in plutonium dioxide
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Plutonium dioxide is one of the main components of nuclear fuels. In this paper, we evaluated formation
energies of charged vacancies and site-interstitial atoms in plutonium dioxide based on density functional
theory with spin-orbit coupling and strongly-correlated electron effect using LDA+U method. We also
estimated migration energies of oxygen defects. We found that oxygen vacancies with double positive charge
and interstitials with double negative charge are the most stable and that the calculated migration energy of an
oxygen vacancy is comparable with that of an oxygen interstitial.
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1. Introduction

Plutonium dioxide (PuO-) is one of main components
of mixed-oxide nuclear fuels, and therefore it is crucial
to accumulate data of its physical properties. In
particular, it is well known that vacancies and
site-interstitial atoms (SIAs) strongly affects the physical
properties of this material. Thus, it is important to
investigate the effects of point defects such as vacancies
and SlAs.

To investigate the effect of point defects,
first-principles calculations are expected to play an
important role, since it is difficult to measure their
physical properties in detail. So far, a few calculations of
formation exergies of charged point defects in actinide
dioxides were reported [1,2]. The results of these papers
implied that charge states of point defects are essential
for estimation of their formation energies.

PuO; is known to be a paramagnetic insulator.
However, this material was sometimes calculated as an
antiferromagnetic insulator using first-principles density
functional theory (DFT), since non-relativistic DFT
cannot  predict an insulating state  without
antiferromagnetic order in the case of PuO,. In Ref. [3],
we succeeded in obtaining the paramagnetic insulating
state by considering spin-orbit coupling as relativistic
effect and strong-correlation effect simultaneously. In
this paper, we evaluate the formation energies of
charged point defects in PuO, and some of their
migration energies, based on the paramagnetic insulating
bulk state.
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2. Calculation methods
2.1. Ground-state calculation

Plutonium dioxide has the fluorite crystal structure
whose space group is Fm3m. This materials is well
known as the van Vleck paramagnet. In all calculations,
we adopt a 2x2x2 supercell which contains 32 Pu atoms
and 64 O atoms (Wyckoff positions 4a and 8c,
respectively) in the case of stoichiometric PuO; as
shown in Figure 1.

We employ VASP [4] as a DFT calculation package
which supports the PAW method [5]. We adopt
spin-orbit coupling as relativistic effect and DFT+U
method (U =4¢eV and J =0) as strongly-correlated
electron effect. The value of U was determined to fit the
insulating gap size as shown in Ref. [3]. Recently,
smaller value of U (0.95 eV) was reported for pure
plutonium using self-consistent constrained
random-phase approximation (cRPA)[6]. However, the
value of U for oxides tends to be larger than that of pure
metal, and therefore we can expect that the present value
is reasonable. In fact, calculated U of UO; (5.7 eV) was

\v\/ c\w’
/A\' LN

\V»§¢\
\‘

Figure 1. Crystal structure of PuOz2. The 2x2x2 supercell is
shown here. Large and small spheres stand for Pu and O
atoms, respectively.
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Figure 2.
(b), plutonium vacancy (c) and plutonium interstitial (d).

reported to be larger than that of pure U metal (0.8
eVv)[6,7].

The exchange-correlation energy we use is LDA [8],
and the energy cutoff is set to 500 eV. The k-points are
taken as 3x3x3 through the paper. These setting values
are similar to those in Ref. [3]. Therefore, the obtained
state is also similar to that of the literature, i.e., the
paramagnetic insulating state with an insulating gap (1.8
eV). As mentioned in Ref. [3], the calculated energy of
the paramagnetic state becomes larger than that of
magnetic state. However, we adopt the paramagnetic
state as the ground state to evaluate defect formation
energies, since correct defect structure cannot be
obtained by distortion caused by artificial magnetic
order. We optimize the lattice parameter and obtain
5.358 A which agrees with the experimental value 5.396
A[9]. In all calculations, we fix the lattice parameter to
the optimized value.

2.2. Point defects

The point defects focused in this paper are vacancies
and interstitials of oxygen and plutonium atoms. The
interstitial site we consider corresponds to the 4b
Wyckoff position, which is the center of an oxygen cube.
We prepare one point defect in the calculation supercell.
The charge of a defect is controlled by varying the
number of electrons in the cell. The background charge
is also changed to keep the calculation cell neutral. In
the case of oxygen vacancy, we evaluate its formation
energy through
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Formation energy of charged point defects as a function of the Fermi energy for oxygen vacancy (a), oxygen interstitial

1
Ey, = E(Pu3;063) — E(Pu3;064) + 55(02)
+ q(Evgm + Eg) , 1)

where E(X) is the calculated total energy of the
supercell with composition X, which is obtained by
optimizing atomic positions with fixed cell size. To
obtain E(0,), we prepare one oxygen molecule in the
cell with the same size as that of Pus»Oss. For the
charged defects, the formation energies depend on the
Fermi energy Er which corresponds to the formation
energy of an electron. In Eq. (1), g denotes the charge of
the point defect and Eygy Iis the valence-band
maximum energy. For interstitials, we can evaluate their
formation energy similarly. Our calculation method
basically follows those in Ref. [1,2]

Using calculated formation energies of charged point
defects, we can evaluate the formation energies of
neutral Frenkel and Schottky defects. In the case of a
Frenkel defect, we consider a pair of +g vacancy and
- q interstitial, and the formation energy of the Frenkel
pair is obtained from the sum of the formation energies
of the vacancy and interstitial. Thus, the formation
energy of a neutral Frenkel defect no longer depends on
the Fermi energy.

We also evaluate the migration energies of an oxygen
vacancy and interstitial. To calculate the migration
energy, we employ the nudged elastic band method [10]
implemented in VASP with 5 intermediate images.
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Table 1. Formation energy of oxygen Frenkel defect.

Calculated formation

Vacancy energy (eV)
charge SIA charge Present Ref. [2]

work

+2 -2 4.58 3.48

+1 -1 5.59 4.93

0 0 7.18 6.05
-1 +1 8.88
-2 +2 13.74

3. Results and discussion
3.1. Charged defects

Calculated formation energies of charged defects are
shown in Figure 2. In the case of an oxygen vacancy,
the +2-charged defect has the lowest formation energy
up to 1.3 eV of the Fermi energy. For an oxygen
interstitial, the —2-charged state is the most stable in the
wide range of the Fermi energy. These results are
reasonable since an oxygen atom in PuO; is expected to
be a divalent anion. Similarly, in the case of plutonium
which can be a tetravalent cation in this material, the
—4-charged vacancy has the lowest formation energy.
However, +3-charged interstitial plutonium atom has
the lowest formation energy over 0.4 eV of Fermi
energy, while +4-charged state is the more stable at low
Fermi energy. This result is consistent with the fact that
PuO; tends to be hypo-stoichiometric, where some
plutonium atoms can be trivalent cations.

3.2. Frenkel and Schottky defects

In Table 1, we summarize the formation energies of
oxygen neutral Frenkel pairs for various charge states.
The Frenkel pair of +2-vacancy and —2-interstitial is
the most stable, whose formation energy is 4.58 eV. This
result reflects that these defects are the most stable as
mentioned in the previous subsection. To confirm the
formation energy of an oxygen Frenkel defect, we also
evaluate the total energy of an oxygen vacancy and
interstitial in one supercell and obtain the similar
formation energy 4.47 eV. Our result is slightly larger
than the previously reported calculations using
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Figure 3.
respectively.

Table 2. Formation energies of various neutral defects. Vyf
and I} denotes vacancy and interstitial of element X with
charge q, respectively.

Calculated
Type of neutral defect ~ Charge states formation
energy (eV)
Pu Frenkel defect Vot + I3 10.02
PuO2 Schottky defect Vi + 232 6.09
PuO:; interstitial I3 + 2157 13.09

antiferromagnetic ground state [2] as shown in Table 1.

We also evaluate formation energies of other neutral
defects as summarized in Table 2. The formation
energies tabulated in this table are larger than that of
oxygen Frenkel pair in Table 1.

3.3. Migration energy

We evaluate migration energies of +2 -charged
oxygen vacancy and —2 -charged interstitial. We
assume that an oxygen vacancy moves to the nearest
oxygen-site as shown in Figure 3a. In the case of
oxygen interstitial migration, the interstitial atom pushes
out the nearest oxygen, and the pushed atom moves to
another interstitial site (Figure 3b). If the interstitial
atom moves directly to another interstitial site, the
migration energy becomes much larger than that of the
former migration path. The calculated migration
energies are 1.11 eV and 1.18 eV for an oxygen vacancy
and interstitial, respectively. These results imply that the
mobility of interstitials are not so different from that of
vacancies.

3.4. Comparison with literature

The measured formation energy of an oxygen Frenkel
pair and migration energies of an oxygen vacancy and
interstitial were summarized in Ref. [11]. The calculated
formation energy of the oxygen Frenkel defect is slightly
larger than observed values 2.72-2.92 eV. The reported
migration energies are 0.48 eV and 1.58 eV for an
oxygen vacancy and interstitial, respectively. The
calculated value for interstitial migration are slightly
smaller than the measurement, while the migration
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Migration paths for oxygen vacancy (a) and oxygen interstitial (b). Blue and red spheres denote Pu and O atoms,
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energy of a vacancy is larger than those of experiments.
We can evaluate the activation energy of oxygen
self-diffusion through the relation

EA — EFrznkel + Emig' (2)

where Eppenker and Epig are the Frenkel energy and
migration energy, respectively. The estimated activation
energy from the calculated values is 3.4 eV, which is
larger than the reported value 1.83-1.93 eV [11]. We
should note that recent molecular dynamics calculations
estimate much larger activation energy (~6 eV) [12].

The formation energies and migration energies of
oxygen defects in PuO. have not often been measured so
far. On the other hand, the measured formation energy
of Frenkel pair in PuO, was reported to be smaller than
that of UO; (~4 eV) [11], while the calculated values for
PuO; and UO; are similar (4.58 eV for PuO; and 4.8 eV
for UO;, [1]). Thus, it is possible that some specific
mechanism affects the measurement of the formation
energy in PuO.. In the present situation, we might
mention that our calculation results almost agree with
the experimental results.

In our results, —2-charged interstitial oxygen is more
stable in the wide range of Fermi energy. On the other
hand, Prodan et al. pointed out that interstitial oxygen is
—1-charged [13]. Even in our calculations, —1-charged
interstitial is more stable than —2-charged one at low
Fermi energy, as shown in Figure 2(b), and therefore our
results do not necessarily conflict with them. The
charges of defects are sensitive to their circumstance,
such as oxygen partial pressure. Thus, comprehensive
analyses would be required to determine the exact
charge states.

4. Conclusions

We evaluated the formation energies of charged point
defects in plutonium dioxide using density functional
theory. In the calculations, we employed LDA+U with
spin-orbit coupling and then our calculations were based
on the paramagnetic insulating ground state of PuO,. We
also estimated the formation energies of neutral Frenkel
and Schottky defects. The migration energies of oxygen
vacancy and interstitial were calculated, and we found
that these values are similar. Though our calculation
results slightly deviate from experimental values, they
are still comparable with experiments.
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