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An increased knowledge of the chemistry of PuO, is imperative for the design of procedures to store,
dispose, or make use of PuO,. In this work, point defect concentrations in PuO, are determined by
combining density functional theory (DFT) defect energies and empirical potential calculations of
vibrational entropies. The obtained defect concentrations are expressed as a function of temperature
and oxygen partial pressure and used to calculate non-stoichiometry in PuO,.,. The results show that
the defect chemistry of PuO, is dominated by oxygen vacancies and interstitials. Hypo-stoichiometric
PuO,_, is accommodated by both the uncharged oxygen vacancy (V) and positively charged oxygen
vacancy (Vé*) at small values of x, with Vg increasingly dominant with increasing x. The negatively
charged oxygen interstitial (O?7) is found to accommodate hyper-stoichiometry (PuO,.,), but reluctance
to form hyper-stoichiometric PuO,,, is observed, with oxygen interstitials present only in very low
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concentrations irrespective of conditions. The small degree of hyper-stoichiometry found is favoured by
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1 Introduction

The handling, storage and disposal of PuO, (the form civilian
plutonium stockpiles are maintained in)* presents considerable
safety and security challenges. Large stockpiles of PuO, currently
exist in interim storage awaiting decisions regarding its long-
term disposal or re-use; PuO, attracts interest as a component of
future nuclear reactor fuels and 2*®Pu, in the form 2**Pu0,, is the
most commonly used isotope in radioisotope thermoelectric
generators and heating units for space applications.” To enable
safe storage and/or application a thorough understanding of
how the material evolves in the short to medium term is
required, which can be aided by studying the materials defect
chemistry.

The potential pressurisation of some of the containers used
to store PuO, is of major concern, with multiple pressurisation
mechanisms proposed.® The formation of hyper-stoichiometric
PuO,., may play a role in the chemical reactions producing gas.
It is reported that PuO,., participates in moisture enhanced
corrosion of Pu, producing H,,*® although this is less of a concern
in the UK, where the oxide is stored. Through experimental
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investigation of PuO, at conditions relevant to intermediate
storage, Haschke et al®® have reported the existence of the
hyper-stoichiometric PuO,., phases, while subsequent work has
shown PuO,.,, may be best described as a compound containing
OH  and H,O species, with excess oxygen accommodated in
molecular complexes of Pu(v).”® The defect chemistry of PuO,
helps describe the formation and properties of non-stoichiometric
PuO, and the equilibrium of species (e.g. oxygen) between the
PuO, solid and the surrounding gases.

PuO, is very challenging to study both experimentally and
theoretically. Experimental challenges include strict regulation,
the difficulty in preparing and handling samples, and continuous
crystal lattice damage and transmutation of Pu due to self-
irradiation.” Many of the challenges involved in theoretical calcula-
tion arise from trying to correctly describe the 5f electrons. PuO, is
classified as a strongly correlated material, with a ground state of
localised 5f electrons.'® In conventional density functional theory
(DFT), an over de-localisation of these electrons results in the self-
interaction error that causes PuO, to be described as conducting
when in fact PuO, is classified as a charge-transfer insulator."’

A method used extensively to overcome this shortcoming is
to adopt a Hubbard-like correction to give the DFT+U method."°
The U parameter modifies the electron repulsion of the 5f
electrons and addresses the self-interaction error, yielding good
reproduction of the ground-state electronic properties seen in
actinide dioxides.'”"" Two adjustable variables help construct
the U correction parameter. These are the on-site Coulombic (U)
and exchange interaction (J) parameters, which are used to
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calculate Uy = U — J in the Dudarev et al. formulism.'* The
U and J parameters are obtained by fitting to structural and
electronic properties of PuO,.""**” Reproduction of the electronic
band gap (E,) is seen as a strong metric of success. Most previous
DFT+U studies of PuO, fit U and J to reproduce the bandgap of
McNeilly et al.'® (Eq = 1.8 eV), however the much more recent
experimental study of McCleskey et al.'® reports a higher E, of
2.8 eV. This large discrepancy in the experimental bandgap for
PuO, poses significant issues for determination of the appropriate
values for U and J.

An alternative method to DFT+U used to avoid the problems
encountered with the self-interaction error is to use hybrid
functionals. Hybrid functionals, which blend a portion of the
Hartree-Fock (HF) exchange into a part of a density functional,
have been shown to offer significantly improved descriptions
of band gaps, especially in small- to medium- gap systems
(~ <5 eV).?® Compared to the DFT+U method, hybrid func-
tionals require significantly more computational effort to utilise,
but several studies have applied hybrid functionals to study PuO,
with good experimental replication achieved.'**'

An important aspect in correctly simulating PuO, is selec-
tion of an accurate description of its magnetic ground state.
Experimental and theoretical studies have indicated differing
ground states: a singlet diamagnetic (DM) ground-state is
indicated from experimental observations® whereas ferromagnetic
(FM) or anti-ferromagnetic (AFM) ground states have in the past
been predicted from theory.'*”*'** Many studies select 1k AFM
order to describe PuO,."*""*"**° In their comprehensive study of
magnetic order in PuO,, Pegg et al** found that 1k AFM states
produce an incorrect crystal structure (the correct structure as
indicated by experimental results is Fm3m crystal symmetry)®’
and that the choice of AFM domain (longitudinal or transverse)
had a significant impact on the electronic and structural properties
of PuO,. This is a key finding, as most studies do not differentiate
between collinear magnetic structures. Pegg et al'* propose a
longitudinal 3k AFM ground-state. Of all magnetic configurations
tested, this was the lowest in energy, was able to retain Fm3m
crystal symmetry and replicated well the physical properties of
PuO..

To obtain this ground-state, spin orbit interaction (SOI) was
included. Not including SOI resulted in a different magnetic
ground state being obtained, highlighting the importance of its
inclusion. The different observations found in experiment are
perhaps a consequence of the aforementioned experimental
challenges. Possible theories include that current experimental
resolution cannot identify an ordered magnetic state and/or an
AFM-DM transition could be occurring outside the tempera-
ture ranges investigated.'* The experimental measurement of
isostructural NpO, has also proven difficult, where an odd
number of electrons should result in a magnetic moment.

Several studies have investigated the formation energies of
intrinsic and extrinsic defects in PuO,.24*%?%33 Thermochemical
models have been produced that study the defect chemistry of
PuO,_,, over a large stoichiometry range,>*> whilst using
DFT+U and a point defect model, Lu et al.>* determined the
stability of charged defects within PuO,_,. Lu et al. 24 find that, at
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1000 K, oxygen vacancies dominate in the region of hypo-
stoichiometry, whilst oxygen interstitials dominate the region
of hyper-stoichiometry.

It is common when creating a point defect model from first
principles to assume that the Gibbs free energy to form a defect
can be well approximated by the defect formation energy.
However, this approximation neglects the contribution of the
vibrational entropy, S.i,. Recent work by Cooper et al.*® and
Soulie et al.*” on UO, has shown that it is only by including the
change in vibrational entropy due to defect incorporation that
it is possible to reproduce the defect chemistry observed in
experiment.

Therefore, the objective of this paper is to understand the
defect chemistry of PuO, and how it might evolve under storage
conditions taking into account the complex electronic and
magnetic structures and incorporating the vibrational entropy
into an updated point defect model.

2 Method

To determine how the concentrations of defects in PuO, varies
with environmental conditions requires the combination of
DFT defect energies and simple thermodynamics, starting from
eqn (1). Using Boltzmann statistics, this equation shows that
the concentration of defect i, c;, can be related to the change in
Gibbs free energy, AGL to form defect i:

¢j = m; exp (_kAgf) (1)
B

where m; is the multiplicity of equivalent sites, kg is the
Boltzmann constant and T is the temperature. AG: is
defined as:

AG; = AE = TASut + > napty, + qitty + Ecore ~ (2)
o

where AE is the defect energy: the difference in the total DFT-
derived energies of the defective and perfect supercells. AS,;, is
the difference in vibrational entropy between defective and
perfect supercells. Within the third term, n, is the number of
atoms of species, o, added or removed from the system to make
defect i, where 1, is the chemical potential of species a. g; is the
charge of the defect 7, and g, is the electron chemical potential.
Finally, E.., is a correction term necessary to correct for finite-
size effects arising due to the use of relatively small simulation
supercells.

Following Cooper et al.*® and Soulie et al.,’” two differing
atomistic simulation approaches were applied to obtain the
parameters of eqn (2): AE is found using DFT and AS,;, is
obtained using empirical pair potentials. The vibrational
entropy of a lattice is a function of the lattices phonon
frequencies which are determined through force calculations
associated with the displacements of atoms from their ground
state positions. This becomes a very large calculation when
defects are introduced, due to the removal of symmetry. Therefore,
empirical potentials are used to calculate the vibrational entropies.

l.36
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Fig. 1 The crystal (left) and magnetic (centre) structure of Fm3m PuO,, with plutonium and oxygen atoms depicted with blue and red spheres
respectively. The direction of the effective magnetic moment (1) on each plutonium ion is shown by an arrow and the u = (a,b,c) wave-vector matrix

(right).

The calculation and use of all the terms that contribute to eqn (2)
are discussed in more detail throughout the rest of this section.

2.1 Defect energies

DFT calculations were performed using the Vienna ab initio
Simulation Package (VASP).>*"*' The projector augmented wave
(PAW)">** method has been implemented with the frozen-core
approximation. 5f*6s6p®6d*7s” of Pu and 1s*2s*2p® of O are
treated as valence electrons. Following convergence testing,
the cut-off energy for the planewave basis set was selected to
be 500 eV and a 4 x 4 x 4 Monkhurst-Pack k-point mesh** was
used for the 12-atom PuO, unit cells. For 2 x 2 x 2 supercells
used in defect simulations, the k-point mesh was adjusted to
2 x 2 x 2. SOI*> was considered in the calculations with a
longitudinal 3k AFM magnetic configuration adopted for PuO,,
described in Fig. 1.

To study the properties of the bulk PuO,, we replicate the
study of Pegg et al'® and use the hybrid Heyd-Scuseria-
Ernzerhof (HSE06) functional:***°

3

1
BN — 2B )+ B (1) + EPFIR ) + EPE ()

where E5g" is the exchange-correlation HSE06 energy, Ex" X is

the shortrange HF exchange, EXPESR and ERPEIR are the short-
range and long-range components of the Perdew-Burke-Ernzerhof
(PBE) exchange functional respectively and E¢" is the PBE correla-
tion energy. A quarter of the short-range HF exchange is used in
this functional and the screening parameter (u) is 0.207 A~*. The
iteration threshold for electronic and ionic convergence when
using this functional is 1 x 107® eV and 1 x 1072 eV A%,
respectively.

For calculation of defect energies in PuO, supercells hybrid
functionals are computationally too expensive; DFT calculations
are therefore performed with the generalised gradient approxi-
mation (GGA) using the PBE functional revised for solids
(PBEsol).>>*! The PBEsol functional was shown by Pegg et al."’
to best reproduce experimental properties in actinide dioxides
after the HSEO06 functional. The strong correlations due to
f-electrons in Pu were accounted for by applying the DFT+U
method using the Liechtenstein formulism.>> When using
PBEsol+U, the iteration threshold for electronic convergence is

4546 | Phys. Chem. Chem. Phys., 2021, 23, 4544—4554

1 x 107° eV and for ionic convergence is 1 x 1072 eV A™* and
2 x 1072 eV A™! when simulating PuO, unit cells and defect
containing PuO, supercells, respectively. In this study, the
U parameter within PBEsol+U was selected such that it repro-
duced the band gap obtained from the HSE06 functional (3.04 eV).
It was chosen to reproduce the HSE06 bandgap as the experi-
mental data shows a large variation and this functional has been
proven to replicate experimental bandgaps.> This resulted ina U
parameter of 7.0 eV being used for this study (see Fig. 2). The use
of a high U parameter is not without precedence, with several
previous studies adopting U values exceeding 6.0 eV when studying
actinide dioxides, including PuO,.""> The J parameter was fixed at
avalue of 0.0 eV throughout this study, as any introduction of J was
shown by Pegg et al.'! to detrimentally affect the reproduction of
the band gap for PuO,. The resulting equilibrium properties found
for longitudinal 3k AFM PuO, simulated using either the HSE06
functional or PBEsol+U (U = 7.0 eV) are presented in Table 1.
The discrepancy between the theoretical and experimental
description of the magnetic properties of PuO, is discussed
in the introduction.

Defects were inserted into 2 x 2 x 2 expansions of the
12-atom PuO, unit cell. Only one unique site exists for the
vacancies and interstitials of plutonium and oxygen considered,

35 ¢

1:5! I

Band Gap (eV)
M)

0.5

U (eV)

Fig. 2 Variation of band gap as a function of the Coulomb modifier (U).
Band gap value calculated using the HSEO6 functional shown with horizontal
dotted line.
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Table 1 The lattice constant (A), magnetic moment (ug/Pu ion), band gap energy (eV) and crystal symmetry for longitudinal 3k AFM PuO, calculated
using either the HSEO6 functional or PBEsol+U (U = 7.0 eV). In addition, we show reported experimental values

Lattice constant (A)

Magnetic moment (up/Pu ion)

Band gap (eV) Crystal symmetry  Magnetic configuration

This work  HSE06 5.379 3.65
PBEsol+U  5.415 3.82
Experiment 5.3995 0.0022

due to the symmetry of the PuO, lattice. Different charge states were
considered for each defect, modelled by adding or removing
electrons from the supercell. Defect-containing supercells were
relaxed under constant volume, using the lattice constants obtained
from defect-free simulations. The defects considered in this study
are denoted below, using Kroger-Vink notation, modified to display
charge as an integer value (no charge indicated by: x):**

Oxygen interstitials: O;*, Of ~ and O}~

Oxygen vacancies: V§, Vo and Vo'

Plutonium interstitials: Pu*, Pu}*, Pu*, Puj* and Pu;"*

Plutonium vacancies: V3, Vi, Vou, Viu and Vig

2.2 Finite size correction

The introduction of charged defects into the small simulation
supercells accessible using DFT introduces a number of finite
size effects as discussed extensively in ref. 55. These include
Coulombic interactions between the defect and its periodic
image as well as with the neutralising background charge. The
result is that defect formation energies exhibit a strong dependence
on the size of the supercell used and this must be corrected for.
The most basic correction that can be applied to remove these
interactions is the point charge (PC) correction. For a cubic system,
such as PuO,, the PC correction energy can be written as:>°
2

B =3 @)
where o = 2.837 is the lattice-type dependent Madelung constant,
L is the supper cell lattice constant and ¢ is the static dielectric
constant. The static dielectric constant of PuO, was calculated
using density functional perturbation theory (DFPT)*® as

0.6
2 A A A
0.4 A
! X "
% —x%—= X
0.2 2 O
s 2o o °
©
S 001 o o
9 ©
8 : A Vq/b
-0.2 4
® Vpcgq
X AVpc, g
—0.41 AVipc, grb)far
o sampling region
-0.6 T T T T T
0 2 4 6 8 10

Distance from defect (A)

Fig. 3 Vg Vpcq and AVpc b calculated at the atomic positions of a
PuO, supercell with a Vg defect. AVpc gmliar calculated by averaging
AVpc /b across sampling region.
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3.04 Fm3m Longitudinal 3k AFM
3.03 Fm3m Longitudinal 3k AFM
1.80'%/2.80"° Fm3m* DM?*

implemented in VASP. We use the previously described longitudi-
nal 3k AFM PuO, unit cell with PBEsol+U (U = 7.0 eV). The static
dielectric tensor of PuO,, ¢; is calculated by summing its electronic
and ionic components. The average of the static dielectric tensor,

1 . o .
gTr(ag-,-) is calculated and used as the static dielectric constant of

PuO,. We obtain a static dielectric constant of 19.66. This com-
pares favourably to the experimental value (18.9°°) and falls
between the experimental value for UO, (23.8%°) and the DFT-
obtained value for AmO, (17.40°"), thus fits within the
emerging trend.

Makov and Payne (MP) extended the PC correction to include
a term with L~ order.®> More recently Freysoldt, Neugebauer and
Van de Walle (FNV) developed a correction that compares the
planar-averaged electrostatic potentials of supercells with and
without defects (Vaefeetq & Viulk Tespectively).”> The FNV scheme
correction energy is summarised following ref. 64 as:

Ecorr = EiDS(E‘) - qAVPC,q/bear (5)
Vamw = Vaefect,q — Vbulk (6)
AVpc,gm = Vaw — Veoq )

AVpc g is the potential difference between the defect induced
potential (Vy1,) and the PC potential Vpcq.”> AVecgplfar is
AVpc,qp at a position far from the defect site but still within
the supercell. The FNV scheme has been demonstrated to be an
effective correction in many systems,®> however the use of
planar-averaged electrostatic potentials can provide unreliable
corrections when the atomic positions of the defective supercell
are allowed to relax. This was observed in the system investigated
in this study: with the example of a Vi, supercell, Vpc,q/b|far could
not be determined accurately as V., was seen to strongly
fluctuate whilst Vi o remains parabolic (illustration in appendix).
Consequently, this study employs the correction of Kumagai
and Oba which uses atomic site electronic potentials as
opposed to planar averaged electrostatic potentials.®* Using
the same example of a V§, supercell, Fig. 3 shows that this
scheme is able to produce AVpc o |tar that is close to constant
across the sampling region. Kumagai and Oba also demon-
strate that a potential alignment correction, sometimes
adopted to shift the valence band maximum of a charged defect
to that of a pristine host, is not required.®* The difference in AE
between a Vi, 3 x 3 x 3 supercell and a Vi, 2 x 2 x 2 supercell
was found to decrease from 1.29 eV when no correction was
applied to 0.06 eV after correction following the Kumagai and
Oba scheme. This gives confidence that the correction works well
for the system studied here.

Phys. Chem. Chem. Phys., 2021, 23, 4544—4554 | 4547
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Fig. 4 The phonon density of states of PuO, calculated with the CRG empirical potential (blue), compared to experimental data®® (red).

2.3 Vibrational entropies. Vibrational entropies are
obtained using empirical potentials, with the General Utility
Lattice Program (GULP)®® together with the Cooper, Rushton
and Grimes (CRG)*®” potential. This is a many-body potential
model used to describe actinide oxide systems which achieves
good reproduction of thermodynamic and mechanical proper-
ties. The phonon density of states (DOS) for PuO,, calculated
with the CRG potential and compared to the experimental
data of Manley et al®® is shown in Fig. 4. The calculated
phonon DOS compares reasonably well to the experimental data.
Many of the characteristic peaks and troughs are replicated,
although at high frequency the magnitude of these features is
smaller for the calculated data. This is a result of adopting a large
k-point mesh that smooths the phonon DOS, and at high frequen-
cies the experimental data has wide error bars.®® The calculation of
vibrational entropies, Sy, closely follows the approach described
in ref. 36, 69 and 70, where using eqn (8), defect entropies are
calculated from the normal vibrational frequencies, v,, which are
themselves calculated by diagonalizing the dynamical matrix of the
system.

IN—1
: hv,
Svib = —kg ”EZI In (kBT) + (3N = 3)kp (8)

In this formula, # is Plancks’s constant and N is the number of
atoms in the crystal. In this study, the system to calculate vibrational

Table 2 The difference in vibrational entropy of PuO, due to the addition
of a defect, calculated using the CRG potential

Defect entropy, ASyiv/ks

T (K) Vo o Viu Pu;

400 0.545 4.572 —3.783 2.518
600 —0.453 5.373 —5.245 3.110
800 ~1.230 6.058 —6.208 3.725
1000 —1.868 6.638 —6.940 4.270
1200 —2.391 7.137 —7.508 4.746
1400 —2.843 7.578 —7.996 5.164
1600 —3.238 7.961 —8.402 5.547
1800 —3.574 8.309 —8.761 5.883
2000 —3.899 8.599 —9.086 6.174

4548 | Phys. Chem. Chem. Phys., 2021, 23, 4544—4554

entropies is a 4 x 4 x 4 expansion of the PuO, unit cell. Defective
supercells are created by adding or removing atoms and are
relaxed under constant volume in the same way as in the DFT
simulations. Defect vibrational entropies are found by cal-
culating the difference in vibrational entropies between the defec-
tive and perfect supercell (AS;p,) and presented in Table 2. The same
value of AS,;, is given to all charge states of a given defect.

2.4 Chemical potentials

The starting point for determining the chemical potentials is to
define the chemical potential of solid PuO, (tpuo2(s)) in terms of
the chemical potential per formula unit of the constituent
species, namely plutonium, upy(Po,,T), and oxygen, pox(Pos,T):

Upu(Po2,T) + 1i02(Po2,T) = tpuoa(s) 9)

For a solid, u(PZ)Z, T°) =~ u(0,0), therefore the temperature
and pressure dependencies have been dropped. In equilibrium
conditions, the chemical potential of Pu cannot exceed that of
solid Pu, otherwise a Pu precipitate would form. This upper
bound is the Gibbs free energy of Pu in its natural state. It can
therefore be said that in Pu rich conditions:

.uPu(POZaT) = Hpu(s) (10)

To find ppys) we simulate the o phase of Pu with DFT using
PBEsol+U. We encompass the recommendation of the review by
Séderlind et al.”* to use small U and J values, setting U and J
parameters at 2.2 eV and 0.58 eV respectively. The atomic
volume obtained with these values (18.27 A®) matched closely
the atomic volume obtained by Soderlind et al.”* when using PBE+U.
To determine the chemical potential of oxygen the approach of
Finnis et al.”” is adopted. This method uses the known experimental

formation energy of the oxide <AH§“ OZ(PZ)27 T°) = —10.94 eV) 73
to obtain the chemical potential of oxygen at standard temperature

and pressure:

PuO ° o © o
AHf 2(P02> T ) = HpuO,(s) — HPu(s) — :uOZ(P027 T ) (11)

Unlike the solid species in eqn (11), the temperature and
pressure dependence of the oxygen chemical potential cannot be

This journal is © the Owner Societies 2021
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Table 3 Coefficients for Gibbs free energy expression in egn (13)”*

29.659 x 10> k] mol ' K™*
6.137261 x 107 ° k] mol™* K™*
—1.186521 x 10 ° k] mol ' K’
0.095780 x 102 k] mol * K *
—0.219663 x 10> k] mol™* K*
—9.861391 k] mol ' K"
237.948 x 10 > kf mol ' K !

QEEgAQOw ™

neglected and is extrapolated from uoz(Pz)z, 7°) using formulas

constructed by Johnston et al.:”*

ko, (Poy. T) =tto, (Po, T°) + G(P", T) = G(P*, T")

) (12)
+ kB T 92
PO2

where the temperature dependent Gibbs free energy per mole is
fitted to a polynomial derived from experimental data (coeffi-
cients listed in Table 3)."

G(P’,T) = A(T — Tn(T)) —%BTZ —éCT3
1 E (13)
JRE— 4__ —
SPT =55+ F-GT

The electron chemical potential, u. = Evgym + €, is expressed
as the sum of the energy of the valence band maximum (VBM),
Eyem, and the electron chemical potential above the VBM, &g. As
overall charge neutrality of the system must be maintained, the
concentrations of ionic and electronic defects must be such
that at any given temperature and oxygen partial pressure the
following criteria is met:””

Evem dE
qucf + J gv(E)ﬁ
B
(14)
o0 dE
- J ge(E)——7— <=0
Ecm

E—¢
1+exp( B ;F)
B

The first term is the sum of the charges the of ionic defects.
The second and third terms are given by applying Fermi-Dirac
statistics to the electronic DOS to obtain the concentrations of
electrons (e”) in the conduction band and concentration of
holes (p7) in the valence band, respectively. Within these two
integrals are g (E) and g.(E),the density of electronic states in
the valence band and conduction band per formula unit of
PuO,, respectively. For calculation of the electron population,
Ecgm is the energy of the conduction band minimum.

With the above expressions it is possible to construct diagrams
showing the variation of defect concentrations with environmental
conditions; at each condition there exists a unique value of ¢ that
satisfies the charge neutrality condition. The Defect Analysis
Package”® employs a linear bisection to find the value of ep that
ensures charge neutrality for any given oxygen partial pressure and
temperature. Additionally, the deviation from stoichiometry, x in
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PuO,.,, is calculated from the defect concentrations summed over
all charge states:

_2+[0]—[Vo] _

T Pu = Ve (15)

3 Results & discussions

The formation energy of all defects considered are plotted as a
function of the Fermi level in Fig. 5. Fig. 5 shows the formation
energies at 1000 K and O-rich (10™> atm)/O-poor (10~*° atm)
conditions, displaying only the charge state of each defect that
corresponds to the lowest formation energy at a given position
in the bandgap. Under O-rich conditions Pu; defects have very
high formation energy and so are not shown in Fig. 5. For each
defect it can be seen that, to varying degrees, the charge state
with the lowest energy varies across the bandgap. Vp, defects
have the least variation, its full ionic charge state (Vpy) has the
lowest energy across the majority of the bandgap. Conversely,
under halfway across the bandgap, the neutral Vj defect is seen
to overtake the fully charged V& defect as the oxygen vacancy
with the lowest formation energy. Prodan et al.’>' report that
O{~ is the most energetically favourable charge state for the
oxygen interstitial. We find that although the Of ~ defect has the
lowest energy for much of the bandgap, O{ ~ becomes favour-
able at low Fermi level values, with O; most favourable at the
lowest Fermi levels close to the valence band. Therefore, under
certain conditions we also find O~ to be the preferred inter-
stitial. Across the band gap the favourable charge state of Pu;
defects are seen to vary, with each charge state except Puj”
possessing the lowest formation energy over fairly large ranges
in Fermi level.

Table 4 displays the calculated reaction energy of unbound
oxygen and plutonium Frenkel pairs (FP) and the unbound
Schottky tri-vacancy (STV), with defects formally charged. Each
reaction energy is found to be within the range of previous
theoretical calculations, which are provided for comparison in
Table 4. The ranges are seen to be very wide; in the DFT+U
studies, the U and J parameters adopted varied significantly
indicating the importance of electron repulsion of the 5f
electrons on the formation of point defects. The review of
Murch et al’” provides the only experimental comparison
available, indicating that the oxygen Frenkel pair has a much
lower formation energy than calculated here. Caution is how-
ever attached to the oxygen Frenkel pair experimental result,
which is described by Murch et al.”” as “on the low side”. Our
results match the established pattern in all techniques, where
O-FP < STV < Pu-FP, showing that oxygen-type defects are
significantly more favourable than plutonium-type defects.

The resulting point defect concentrations, calculated as a
function of temperature at a fixed oxygen partial pressure of
10° atm, are presented in Fig. 6. Concentrations of oxygen
defects are observed to be multiple orders of magnitude greater
than cation defect concentrations across all temperatures. This
agrees with previous experimental work that metal defects are
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shown for each defect, represented with numeric label. At an oxygen partial pressure of 102 atm Pu interstitials are omitted from the plot as their

formation energy is very high.

minority defects in Pu0,.”” All plutonium vacancy and interstitial
defects are predicted to have such low concentrations that do not
appear in Fig. 6.

Fig. 6 also displays the impact of including vibrational
entropy contributions. Inclusion of vibrational entropy is seen
to increase the temperature at which perfect stoichiometry
occurs: ~1200 K when vibrational entropy is omitted versus
~1425 K when included. Perfect stoichiometry occurs when
[0i] = [Vo], meaning that vibrational entropy inclusion further
promotes O; defects. From the point of perfect stoichiometry,
increasing or decreasing temperature results in hypo-
stoichiometric or hyper-stoichiometric PuO,.,, respectively.
The diagrams display the reluctance for PuO, to be hyper-
stoichiometric in oxygen, with x in PuO,., peaking at approx.
10~ at 1210 K (when vibrational entropy included), representing
negligible hyper-stoichiometry. As temperature decreases from
this peak, the concentration of defects and the value of x in
PuO,., falls. The concentration of defects becomes increasingly
negligible; this continues beyond the range of Fig. 6, at lower
temperatures. It can be seen hypo-stoichiometry is much more
favourable, which correlates with the wide hypo-stoichiometric
region evident in the phase diagram of PuO,.”®

From this point onwards, all plots include vibrational
entropy. Broadly speaking, the diagram in Fig. 6 can be broken
down into three regions based upon electron and hole con-
centrations: these are a hole-dominant region, a region of equal
concentration and an electron dominant region. At low tem-
peratures the O; defects dominate and are charge compensated
by holes. The [0;]:[p'] ratio is approximately 1:2, due to the
dominance of the O}~ defect. Increasing the temperature past
the point of peak-hyper-stoichiometry, which coincides with
peak [O;], the hole concentration is no longer set such that it
provides charge compensation to O; defects. Instead, the
concentration of holes matches the concentration of electrons
and the Fermi level remains fixed at the midpoint of
the bandgap. [Vo] increases with temperature, resulting in
increasing hypo-stoichiometry. At high temperatures, [Vo]
reaches levels close to the concentration of holes and electrons.
To accommodate any further increases in [Vy], the concen-
tration of electrons increases to maintain charge neutrality. The
concentration of holes then decreases as the temperature
increases resulting in the Fermi level increasing. In this region,
the [Vo]: [e™] ratio varies in order to provide charge compensa-
tion to both V& and Vg defects.

Table 4 Reaction energies for the intrinsic processes in PuO, with comparison to experimental and previous theoretical studies. Theoretical studies are

separated further, based on if results are obtained using DFT or empirically

Reaction energy (eV)

DFT+U Empirical pair potential Experiment
Process Charge states  This work LSDA+U** LDA+U®* GGA+U®' GGA+U** Ref.26 Ref.27 Ref.32 O diffusion”’
O Frenkel pair V%; + 07 4.89 3.48 4.58 9.78 3.90 5.52 2.66 4.90 2.72-2.92
Pu Frenkel pair Vi + Pui™ 13.86 15.19 10.02 19.78 11.90 13.58 10.03 24.00
Schottky defect ~ Vpy + 2Va 7.65 7.51 6.09 14.92 10.40 3.54
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The defect chemistry of PuO, as a function of oxygen partial
pressure is presented in the Brouwer diagrams of Fig. 7, at
temperatures 1000 K and 2000 K. At 1000 K, in the region close
to perfect stoichiometry, where x in PuO,_, is at its smallest,
07" is the dominant oxygen interstitial. The dominant oxygen
vacancies are found to be V3" and V§, which have concentrations
of similar magnitude, with V§ at narrowly higher concentra-
tions. In this region of near-stoichiometry, the defect chemistry
and dependence on oxygen partial pressure can be attributed to
the following defect reactions occurring:

1
502 +¢” =07 +p” (16)
« 1
05 +p =Vg +e + EOz(g) (17)
“ . 1
o= VS + EOz(g) (18)

Application of the law of mass action to eqn (16), (17) and
(18) finds equilibrium constants of k;, k, and k3, respectfully:
I

ky = [07][p*)le] ' [Po,] 2 (19)
ko = V3l 10T [Pou]? (20)
ks = [VS} [Poz]% (21)

Given that [e”] = [p*], it can be seen that [0} ] is propor-
1 1
tional to Pg , whilst [V&'] and [V{] are proportional to Py’ in

This journal is © the Owner Societies 2021

this region. Increasing the oxygen partial pressure beyond the
region of near-stoichiometry sees the concentration holes,
07 defects and x in PuO,,, transition to an oxygen partial

1
pressure dependence of P;E. With too few electrons available,
two holes are created for charge compensation of the O~ defect.
Eqn (22) and (23) show the defect reaction responsible and the
corresponding equilibrium constant, respectively. Given that
[077] = 2[p7], it can be shown using eqn (23) that [0} ] is

1
proportional to P6Oz in the hyper-stoichiometric region.

1 _
502(9 = 012 + 2p+ (22)
1
_ 2 -5
ks = [O7 1] [Po,] 2 (23)

Reducing the oxygen partial pressure below the region of

near-stoichiometry sees the concentration of Vg defects transi-
1
tion to a dependence on the oxygen partial pressure of POE,

whilst concentration of V{j defects maintain a dependence on
1

the oxygen partial pressure of P(;? Consequently, it is eqn (18)

that is the dominant defect reaction in the hypo-stoichiometric

region, causing V¢ defects to become the dominant defect and

the source of hypo-stochiometric PuO,_,. The dependence of

x in PuO,_, has been shown experimentally to have a depen-

_1
dence on the oxygen partial pressure of PO;‘,35 indicative of the

V¢ vacancy being dominant. This result reflects experimental
data at large non-stoichiometry, where the point defect model
breaks down due to the occurrence of complex processes

Phys. Chem. Chem. Phys., 2021, 23, 4544—4554 | 4551
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Fig. 7 Calculated Brouwer diagram showing the defect chemistry of PuO,.., as a function of the oxygen partial pressure at 1000 K (top) and 2000 K
(bottom). Both diagrams include vibrational entropy contributions when calculating defect concentrations.

involving defect clusters. Our result, that reflects very small
non-stoichiometry, can therefore not be directly compared.
Comparing the two Brouwer diagrams in Fig. 7, increasing
temperature creates a more reducing environment, increasing
oxygen vacancy concentrations. Perfect stoichiometry therefore
occurs at higher oxygen partial pressures. Aside from this, in
the 1000 K temperature range investigated here, temperature is
found not to alter the defect chemistry of PuO, significantly.
The finding that the defect chemistry of PuO, is dominated by
oxygen interstitials and vacancies agrees with the predictions in
the PuO, point defect study of Lu et al.>** However, the present
study has found a significant increase in the concentrations of
non-formally charged defects relative to their formally charged
counterparts. Whereas Lu et al.>* found [0 ] and [V&'] defects to
be multiple orders of magnitude greater than any non-formally
charged defect, here V{ is the dominant oxygen vacancy and
concentration of O}~ is predicted to be much closer to that of
07" This can be partially attributed to the larger bandgap used
in this work (3.04 eV vs. 1.70 eV). Electrons and holes, which are
required to provide charge compensation to charged defects,
have an increased formation energy with increased band gap.
Therefore, increasing the bandgap increases the favourability of
defects with a smaller charge magnitude. Additionally, we report a
much lower degree of hyper-stoichiometry. For example, at a
temperature of 1000 K and oxygen partial pressure of 10> atm
Lu et al.** report a value of x in PuO,,, of ~10>, several orders of
magnitude greater than the value of ~10~° found in this study.

4 Conclusions

In summary, using DFT+U with a longitudinal 3k AFM magnetic
structure and SOI, the point defect concentrations in PuO,, as a

4552 | Phys. Chem. Chem. Phys., 2021, 23, 45444554

function of temperature and oxygen partial pressure have been
determined. The results predict that the defect chemistry of
PuO, is dominated by oxygen vacancies and interstitials, but
that even at high oxygen partial pressures, PuO, is found
reluctant to form hyper-stoichiometric PuO,.,, with oxygen
interstitials present only in very low concentrations irrespective
of conditions. Hypo-stoichiometric PuO,_, is predicted, in agree-
ment with the PuO, phase diagram,”® and is accommodated by
both the V§ and Vg defects at small values of x, with V{§
increasingly dominant with increasing x. The little hyper-
stoichiometry is accommodated by the O7~ defect. Aside from
increasing the temperature at which perfect stoichiometry
occurs, inclusion of vibrational entropy into the defect formation
energy calculation was not found to alter which defects accom-
modate non-stoichiometry in PuO,..,, as observed in UO,.***’

2:5-1
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1.0 4

0.5 1

Potential (V)

0.0 1

-0.5 1

-1.0

0 2 4 6 8 10
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Fig. 8 Planar averaged Vg, Vpc,q and AVpc o calculated at the atomic
positions of a PuO, supercell with a Vp,* defect.
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