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The electronic structures and properties of PuO2 and Pu2O3 have been studied according to the first principles by

using the all-electron projector-augmented-wave (PAW) method. The local density approximation (LDA)+U and the

generalized gradient approximation (GGA)+U formalisms have been used to account for the strong on-site Coulomb

repulsion among the localized Pu 5f electrons. We discuss how the properties of PuO2 and Pu2O3 are affected by

choosing the values of U and exchange-correlation potential. Also, the oxidation reaction of Pu2O3, leading to the

formation of PuO2, and its dependence on U and exchange-correlation potential have been studied. Our results show

that by choosing an appropriate U it is possible to consistently describe structural, electronic, and thermodynamic

properties of PuO2 and Pu2O3, which enable the modelling of the redox process involving Pu-based materials.
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1. Introduction

Plutonium dioxide (PuO2) and sesquioxide
(Pu2O3) are the only observed stoichiometric com-
pounds formed at the surface of the metallic pluto-
nium when exposed to dry air[1] (nonstoichiometric
oxide may form by reaction of dioxide with water[2]).
In this sense, plutonium corrosion and oxidation are
often treated as an equivalent topic. The plutonium
corrosion plays a key role in considering the nuclear
stockpile and storage of surplus plutonium. There-
fore, a thorough understanding of the physical and the
chemical properties of the plutonium oxide is always
needed.

From the view point of basic research, it can be
visualized that many physical and chemical proper-
ties of the plutonium oxide are closely related to the
quantum processes of localization and delocalization
for Pu 5f electrons. The modelling of the electron lo-
calization, and thus any redox process involving plu-
tonium, is a complex task. Conventional density func-
tional schemes, in which the local density approxima-
tion (LDA) or the generalized gradient approximation
(GGA) is adopted, underestimate the strong on-site

Coulomb repulsion of the Pu 5f electrons and conse-
quently fail to capture the correlation-driven localiza-
tion. Therefore, the 5f electrons in elemental Pu, as
well as in Pu compounds, require special attention.
One promising way to improve contemporary LDA
and GGA approaches is to modify the intra-atomic
Coulomb interaction through the so-called LDA+U

or GGA+U approach, in which the underestimation
of the intraband Coulomb interaction is corrected by
the Hubbard U parameter.[3−5] In short, DFT+U cor-
rection acts as reducing the one-electron potential lo-
cally for the specified orbitals of the respective atoms
(e.g. Pu 5f orbitals), therefore reducing the hybridiza-
tion with orbitals of the ligands (e.g. O atoms). This
method has been used to discuss the equilibrium lat-
tice parameter of bulk Pu in Ref.[6]. The choice of
U is not unambiguous, but it is not trivial to deter-
mine its value a priori, though there are attempts to
extract it from standard first-principles calculations.
Hence, U is often fitted to reproduce a certain set of
experimental data such as band gaps and structural
properties.

As the density-functional theory (DFT) is pow-
erful to be applied in a wide range of scientific
researches,[7−21] and motivated by the recent suc-
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cessful calculations on 4f cerium oxide within the
DFT+U formalism,[22,23] in this paper we use the
LDA+U and GGA+U schemes formulated by Du-
darev et al [24] to calculate the lattice parameters,
thermodynamic properties, and band structures of
PuO2 and Pu2O3. We discuss how these properties
are affected by the choice of U as well as the choice
of exchange-correlation potential, i.e. the LDA or the
GGA, and how redox processes occurring in pluto-
nium oxide can be described by using the LDA+U

and GGA+U formalisms.
This paper is organized as follows. The details of

our calculations are described in Section 2 and in Sec-
tion 3 we present and discuss the results. In Section
4, we summarize our findings.

2. Methodology of the calculation

The calculations were performed using the
projector-augmented wave (PAW) method of
Blöchl,[25] as implemented in the ab initio total-energy
and molecular-dynamics program VASP (Vienna ab
initio simulation program).[26−29] The PAW is an
all-electron method that combines the accuracy of
augmented-plane-wave methods with the efficiency of
the pseudopotential approach. The PAW method is
implemented in VASP in the frozen-core approxima-
tion. For a plane-wave set, a cut-off energy of 400 eV
was used. The plutonium 6s, 6p, 7s, and 5f, and the
oxygen 2s and 2p electrons were treated as valence
electrons. We used the LDA+U formalism formu-
lated by Dudarev et al [24] to account for the strong
on-site Coulomb repulsion amongst the localized Pu
5f electrons. In this scheme the total LDA (GGA)
energy functional is of the form

ELDA(GGA)+U

= ELDA(GGA) +
U − J

2

∑
σ

[Trρσ − Tr (ρσρσ)] , (1)

where ρσ is the density matrix of f states, and U and
J are the spherically averaged screened Coulomb en-
ergy and the exchange energy, respectively. Here only
the difference between U and J is significant[24] and
consequently we henceforth treated them as one single
parameter, for simplicity labelled as U .

The exchange and the correlation effects were
treated in both the local density approximation
and the generalized gradient approximation.[30] We

studied PuO2 in its ground-state fluorite structure
(Fm3m) and the sesquioxide Pu2O3 in the hexago-
nal A-type structure (P 3̄m1). For PuO2 we used a
11× 11× 11 Monkhorst-Pack k-point mesh[31] (56 ir-
reducible k points) and for Pu2O3 we used a 9× 9× 6
grid (57 irreducible k points). The electronic density
of state (DOS) was obtained with 15×15×15 (120 irre-
ducible k points) and 11×11×9 grid (120 irreducible k

points) k-point meshes, separately. The Brillouin-zone
integration was performed using the modified tetra-
hedron method given by Blöchl et al.[32] In order to
study the reaction energy it is necessary to calculate
the energy of an oxygen molecule (EO2). The effect of
spin polarization was included in calculating EO2 .

3. Results and discussion

3.1.Atomic and electronic structures of

PuO2

PuO2 is an insulator featuring cubic Fm3m struc-
ture of CaF2 (Fig.1(a)) with the experimentally deter-
mined lattice parameter a0 = 0.5396 nm at 25◦C.[33]

The present calculated a0 and bulk modulus B of
PuO2 were obtained by minimizing the correspond-
ing energy at constant volumes and by fitting a
Birch–Murnaghan equation of state to the resulting
energy-volume data,[34,35] respectively. The calcu-
lated energy-volume data for a series of values of U

within the LDA and the GGA schemes are shown in
Figs.2(a) and (b), respectively. After the fitting of the
data in Fig.2 by a Birch–Murnaghan equation of state,
the derived lattice parameter a0 and the bulk modu-
lus B as a function of U are shown in Figs.3(a) and
(b), respectively. The experimental value of a0 is also
shown in Fig.3(a). It can be seen from Fig.3(a) that
the relation between a0 and U does not follow a simple
monotonically linear function for both the LDA and
the GGA. At small values of U (61 eV), the change in
lattice parameter is somewhat insensitive to the varia-
tion of U , and both the LDA and the GGA underesti-
mate the lattice parameter. This feature rarely occurs
in the usual DFT calculations. In most cases, the LDA
generally underestimates the lattice parameter while
the GGA often gives a slight overestimate. When U

is increased to 1 eV, then a0 starts to rapidly go up
with U . The next turning point is at U = 3 eV, away
from which the increase of a0 starts to slow down with
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U . This feature that the values of a0 increases as a
function of U is almost the same for the LDA and the
GGA. The experimental result[33] of a0 = 0.5396 nm
is well fitted at U = 3 eV for the GGA, while the
LDA always underestimates a0 by at least 0.006 nm.
It shows from Fig.3(b) that the calculated bulk modu-
lus B varies with U over a rather broad range from 180
to 205GPa for the GGA and from 200 to 230 GPa for
the LDA. In particular, the GGA at U = 3 eV gives a
bulk modulus B ≈200GPa. At present there are no
experimental data of bulk modulus available for PuO2.
Thus our calculated result of B needs to be verified in
the future. Note that the calculation of the bulk mod-
ulus by using the stress tensor, i.e. a pressure versus
volume fit instead of energy versus volume fit we re-
ferred so far, gave a slightly lower bulk modulus due
to the so-called Pulay stress which arises from incom-

pleteness of the plane wave basis set with respect to
the change in volume.[36] It follows (see Fig.3(a)) that
the GGA is in better agreement with the experiment
than the LDA.

Fig.1. Fluorite-type structure of PuO2 (a) and the sesquiox-

ide A-type structure of Pu2O3 (b), where the large black and

the small grey balls indicate Pu and O atoms, respectively.

Fig.2. The LDA total energy versus the volume of unit cell of PuO2 for several values of U (a) and the GGA total

energy versus the volume of unit cell of PuO2 for several values of U (b).

Fig.3. Dependences of the lattice parameter (a) and bulk modulus (b) of PuO2 on U .
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The structural features in Fig.3 are closely related
to the electronic structure of PuO2. In Fig.4(a) we
plot the LDA site-projected partial DOS for PuO2 for
two chosen values of U , i.e. U = 0 (upper panel) and
U = 3 eV (lower panel). The GGA results of the DOS
are shown in Fig.4(b). The Fermi energy EF has been
set to be zero. Without accounting for Coulomb re-
pulsion (U = 0), one can see that both the LDA and

the GGA predict an incorrect metallic ground state
for PuO2, i.e. non-zero occupations of Pu 5f states
at EF. Switching on U , as shown in Fig.4, the Pu 5f
band starts to split at EF and tends to open a gap
for both the LDA and the GGA. The amplitude of
the gap increases with U increasing (see the inset in
Fig.4). A prominent distinction between the LDA and
the GGA results in Fig.4 is that at U = 3 eV the GGA

Fig.4. The LDA site-projected partial densities of state of PuO2 (a) and the GGA results (b) for U = 0 (upper panel)

and U = 3 eV (lower panel). The inset shows the band splittings of the Pu 5f states as a function of U for the LDA

(open squares) and GGA (solid squares), respectively.

already predicts the correct insulating ground state of
PuO2. It is in accord with the structural prediction
in Fig.3 that the GGA with U = 3 eV produces the
lattice parameter in good agreement with the experi-
mental result. On the other hand, however, the LDA
with U = 3 eV still predicts a metallic ground state of
PuO2, since the gap only partially opens at this value
of U . We notice that the splitting gap of Pu(5f) band
calculated using the GGA is always more prominent
than using the LDA (see the inset in Fig.4). There-
fore, as from Fig.3, one can conclude from Fig.4 that
compared with the LDA+U , the GGA+U gives more
reliable prediction on the ground state of PuO2. Ad-
ditional important features in the DOS are the gaps
between O(2p) valence band and Pu(5f) conduction
band, and between O(2p) valence band and Pu(6d)
conduction band. These gaps can be experimentally
measured by high-energy spectroscopies. Figure 5 dis-

plays these two gaps as a function of U . It can be seen
that the O(2p)-Pu(5f) gap changes more prominently
than the O(2p)-Pu(5f) gap with U increasing. The

Fig.5. Dependences of O(2p)-Pu(5f) and O(2p)-Pu(6d)

band gaps on U for PuO2.
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latter remains almost invariant in a wide range of U ,
while the former steadily increases with U increasing,
which reflects the imposition of 5f electron localization
by the Coulomb interaction.

3.2.Atomic and electronic structures of

Pu2O3

Pu2O3 is an insulating oxide of the hexagonal
sesquioxide A-type (P 3̄m1) (Fig.1(b)). At present no
experimental data of structural parameters of Pu2O3

are available. Inspired by the above agreement of the
calculated lattice parameter of PuO2 with the exper-
imental result, however, we expect that a systematic
first-principles study of Pu2O3 in terms of U is also
useful for the future experimental reference.

The calculated equilibrium lattice parameter a0

of Pu2O3 as a function of U is plotted in Fig.6(a). As
shown in the case of PuO2, the relation between a0

and U does not follow a simple monotonic function.

Again, the curvature of a0 curve for small values of
U is more significant than for large values of U . The
turning point is at U = 3 eV with the GGA lattice pa-
rameter a0 = 0.376 nm. The decrease in curvature at
large values of U corresponds to the separation of the
occupied Pu 5f band from the unoccupied part, i.e.
the transition from a metallic to an insulating ground
state of Pu2O3 (see below). The equilibrium volume
of the Pu2O3 unit cell (including 5 atoms) as a func-
tion of U is plotted in Fig.6(b). Again, the different
curvatures of the volume curve for small and large val-
ues of U can be clearly seen. Overall, the effect of U

is similar to what is found for PuO2, but, and a cru-
cial point is that the observables of Pu2O3 are much
more affected by variation of U than those of PuO2.
With U increasing from 0 to 7 eV, the lattice constant
of Pu2O3 varies over a range of 0.02 nm, compared
with the corresponding variations of 0.01 nm for PuO2.
These data clearly demonstrate that the ground state
properties of Pu2O3 are considerably more sensitive
to the choice of U .

Fig.6. Dependences of the equilibrium lattice parameter a0 (a) and the volume of unit cell (b) of Pu2O3 on U .

The LDA and GGA electronic DOSs for Pu2O3

for two chosen values of U are shown in Fig.7. Both
the LDA and GGA each predict a metallic ground
state for Pu2O3 at U = 0, i.e. the presence of non-
zero occupation of Pu 5f state at the Fermi energy
EF. Turning on the on-site Coulomb repulsion, the
Pu 5f band starts to split at and below EF for both
the LDA and the GGA. As a result, two gaps form
with their amplitudes increasing with U . This is dif-
ferent from the case of PuO2, in which only one gap
occurs at the Fermi level. Thus the Coulomb repul-
sion effect on Pu 5f electronic structure is even more
prominent for Pu2O3, and as a result, the electronic
distribution will be qualitatively changed. Compared
with the LDA, the GGA gives a more reliable elec-
tronic structure, since the GGA gap at EF is clearer
in most of a range of U , while the LDA gives some

edge states at EF even for large values of U . This
can also be seen from the inset in Fig.7, which plots
the Pu(5f)-Pu(5f) gap at EF as a function of U , and
shows the larger gap for the GGA than for the LDA.

Figure 8 displays the LDA and the GGA energy
distance between the O(2p) band and the bottom
of the Pu(5f) valence band (i.e. gap 1 labelled in
Fig.7(b)), as well as the distance between the O(2p)
band and the Pu(5f) empty band (i.e. gap 2 labelled
in Fig.7(b)), as a function of U . It can be seen that
the two distances change very little for small values of
U . When U ≥1 eV, then the former distance steadily
curves down and tends to zero with U increasing, while
the latter distance slowly goes up, which reflects the
enhancement of 5f electron localization by the effective
Coulomb repulsion.
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Fig.7. The LDA site-projected partial densities of state of Pu2O3 for U = 0 (upper panel) and U = 3 eV (lower

panel) (a) and the GGA results (b), where the inset shows the band splitting of the Pu 5f state as a function of U

for the LDA (open squares) and GGA (solid squares), respectively.

Fig.8. Dependences of band gaps on U between O(2p)

and occupied Pu(5f) states, and between O(2p) and un-

occupied Pu(5f) states for Pu2O3.

3.3.Oxidation reaction energy

Oxidation of Pu2O3 via the reaction

Pu2O3 +
1
2
O2 → 2PuO2 (2)

leads to the formation of stoichiometric PuO2. The
dependence of the transformation reaction energy on
U is presented in Fig.9. One can see that both the
LDA and the GGA show the same dependences of
reaction energy on the on-site Coulomb interaction.
That is, at small values of U which correspond to the

Fig.9. Dependences of the Pu2O3 +
1

2
O2 →PuO2 reac-

tion energy on U for the GGA+U (solid squares) and the

LDA+U (open squares).

metallic ground state for both PuO2 and Pu2O3,
the reaction energy is independent of U . Above the
metallic-insulating transition, our calculated reaction
energy decreases linearly with U increasing. The rea-
son for this behaviour is that a high value of U favours
localization and thus facilitates the transition. The
density functional theory is known to overestimate the
binding energy of O2 and this should result in the un-
derestimation of the present reaction energy via the
EO2 term. Consequently we cannot expect a perfect
agreement with experimental result for the present re-
action energy. However, this error is independent of
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any condition in the plutonium oxide and thus can be
remedied by shifting the energy of O2 so as to give
the experimental binding energy. In the LDA the O2

binding energy is overestimated by 1.2 eV/0.5 O2 and
in the GGA the corresponding figure is 0.8 eV/0.5 O2.
The GGA always predicts a lower value of the reaction
energy, as seen from Fig.9.

4. Conclusions

We have studied the structural, electronic, and
thermodynamic properties of PuO2 and Pu2O3 within
the LDA+U and GGA+U formalisms. From the
study of the lattice parameter of PuO2 we find that the
experimental data of a0 can be well fitted by the GGA
using U = 3 eV, while the LDA always gives an un-
derestimation in the whole range of U . Thus we con-
clude that the GGA scheme reveals acceptable agree-
ment with experiment than the LDA; this is partly due
to the more accurate treatment of correlation effects

within the GGA potential. It has also been shown
in this paper that the incorrect metallic ground state
at pure LDA or GGA (U = 0) for both PuO2 and
Pu2O3 can be readily corrected by the systematic in-
clusion of non-zero U , which forces the Pu 5f band to
gradually split at the Fermi energy and thus drives the
metallic-insulating transition. The band gaps and the
position of the Pu 5f band relative to O(2p) band for
PuO2 and Pu2O3 have been shown as a function of
U . The oxidation reaction Pu2O3+0.5O2 →2PuO2

has also been studied by systematically calculating
the reaction energy as a function of U . Our results
show that the oxidation process of the Pu2O3 is an
exothermic reaction, which is mostly responsible for
the experimentally observed[37] plutonium pyrophoric-
ity at 150–200◦C. Also we have shown that above
the metallic-insulating transition, the reaction ener-
gies decrease with U increasing for the LDA and the
GGA schemes. We expect these calculated results to
be useful for the future studies on the surface oxida-
tion and corrosion of metallic plutonium.
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