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a b s t r a c t

First-principles density functional theory calculations were carried out to investigate the electronic struc-
ture and the degree of 5f states localization of the Mott–Hubbard type insulators UO2 and PuO2. We used
the fully relativistic cluster discrete variational method (RDV) with the local exchange-correlation poten-
tial. The energies of one-electron transition between occupied and vacant 5f5/2 states of neighboring acti-
nide atoms were evaluated on the base of the ground state and the excited state calculations. It is found
that in UO2 and PuO2 the energy difference between 5f5/2 levels of nearest metal sites in the lattice are
close to 1.0 eV and 0.9 eV, despite the results of conventional band structure approach predicting that
both oxides are good conductors.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Though the electronic structure of the uranium and plutonium
dioxides has been the subject of theoretical investigations over
the last 30 years [1–6], some questions concerning the inclusion
of all relativistic effects and correct description of their insulating
properties are still unclear. It is known from experiments [7,8] that
UO2 and PuO2 are the so-called Mott–Hubbard insulators, i.e. the
occupied and vacant 5f bands are separated by the band gaps of
2.1 eV [7] and 1.8 eV [8] in UO2 and PuO2, respectively. However,
when the electronic structure of UO2 and PuO2 is calculated using
conventional first-principles methods such as the local density
approximation (LDA) or generalized gradient approximation
(GGA) these band gaps are not reproduced. Both the LDA and the
GGA predict UO2 and PuO2 in the ground states to be good conduc-
tors. We know two approaches based on periodic boundary condi-
tions, which appear to remedy the band gap problem. (1) The
LDA + U model [9] of treating the strong correlation effects, in this
method the orbital potential splits the 5f band of UO2 into narrow
occupied and broad unoccupied bands [4,5]. (2) The use of hybrid
functionals for the exchange-correlation potential also predicts a
non-zero band gap for uranium and plutonium oxides [6].

On the other hand, the crystallographically equivalent atomic
sites become non-equivalent in the finite fragments of the lattice
which are described with the use of point symmetry instead of
translational symmetry in the band structure approach. Specifi-
cally, in the cluster models the absence of the band gap does not
directly mean the metal conductivity because the highest occupied
ll rights reserved.
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(HOMO) and the lowest unoccupied (LUMO) molecular orbitals
could be located on the same atom. On the other hand, the energies
of the occupied and vacant orbitals belonging to the nearest atomic
sites could be noticeably different as in the case of semiconductors
or even insulators. Furthermore, the electron transition between
two atoms in the lattice could lead to the redistribution of charge
density of several nearest sites and, therefore, to the additional
shifts of the initial and final energy levels.

The aim of the present paper is the investigations of the proper-
ties of occupied and vacant 5f states of UO2 and PuO2 in the direct
space approach. In this work we concentrate on a one-electron
transition from the occupied to the vacant 5f5/2 molecular orbitals
(MO) located on the neighboring actinide atoms. Our purpose is to
evaluate the energy difference between initial and final levels of
this transition in the ground state and in the excited state of these
compounds.
2. Objects and methods of calculations

The ground state calculations of the electronic structure of UO2

and PuO2 were made for the 279-atom clusters U63O216 and
Pu63O216 representing the fragments of dioxide lattices. The struc-
ture of these clusters is illustrated in Fig. 1. For the modeling of
boundary conditions we used an ‘‘extended cluster” scheme de-
scribed in details in Refs. [10,11]. In this model the crystal frag-
ment under study consists of two parts: the internal main part
(or the ‘‘core” of the cluster) and the outer part (or the ‘‘shell”),
the latter part usually includes the atoms of 1–5 coordination
spheres surrounding the ‘‘core”. During the self-consistency proce-
dure the electron densities and the potential of the ions in the
‘‘shell” are replaced by the corresponding values obtained for the
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Fig. 1. The structure of U(Pu)63O216 cluster in the actinide dioxide lattice.
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Fig. 2. Total and partial densities of states for the central part of U63O216 cluster in
UO2.
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crystallographically equivalent centers of the cluster ‘‘core”. In
addition to introduce the long-range component of the surround-
ing crystal potential, the extended cluster is embedded in a pseu-
do-potential of the outer crystal lattice including 7972 centers
with coulomb and exchange-correlation potentials obtained for
the corresponding equivalent atoms in the internal part of the clus-
ter [12].

In the present calculations the ‘‘core” of Ac63O216 clusters in-
cluded: U(Pu) atom in the center with its eight nearest oxygen
neighbors (these atoms are labeled below as U1, Pu1, O1), 12 acti-
nide sites of the next metal coordination sphere (U2, Pu2) with their
48 nearest ligands (O2) forming two crystallographically non-
equivalent groups (Fig. 1). The other atoms of the cluster (U3,
Pu3, O3) formed the ‘‘shell” and during self-consistency their elec-
tron densities and potentials were kept equivalent to those of
U1(Pu1) and O1.

The investigation of the excited state corresponding to the elec-
tron transition between 5f5/2 molecular orbitals was performed
using the Slater’s ‘‘transition state procedure” [13]. In this method
the population of initial occupied MO is decreased and the popula-
tion of final vacant MO is increased by 0.5. The energy difference of
these partially occupied levels obtained in the SCF calculation can
serve as a measure of the relaxation effects which take place when
5f electron moves from one atom to another.

Since the transition state calculations for the 279-atomic clus-
ters could not be done during reasonable time, we consider the
quite small Ac13O56 clusters (the main part of Ac63O216) where 48
outer ligands (O2) now form the ‘‘shell” around AcO8Ac12 ‘‘core”
and during self-consistency their density and potential were kept
equivalent to those of O1. The rest sites of Ac63O216 fragment were
added to the pseudo-potential part of the boundary condition of
Ac13O56. Another problem of excited state calculations concerns
the fact that the transition of an electron from one individual atom
(U1 or Pu1) to the individual atom of the next coordination sphere
of Ac breaks the equivalency of 12U2(Pu2) sites. For this reason we
changed the orientation of coordinate axes and reduced the sym-
metry of Ac13O56 clusters from D4h to C2v.
In this work the electronic structure was calculated in the den-
sity functional theory approximation (DFT) using the original code
of the fully relativistic discrete variational cluster method (RDV)
[14,15] with local exchange-correlation potential [16]. The RDV
method is based on the solution of the Dirac–Slater equation for
4-component wave functions transforming according to irreduc-
ible representations of the double point groups (in the present
calculations – D4h and C2v). For the calculation of symmetry coeffi-
cients we used the original code which realizes the projection
operators technique [14] and includes the matrices of irreducible
representations of double point groups obtained in Ref. [17] and
the transformation matrices presented in Ref. [18]. The extended
bases of 4-component numerical atomic orbitals (AO) obtained as
the solution of the Dirac–Slater equation for the isolated neutral
atoms also included Ac7p1/2 and 7p3/2 functions in addition to
occupied AOs. Numerical diophantine integration in matrix ele-
ments calculations was carried out for 700 000 (Ac63O216) and
178 000 (Ac13O56) sample points, that provided the convergence
of valence MO energies within 0.1 eV. The effective charges on
atoms (Qeff) were computed as the integrals of electron density in-
side the domains bounded by the points of its minimum [19].

3. Results and discussion

The total and partial densities of states (DOS) obtained for the
central U1(Pu1) and O1 atoms in Ac63O216 clusters are shown in
Figs. 2 and 3. Since the partial DOS for Ac7p1/2 and 7p3/2, Ac6d3/2

and 6d5/2, O2p1/2 and O2p3/2 are close to each other, the sum of
DOS for 7p, 6d and O2p MOs are presented in the figures. The com-
parison of our results with those obtained in conventional band
structure calculations of UO2 and PuO2 [2,6] shows that the struc-
ture of valence and vacant states of the central part of Ac63O216

clusters are close to the positions and widths of the valence and
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Fig. 3. Total and partial densities of states for the central part of Pu63O216 cluster in
PuO2.

Table 1
Overlap populations of U1, Pu1 6d, 5f, 7s, 7p and O12p orbitals (the sum for 2p1/2 and
2p3/2 AO) in UO2 and PuO2 (10�3 e, per one ligand).

AO UO2 PuO2

DV RDV

Ac6d3/2–O2p 168 67 66
Ac6d5/2–O2p 99 97

Ac5f5/2–O2p 48 25 18
Ac5f7/2–O2p 39 53

Ac7s–O2p 31 55 59

Ac7p1/2–O2p 9 9 2
Ac7p3/2–O2p �25 �54

Table 2
Effective charges on atoms in UO2 and PuO2 obtained by spatial integration [19] and
Mulliken population analysis in RDV and DV calculations.

Atom UO2 PuO2

DV RDV

Integral Mulliken Integral Mulliken Integral Mulliken

U1(Pu1) 2.45 1.25 2.97 1.04 2.46 0.77
O1 �1.42 �0.59 �1.52 �0.51 �1.34 �0.39
U2(Pu2) 2.43 1.14 2.94 1.00 2.50 0.79
O2 �1.42 �0.60 �1.53 �0.51 �1.34 �0.39
O3 �1.42 �0.60 �1.52 �0.51 �1.34 �0.39
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conduction bands in the methods using periodic boundary
conditions.

The increase of 5f states occupation on going from UO2 to PuO2

shifts the Pu5f levels downward to O2p band (Fig. 3). Though the
energy gaps between O2p and Ac6d sates are close in both oxides,
the Pu6d band position measured relative to EF (which is used as a
zero of energy scale) is shifted upward by �2 eV. The Pu6p3/2–O2s
band gap is also reduced as compared with UO2, this shift is accom-
panied by the corresponding increase of O2s–6p3/2 covalent mix-
ing. The spin-orbital splitting of 6p states is also larger in PuO2.

For the evaluation of direct and indirect relativistic effects we
have made the non-relativistic spin-unrestricted DV calculation
of U63O216 cluster with the same computational parameters as in
RDV approach. Though the detailed features of the bands in DV
and RDV approaches are different, the band widths of O2p, U5f,
6d and 7p states are quite similar in both methods. The principle
difference is revealed for the U6s and U6p–O2s bands. The relativ-
istic contraction of U6s MOs decreases their energy by 17 eV. In the
case of U6p–O2s states the simple non-relativistic two-band (U6p
and O2s) structure transforms to the three main bands due to the
spin-orbital interaction (Fig. 2). The latter result is in agreement
with the experimental photoelectron spectra of UO2 [20].

On the other hand, the considerable relativistic transformation
of the core and semicore states could lead to the change in nucleus
screening and, therefore, to the additional transformation of the
structure of valence orbitals. In the case of UO2 these indirect rel-
ativistic effects induce the decrease of O2p–U6d band gap by
1.5 eV and the change of the degree of U5f states delocalization.
The latter could be evaluated by the values of overlap populations
(nij) of various pairs of the metal and ligand atomic orbitals, which
can also give the bond orders of these states [21]. The values of nij

for O2p and 6d, 5f, 7s, 7p AOs of U and Pu obtained in DV and RDV
calculations are listed in Table 1. Examination of Table 1 reveals
that Ac5d orbitals play the main role in chemical bonding of diox-
ides and their contributions are nearly identical in the relativistic
and non-relativistic description. On the contrary, the overlap pop-
ulations of U5f–O2p states increase by 1/3 on going from DV to
RDV approach. It can be seen that U5f contribution to bonding is
only 2.5 times less than that of the main U6d–O2p interaction in
the fully relativistic description. The Pu5f–O2p bonding in PuO2

is even stronger, as compared with UO2. However, the most prom-
inent role of the indirect relativistic effects is detected for Ac7s
orbitals, the corresponding relativistic values of the overlap popu-
lations are almost two times greater than those in the non-relativ-
istic calculations. The anti-bonding character of Ac7p–O2p AOs
interaction is rather unexpected result, because in the non-relativ-
istic description their contribution to chemical bonding is usually
positive, as well as those of the similar 6p states of lanthanides
[22].

Table 2 lists the effective charges on atoms obtained in DV and
RDV calculations for the main part of Ac63O216 clusters in UO2 and
PuO2. A comparison of the Qeff in Table 2 with the Mulliken values
shows that the latter are nearly three times less than the integral
charges. Though the Qeff obtained by spatial integration are always
more realistic than the Mulliken and Hirshfeld values [19,23], the
charges on uranium, plutonium and oxygen atoms are noticeably
less than their formal valencies in dioxides. The decrease of the
effective charges on going from UO2 to PuO2 is mainly due to the
increase of O2p–Ac5f covalent mixing which is the result of the
smaller splitting of corresponding bands in PuO2 (Fig. 3). The same
effect is found for UO2 where the lowering of O2p–U5f band gap by
1 eV in DV approach (with corresponding increase of covalent mix-
ing) reduces the charges on uranium atoms by 20%, as compared
with RDV calculations. In the cluster models of the periodic sys-
tems one could not simply define the so-called formula unit, and
thus the effective charges obtained in this approach could not pro-
vide the electroneutrality condition for the selected group of
atoms. In the case of relativistic calculation of UO2 the total charge,
QU1 + 2QO1 = �0.07 is found to be noticeably less than that in the
non-relativistic approach (�0.39) and in RDV calculation of PuO2:
QPu1 + 2QO1 = �0.22. As mentioned in Ref. [19], the charge balance
is better for the compounds with wider gap between metal and
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ligand valence bands (in the case of wide gap insulators CaF2 and
SrF2 these values are within 0.02).

In U63O216 cluster the highest occupied (HOMO) and the lowest
unoccupied (LUMO) molecular orbitals correspond to Cþ6 and C�6
irreducible representations, respectively. The HOMO contains
more than 50% of 5f5/2 atomic orbitals of U3 with admixtures of
U25f5/2 and O12p, O22p character; the LUMO is also of the U35f5/2

character. Noticeable admixtures of the U15f5/2 and U25f5/2 states
appear in MOs just below EF, however, the molecular levels with
considerable U15f5/2 and U25f5/2 contributions are located
�0.5 eV and 0.45 eV below the HOMO. Unoccupied orbitals con-
taining the main contributions of U15f5/2 and U25f5/2 AOs begin
at 0.1 eV and 0.05 eV above the LUMO. Thus according to the
ground state calculation of 279-atom cluster the energy difference
for the 5f5/2 electron transition from U1 to U2 (or in the opposite
direction) is equal or greater than 0.5 eV. In Pu63O216 cluster the
HOMO and LUMO correspond to C�6 and C�7 representations and
also do not contain any noticeable contributions of the Pu15f5/2

states. However, in this cluster the Fermi level is located just above
the main peak of Pu15f5/2 DOS (Fig. 3) and the energy of the highest
occupied level belonging to Pu15f5/2 orbital is only 0.03 eV less
than that of the LUMO (corresponding to Pu35f5/2 character). Unoc-
cupied orbitals of Pu25f5/2 character begin at 0.02 eV above the
LUMO and therefore the energy edge for the electron transition
from Pu1 to Pu2 is essentially lower than in U63O216.

For the investigation of the effects of electronic structure relax-
ation following the 5f5/2 electron transition between two individ-
ual actinide atoms in the dioxide lattice, the RDV calculations of
Ac13O56 clusters with C2v symmetry were carried out. The total
and partial DOS obtained for the central U1 and O1 atoms in the
ground state calculations of U13O56 cluster are shown in Fig. 4.
Though some details of the valence bands shape are different for
279- and 69-atom fragments, the positions and widths of O2s–
Ac6p and O2p–Ac5f, 6d states are surprisingly very close in both
models. However, the Ac7s and 7p orbitals appeared to be sensitive
to the cluster size, in small fragments the main peaks of U(Pu)7s
and 7p DOS shift downward about 2 eV and 3 eV, respectively in
both oxides. The contributions of 5f5/2 AOs of the central atom in
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Fig. 4. Total and partial densities of states for the central part of U13O56 cluster in
UO2.
the HOMO and LUMO are also small as in the calculations of large
clusters. Note that 12 atoms of U(Pu)2 type (Fig. 1) become non-
equivalent in Ac13O56 model and form five types of symmetrically
equivalent centers: Acð1Þ2 and Acð2Þ2 along the new z axis, 4Acð3Þ2 ,
2Acð4Þ2 and 4Acð5Þ2 in the planes which are perpendicular to this axis.
The analysis of possible electron transitions between MO levels
corresponding to Ac15f5/2 and Acð1Þ2 5f5/2 character showed that in
the ground state calculation of U13O56 the energy difference of such
transitions is equal or greater than 0.5 eV, i.e. is close to the value
obtained for the transition from U1 to the 5f5/2 states delocalized
among 12 equivalent U2 centers in U63O216. In the case of the
ground state calculation of Pu13O56 cluster the energy of the tran-
sition from occupied Pu15f5/2 to vacant Puð1Þ2 5f5/2 levels is near
0.2 eV, i.e. this value is greater than 0.05 eV obtained for the
Pu63O216 cluster.

The transition state calculations were started from the direct
changing of the population of Ac15f5/2 and Acð1Þ2 5f5/2 basis atomic
orbitals by�0.5 and +0.5, respectively. As a result the energy differ-
ence of the molecular orbitals of Ac15f5/2 and Acð1Þ2 5f5/2 character
achieved�13 eV in both oxides. This result means that the electron
transition between MOs with 100% contribution of Ac15f5/2 and
Acð1Þ2 5f5/2 AOs without admixtures of any other orbitals could be
possible with the excitation energy near 13 eV. However, there
are no such 5f5/2 molecular states ‘‘purely” located on an individual
metal site in Ac13O56 clusters as well as in Ac63O216 clusters. Actually
the half of the hole and the half of additional electron are partially
distributed over the nearest neighbors and next nearest neighbors
and during self-consistency the configurations of several atoms
are modified. As a result the energy difference between initial and
final molecular levels converged to the values which are near
1.0 eV and 0.9 eV in U13O56 and Pu13O56 clusters, respectively. Thus
the results of our calculations show that these values are strongly
connected with the covalency effects in the electronic structure
and could also be considered as some indirect measure of the degree
of 5f5/2 states hybridization in uranium and plutonium dioxides.

In LDA + U studies the U values are usually found empirically,
however in the paper of Anisimov and Gunnarsson [24] the first-
principles procedure for the calculation of U was described. In order
to compute this parameter, one has to remove the transfer integrals
between the f orbitals and the rest of the system and the occupancy
of the f orbitals of the nearest metal sires is varied, while the other
metal electrons are allowed to relax self-consistently, and it follows
that the ‘‘screened” U = E(fn+1) + E(fn�1) � 2E(fn), where E is the LDA
total energy. In the case of dioxides the hybridization of metal and
oxygen orbitals noticeably decreases the band gap as compared
with the value of U. For instance, Lasowski et al. [5] used
U = 0.4 Ry to obtain the experimental gap of about 2 eV in UO2. In
our calculations the above mentioned value of 13 eV (near 1 Ry)
means the energy difference without any ‘‘screening” and the final
self-consistent values of 1.0 and 0.9 eV include the effects of relax-
ation of all metal and ligand states.
4. Conclusions

Our investigations of the uranium and plutonium dioxides con-
firm the earlier results that the 5f states of metal atom are strongly
hybridized with 2p orbitals of nearest ligands as well as with 5f
AOs of the next nearest neighbors and with even more distant
sites. Due to this hybridization the energy difference for the tran-
sition between occupied and vacant 5f5/2 MOs located on different
atoms is considerably less than 13 eV for the completely localized
5f5/2 states.

Though there were successful attempts to explain the experi-
mental band gap in the ground state calculations, the excitation
of conductivity in UO2 and PuO2 is an interesting phenomenon



230 M.V. Ryzhkov, A.Ya. Kupryazhkin / Journal of Nuclear Materials 384 (2009) 226–230
for the theoretical investigations. According to our transition state
calculations the energy differences for the initial and final levels
are two times less than experimental excitation energy for both
oxides. However, two metal sites participating in this process are
not nearest neighbors and the 5f5/2–5f5/2 transition corresponds
to the so-called ‘‘hoping” conductivity. There is no doubt that an
additional effect of the energy barriers for the electron hoping
has to be considered for such excitation. The results obtained here
show that a ‘‘proper” explanation of the experimental values will
have to take account of both effects.
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