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We use the linear muffin-tin orbital method and the local density approximation to calculate the cohesive energies, equilibrium lattice constants and
bulk moduli of Tho2,U 0 2 and h O 2 . These calculations provide a
framework within which to discuss the bonding in this system. The band
structure of U 0 2 is examined in particular detail and its volume dependence
is discussed.

In this paper we consider the electronic structure of the actinide dioxides Tho2,U 0 2
and h O 2 . While the oxides of most technological importance are rarely stoichiometric,
we choose to study the fluorite structured oxides AnO, (An=actinide) because they
form a system which is relatively simple to characterize experimentally and study in
detail both theoretically and experimentally.
A simple picture of the electronic structure of fluorite-structured AnO, is as follows.
We first consider the oxygen sublattice, which is simple cubic, and form An02 by
inserting an An atom at the body centre of every other cube. The simple cubic oxygen
sublattice gives rise to a single band originating from the atomic 2s state, which is
separated by ca. 14 eV from the band formed from the 2p states. The next oxygen-derived
band is a broad band formed from the unoccupied 3s states. Inserting an An atom
doubles the size of the unit cell in real space and leads to a folding of the oxygen bands
into bonding and antibonding states and splitting of the bands at the zone boundary.
At the centre of the Brillouin zone the 2s and 3s states transform as r, and r:, while
state. This is not,
the 2p states transform as a bonding ri5state and an antibonding r15
of course, the only effect of introducing the An atom. Its atomic states also give rise to
bands. Below the oxygen 2s bands the filled An 6p states form a band (with large
spin-orbit splitting), the 6d states give rise to a conduction band ca. 5-6 eV above the
top of the oxygen 2p band, and in this so-called fundamental gap fall the localized An
5f states. Charge transfer from An to oxygen leads to a filling of the oxygen 2p-derived
band and hence a nominal 4+ oxidation state of the An ion. In this simple picture
there are no occupied thoriumf-like states in Tho2,and additional electrons added as
we go across the actinide series are assumed to go into f-like states. Thus there are two
filled uranium f-like states in U 0 2 and four filled plutonium f-like states in h02.
Thorium dioxide forms stoichiometrically and is a wide-gap transparent insulator.
The optical gap determined from measurements of the absorption threshold on thin
films of Tho2is ca. 6eV.' X.P.S. mea~urernenfs~+~
indicate a valence bandwidth of ca.
5 eV and no state density at EF.
UOz is a coloured semiconductor which tends to form hyperstoichiometrically. It
orders antiferromagnetically below 30 K. Form factor
indicate that the
magnetism is due to two unpaired f electrons. Early optical absorption measurements6
1189
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indicated one absorption band between 2.5 and 5.2eV with a maximum at ca. 3.9eV
and a second strong absorption band starting at ca. 5.2eV. However, the transitions
involved were not identified. From optical reflectivity and absorption measurements
over a larger spectral range, Schoenes7confirmed the earlier measurements and identified
the first absorption band as being due t o f 2 + f ’ d transitions. The second ‘fundamental’
absorption band arises from 0 2p to U d transitions. A coherent picture of the electronic
structure of UO, has finally emerged from photoelectron spectroscopy studies. 2,398-12
X-Ray (X.P.S.) and ultraviolet (U.P.S.) photoelectron spectroscopy have been used to
probe the occupied states and bremsstrahlung isochromat spectroscopy (b.i.s.) to probe
the unoccupied states. The electronic structure from this work is in agreement with that
derived from optical reflectivity and a b ~ o r p t i o nThe
. ~ experimental situation is reviewed
by Schoenes in ref. (13) and also in this volume.
For PuO,, only X.P.S. measurements have been r e p ~ r t e d . ’ ~ ’The
~ ’ 5 f states lie lower
than in UO, and appear to overlap the 2p valence band, which together appear to have
a width of ca. 5 eV.
There have been few calculations of the electronic structure of the actinide dioxides.
Gubanov et a l l 6 have performed non-self-consistent molecular cluster calculations within
the local density (LD) approximation for clusters simulating rocksalt- and fluoritestructured (sixfold and eightfold coordinated, respectively) thorium and uranium oxides.
Relativistic and spin-polarization effects were studied. Relativistic extended Hiickel
molecular cluster calculations were performed by Courteix et aZ.15to help interpret their
X.P.S.spectra for Pu02.
Exploratory band-structure calculations by Kelly et aL17 demonstrated the necessity
to make such calculations self-consistent. The results of subsequent self-consistent LD
calculations gave good agreement for the ground-state properties of U 0 2 so long as the
f states were not treated as pure band ~ f a t e s . ~ ”In
~ ’the following section we state briefly
the basis of density functional (DF) theory and discuss its limitations and those of the
local density approximation which has been used in almost all D F calculations to date.,’
We then present the results of the calculations of the cohesive properties of Tho2,UO,
and PuO, and go on to discuss the corresponding electronic structures.

Method of Calculation
In density-functional
the ground-state energy of an interacting
inhomogeneous electron system in an external potential may be obtained by solving a
simple single-particle-like Schrodinger equation where the effects of exchange and
correlation are included in a local exchange-correlation potential. The eigenvalues which
occur in this Schrodinger equation serve as auxiliary quantities to calculate the total
energy. A physical meaning has been given to only the last occupied eigenvalue, which
has been shown to be equal to the ionization potential.23 Otherwise the eigenvalues
should not be identified with excitation energies although, in the absence of any other
first principles calculations, this is frequently done. Exact D F calculations for light
atoms indicate that the eigenvalues interpreted as excitation energies underestimate
these energies.24
While the density-functional formalism is exact and can, in principle, describe
strongly correlated localized states as well as itinerant states, in practice some approximation has to be made for the exchange-correlation energy functional and potential. In
almost all cases that approximation is the so-called local density (LD) approximation,
where the exchange-correlation energy of the inhomogeneous system is expressed in
terms of the exchange-correlation energy of a homogeneous interacting electron gas
calculated for different densities. Many calculations of ground-state properties have
been carried out with the LD approximation with a great deal more success than might
be expected from simple considerations of its realm of validity.25
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Where the exact D F eigenvalues do not in general yield excitation energies the LD
eigenvalues are, a fortiori, to be trusted even less.24 They may be used for qualitative
purposes which depend only on the symmetry and relative positioning of the energy
bands. A quantitative discussion of excitation energies requires a calculation of the
electron self-energy, for which the LD approximation is a convenient starting point.
Such calculations have been carried out for the first time only recently for silicon and
diamond.26 They yield results in excellent agreement with experiment even though the
LD eigenvalues, in these cases, seriously underestimate the band gap.
Our discussion of the electronic structure of the actinide dioxides will therefore be
mainly concerned with the calculation of the ground-state properties, and comparison
with experiments which measure excitation energies will only be made in passing.
The method27we use to solve the Schrodinger equation is the linear muffin-tin orbital
(LMTO) method, together with the so-called atomic-sphere approximation (ASA). In
the ASA the polygonal Wigner-Seitz cells are replaced by spheres of the same volume.
This method, combined with the LD approximation, has been applied to many systems
and shown to be a very efficient means of solving the Schrodinger equation with only
a small loss of accuracy.28 Even systems with low coordination number can be treated
within the ASA by the introduction of so-called empty spheres. These are additional
scattering centres introduced into the lattice to increase the variational flexibility in the
description of the electron charge density. This has been demonstrated to work very
well for the diamond and zinc blende lattice^,^^'^' where the results obtained are
essentially indistinguishable from those obtained by methods without any restriction on
the form of the potential. For the fluorite lattice we include an empty sphere on the
body-centred site of the oxygen sublattice which does not contain an An atom.
For heavy elements it is necessary to take into account relativistic
Since
the states which are responsible for bonding in An02 are either completely filled or
have a small spin-orbit splitting we use a so-called semi-relativistic approximation,
which includes the mass-velocity and Darwin shifts but leaves out spin-orbit coupling
with substantial computational saving.32

Ground-state Properties
In order to describe the ground-state properties of the light actinide metals or the metallic
NaCl structured chalcogenides or pnictides, an itinerant description of the f electrons
is necessary and the LD approximation appears to work quite well.31 By carrying out
band-structure calculations for Tho2and U 0 2 with the f electrons in band states we
will see that the LD approximation, as might be expected in this case, fails to describe
the ground-state properties correctly. It predicts lattice constants that are too small and
overestimates the binding. Treatment of the f states as purely atomic-like states results
in good values for the lattice constants, bulk moduli and cohesive energy. By populating
the f bonding and antibonding states equally, hybridization with the oxygen valence
states can be taken into account without affecting the ground-state properties appreciably.
Tho2

Fig. 1 shows the total energy33 as a function of the lattice constant minus the atom
energies for T h o 2 . The upper curve was calculated by omitting f states totally from
the calculation. The lower curve was calculated by treating the f states as normal band
states. The crosses are calculated values from which the equilibrium lattice constant,
the bulk modulus and the cohesive energy are obtained by a least-squares fit to a cubic
polynomial in the volume. These are given in table 1 for the upper curve together with
the experimental values. Clearly, these calculated results are in satisfactory agreement
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Fig. 1. Total energy us. lattice constant for Thoz.The crosses represent calcuiated values and
the upper solid curve is the least-squares fitted cubic polynomial in the volume. In the upper
curve no f electrons were included and in the lower curve the f states were included in the
calculation as ordinary band states. The atom energies have been subtracted so that the minimum
in the upper curve is the cohesive energy given in table 1.
Table 1. Comparison of experimental and calculated values
of the lattice constant A, the bulk modulus B and the cohesive
energy E, of Thoz

calcd
exptl

A/a.u.

B / Mbar

ECI RY

10.46
10.576

2.9
2.78

1.83
1.74
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with experiment. The binding energy curve can be analysed in more detail using the
so-called pressure formula.34 This has been done for U 0 2 and CaF2 in ref. (18). The
basic result is that the binding energy is indeed predominantly ionic in nature, but there
is also a substantial cation d bonding interaction (covalency). Use of the pressure
formula gives more insight into the microscopic details of the repulsive interaction which
in the ionic model is purely phenomenological.
From fig. 1 it is clear that inclusion of thef states as band states leads to an unphysical
collapse of the lattice. At a volume 20% below the experimental equilibrium volume
the binding energy is still decreasing with little sign of a minimum. Even though Tho2
is normally considered to have no f electrons the inclusion of the 5f states leads to
quite a broad band at the top of the fundamental gap and this band hybridizes strongly
with the oxygen p states. The extent of this hybridization is shown in fig. 2, where the
total density of states (DOS), as well as the thorium projected DOS, the oxygen projected
DOS and thorium f DOS, are plotted at the experimental equilibrium lattice constant.
By integrating the partial DOS, N t l ( E ) ,up to the Fermi energy one obtains ntl, the
number of electrons with angular momentum 1 and atomic character t. The thorium
ionicity which is obtained by integrating the charge inside the thorium atomic sphere
is plotted as a function of volume in fig. 3 for the cases where f states are included and
not included. For the former case the number of thoriumf-like electrons is seen to be
ca. 1. In both cases there is a large deviation from the nominal full (4+) ionicity. Since
the definition of ionicity used above is largely arbitrary, depending as it does on how
one chooses to divide up space with the space-filling spheres used in the ASA, it is
worthwhile digressing for a moment on the choice used in the calculations presented here.
There are two basic considerations in the choice of sphere sizes. One is that the
overlap of atomic spheres on neighbouring sites should be as small as possible. For the
b.c.c lattice, to which the fluorite lattice reduces when all lattice sites (including the
‘empty’ site) are the same, this overlap is 13.7%. The second consideration is that the
spheres should contain the atomic cores. The actinide 6s and 6p core states are very
extended and dictate a large cation atomic sphere. The effect of changing the relative
sphere sizes is seen in fig. 4. Here the total energy of Thoz (omitting the thorium f
states) is plotted as a function of the thorium atomic sphere radius for a fixed volume
equal to the calculated equilibrium volume. Around a thorium sphere radius of 2.8 a.u.
the total energy is only weakly dependent on the choice of sphere sizes. This sphere
size of 2.8a.u. corresponds to an overlap of thorium and oxygen atomic spheres of
16.8%. If possible, calculations should be carried out in this region. In order to achieve
this division of space it was necessary to include the thorium 6p and oxygen 2s states
explicitly as band states. Also shown in fig. 4 is the net charge on the thorium atomic
sphere as that sphere radius is changed. It changes almost linearly over the range where
the energy is roughly constant. To obtain a 4+ thorium atom the thorium sphere size
must be reduced to <2.6 a.u. However, for a sphere radius <2.7 a.u. the 6s states must
be included explicitly as band states in the calculation, otherwise they must be renormalized quite substantially. Thus the resulting 4+ ion has been obtained by excluding
cation 6s and 6p core charge density from the cation sphere and is therefore quite
different from the classical 4+ thorium ion, which retains an integral core. That it is so
difficult to obtain a 4+ thorium atom is not surprising. In a quantum-mechanical
calculation the mechanism providing the repulsive interaction, the so-called core repulsion, arises from the interaction between the valence and core states when they overlap
spatially. This interaction gives charge in the nominal anion valence bands cation-like
character.
In the calculations in fig. 1 a larger cation sphere size than the ideal value was used
in order to be able to decrease the volume without renormalizing too much of the
thorium 6s charge density. From fig. 4 we can estimate that the theoretical value for
the cohesive energy in table 1 should be 80 mRy larger or 1.91 Ry, which is still in very
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Fig. 3. Total charge on a thorium sphere in Tho2as a function of the lattice constant. ( a ) no f
electrons included, ( b ) with f electrons included as band electrons and ( c ) total number o f f
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Fig. 4. Total energy of Tho2(to within an arbitrary constant) and total charge on a thorium
sphere as a function of the thorium Wigner-Seitz sphere radius STh at the experimental lattice
constant. No f states were included.

good agreement with experiment. This corrected value is given later in table 3, together
with the corresponding calculated and measured values for U 0 2 and h02.

uo*
The inclusion of the uranium f states as ordinary band states leads to a lattice collapse
as already found above for Thoz.These results are given in row (i) of table 2. The
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Table 2. Comparison of experimental and calculated values
of the lattice constant, A, the bulk modulus, B and the
cohesive energy Ec of UOz for different treatments of the f
electrons a

(i)
(ii)
(iii)
(iv)

A/a.u.

B / Mbar

(8.9
10.14
10.01
10.336

-

2.3
2.09

Ec/ RY

>2.7
1.64
1.70
1.64

a In row (i) the f electrons are included as ordinary band
electrons while in row (ii) they are treated as atomic-like
states but recalculated every iteration in the new potential.
In row (iii) they are again included as band electrons but
each f band is filled with 1/7th of an electron. The experimental values are given in row (iv).

equilibrium lattice constant was not found in this case but is at least 10% (or 30% in
volume) too small and the cohesive energy grossly overestimated. Treating the f states
as atomic-like states but recalculated in the self-consistent potential results in reasonable
values for the lattice constant and cohesive energy [row (ii) of table 21. When this is
done, the amplitude of the 5f orbital at the sphere boundary is sufficiently large that
substantial hybridization with the oxygen p states might be expected. The treatment
adopted in ref. (19) allows this hybridization to take place without the lattice collapsing.
The f states were treated as band states, but in order to achieve a filled (non-conducting
and non-bonding) band only 117th of an electron was placed in each f state. Thus the
f bands are filled with a total of two electrons. This results in a lattice constant which
is ca. 3% too small, a cohesive energy which is ca. 10% too large and a bulk modulus
quite close to the experimental value [rows (iii) and (iv) of table 21. The agreement is
comparable to that found for Tho,. By comparison with row (ii) of table 2 it can be
seen that the effect of allowing the 5f states to hybridize as above increases the cohesive
energy slightly. The extent to which the 5f states mix into the valence band could be
determined experimentally by energy-dependent or angle-resolved photoemission as
will be discussed later on.

PuO*
The calculations for PuO, were performed using the same device as that described above
for UO, to achieve a filled f band. In this case 4/14th of an electron were placed in
each f state so that the f bands are filled with four electrons. The energy us. volume
curve is shown in fig. 5 and the results summarized in table 3 together with the
corresponding results for Tho, and UO,. The calculated lattice constant is 2% smaller
than experiment and the cohesive energy only 40mRy smaller. The bulk modulus is
not accurately known, but from the trend in the bulk moduli of T h o 2 , U 0 2 and Np0,
(2.78, 2.07 and 2.00 Mbar, respectively) we expect a value of B of slightly less than
2 Mbar for h0,.The calculated value is close to this, but because the total energies
for Pu02 are only converged to mRy accuracy the calculated bulk modulus has an
uncertainty of ca. 30%.
The above calculations have been performed with many approximations (LD, LMTOASA, frozen cores etc.) but no adjustable parameters. The only quantity empirically
adjusted is the number off electrons, which, however, can be inferred from experiment.
Calculations carried out with the f electrons in bands give unphysical results and it is
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Fig. 5. Total energy us. lattice constant for PuO,. The crosses represent calculated values and
the solid curve is the least-squares fitted cubic polynomial in the volume. The atom energies have
been subtracted so that the minimum is the cohesive energy given in table 3.
Table 3. Comparison of experimental and final calculated values of the lattice constant, A, the bulk modulus, B and the cohesive energy E, for Thoz,UOz and PuOz
A/ a.u.

Tho,

uoz

PuOz

B / Mbar

WRY

calcd

exptl

calcd

exptl

calcd

exptl

10.46
10.01
10.03

10.576
10.336
10.195

2.9
2.3
1.9

2.78
2.07

1.91
1.70
1.41

1.74
1.64
1.45

-

reasonable to treat the f electrons as atomic-like. Nevertheless, this represents a weak
point if one is interested in predicting the number o f f electrons on the An atom. An
example of this would arise if an An atom occupied a site other than its regular lattice
site. With this proviso, all of the quantities calculated which can be compared directly
are in reasonable agreement with experiment. The cohesive energy, E,, is the energy
gained in the ground state of the solid with respect to the component neutral free atoms.
It can be determined experimentally by measuring the heat of formation, H, of A n 0 2
(starting with An metal and O2 molecules), the sublimation energy, S, of An metal and
the dissociation energy, 0, of 0 2 .Thus
E , = S + D - H.

The values of S and H for T h o 2 , U 0 2 and Pu02 needed to calculate E, in table 3 were
taken from ref. (35) and D was taken to be 376mRy from ref. (36).
The only other attempts we are aware of to calculate the binding energy of AnO,
use the so-called ionic m ~ d e l . ~ 'What
? ~ ~ is calculated in this case is a cohesive energy
with, as reference, not neutral atoms but ions (An4+ and 02-),so that the resulting
lattice energy is much larger than E, above (for U 0 2 , ca. 7.6 Ry compared to 1.7 Ry).
In order to compare the lattice energy with experiment it is necessary to know the

View Article Online

Electronic Structure of the Actinide Dioxides

1198

Published on 01 January 1987. Downloaded by Universiteit Twente on 7/10/2019 2:45:07 PM.

0.8

0.0
rl 5

r

X

W

L

I7

K

u

x

0.8

0.4

2

r1
PI 2

t

1

4

r

?

1

r 2
'25

-0.2
'15
1
.
.

r
X
W
L
r
K U
X
Fig. 6. Energy-band structure of UOz at the experimental lattice constant along some lines of
high symmetry: ( a ) without and ( b ) with $band states.
corresponding ionization energies and affinities. For the actinides these are not known
reliably and oxygen does not bind two electrons, so that estimates of these quantities
must be made. Nevertheless, the ionic model forms the basis39 for almost all defect
calculations in An02. The relevance of our work to this issue is that we find that a 4+
ion in AnO, can only be obtained at the expense of corrupting the cation 6s2,6p6core.
In cases where difficulties are encountered with the ionic model it may be necessary to
take account of the covalent interaction in AnO,.

Electronic Structure

uo*
The band structure of U 0 2 at the experimental lattice constant is shown in fig. 6 along
several high-symmetry directions. In the upper panel the f states have been omitted.
The main features of the band structure without the f states are, as described in the
introduction, a valence band derived from the oxygen p states and a conduction band
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derived from the uranium 6 d and 7s and the oxygen 3s states. These bands are separated
by a direct gap of 4.3 eV at the X point. The valence band is also widest at the X point
(5.4 eV). The splitting of the bonding and antibonding combinations of the p states is
smaller (4.6 eV) at the I‘ point, where the vertical gap is 5.2 eV. The large valence
bandwidth of >5 eV is a measure of the strong covalent interaction on the anion
sublattice.
The conduction-band minimum at X is ca. 0.5 eV below the minimum at r. This
latter minimum is formed from the doubly degenerate TI, combination of the uranium
d levels, which also give rise to a ri5 level that lies 5.6eV higher. The 6d band is
crossed by a singly-degenerate s band with mixed uranium and oxygen character. This
band lies between the crystal-field-split 6d levels at r, where it transforms as rl.
In the lower panel of fig. 6 the f states are included as band states. The band which
they then form is 2.5 eV wide and lies in the fundamental bandgap. In the absence of
spin-orbit coupling the 7 5 f states transform under cubic symmetry at r as r2*,
I‘; and
rI5.They interact strongly with the top of the valence band, depressing it by almost
2.0 eV. The valence bandwidth is reduced by 1.7 to 3.7 eV at X and the fundamental
bandgap is increased by the same amount because the interaction of the f states with
the conduction band is negligible. At r only the antibonding rI5valence band state
interacts with the f states by symmetry and the bonding-antibonding splitting is reduced
to 2.5eV. The large f bandwidth is due in part to this interaction with the oxygen
sublattice, as can be verified by calculating the f band without hybridization with the
anion sublattice. Because of the sensitivity of the shape of the valence band to the
hybridization with the uranium f states it might be possible to determine the strength
of this hybridization experimentally by tracing out the top of the valence bands using
angle-resolved photoemission. The f-like character in the valence-band region of U 0 2
is qualitatively very similar to that found for Tho2in fig. 2 because it is largely determined
by symmetry. Because the f levels lie closer in energy to the valence bands, however,
the mixing is stronger. It should be possible to see this f mixing, if it occurs, by means
of energy-dependent photoemission.
The coarse electronic structure of UO, is seen experimentally most clearly by means
of p h o t o e m i ~ s i o n . ~ ~ These
~ ’ * - ~ studies
~
find a valence bandwidth of ca. 6eV and a
fundamental bandgap’, of ca. 5 eV, with the final state f level, as seen in X.P.S. in the
lower part of the gap. The calculated bands [fig. 6( a ) ] are in good qualitative agreement
with this picture. If we are interested in the finer details of the electronic structure there
are, however, many uncertain points. We find, for example, that the valence bandwidth
is sensitive to hybridization with the f states and is reduced to 3.7 eV when these are
treated as band states [fig. 6(b)]. This is not, however, clearcut evidence for the lack
of such strong hybridization. There is a large uncertainty in the measured valence
bandwidth arising from low experimental resolution (estimated to be ca. 0.4 eV) and
unidentified structure at the bottom of the valence band. In addition, a large amount
of detailed structure in the calculated density of states (fig. 2) is not reproduced by
X.P.S. In principle many of these questions could be resolved by a calculation of the
dielectric function which could then be compared with that determined experimentally
from reflectivity measurements’ and the various transitions identified. While such
calculations are possible, within a single-particle framework, it is not clear whether the
large effort required is at present justified.

Thoz, U 0 2 and Pu02
We compare the calculated band structures along the T-X direction for Tho,, UO, and
PuO, in fig. 7. The calculations were performed at the experimental lattice constants.
For simplicity the f states were omitted from the calculation and the position of the 5f
orbital energy is indicated by a horizontal line. Inclusion of the f states as band states
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Fig. 7. Energy-band structures of T h o 2 , U 0 2 and PuOz at the experimental lattice constants along
the T-X direction. The f electrons were treated as atomic states and only the 5f orbital energy
is indicated as a horizontal straight line.

would lead, in a first approximation, to the formation of a band about this orbital
energy. The most striking trend along the actinide series is the drop of this f level across
the gap on going from thorium to plutonium. In the case of Tho2the f band overlaps
the bottom of the conduction band formed by the uranium d states, in U 0 2 the strong
hybridization with the p states leads to a gap between the two groups of bands as seen
in fig. 6 and in PuO, the plutonium f states overlap the valence bands. Although, as
we have seen, the f levels cannot be treated as band states, the position of the f resonance
agrees with experiment where it has been determined. 1 2 ~ 1 4 ~ 1 5The second most notable
feature in fig. 7 is the increase in the valence bandwidth going across the series. For
Tho2,U 0 2 and Pu02, respectively, the bandwidths at r are 4.3, 4.6 and 5.0 eV and at
X, 4.8, 5.4 and 5.9 eV. This increase in bandwidth comes from the decrease in volume,
as can be confirmed from a calculation of the volume dependence of the valence
bandwidth of a single substance. The valence-band maxima and minima are in all three
cases at X. The conduction-band minimum is also always at X. The lowest conduction
band state at r is the singly degenerate rl state for T h o 2 and PuO,, but for UOz the
r12state is lowest.
Pressure Dependence of Electronic Structure of UOz

Although the Sf electrons are not itinerant in U 0 2 , we have seen above that the position
of the 5f orbital energy in the self-consistently calculated potential not only describes
the trend across the An series correctly but also appears to give the absolute position
of the localized f states in the fundamental gap, as seen by X.P.S., quite well. Encouraged
by this, we can ask how the position of the Sf levels and the position and widths of the
conduction and valence bands change under compression. Our interest is to see whether
it might be possible to delocalize the f electrons by applying sufficient pressure. This
might happen4' either by increasing the Sf bandwidth, Wj,sufficiently so that it exceeds
the Coulomb correlation energy, Uf,
and the 5f electrons become delocalized or, more
likely, by increasing the width of the conduction band so that it overlaps the localized
Sf states and becomes populated. Although the band gap in LD calculations is often
considerably smaller than the experimental gap, it appears from recent calculations that
the metallization volume is given quite well.41 In fig. 8 we plot the energy bands of U 0 2
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Fig. 8. Energy-band structures of U 0 2 as a function of the lattice constant. The f electrons are
included as band states. Only the top and bottom of the bands and the bands at the r point are
shown. The labels on the right-hand side indicate the majority character of the bands.

as a function of lattice parameter down to a volume 30% smaller than the equilibrium
volume. For clarity, only the band extremities and some high-symmetry points are
shown. With decreasing volume the centres of gravity of the bands rise in energy and
the bands broaden. The largest effect is seen in the uranium 6 p and oxygen 2s states.
These form a band which, already very wide at the equilibrium volume, broadens very
rapidly under pressure. The position of the bonding states changes fairly slowly with
pressure, while the antibonding states rise rapidly, giving a large repulsive contribution
in the total energy. The neglect of the large spin-orbit splitting for the 6 p states should
not affect the total energy significantly since these states are fully occupied.
Higher in energy we find that the fundamental gap increases under pressure.
However, the 5f levels rise faster than the bottom of the conduction band, so that
eventually a metal-insulator transition should take place when they cross. We cannot,
of course, calculate accurately at what volume this should take place, but we can put
an upper bound on the transition volume as that volume where the top of the f band
crosses the bottom of the conduction band. This volume is obtained by extrapolating
thef-d gap in fig. 8 to zero value, as shown in fig 9 (an explicit calculation at smaller
volumes would require treating the uranium 6s level as a band state). This indicates
that it is necessary to reduce the lattice constant to <82% of the equilibrium value (or
55% of the volume) before a transition might occur. From fig. 7 it would clearly be
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Fig. 9. Gap between the top of the 5f band and the conduction band minimum for UOz as a
function of the lattice constant. The lattice constant at which the gap extrapolates to zero is 82%
of the zero-pressure lattice constant.

more promising to try to delocalize the single f electron in PaO, by this mechanism
since we expect the f level to lie considerably closer to the conduction band edge and
a smaller pressure would be required.
A rough criterion4* for the 5f electrons to undergo a Mott transition is that the 5f
bandwidth, Wf, must exceed the Coulomb correlation energy, Us,deduced from photoelectron spectroscopy'2 to be CCL. 4.5 eV. At the equilibrium lattice constant in fig. 8 Wf
is 2.6eV and increases rapidly with pressure. It becomes larger than Uf at a lattice
constant equal to 89% of the equilibrium value (or 71% of the equilibrium volume).
Thus to metallize U 0 2 , this mechanism would appear to be more promising than the
level-crossing mechanism considered above, especially as Uf ought to decrease with
increasing pressure. There is, however, a large uncertainty in predicting a critical volume
for this mechanism because of the qualitative nature of the criterion Wf> Up Absorption
measurements of the intra-5f transition^^^ under pressure would be useful to examine
changes in the localized f states.

Conclusions
In this paper we have extended previous c a l c ~ l a t i o n s ' ~of~the
' ~ ground-state properties
of U 0 2 to Tho, and Pu02. The calculated results for all three compounds agree
satisfactorily with the measured values. In particular, the cohesive energy is a much
more sensitive measure of the quality of the calculation than the lattice energy. The 5f
An states, however, may not be treated as simple band states since this then leads to a
lattice collapse.
By including the An 6 p states explicitly as bands we were able to examine the effect
of reducing the radius of the An Wigner-Seitz sphere on the electronic charge inside
that sphere. A 4+ An ion can only be achieved by excluding 6s and 6 p charge density
from the An volume. This casts serious doubt on the validity of treating AnO, as fully
ionic which is how it is normally m ~ d e I l e d . ~ ' Similarly,
-~~
the large valence bandwidth
can be expected to lead to deviations from behaviour predicted by an ionic model in
which this width is considered negligible.
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The calculated 5f bandwidths are comparable to the Coulomb correlation energy,
deduced from photoelectron spectroscopy,'2 so that it might be possible to delocalize
the f electrons by applying pressure. Calculations at reduced volumes indicate that this
is more likely to happen in U 0 2 than a band-crossing transition, but both transitions
only occur at very high pressures. In PaO,, on the contrary, a band-crossing transition
should occur at much lower pressures.
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