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Abstract

The details of the electronic structure of the perfect crystal provides a critically important

foundation for understanding the various defect states in uranium dioxide. In order to

understand the local defect and impurity mechanism, the calculation of electronic structure of

UOQO:; in the one-electron approximation was carried out, using a semi-empirical tight-binding
formalism(LCAQ) with and without f-orbitals. The energy band, local and total density of states
for both spin states are calculated from the spectral representation of Green’s function. The

bonding mechanism in perfect lattice of UQO; is discussed based upon the calculations of band

structure, local and total density of states.
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mechanism

1. Introduction

Interest in UQ; is stimulated both by the diversity
of the fundamental properties associated with the
materials and by the important technological
problems associated with its use as a reactor fuel.
Its electronic structure has been investigated by
x-ray and resonant spec-troscopies[1-3] , which
concern the occupied states, and by optical
absorption|4], Bremsstrahlung Isochromat
spectroscopy. inverse photoemission|[5] and x-ray
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absorption spectroscopy|[6-7], which concern the
empty states. In spite of all these experimental
results as well as theoretical ones{8-13], little is still
relatively known about its electronic structure.

The details of the electronic structure provide a
critically important foundation for understanding
both the perfect and various defect states in
uranium dioxides. We carried out electronic
structure calculation of perfect lattice in the one-
electron approximation, using a semiempirical
tight-binding model with the linear combination of
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Fig. 1. Unit Cell of Flourite Structure of UO;

atomic orbitals (LCAQ). The local and total density
of states are calculated for UO; through the
spectral representation of Green'’s function.

After a brief presentation of the calculation method
in the next section, we present the band structure in
uranium dioxide along with the local and total
densities of states of each orbital from the Green’s
function. We discussed the chemical bonding
mechanism based upon these results of calculation.

2. Theoretical Formalism
2.1. Crystal Structure

At room temperature uranium dioxides
crystallize in the fluorite structure (CaFs), as
originally proposed by Goldschmidt in 1923[14],
and belong to the Fm3m space group with unit
cell parameter, a,=5.47 A[15-16]. The lattice can
be described as an fcc cation lattice in which all the
tetrahedral site are occupied by an oxygen atom.
This leads to a cubic local symmetry around each
cation. The atomic positions are those for the
fluorite arrangement, with uranium at (000)+f.c.
and oxygens at -}r%%, %%% +f.c. Each
oxygen is tetrahedrally surrounded by four
uranium atoms at a distance of 2.37 &, and six
second nearest neighbor oxygen atoms at 2.74 A.
Each uranium atom is surrounded by eight oxygen
atoms at 2.37 A and twelve second neighbor
uranium atoms at 3.87 A, as shown Fig. 1.

Above room temperature the atomic arrange-
ment can no longer be described exactly in terms
of the ideal fluorite structure with harmonic
thermal vibration. Above 1800 it transforms to
the sub-stoichiometric phase UQ,,, whereas at
lower temperature it dissolves oxygen and change
into super- stoichiometric phase UOj,«.

2.2. Tight-binding Formulation

The tight-binding approach has less predictive
power than techniques that use the local-density
approximation (LDA), in which the electronic
states are calculated self-consistently from first
principle but with electron correlation and
exchange effects approximated by a local-
potential. The LDA often provides a good
description of ground state properties, but is less
accurate in representing the excited states.
However, the tight-binding model has a distinct
advantage over other techniques, since one can
obtain a better representation or the electronic
structure by using a semi-empirical fit to the
experimental measurement. Also, the parameters
of the model have a strong chemical significance,
representing effective atomic energies and bond
strengths. Especially the tight-binding approach
gives deeper insight into the bonding picture of
the sample than any other electronic structure
calculations. It was for this reason that we first
chose to work with LCAO approach which is less
time consuming than a full-potential approach but
still is able to give physically correct results.

The standard tight-binding method works by
expanding eigenstates of a Hamiltonian in an
orthogonalized basis of atomic-like orbitals and
representing the exact many-body Hamiltonian
operator with a parametrized Hamiltonian matrix,
where the matrix elements are fitted to the band
structure of a suitable reference system and

experimental results.
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The solution of the matrix form of the time-
independent Schrodinger equation

HB W F,n) = EGe, n) Wk, n) (1)

gives tight-binding wave functions YK, n J(= ‘¥

with components representing the atomic orbital
basis of the model. The host crystal energy
eigenvectors are approximated with the linear
combination of atomic orbital. Schematically, one
writes the crystal wave function ¥ as a linear
combination of Bloch functions ‘Iﬂﬁ:), each of
which depends on only one type of orbital. For
each wave vector K characterizing a state, we

construct Bloch sums
| 2B = V—II\-’: Z‘exp(i% ‘7 a =T (2)

where |a/7- 7 )>(= | «, i>}is the atomic orbital
at the site 7, and N, is the number of lattice sites.
For each eigenstate of wave number k, the crystal
wave function can be written as a linear

combination of these Bloch sums;

[ To= ZH:CGI v,k (3)

The atomic and hybrid orbitals are assumed
orthonormal such that

e hit=1 @)

for the orbital components c.
For any wave vector in the Brillouin zone we seek
the lowest energy solution by minimizing

(V| H| P
AR D ©)

with respect to C,

SHUDIHI T(DIC—EC.=0 ()

or

%:HGB(Z)CB—E/.Ca=0- (7)

There is one such equation for each corresponding
to a basis state. The eigenvalue can be obtained
directly from the secular equation. The lowest E
corresponds to the lowest electron state; the next
lowest, to the lowest electron state having a wave
function orthogonal to that of the first, and so on.
The solutions of these equations give the C, which
give the wave function of the crystal through Eq.
(3). The wave functions and the energy eigenvalues
are plotted as dispersion relations in k along
particular symmetry lines of the Brillouin zone for
the fcc structure. The tight-binding Hamiltonian
matrix has elements

H,i 5=2<ail HI 85, 1>explik- (7= 7)1 (8)

where o and J label orbitals, and the sum is over
all atoms that are equivalent to atom j in the unit
cell and their neighbor atom i. Consider a matrix
element H,.p, from Eq.(8), where corresponds to
a cation s orbital and B to an anion s orbital. Each
orbital <S°! in the sum making up the state <a.,i|
will have matrix elements V. between the cation s
orbital and its four neighboring orbitals |S*> with
an arrangement as shown in Fig. 2; each of four
neighboring orbitals enters the matrix elements
Vo With a phase factor differing from that of [S*>

K.d

orbital by e with d; being the vector distance

to that neighbor.
HS‘S”(ZS = szzle A z (9)

The neighbors to the cation and their vector

distances are given as

d=01114
&=01T1114¢
&=(1111%
4=01111%
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® Oxygen atom

@ Uranium atom

Fig. 2. Bonding in the CaF; Structure. The
Central Oxygen Atom is Surrounded by
its Four Nearest Neighbors

For the neighbors to the anion we can get the
similar eight vector distances as above with an
arrangement shown in Fig. 3.

The primitive tight-binding matrix elements
between nearest neighbor atoms[17-19] are

2
V[[,”:ﬂ[[m ’::dz (l, [=S. P, m=0',7f,6)
[

(10)
4
Vien= 1 tmh ° £ (I, [=s5,p, m=0,7,0)
meaf2
(11)
3
Viim= 7 aamh ? "::d5 (U I'=s,p, m=0,7,6)
{12)
Vipn= r),,,,.hz-—m:ﬁw(1=s, pim=o,x)
{13)
(737/3)1/2
V= 7 g’ ——2L—(m = ¢ ,7,0)
dfm dfm mud’
(14)
,5
Vigm= ’///mhzﬁU:S. pim=g, 7,8 ¢

L

(15)

@ Oxygen atom

@ Uranium atom

Fig. 3. Bonding in the CaF; Structure. The
Central Metal Atom(U atom) Sits at the
Center of Cube Formed by its Eight
Nearest Neighbors(O atoms)

where me is the mass of the electron. The matrix
elements vary with the indicated inverse power of
the inter-atomic distance, d, a result from scaling
in the linear combination of atomic orbital
(LCAO) theory. The strength of the interaction is
given by the dimensionless coupling strength
parameters 7)1 m, where | refers to the angular
momentum quantum number (s, p, d, or f) of the
first orbital, /" is the angular momentum
quantum number of the second orbital, and m
describes the total angular momentum of the
interaction {0, &, or é bonding). V., is unaffected
under exchange of | and !” if the sum of the
parities is even, but changes sign if the sum of the
parities is odd. We have adjusted the strength
parameters 7., etc. to better fit the LDA
results{22,23] and experimental results{24-26].
The diagonal elements of the Hamiltonian are the
atomic energies in Table 1. The inter-atomic
matrix elements <ai | H | Bj, I> are determined
by the primitive tight-binding matrix elements and
by the relative coordinate from atom i to atom j, |

as shown in Table 2.
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Table. 1. Tight-binding Parameters{on-site
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energies)
& (eV) € €& &
uranium | -3.5 -2.0 -1.0 -5.3
oxygen | -29.4 -6.3

Table 2. Strength Parameters for Hopping Integrals

Moo = -1.1 Mo = 0.9 Tlpso = 0.9
Nepo = 0.3 Nopr = -0.5 Nwo=-1.6
Nuss = -1.6 Moo = -2.5 Teps = 2.5
Noar = 1.4 Napr = -1.4 Nwo = -16.8
Nux= 8.8 Moo = -10.0 Mo = -2.5
Toix = -30 Ntpr = 5.0

2.3. f-orbitals

Actinide metals and their compounds are
characterized by an incomplete 5f shell, that radial
extent is somewhat greater than that for the
corresponding 4f elements. The participation of 5f
electrons in chemical bonding and the suitability of
one-electron models for actinide system have
been the subject of lively debate. Uranium dioxide
is one of the typical examples. As mentioned
above many studies have been undertaken on
UQ:,, not only because of its technological interest,
but also for its peculiar fundamental properties
often linked with its U 5f electrons{20].
Localization versus itineracy and the degree of
hybridization of 5f state with orbitals of the oxygen
atom (especially 2p) are central questions for the
understanding of bonding in uranium oxides. Arko
et al [21] have performed band-structure
calculation on this material with treating 5f states
as core states and neglected correlation effects,
while Kelly and Brooks[22] treated the 5f states as
filled with one seventh of an electron. Petit{23] et
al studied the cohesive properties of UO, by
means of linear combination of muffin-tin

orbital(LMTO) method in the atomic sphere
approximation(ASA). They treated uranium 5f
states as band states and did not fill 5f states
artificially. They showed that, although UO, is a
very strongly ionic materials, the uranium-oxygen
bond has a partly covalent nature due to uranium
5f and oxygen 2p hybridization. Rahman{24] has
calculated the energy levels of the configuration f*
in an eight-fold cubic crystal field approximation
and the results are used to explain the
experimental spectrum of UQ,. Davis et al.[25]
compared the results of their calculations treating
the uranium 5f states as band states, and as
localized states in UGa;. They found that the latter
model gave better agreement with experimental
data on the total magnetic moment and the
anisotropy of magnetic susceptibility.

In spite of experimental and theoretical results
the nature of f-orbital is still debating.
The strength of the O,,-Us; hybridization has been
assumed to be zero[10], to exist{26] or to be
strong[27]. Thus in this paper we performed the
calculation of electronic structure with and without
f-orbitals. Then we discussed the chemical bonding
mechanism by the degree of hybridization of 5f
states with other oxygen atomic orbitals.

2.4. Green’s Function

The Green'’s function, which expresses all of the
necessary information about perfect crystal, is
obtained from LCAO calculation. It is given in the
spectral representation{28] by

O gy v (v (Fn
¢ (E)_gw‘ E—EGE n)+is

where E(%, n) and y(K, n) are the electronic

eigenvalue and the wave function in the tight-

(16)

binding representation for the n" band and one of
the N samples wave vectors k with weight Wg
within the irreducible part of the Brillouin
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Fig. 4 Energy Band of UO, Without f-orbital
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Fig. 5 Energy Band of UO; with f-orbital

zone[29].

For these calculations, the sum is taken over
N=20 sample points for the fcc structure. A finite
value of 8=0.2 eV was used, smoothing the
results with a Lorentzian line shape. The total
density of states is simply the sum of the local
densities of states of each atom in the unit cell.

The Fermi energy is calculated by integrating the
total density of states up to the number of valence
electrons for each material which is consistent with
an average of the highest occupied energy states
across the sample wave vectors. The local density

of states for, p(E), both spin states is calculated
from[33]

o(E)=— L Trim | ¢O(E) | (17)

e

where Tr indicates a trace over those orbitals

associated with a given site and Im is the
imaginary part of bulk Green’s function G°(E).

3. Results and Discussion
3.1. Electronic Energy Bands

In tight-binding approach the effect of covalency
and ionicity can be lumped together in atomic
energies and strength parameters in order to
reflect the characteristic chemical bonding. A
common actual tight-binding calculation and its
results, hence, clearly depend upon the
parametrization scheme. Within the framework of
standard empirical tight-binding theory, several
proposals have been made to generalize the tight-
binding energies by explicitly considering inter-
atomic electron interactions [17-19). The energy
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Fig. 7. Local Density of States with f-orbital

bands of the uranium dioxide are calculated in the
one electron approximation, using a semi-
empirical tight-binding model with p and s orbitals
included for the oxygen ions and f, d, p and s
orbitals for the uranium ions. Also, the energy
bands and density of states are calculated without

f-orbitals(with s, p, d only) for the uranium ions in
order to understand the effect of f-orbitals on the
bonding picture of UQ,. However, the
calculational results without f-orbitals did not
satisfactorily explain the experimental results.

The resulting fitted atomic parameters are listed
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above in Table. 1; the interatomic strengths(n,,, et
al.) are also listed in Table 2. As mentioned above
the results are fitted to other theoretical
calculations and experimental results. The
calculated energy bands for UQ, without f-orbitals
are shown in Fig. 4, along several symmetry lines
in the Brillouin zone, with the zero of the energy
shift to Fermi enrgy, E:.

The characteristic features of the band structure
are conduction bands derived from U;, and Ug
and valence bands derived from Oy, and Uy, states
as indicated at the local density of states(Fig. 6).
The Fermi energy is -6.57 eV and the direct band
gap at the X-point in Brillouin zone is 5.5 eV. The
widths of valence bands and conduction bands at
the I™point are ~4 eV and ~5 eV respectively.

The calculated band structure with the f states is
shown Fig. 7. Due to p-f hybridization the
theoretical 5f bands of UO; are found to be
delocalized and show somewhat broader
dispersion of the bands. The Fermi energy level is
-5.76 eV and the band gap is 3 eV, which are
quite good agreement with other experimental
results|6, 21] and theoretical calculations[10-11,
22). The parameters of tight-binding model used
in this calculation are thus considered properly
titted for UQO,.

3.2. Density of States

The local density of states for both spins is
calculated from Eq.(17). The local density of states
for uranium atom without f-orbitals are shown in
Fig. 6.

Uranium 6d and 7p bands have narrow,
unoccupied peaks above Ef at ~6 eV and ~4.5 eV
respectively. The occupied O, bands form broad
spectra and peak near -4.8 eV, while the O, bands
lie far below near -28 eV. The local density of
states with f-orbitals are also shown in Fig. 7. The
uranium f-bands lie around ~-5.3 eV(the zero of

the energy shift to E.) and more tightly bound to
core(atomic-like states). It has a sharp spectrum
related to the ionic bond formed with oxygen
atoms. Uq(~3 eV), and Ug(~5 eV) bands show
broad feature above the Fermi energy, which is the
characteristic features of covalent bonds with Oy,
orbitals. Thus we would expect that there would be
an appreciable degree of covalence in UQ; even
though it is strong ionic compound{30-32].

In summary, we find that a single tight-binding
model, with fully transferable parameters, provides
a good description of the electronic structure of
the uranium dioxides, in the sense that the results
satisfactorily agree with LDA calculations and with
certain experimental details of the electronic
states.

The 5f states in uranium dioxide are found to be
localized and to form relatively narrow bands
pinned at E; as shown in Fig. 7. The narrow and
intense peak located within 0.5eV above E,
certainly accounts for the rather pure 5f states,
which do not hybridize with other orbitals. It
indicates that f-orbital is localized{atomic-like} and
does not participate in bonding of uranium
dioxide. We find also that the ionic radius of
uranium atom is increased about 0.03 A after
including the f-orbitals. The energy levels of f-
orbitals in uranium atoms are lower than any other
orbitals(5f<7s<7p<6d).

As mentioned above our results indicate that,

even though UQ; is known as highly ionic, the
solid cannot be viewed electrostatically as
separated ions. This fact causes to question any
quantitative use for concepts as ionic radii and net
charge.
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