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Abstract

We have performed relativistic molecular orbital calculations for the valence band structure of a-uranium metal,
using the discrete-variational Dirac—Slater (DV-DS) method. We have used a Uy model cluster for the calculation of the
bulk electronic structure of a-uranium metal. The calculated valence X-ray photoelectron spectrum (XPS) which is
obtained from the Uy model cluster agrees well with the experimental spectrum. The peaks in the experimental spectrum
are assigned to atomic components on the basis of the partial density of states (pDOS) for uranium atomic orbitals
(AOs). © 2000 Elsevier Science B.V. All rights reserved.

PACS: 71.15.Mb; 71.15.Rf; 71.24.+q; 73.20.At

1. Introduction

Uranium metal in o-phase has been studied not only
for reactor fuel application but also for academic in-
terests regarding magnetic structures and superconduc-
tivity. Although a large number of experiments on the
physical properties of uranium metal have been made so
far, a little is known about its electronic structure and
related phenomena. For example, experimental X-ray
photoelectron spectra (XPS) of a-uranium metal were
reported in 1970s [1-7]; however, the experimental
spectra have not been explained quantitatively yet.

Electronic structure calculations for o-uranium metal
have been performed using full-potential band calcula-
tions [8], symmetrized relativistic APW [9-11] and rela-
tivistic LAPW [12] methods. Yamagami and Hasegawa
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reported that U 5f atomic orbital (AO) forms a wide
band which was mainly due to the hybridization with the
U 6d AO and spread around the Fermi level (EF) for 0.2
Ry [10,11]. Willis and Eriksson [8] pointed out that U 5f
electrons participate in the chemical bonds. Yamagami
and co-worker [10] and Freeman et al. [12] qualitatively
explained the XPS spectrum [4] near Er with the density
of states (DOS) of U 5f components. The DOS of U 5f
near Er explained the XPS spectrum qualitatively.
However, they did not discuss the other components
contributing to the valence band region. The participa-
tion of U 6d and other components is important in
understanding the XPS spectrum and the electronic
structure.

Quantitative comparison of first-principles calcula-
tions with the XPS spectra reveals the contribution of
the U 5f, U 6d and other electrons to the chemical
bonding of uranium metal. It is well known that rela-
tivistic effects play a significant role in electronic struc-
tures and chemical bonding in compounds containing
heavy elements such as uranium [13,14]. Recently, we
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have applied the fully relativistic discrete-variational
Dirac-Slater (DV-DS) MO method to the assignment
of XPS for UFy [15,16], UF, [17], uranyl nitrate
UO,(NO;),-2H,0 [18] and uranium monocarbide (UC)
[19,20], and shown that the calculated peak energies and
relative intensities are in good agreement with the
experimental results.

The purpose of this paper is to assign the experi-
mental XPS for o-uranium metal to the atomic com-
ponents by the DV-DS method and to understand the
electronic structure of a-phase uranium metal.

2. Model cluster and computational method

The one-electron DS Hamiltonian is written as
H = coP + fmc* + V(r), (1)

where ¢, P, m, o, f and V(r) denote the velocity of light,
the operator of momentum, the rest mass of electron,
the Dirac matrices and the sum of Coulomb and ex-
change potentials, respectively. The molecular wave
functions were obtained by means of linear combina-
tions of AOs which were calculated by numerically
solving the atomic DS equations. In the DV-DS code
called RSCAT used here [21,22], the AOs were numer-
ical solutions for an atomic-like potential obtained at an
initial stage of each iteration for the self-consistent
procedure. The atomic-like potential for the basis set
was derived from spherical average of the molecular
charge density around each nucleus. One-center (atomic)
charge distributions were estimated by means of the
Mulliken population analysis [23-26] in the self-consis-
tent charge (SCC) method [27] which was adopted to
approximate the self-consistent field. The computational
details of the DV-DS method have been described else-
where [28].

Fig. 1 shows the structure of a-uranium metal where
eight uranium atoms (2)—(8) surround the central atom
(1). The unit cell has four U atoms inside. Corre-
sponding to the arrangement of the atoms numbered in
Fig. 1, the Uy cluster shown in Fig. 2 was employed as a
model cluster for a-uranium metal in the present work.
The geometry of the cluster was assumed to be of C,,
symmetry with the U-U bond lengths of 5.219 a.u. for
atoms (1)—(2), 5.389 a.u. for (1)—(4) and 6.165 a.u. for
(1)-(6) and (1)—(8) on the basis of the crystal structure
for o-uranium metal [29]. Symmetry orbitals for the
irreducible representations of C,, symmetry were con-
structed from the AOs by the projection operator
method [30]. All the calculations were performed with
the Slater exchange parameter o of 0.7. The DV sample
points of 18,000 were used for the present calculation.
The basis functions up to the 7p orbital were used for
the uranium atom. The calculations were carried out
self-consistently until the difference between the initial

Fig. 1. Orthorhombic structure of a-uranium metal.

5.389

5.219

Fig. 2. Uy model cluster of o-uranium metal. Bond lengths are
in the atomic unit.

and final orbital populations in the iteration was less
than 0.01.

The XPS intensity was estimated using the following
equation proposed by Gelius [31]:

I, Z:U,P,-,7 (2)

where I, was the probability of photoionization from the
Ith MO level, o; the photoionization cross-section of
the ith AO and P;; was the population of the ith AO in
the /th MO. The photoionization cross-section values of
U 5f to U 7s were taken from [32]. The cross-section of
U 7p was ignored, because it was considered to be very
small. For P;;, the gross population was evaluated by the
Mulliken population analysis. Theoretical spectra
were obtained by replacing each level with a Gaussian
curve with a full width of half maximum (FWHM) of
1.6 eV.
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3. Results and discussion

Table 1 shows the valence MO levels for the U,
model cluster of a-uranium metal. The column I exhibits
one electron energy and the column II shows the energy
relative to highest occupied molecular orbital (HOMO).
The occupied energy levels can be divided into three
parts: the first part ‘A’ (0 to —3 eV in the column II); the
second part ‘B’ (—13 to —18 eV in the column II); the
third part ‘C’ (=24 to —26 eV in the column II). The U 5f
and U 6d components contribute to the part A. The U 5f
AOs are mainly located around Ef, while the U 6d AOs
are widely distributed in the range from -0.10 to
—2.93 eV. The U 6p;/; and U 6p,;/, components appear
in almost their purity in the peaks B and C, respectively.
Theoretical XPS intensity is also shown in Table 1. The
relative intensity of each level is similar to each other in
the parts B and C. In contrast to them, the relative in-
tensity in the part A varies from 0.035 to 0.224, de-
pending on the components in each molecular orbital.
This intensity modulation is dominated by the amount
of the U 5f component of which photoionization cross-
section is by far the greatest in Table 1.

Fig. 3 shows the experimental valence band XPS
spectrum (Al Ko X-ray source) [2] and the theoretical
spectra which were obtained with the Uy cluster for
a-uranium metal. The theoretical XPS is composed of
three peaks, A, B and C. These peaks correspond to
the three parts A, B and C in Table 1. The partial
density of states (pDOS) of the orbital components for
the Uy model cluster is also shown in Fig. 3. The U 6p
levels appear at the lower energies and these compo-
nents split into two groups by the spin—orbit interac-
tion. It is found in the pDOS plot that the peak B in
the theoretical XPS originates mainly from the U 6p;/,
orbital. The U 6p3, components distribute from —16
to =22 eV. The peak C in the theoretical XPS is
constructed from the U 6p,,, orbital and resides from
—26 to =30 eV.

The U 5f5/277/2, U 6d3/2‘5/25 18] 751/2 and U 7p]/2‘3/2
components contribute to the peak A which lies at Ef.
The U 5f component around Ef is much greater than
the U 6d component. The components of U 7s, U 7p
and U 6d make a band which is merged with the
narrow U 5f band as shown in the inset of Fig. 3. It is
remarkable that the U 7s components are split into
two peaks. The contraction of U 7s orbital is caused
by the relativistic stabilization of orbitals with low
angular momentum. Consequently, U 7s is localized to
some extent and does not form a wide band like the U
6d band. The U 6d and U 7s components are dis-
tributed in the deeper part which corresponds to the
tail of peak A of the experimental XPS. Although the
photoionization cross-sections of U 6d and U 7s are
small, the intensity of the tail of the peak A is en-
hanced by mixing the U 5f components with them. On

T T

Experimental  qheoretical ]

Intensity (arb. unit)

U 6ds,,
U 6d3,,

DOS (arb. unit)

40730 20 10 0 10
Energy (eV)

Fig. 3. Experimental [2], theoretical XPS and pDOS plots for
Uy model cluster of a-uranium metal.

the basis of the number of levels in each peak in
Table 1, it is found that the total DOS for the peak A
is 1.5 times larger than that for the peak B. The cross-
section of photoionization of the U 5f electron is al-
most three times larger than that of U 6p. If the peak
A would be composed of U 5f only, much higher peak
A could appear than the actual peak A does. At last,
well-estimated distributions of various orbital compo-
nents provide a theoretical spectrum in good agree-
ment with the experimental one. Therefore, it is
concluded that the peak A includes significant contri-
butions of other components in addition to U 5f, and
the distributions of the U 6p, U 5f, U 6d, U 7s and U
7p components are successfully obtained in the present
work.

In the previous band structure calculation [9],
Yamagami and Hasegawa qualitatively derived the
XPS spectrum of a-uranium metal. That is to say, the
intensity of the XPS spectrum was not well described.
In the present work, we have quantitatively obtained
the valence XPS spectrum in the wide range and the
intensity of each peak has been well reproduced by
our theoretical method. We have confirmed the con-
tribution of all valence electrons to the main peak A
and clarified the valence band electronic structure of
o-uranium metal.



M. Kurihara et al. | Journal of Nuclear Materials 281 (2000) 140-145 145

4. Summary

We have applied the relativistic DV-DS MO method
to obtain the theoretical valence band XPS spectrum of
o-uranium metal, using the Uy model cluster. We have
obtained good agreement between the theoretical spec-
trum of the Uy cluster and the experimental one for a-
uranium metal in respect of both the peak positions and
intensities. The peaks B and C are assigned to U 6ps/»
and U 6p; », respectively. The peak A at Ef is composed
of U 5f, U 6d, U 7s and U 7p components.
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