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We have performed the density functional theory calculations of UO, using the spin-polarized generalized gradient
approximation (SP-GGA) and the SP-GGA+U approach. The SP-GGA+U approach correctly predicts the insulating electronic
structure with antiferromagnetic ordering, but the SP-GGA calculations predict metallic behavior. The cohesive properties
obtained from the SP-GGA+U calculations are in good agreement with the available experimental results and previous
calculations. The spin-polarized local density of states shows that the antiferromagnetic ordering of UQ, is governed by 5f
orbitals of uranium ion. Our calculations demonstrate that the strong correlation of U 5felectrons should be taken into account

for a reliable description of UQ, physics.
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1. INTRODUCTION

Uranium dioxide (UQ,) is an important fuel material
in the nuclear industry, and the behavior of the 5f electrons
of uranium is one of the most interesting subjects about
actinide elements and their compounds. Uranium dioxide
is known to be a good insulator[1], and it is also known
that the magnetic moment on uranium ions orders anti-
ferromagnetically at temperatures below 30K.[2, 3], The
structural and electronic properties of UO, have been
studied by using X-ray photoelectron spectroscopy (XPS)
and Bremsstrahlung isochromat spectroscopy (BIS).[4, 5,
6] Theoretically, Kelly and Brooks[7] have performed
density functional theory (DFT)[8, 9] calculations using
the linear muffin-tin orbital (LMTO) method and the local
density approximation (LDA)[10] to study the energy
band structure of UO,. They found that the LDA calcu-
lations fail to describe UQ,, predicting metallic behavior
contrary to the observed insulating behavior. Petit ef al.
calculated the density of states and the cohesive properties
of UO, using the LMTO method in the atomic sphere
approximation (ASA).[11] They obtained a smaller lattice
constant, a smaller cohesive energy, and a larger bulk
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modulus than the experimental values. They also observed
that the ground state of UO, was still metallic.

The failure of the conventional DFT has been attributed
to the strong correlation of 5f electrons in UQ,. Recently,
theoretical calculations have been made that take into
account this strong correlation. For instance, Dudarev er
al.[12] obtained the correct insulating ground state of UQ,
from the local spin density approximation (LSDA)+U
calculations that were proposed by Anisimov et al.[13]
In addition, Kudin ef al. compared the results from DFT
calculations using LSDA, a generalized gradient appro-
ximation (GGA),[14] and a hybrid DFT functional. They
demonstrated that the hybrid DFT method successfully
describes the electronic and the magnetic structure of
UO,.[15] Very recently, Laskowski ez al. investigated the
magnetic structure of UO, using the linear augmented
plane wave method with spin-orbit coupling.[16] They
compared different LDA+U schemes by calculating the
uranium electric field gradients.

In this work, we report on a comparative study of the
conventional spin-polarized GGA (SP-GGA) and the SP-
GGA+U calculations for UO,. The ground state of UO,
was found to be insulating when the electronic correlation
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is properly described. In addition, the ground state shows
an antiferromagnetic ordering of magnetic moments
localized at U ions. The structural and the thermodynamic
parameters were determined from the calculated equation
of states, and these parameters agreed well with available
experimental results. The angular-momentum-decomposed
local density of states (LDOS) reveals that the introduction
of U properly describes both the strong correlation of U
5f orbitals and the hybridization between the U 5fand O
2p orbitals. The spin-decomposed LDOS reveals that the
antiferromagnetic ordering of UQ; is due to two unpaired
Sf electrons. In section 11, we briefly describe the GGA+U
formalism based on DFT. In section III, we present our
results and discuss them. Finally, we provide our conclusion
in section IV.

2. METHODOLOGY

The density functional theory is a quantum mechanical
approach to predicting the ground-state properties of
materials, it has been successfully applied to such things
as bulk materials, surfaces, interfaces, superlattices, and
point defects. The most prominent feature of DFT, as
compared with previous many-body theories, is that it
describes the interacting electrons by means of the single
-electron density without introducing approximate many-
body wave functions. In 1964, Hohenberg and Kohn[8]
proved that the total energy of an electron gas is a unique
functional of the single-electron density. The electron
density minimizing the total energy functional is the exact
single-particle density of the ground state. Subsequently,
Kohn and Sham[9] have provided a practical scheme, in
which the total-energy functional is expressed, using a
set of fictitious single-particle orbitals, ¢:, as follows:

N T U
Ely3]=X [v. (—E)V w,d'F

+ [Vin GIn(P)dF H"(r)n(r ) papm D

I} —r

+E g [n(P]+E,, ({Rl b.

In Equation 1, Ei, is the Coulomb energy associated with
interactions among the nuclei at positions {R.}, Vi is the
electron-ion potential, n(r) is the electronic density given
by

occupied

n(F) = Z @

and Exc [n(;)] is the exchange-correlation energy functional.
For a given ionic configuration, {&,}, the minimum value
of the Kohn-Sham energy functional is equal to the total
energy of the electronic ground state. Therefore, it is
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necessary to determine the set of wave functions, ¢, that
minimizes the Kohn-Sham energy functional. This can
be done by numerically obtaining the solution to the
Schrodinger-like equations of materials, the so-called
Kohn-Sham equations,

2
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where ¢: is the wave function of electronic state i, €:
is the corresponding Kohn-Sham eigenvalue, and the terms
inside the square bracket can be regarded as an effective
single-particle Hamiltonian. The Hartree potential of the
electrons, ¥V, is given by

et I”(” &7 @

The exchange-correlation potential, Vyc, is given formally
by the functional derivative

o= OF yc [’1(’" )] ) 5)
on(r)

The Kohn-Sham equations represent a mapping of the
interacting many-electrons system onto a system of non-
interacting electrons under an effective potential caused by
the other electrons. The Kohn-Sham equations must be
solved self-consistently: the occupied electronic states
generate a charge density that produces the electronic
potential that is used to construct the equation.

As stated above, the exchange-correlation contribution
in Eq. (3) is only a formal expression. The simplest and
most common approach for the practical implementation
of the exchange-correlation interaction is the LDA. In the
LDA, Exc is constructed by assuming that the exchange-
correlation energy per electron at a point 7 in the electron
gas, €x(¥), is equal to the exchange-correlation energy
per electron in a homogeneous electron gas that has the
same density as the electron gas at point 7.

Ey [n(M)] = (6, (Fn(F)d’F ©)

From its construction, the LDA has problems in describing
systems with rapidly varying charge density. Thus, the
GGA incorporates the effect of spatially varying the charge
density by adding dependence on the charge density gradient
of Eq. (6). Nevertheless, both the LDA and the GGA are
known to have difficulty describing the electronic structure
of the strongly correlated materials. The 5f orbital in the
actinide atoms and compounds is one example of the strong
Coulomb repulsion effects. Researchers have proposed
different remedies to compensate for the incapability of
the LDA. For instance, Anisimov ef al.[17,18] proposed
a simplified version of the LSDA+U energy functional,
however, their version is not invariant with respect to
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unitary transformation. Later, Dudarev ef al. [23] corrected
the functional of Anisimov ef al. into the covariant form
shown below,

1 — T g ¢ o
E i = Eran +5(U _J)Z (Trp? =Tr(p°p7)) @

where p is the density matrix of f electrons, ¢ is the
projection of spin, and U and J are the spherically
averaged matrix elements of screened Coulomb electron-
electron interaction. This approach can be interpreted as
the addition of a penalty functional to the conventional
DFT-LDA total energy, which forces the on-site
Coulomb repulsion. It is important to note that the total
energy will depend on the parameters U and J. As seen in
Eq. (7), the parameters U and J do not enter separately
and the difference (U-J ) is only meaningful.

In this work, we performed the SP-GGA and the SP-
GGA+U calculations using the Perdew-Wang 91[14]
exchange-correlation functional and a plane-wave basis,
as implemented in the Vienna 4b initio Simulation Package
(VASP).[19, 20] We used the Dudarev’s simplified scheme
to include the Coulomb correlation U. The electron-ion
interaction was described by the projector-augmented-
wave (PAW) potential.[21, 22] Within the PAW scheme,
the wave functions are expanded by (i) the plane waves
and (ii) the atomic and pseudo-atomic orbitals centered at
each atom. The plane wave part has the flexibility to
describe the bonding and interstitial region, but it would
require a prohibitively large basis set to describe correctly
the nodal structure of the wave the function near the
nucleus. Thus, the atomic orbitals were introduced to
represent the core region. Plane waves with a kinetic
energy of up to 400 eV were used to expand the wave

(a)

functions. The charge density was obtained by using 6 x
6 x4 k-point grid within the Brillouin zone. The Wigner-
Seitz radii of U and O atoms were chosen to be 1.42 and
0.73 A, respectively. The parameters for the SP-GGA+U
were taken to be U = 4.5 ¢V and J = 0.5 eV, following
Dudarev et al.[12,17,18] We note that the 5/ Coulomb
correlation energy was determined to be 4.6 = 0.8 eV
from the energy difference in the two spectroscopy
experiments (XPS and BIS)[1].

3. RESULTS AND DISCUSSION

The paramagnetic phase of UO, belongs to the cubic
space group F.;.. In the ground state, uranium dioxide
exhibits antiferromagnetism, and the magnetic moments
at U ions are antiferromagnetically ordered in the [001]
direction, as illustrated in Fig. 1(a).[2,3] Figure 1(b) shows
the tetragonal unit cell used in this work.

First, we calculated the total energy of UO, by varying
the lattice constants to determine the theoretical lattice
constant. The calculated equilibrium lattice constant was
5.44 A that is underestimated by about 0.6 % compared
with the experimental value of 5.46 A. The results are
fitted to Birch’s equation of state and are plotted in Fig.
2. In Table 1, the calculated values of the structural,
thermodynamic, electronic, and magnetic properties of
UOQO, are compared with experimental results [1,4,5,6,19,20]
and previous calculations[11,12,23,24] The cohesive
energy was calculated to be 20.26 eV/UQ,, which was
estimated by subtracting the fully spin-polarized atomic
total energies of U and O from the total energy of UO..
This calculation was smaller than the experimental value
of 22.31eV by about 9 %.

Fig. 1. The Structure of Bulk UQ:: (a) a Conventional Unit Cell Showing Antiferromagnetic Ordering of Spins in the [001] Direction and (b) a Tetragonal
Primitive Unit Cell of the Antiferromagnetic Phase.[14] The a, Indicates the Lattice Constant of UQ,. The ¢ is Equal to g, and the ¢/a Ratio is+2
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Fig. 2. The Equation of State of UO, Shows the Dependence of Total Energy on the Lattice Constant.
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The Calculated Results are Indicated by Solid Circles and the Fit to Birch’s Formula is Plotted by a Solid Line

Table 1. The Calculated Properties of UO, Obtained from GGA+U Calculations are Compared with Experimental Results and Previous
Theoretical Calculations

E iment* T. Petit® S.L. Dudarev* This work
Xpermen (LMTO-LDA) (LMTO-LSDA+U) | (PAW-GGA+U)

Lattice constant (A) 5.46 525 5.37 5.44

Cohesive energy (eV/ UQO,) 2231 18.63 22.23 20.26
Bulk modulus (GPa) 207 252 202 209

Magnetic moment of U (u) 1.74 - 1.70 1.89%*
Band gap (eV) 2.0 - 2.1 1.8

“Ref. 1,4, 5, 6,25, 26. "Ref. 11. Ref. 12,23, 24.

*This estimate for the magnetic moment was obtained by subtracting the integrated density of spin-down electrons from that of spin-up

electrons within a spherical volume of radius 1.42A.

Figure 3 shows the local density of states (LDOS) of
UQ, obtained from both the SP-GGA and SP-GGA+U
calculations. The SP-GGA+U calculations predict the
correct insulating ground state with an energy band gap
of 1.8 eV. In contrast, calculations employing the original
SP-GGA result in a metallic electronic structure, where
the U 5f'bands are partially occupied. This clearly demo-
nstrates that the insulating nature of the ground state results
from the presence of the strong correlation among U 5f
electrons. The band gap is opened up, due to the split 5f
bands, and agrees well with the experimental value of 2.0
eV. In both the SP-GGA and SP-GGA+U approaches,
the conduction bands are mainly derived from U 5f and
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6d orbitals, and the valence bands are mainly derived from
O 2p and U 5f orbitals. It is known that U 5fand O 2p
orbitals form covalent bonds in UQO,.[27, 28] In the right
panel of Fig. 3, the coincident peak structure is prominent
in the U 5 LDOS and in the O 2p LDOS just below the
Fermi level, and this seems to indicate hybridization between
the U 5f and O 2p orbitals. This phenomenon feature is
negligible in the SP-GGA case (see the left panel of Fig.
3), which suggests that the hybridization between the U
and O ions is better described when including the on-site
Coulomb correlation, U. The spin and angular-momentum
decomposed LDOS of a U ion is shown in Fig. 4. The
spin-down component of the U 5f'shell is almost completely

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.37 NO.3, JUNE 2005



YUN et al,, Ab Initio Calculations of Strongly Correlated Electrons:Antiferromanetic Ground State of UO:

- GGA . GGA+U
1
1 U sf {U 5f
12 - 12
K r 3 M
<] M 1 M l‘_fl\—l" T L] 1 ] 1 [<] 1 T T T T F T T T
U 6d U 6d
o~ 2 2
R
g 1~ e
§3-|%-| LI B BN °'|'<I/\j‘\I’\‘~\I LA LA LD RN B
o 102p 02 -
O 2 2 4
(]
14 14
30 L T T N\/'q‘\,\l—"/\’r" ¥ ] 30 M T T T ] ] |,V'”\J|‘A"V\| '/l\'/AI
total DOS 1 total DOS
20 20
y M r " M
0 e 0-‘l'l'l'l"l'l'l'l'
-10 -8 -6 -4 -2 0 2 4 [} 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10

Energy (eV)

Energy (eV)

Fig. 3. The Local Density of States Projected to the U 5f and 6d Orbitals and to the O 2p State for the AntiferromagneticUQO,: (left) GGA Results and
(right) GGA+U Results. Notice that, Contrary to the GGA Result Predicting Metallic Behavior, a Band Gap of 1.8 €V is Opened Up
in the GGA+U Case. The Energy is Referred to the Fermi Level
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Fig. 4. The Spin-decomposed and Symmetry-resolved Local Density of
States for U Sfand 6d Orbitals. The Difference in the Spin-up and Spin-
down DOS of U 5fState Leads to the Antiferromagpetic Ordering of
UO.. Birch’s Formula is Plotted by a Solid Line
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unoccupied, and thus a non-zero magnetic moment is
developed at each U ion. Those localized moments point in
alternating opposite directions along the [001] direction, as
illustrated in Fig. 1(a), to constitute the antiferromagnetic
ordering. The spin-polarization in the U 6d shell is found
to be significantly smaller than that in the 5f shell. The
magnetizations of 64 and 5f shells at two inequivalent U
atoms in the unit cell (see Fig. 1) are £0.02 g and +
1.85 uB, respectively, and the total magnetic moment of
each U ion is +1.89 us. These results suggest that the
magnetic structure of UQ,, i.e., the antiferromagnetism in
the ground state, is governed by the almost complete spin-
polarization of the partially filled U 5f bands.

4. CONCLUSIONS

We investigated the structural, thermodynamic,
electronic, and magnetic properties of UO,, using the
DFT calculations within the SP-GGA+U scheme and the
PAW potentials. The insulating behavior of UO, was well
reproduced, as evidenced by the calculated band gap
opening, and our other calculated results are in good
agreement with the experimented data. From the spin-
decomposed LDOS of UO,, we found that U 5f orbitals
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are split into two lumps, and the energy gap occurs between
the two lumps. The spin-decomposed LDOS suggests
that the magnetism of UQ, is stabilized by a correlation
among the partly filled 5f orbitals. The U 5f orbitals also
actively participate in forming covalent bonds with nei-
ghboring O 2p orbitals. The hybridization between the
occupied U 5fbands and the top of the O 2p valence bands
around the gap manifests itself more clearly in the GGA+U
calculation than it does in the GGA calculation.
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