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Electronic-Structure and high-pressure phase transitions of stoichiometric uranium dioxide (UO,) and
hyperstoichiometric UO,; were investigated using first-principles calculations. Density functional theory
calculations using the generalized gradient approximation and the projector-augmented wave method with the
on-site Coulomb repulsive interactions were applied in order to reasonably calculate the equilibrium volume,
total and partial density of states, band gap of UO,.,, and energetics of the high-pressure phase transitions.
Structure optimizations were completed with and without the Hubbard U-ramping method separately. The
U -ramping method was intended to remove the metastable states of the 5 f electrons of both stoichiometric and
hyperstoichiometric UO,,. Using the Hubbard U parameters (U = 3.8, J = 0.4), whose values are based on the
experimental band gap width of 2.1 eV as areference, the calculated cell parameter for the stoichiometric UO, with
cubic fluorite structure is about 1% greater than the experimental unit cell parameter; in contrast, it is about 1%
smaller than the experimental value without the on-site Coulomb repulsive interactions. For hyperstoichiometric
UO,; with the cubic fluorite structure, the interstitial oxygen at the octahedral interstitial site induces new
bands at the top of the band gap of the stoichiometric UO,, similar to those of the high-pressure phase with
orthorhombic cotunnite structure. The orbitals associated with the charge transfers to the interstitial oxygen in
hyperstoichiometric UO, ;3 are partially delocalized and partially localized in both the cubic fluorite structure and
orthorhombic cotunnite structure. The energy required for the incorporation of an interstitial O atom is 0.3 eV
higher for the orthorhombic phase than for the cubic phase at ambient pressure and increases to 0.5 eV at 10 GPa.
The calculated transition pressures from the cubic to the orthorhombic structure are 18 and 27 GPa for UO, and
UO, g3, respectively. The dramatic increase in the calculated transition pressure for the hyperstoichiometric UO,
is related to structural incompatibility of the interstitial oxygen in the cotunnite structure (high-pressure phase),
which is less in the case of the fluorite structure. These results suggest that experimentally determined pressure
values for the phase transition can be significantly affected by small compositional deviations off the ideal
stoichiometric UO,. Comparisons of the results using the U-ramping method and without using the U-ramping
method suggest that the electronic metastability of UO, affects the calculated total energy and electronic structure
and could lead to a different local defect configuration for the hyperstoichiometric orthorhombic phase. However,

the metastability has a negligible effect on the calculated phase transition pressure.
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I. INTRODUCTION

Uranium dioxide (UQ,) is the most common nuclear fuel,
accounting for approximately 95% of spent nuclear fuel from
commercial reactors.! Of special interest is the behavior of
UQO; under high temperatures and high pressures and under the
extreme environment of a high radiation field. At present, it is
very difficult to reliably predict the fundamental properties that
affect the performance of UO; in the reactor environment or
in a reactor accident.>~® Experimentally, it is a great challenge
to characterize each of the many processes under the operating
conditions in a reactor and to isolate the specific contributions
of each process to the changes in the properties of UO,.” In
addition, the restricted handling of highly radioactive materials
due to safety considerations makes experiments with real fuel
costly and time consuming. For this reason, computational
modeling and simulations have been used as an advantage and
applied to the study of UO,. These studies have significantly
improved the understanding of the electronic structure,’!
defects,89:12.20-25 thermodynamics,26 thermal properties,”‘29
and diffusion properties®*** of UO,. Among many issues
considered by theoretical treatments of UO, are the localiza-
tion and delocalization of unpaired 5 f electrons, spin-orbit
coupling, relativistic effects, spin ordering, orbital anisotropy
of U, and, more recently, electronic metastability involving
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5 f electrons and charged defects in density functional theory
(DFT) + U calculations.>!3-35-37

Still, an appropriate electronic structure description of
UO; for a full range of conditions has not been developed.
For instance, while the local density approximation (LDA),
with an appropriate Hubbard U parameter, calculates the
electronic band gap correctly,'? the predicted phase transition
pressure from the fluorite structure to the cotunnite structure is
7.8 GPa,'* which is too low compared with experimental
observations in the range of 29-42 GPa.*®3° With general-
ized gradient approximation (GGA) + U, the predicted phase
transition pressure is improved (on the order of 20 GPa)'? butis
still below the observed values.>®3° In addition, there are large
discrepancies in the defect formation energies for each type of
defects among different theoretical calculations.!?!3-20:21.23.24
One reason for these discrepancies has been identified to be
multiple metastable electronic states of UO,, which prevent
the system from reaching the true electronic ground state
because of the use of the DFT + U approximation.”’ Multiple
metastable electronic states have been demonstrated for the
perfect and defect UO, with the fluorite structure'>?° and also
for metals and other compounds such as Ce,** PuO,,*' and
PrO,.*> A recent improvement to determine the ground state
of actinide oxides within a DFT + U calculation is to employ
the proposed density matrix controlling scheme.'® However,
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only initial diagonal occupation matrices are imposed, and
each of the individual U atoms is not treated separately. For a
larger system with defects, each U atom could have a different
density matrix. It is not computationally practical to enumerate
all the possible initial electronic configurations, not even to
mention the off-diagonal elements of the occupation matrices.
Other methods to overcome the metastability problem have
been proposed, including the Hubbard U-ramping method,*
the quasi-annealing procedure,* a guessing procedure,’” and
by simply trying multiple calculations for a given system.®
To this time, there has not been a simple and computationally
less demanding approach that guarantees a UO, system to
converge to its true electronic ground state. In addition,
confirming the true electronic ground state for a given system
is challenging because the current methods are intended to
find the lowest energy possible within a given method, which
does not need to be the true ground state. The discrepancies
among different calculations of same properties (e.g., defect
formation energies)’® and between theoretical calculations
and experimental observations'>'* emphasize the need to
benchmark theoretical calculations with experimental data.

The stoichiometry of UO,,, varies depending on tem-
perature and oxygen pressure,*** and the composition is
formulated as UO,,, (for x < 0: oxygen content deficiency,
i.e., hypostoichiometric; for x > 0: oxygen excess, i.e.,
hyperstoichiometric). In experiments, the U/O ratio can be as
high as 2.24 for UO,,, with the cubic fluorite structure, very
close to the ratio of the UsOy phase.43 In nuclear reactors,
“x” typically varies in a smaller range (0.0-0.1).° Thus,
UO,,, with different thermal histories and syntheses over
a range of oxygen fugacities is expected to have different
x values. The effect of x on the properties of UO,, such
as diffusion parameters of the O and U atoms, has been
widely documented.®’+3%-33 However, the effect of the excess
oxygen on other fundamental properties of UO,,, such as
the electronic structure and phase transition pressure of UO,,
has not been fully investigated. In order for experimental
observations to better serve as benchmarks for the theoretical
treatment of UO,,,, the effect of x on the properties of
UO; must be fully understood. The reported experimentally
determined phase transition pressures of UO, from the cubic
fluorite structure (Fm3m) to the orthorhombic cotunnite
structure (Pnma) vary from 29 GPa*® to 42 GPa.’® Although
the cause for such a large difference is not clear, a deviation
of the chemical composition from the ideal stoichiometry has
not been investigated. In addition to the oxygen stoichiometry,
other deviations from the ideal chemical composition are also
expected to affect the phase behavior in temperature-pressure
space. For instance, for a natural sample of UO, with ~8
weight percent (wt%) PbO, the Fm3m to the Pnma phase
transition was not observed, but two new phase transitions
were detected.™

In this paper, the electronic structures and stabilities of
stoichiometric UO; and hyperstoichiometric UO,, (x =0.03,
or 0.2 wt%) as a function of pressure have been calculated
using first-principles methods. The effect of x on the crystal
structure, electronic structure, and phase transition pressure is
evaluated by considering local defect structures, defect bands,
charge transfer around the oxygen interstitial, and energetics of
interstitial oxygen incorporation into the structures. The trend
of the effect on the properties instead of the calculated absolute
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values will be the focus. Comparisons between the results
using the U-ramping method and without using the U-ramping
method provide important insights on how the electronic
metastability of UO, affects the calculated electronic structure,
defect configuration, and high pressure phase transition.

II. METHODS AND CALCULATIONS
A. DFT calculations

Quantum-mechanical calculations were performed using
the DFT framework and plane wave basis sets as imple-
mented in the Vienna Ab initio Simulation Package (VASP).>
The projector-augmented wave (PAW) method®® and ex-
change correlation as parameterized by the Perdew—Wang 91
functional®’>® were applied in the GGA-PAW.* The potentials
supplied by VASP (optimized for the PAW approach) were
used in the calculations. The 5f, 6s, 6p, 6d, and 7s electrons
of U were treated as valence electrons (total of 14 valence
electrons), and the core electrons (with [Xe, 5d, 4 f] configura-
tion) were approximated by using pseudopotentials. For O, the
core has a [He] configuration, and the remaining six electrons
were treated as valence electrons. The on-site Coulomb
interactions with the simplified rotational invariant approach
(the Dudarev approach),’ fully relativistic calculations for
the core electrons (represented as pseudopotential), and scalar
relativistic approximations for the valence electrons®"-%> were
employed to reasonably account for the relativistic effects and
electron correlation of the 5 f electrons in UO;.

The calculations were performed using a 12-atom cell for
stoichiometric UO; and a 97-atom supercell (2 x 2 x 2 unit
cells of UO, with one extra oxygen) for hyperstoichiometric
UO;03. The energy cutoff for the plane wave basis set was
520.00 eV (or 38.2 Ry) for all calculations. The Monkhorst—
Pack scheme for the integration in the Brillouin zone was
adopted. The number of k-points was tested for energy
convergence of each system. For the 12-atom cell calculations,
8 x 8 x 8and 8 x 12 x 8 k-point grids were used for
the fluorite and the cotunnite structures, respectively. For the
97-atom cell calculations,3 x 3 x 3and3 x 5 x 3 k-point
grids were used for the two structure types, respectively.
The ground state of UO, with the fluorite structure has a
3k antiferromagnetic (AFM) spin configuration, where the
magnetic moments of U atoms are oriented along (111),
which is supported by a recent experimental study.®* However,
a 1k AFM ordering, where the moments of U atoms are
oriented along (001), is a good approximation to the 3k
ordering, as demonstrated in a recent study with a difference
in total energy of ~2.4 meV/12-atom cell between the two
magnetic configurations.’’ For the cotunnite structure with
Pnma symmetry, calculations (details in the Results and
Discussion section) show that the AFM structure with the
magnetic moments of U atoms in the (100) directions has the
lowest energy.

Thus, in this paper, the 1k AFM order was adopted for
both structures, and collinear magnetic calculations were
performed for simplicity. The results based on the 1k order
are not expected to strongly affect the conclusions presented
here. For the stoichiometric UO; calculations, symmetry was
not applied for both structures in order to better compare
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with the calculations on hyperstoichiometric UO; o3, where
the same spin configuration was used without symmetry.
For the AFM configuration of the fluorite structure, without
constraints on the computational cell shape, the cubic cell
is slightly distorted, and the distortion of the three lattice
vectors is low (i.e., less than 1%). The energy difference is
~10 meV/12-atom cell between with and without allowing
lattice distortion, which is relatively small compared with
the energy differences between different compositions and
structures that are discussed in the later sections of this paper.
Therefore, all calculations were performed without allowing
a change in the computational cell shape (i.e., the angles).
Previous studies have shown that spin-orbit coupling in UO,
is quite strong in terms of total energy.'>%*% However, it
has been demonstrated that inclusion of spin-orbit coupling
only has a limited effect on the bulk and one-electron
properties of UO,.'>%-70 As a recent article’” points out, it
has been numerically found®>%° and physically analyzed®”%®
that inclusion of the spin-orbit coupling has little effect on
the bulk and one-electron properties of UO,. For instance,
calculations of UO, with the spin-orbit coupling show that the
band gap decreases by only 0.06 eV and that the spin-orbit
coupling is a minor perturbation.®” Previous calculations for
PuO,, a similar system with unpaired 5 f electrons, show
that the inclusion of the spin-orbit coupling will increase the
equilibrium lattice constant by only 0.7% and the bulk modulus
by about 0.5 GPa.”” As demonstrated in a recent paper, the
lattice constant of UQ; is predicted to be within 1% difference
between with/without spin-orbit coupling.'> Although the
spin-orbit coupling is strong, the contribution to the total
energy is not very sensitive to a change of the lattice constant.
This is probably because 5f electrons in UO, are largely
localized and the spin-orbit coupling is not strongly affected
by a change of the bond distances in UO,. Thus, spin-orbit
coupling is not included in the present calculations due to
complications involving the spin-orbit coupling of the 5 f
electrons and the computational effort required for what would
be a small improvement in the accuracy on the calculated
properties.

B. Defect models of UO, o3 with fluorite and
cotunnite structures

The defect structures of hyperstoichiometric UO,, with
the fluorite structure have been extensively studied experimen-
tally and theoretically.®*>33-71=7% For low x values, isolated
point defects are expected. As the x value increases, oxygen de-
fects tend to form clusters and become progressively complex
at higher x values.?>3%7! In most cases, the majority of defects
are oxygen interstitials rather than uranium vacancies.’” In this
study, one extra oxygen atom was added in the structure with
96 atoms (2 x 2 x 2 supercell), resulting in 97 atoms in
the supercell (32 U and 65 O) with x = 65/32 — 2 = 0.03.
At this low x value, the oxygen atom tends to form a point
defect in the fluorite structure. Therefore, the extra oxygen
atom was inserted at the empty interstitial position, formed by
the uranium octahedron [Fig. 1(a)]. For the cotunnite structure,
no empty interstitial site exists in the lattice. An extra oxygen
was inserted at a similar location as that in the fluorite structure
[Fig. 1(b)].
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FIG. 1. (Color online) Structures of UO,. (a) Fluorite-like cubic,
Fm3m, projected along [001]; (b) cotunnite-like orthorhombic,
Pnma, along [010]. The arrows point to the interstitial O atoms. In
panel (a), the thick lines connecting atoms highlight the U octahedron,
inside which is the interstitial site.

C. Electronic metastability of 5 f electrons in UO,, ,

Metastable electronic states of cubic fluorite UO, have
been documented,'3:3-37 and the lowest energy state may be
obtained by controlling the initial occupation matrices of the
U 5f electrons, by allowing 5 f electrons to break the cubic
symmetry,'3 by using a quasiannealing method,*® or by using a
U —ramping method.*® In this study, two procedures were used
to optimize the structures separately. In the conventional proce-
dure, the initial occupation matrix for U was not controlled, but
the occupation matrix was checked and the system symmetry
was switched off, which would allow the system to reach its
lower energy states.'* The unpaired 5 f electrons were initially
averaged to the diagonal elements of the occupation matrices,
and the off-diagonal elements were set to zero for each U
atom. For the cubic fluorite structure, the final converged
structure has an occupation matrix of a U atom as shown
in Table I, and the matrix elements are similar to those of the
U occupation matrix of the lowest energy states found from an
earlier study, just ~10 meV /12 atoms above the lowest state. '
The density matrix elements are close to O or 1. Although the
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TABLE 1. The on-site density occupation matrix of the 5 f electrons of a uranium in UO, with cubic fluorite structure.

Spin component 1

0.0420 0.0000 0.0084 0.0000 0.0000 0.0000 0.0000
0.0000 0.1372 0.0000 0.0000 0.0000 0.0000 0.0000
0.0084 0.0000 0.0377 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.9278 0.0000 0.2198 0.0000
0.0000 0.0000 0.0000 0.0000 0.1901 0.0000 —0.3516
0.0000 0.0000 0.0000 0.2198 0.0000 0.0880 0.0000
0.0000 0.0000 0.0000 0.0000 —0.3516 0.0000 0.8258

Spin component 2
0.0338 0.0000 0.0043 0.0000 0.0000 0.0000 0.0000
0.0000 0.1186 0.0000 0.0000 0.0000 0.0000 0.0000
0.0043 0.0000 0.0315 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0376 0.0000 —0.0012 0.0000
0.0000 0.0000 0.0000 0.0000 0.0317 0.0000 —0.0058
0.0000 0.0000 0.0000 —0.0012 0.0000 0.0263 0.0000
0.0000 0.0000 0.0000 0.0000 —0.0058 0.0000 0.0323

With the U-ramping method

Spin component 1
0.2370 —0.0042 0.1284 0.2280 —0.1098 —0.2373 —0.0712
—0.0042 0.1371 —0.0081 —0.0161 0.0145 0.0222 —0.0077
0.1284 —0.0081 0.1167 0.1106 —0.0823 —0.1867 —0.0058
0.2280 —0.0161 0.1106 0.6086 —0.0214 —0.0105 —0.3670
—0.1098 0.0145 —0.0823 —0.0214 0.1444 0.2526 —0.0908
—0.2373 0.0222 —0.1867 —0.0105 0.2526 0.6326 —0.2170
—0.0712 —0.0077 —0.0058 —0.367 —0.0908 -0.217 0.4017

Spin component 2
0.0356 0.0091 0.0053 —0.0075 —0.0014 0.0041 —0.0014
0.0091 0.1148 0.0016 —0.0015 0.0026 —0.0032 —0.0067
0.0053 0.0016 0.0303 —0.0016 —0.0006 0.0006 0.0001
—0.0075 —0.0015 —0.0016 0.0407 0.0002 —0.0009 0.0101
—0.0014 0.0026 —0.0006 0.0002 0.0309 —0.001 —0.0053
0.0041 —0.0032 0.0006 —0.0009 —0.001 0.0253 0.0036
—0.0014 —0.0067 0.0001 0.0101 —0.0053 0.0036 0.0340

lowest energy state or the ground state was not obtained in
the calculation, the error in the total energy is estimated to be
around 10 meV per 12 atoms. For hyperstoichiometric UO; g3
with the cubic fluorite structure, the final converged density
matrix is shown in Table II, similar to that of the ground
state for one of the uranium atoms, although the simplified
rotationally invariant Dudarev approach® was used in this
study compared with the rotationally invariant Liechtenstein
approach’ used in the previous study.?’ The small differences
in the values of the matrix elements may be caused by the
different approaches to treat the on-site Coulomb interactions
and other computational details, including the Hubbard U
parameters and computational cell and symmetry constraints.
It is interesting to note that the hyperstoichiometry causes the
density matrix elements to be less close to 0 or 1 (Tables I
and II).

In order to check how high the energies of the as-converged
states (i.e., using the first procedure) are with respect to their
respective ground states and, more importantly, the effect of
metastability on estimating the phase transition pressure, a
second procedure using the Hubbard U-ramping method*
was used to converge all the systems to their ground states. The

reason for choosing the U-ramping method is its relative ease
of use with the standard VASP code. In this second procedure,
the Hubbard U term is adiabatically switched on with an initial
value U = 0.0. At each step of the subsequent optimizations,
the Hubbard U term is increased by a small value (e.g., 0.1 eV)
until all the bands are integrally occupied. Then, the U term
is increased to the desired value. The charge density and wave
function are read from the previous step. As shown in Fig. 2,
the number of fractional bands decreases as the Hubbard U
is ramped up from 0.0. The number of the steps to obtain the
insulating state is highly dependent on the initial structure,
which is often less for stoichiometric UO, structures in the
1 x 1 x 1 supercell [Fig.2(a)] than for the hyperstoichiomet-
ricUOy g3 inthe 2 x 2 x 2 supercell [Fig. 2(b)]. The purpose
of the U-ramping procedure is to obtain such a charge density
and wave function that are expected to lead the system to its
low-energy state, hopefully the ground state. The converged
density matrices are quantitatively different from those that
result without using the U-ramping method (Tables I and II).
More elements of the density matrices have nonzero values,
in contrast to those without using the U-ramping method. The
calculated energies show that, for the fluorite structure, the

024109-4



ELECTRONIC STRUCTURE AND STABILITY OF ...

PHYSICAL REVIEW B 88, 024109 (2013)

TABLE II. The on-site density occupation matrix of the U 5 f electrons of a uranium in UO, ¢3 with cubic fluorite structure.

Spin component 1

0.4783 0.0000 0.4615 —0.0822 0.0000 —0.0316 0.0000
0.0000 0.1392 0.0000 0.0000 0.0034 0.0000 —0.0053
0.4615 0.0000 0.5145 —0.0842 0.0000 —0.0352 0.0000
—0.0822 0.0000 —0.0842 0.0702 0.0000 0.0078 0.0000
0.0000 0.0034 0.0000 0.0000 0.7024 0.0000 —0.4249
—0.0316 0.0000 —0.0352 0.0078 0.0000 0.0343 0.0000
0.0000 —0.0053 0.0000 0.0000 —0.4249 0.0000 0.3097

Spin component 2
0.0319 0.0000 0.0044 0.0000 0.0000 0.0001 0.0000
0.0000 0.1182 0.0000 0.0000 0.0003 0.0000 —0.0025
0.0044 0.0000 0.0297 0.0009 0.0000 —0.0006 0.0000
0.0000 0.0000 0.0009 0.0400 0.0000 0.0016 0.0000
0.0000 0.0003 0.0000 0.0000 0.0295 0.0000 —0.0047
0.0001 0.0000 —0.0006 0.0016 0.0000 0.0263 0.0000
0.0000 —0.0025 0.0000 0.0000 —0.0047 0.0000 0.0373

With the U-ramping method

Spin component 1
0.4409 —0.0022 —0.1971 —0.0111 0.1750 0.0106 0.3829
—0.0022 0.1220 0.0018 0.0101 —0.0075 —0.0015 0.0000
—0.1971 0.0018 0.6170 —0.0046 0.3768 —0.0161 —0.1605
—0.0111 0.0101 —0.0046 0.0574 —0.0202 —0.0002 —0.0110
0.1750 —0.0075 0.3768 —0.0202 0.5913 —0.0063 0.1961
0.0106 —0.0015 —0.0161 —0.0002 —0.0063 0.0310 0.0094
0.3829 0.0000 —0.1605 —0.0110 0.1961 0.0094 0.4085

Spin component 2
0.0333 0.0003 0.0051 0.0005 —0.0030 —0.0003 —0.0002
0.0003 0.1038 0.0018 0.0068 —0.0017 —0.0012 0.0017
0.0051 0.0018 0.0253 0.0006 —0.0054 0.0002 0.0013
0.0005 0.0068 0.0006 0.0455 —0.0006 —0.0006 0.0012
—0.0030 —0.0017 —0.0054 —0.0006 0.0260 —0.0001 —0.0045
—0.0003 —0.0012 0.0002 —0.0006 —0.0001 0.0243 0.0008
—0.0002 0.0017 0.0013 0.0012 —0.0045 0.0008 0.0328

as-converged states are at most 0.08 eV /12-atom cell above
the ground state for UO, and at most 0.16 eV /12-atom cell
for UO, (3. For the cotunnite structure, the as-converged states
are at most 0.04 and 0.07 eV /12-atom cell for the respective
compositions. The results suggest the U-ramping method
indeed leads to lower energy states of the systems. Thus,
all the reported values are based on the U-ramping method
unless explicitly mentioned otherwise. Details of the effect of
the electronic metastability on the electronic structure, defect
structure, and phase transition pressure are discussed in the
following sections.

III. RESULTS AND DISCUSSION

A. Properties of stoichiometric UO,

For stoichiometric UO, with the cubic fluorite structure,
conventional DFT schemes (e.g., LDA, GGA) predict a
metallic electronic ground state, which is inconsistent with
the experimental observation of an insulating state of the
material.”® In order to reproduce the band gap of UQO,, the
on-site Coulomb repulsion for the U 5 f electrons is introduced
by adding the Hubbard U term to the DFT functional. Different
Hubbard U values have been used in the literature.®'%?23 In

some recent DFT calculations, U = 4.5eV and J = 0.51 eV
have been used,?>% which are based on experimental
measurements.'® Since the Hubbard U term is originally
used to correct the insulating band gap, in this study, an
observed band gap width of UO, is needed to estimate the
Hubbard U parameters. The 5 f2-5 f16d transition of ~2.1 eV
derived from a reflectivity measurement was used for this
purpose.”” The electron density of states was calculated as
in the literature for UO,'>787% at the equilibrium volume for a
series of different Hubbard U parameters. Upon increasing the
U and J, the energy gap increases as expected. The optimized
parameters for U and J are U = 3.8 and J = 0.4 with an
energy gap of 1.9 eV, without using the Hubbard U-ramping
method, or 2.2 eV using the ramping method, which is close
to 2.1 eV, the experimental value.”” Although it is difficult
to justify the comparison between the 5 f2-5f16d transition
from the experiment and the intra-5 f band gap from the DFT
calculation, for simplicity, the experimental band gap was used
here as a reference value to estimate the Hubbard U values. In
Fig. 3, the total density of states [Fig. 3(a)] is plotted along with
the partial densities of states for U [Fig. 3(b)] and O [Fig. 3(c)].
As the figures illustrate, at the top of the valence bands are
mainly U 5 f states, with a small contribution from the O 2p
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FIG. 2. (Color online) Number of fractional bands as a function
of the Hubbard U parameter for the fluorite and cotunnite structures.
(@) UOyinthe 1 x 1 x 1 cell with 12 atoms. (b) UO, o3 in the 2 x
2 x 2 cell with 97 atoms.

states, in agreement with a photoemission study.®’ Below the
Fermi level, in the range of —1.6 to approximately —5.8 eV,
are mainly electrons from O 2p [Fig. 3(c)], with only a
small contribution from U 6d and 5f electrons, consistent
with the experimental observation®® and previous theoretical
calculations.'>!-217® The unpaired spins are mainly from U
5f electrons [Fig. 3(b)]. The calculated magnetic moment
of Uis 1.99 ug, compared with the reported value of 1.9 up
from a similar DFT + U calculation.'? The result suggests that
the oxidation state of U is 4 + with two unpaired electrons.
The equilibrium cell parameter was estimated by fitting the
total energy vs. volume curve, as shown in Fig. 4. With the
DFT + U calculation, the optimized cell parameter is 5.54 A
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FIG. 3. Electron density of states (DOS) of UO, with the fluorite
structure with (solid lines) and without (dashed lines) the Hubbard
U -ramping method. (a) The total density of states. (b) Partial density
of states of an up-spin U atom in UO,. (c) Partial density of states
of an O atom in UO,. The vertical dashed line is the location of the
Fermi level. Each DOS is arbitrarily rescaled for clarity.

[Fig. 4(b)], ~1.0% larger than the observed value of 5.47 A3
Without the Hubbard U term, the calculated cell parameter
is 5.41 A, ~1.0% lower than the observed value [Fig. 4(a)].
Similar results were reported in a previous DFT study of cubic
fluorite UO,.'? The bulk modulus was calculated by fitting
the total energy as a function of volume (Fig. 4) based on
the Birch-Murnaghan equation of state.®' The calculated bulk
modulusis 191.6 GPa, in approximate agreement with 207 GPa
and 195.4 GPa in a previous experiment®® and an ab initio
calculation,'? respectively. Without the Hubbard U-ramping
method, there are slight changes on the density of states, crystal
cell parameter, and bulk modulus, as shown in dashed lines in
Fig. 3 and Table III. The valence O 2p bands in the range
of —1.6 to approximately —5.8 eV are shifted to —2.1 to
approximately —6.8 eV [Fig. 3(c)] and the bottom of the U
5f conduction bands are also shifted to lower energies by
0.3 eV [Fig. 3(b)]. The calculated bulk modulus is 193.4 GPa.
Although the Hubbard U-ramping method brings the total

TABLE III. Calculated properties of stoichiometric and hyperstoichiometric uranium dioxide.

U0,

U02403

Fluorite structure

Cotunnite structure

Fluorite structure Cotunnite structure

Properties W/oramping U-ramping Exp. W/oramping U-ramping W/oramping U-ramping W/oramping U-ramping
Cell parameter (A) 5.54 5.54  5.47% 541* 5.41* 5.53 5.54 5.43* 5.44*
Bulk modulus (GPa) 193.4 191.6 207 151.3 134.5 1543 176.5 161.8 138.2
Band gap (eV) 1.9 22 2.17 2.1 2.1 0 1.3 1.7 1.3

*The cell parameters for the cotunnite structure is calculated with V'/3 for comparison.
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FIG. 4. Total energy as a function of volume of UO, with the
fluorite structure. The symbols are calculated values and the thin
lines are eye guides. The vertical dashed-line is the experimental
observed cell volume (Ref. 38). (a) GGA-PAW and spin-polarized
calculation without the Hubbard U term. (b) GGA-PAW and spin-
polarized calculation with the Hubbard U terms (U = 3.8 and J =
0.4) without (open circles) and with (open triangles) the Hubbard
U -ramping method.

energy down by ~0.1 eV/12-atom cell, the electronic and
crystal structure are only insignificantly different from the
results when no U-ramping is applied.

For stoichiometric UO, with orthorhombic cotunnite struc-
ture, the band gap width is unknown. Thus, the Hubbard U pa-
rameter for the cotunnite structure cannot be estimated, as has
been done for the fluorite structure. In order to have a consistent
base for the comparison between the two structures, in this
study, the same Hubbard U value used for the fluorite structure
was chosen for the cotunnite structure. As shown in a previous
study,'# a change of the U parameter will shift the total energy,
which will affect the calculated phase transition pressure. Since
the primary purpose of this study is to understand the effects
of the stoichiometry on the electronic structure and phase
transition pressure, the focus is the relative changes of the
properties not the absolute values; therefore, the conclusion is
not expected to be significantly affected by the choice of the
Hubbard U parameter. The magnetic structure of the cotunnite
structure is also unknown. In order to check for the ground
magnetic structure, calculations were performed with different
AFM orderings and ferromagnetic ordering. The AFM (001)
order has a slightly higher energy, 2.1 meV /12 atoms higher
than the (100) order. The AFM (010) order has a much
higher energy, 40.1 meV /12 atoms above the (100) order. The
AFM higher orders (e.g., (110) and (111) orders) have higher
energies than the AFM (100) order. The ferromagnetic order is
35.3 meV /12 atoms above the (100) order. These results show
that the AFM ordered structure with the magnetic moments
of U atoms in the (100) directions has the lowest energy. The
details of the calculations will be reported separately.

PHYSICAL REVIEW B 88, 024109 (2013)
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FIG. 5. Electron density of states (DOS) of UO, with cotunnite
structure with (solid lines) and without (dashed lines) the Hubbard
U-ramping method. (a) Total density of states. (b) Partial density of
states of an up-spin U atom. (c) Partial density of states of an O atom.
The vertical dashed line is the location of the Fermi level. Each DOS
is arbitrarily rescaled for clarity.

With the (100) AFM and same Hubbard U value as
the fluorite structure, the calculated band gap width of the
cotunnite structure is ~2.1 eV (Fig. 5). The densities of states
of the U and O atoms [Figs. 5(b) and 5(c)] are similar to those
of UO, with fluorite structure. The calculated bulk modulus
is 134.5 GPa, a 30% decrease compared with UO, with the
fluorite structure. This result suggests that, for stoichiometric
UO,, in spite of their different structures, the electronic
properties are similar for both the cubic and orthorhombic
phases. The structural differences, such as the symmetries,
bond lengths, and coordination numbers, result in a large
difference in bulk modulus. Although the cotunnite phase is
denser than the fluorite phase, the (U-O) bond length and
coordination number of U in the cotunnite structure are larger
than in the fluorite structure. The average (U-O) bond length
in the former (~2.5 A) is longer than in the latter (~2.4 A)
at their equilibrium volumes at zero pressure, which leads to
a much smaller bulk modulus for the high-pressure phase.
A similar relation has been observed experimentally for a
defect pyrochlore between its low-pressure fluorite structure
and high-pressure cotunnite structure.®? Without the Hubbard
U -ramping method, there are negligible changes on the density
of states as shown in Fig. 5.

B. Properties of hyperstoichiometric UO; g3

For hyperstoichiometric UO; 3 with the fluorite structure,
the major change in the density of states for the increased
oxygen content is the appearance of new bands at the bottom
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FIG. 6. Electronic density of states (DOS) of hyperstoichiometric
UO, 3 with the fluorite structure with (solid lines) and without
(dashed lines) the Hubbard U-ramping method. (a) The total density
of states. (b) Partial density of states of an up-spin U*" atom.
(c) Partial density of states of a down-spin U>* atom. (d) Partial
density of states of a normal O atom in the lattice. (e) Partial density of
states of the interstitial O atom. The vertical dashed line is the location
of the Fermi level. Each DOS is arbitrarily rescaled for clarity.

of the conduction band within the band gap of stoichiometric
UO;,, as shown in Fig. 6(a). The new bands, mainly 5f
electrons, are shifted to lower energy [Fig. 6(c)] by ~0.8 eV
[Fig. 6(b)], resulting in a band gap of 1.3 eV. The calculated
magnetic moment is 1.12 ug for the U atoms that also cause
the new bands [Fig. 6(c)] and ~1.99 ug for the rest of the U
atoms. The loss of magnetic moment can be interpreted as an
oxidation of that U atom from U** to U>*. There are two such
U>* atoms in the structure. Both of the UT atoms are three
bonds away from the interstitial oxygen. The oxidized U atoms
are not necessarily the nearest neighbors of the interstitial
oxygen, as shown in previous studies.'®*! Structures with
different locations of the two U>* atoms are expected to have
different energies. In this study, for a qualitative understanding
of the electronic structure, the lowest energy structure of all
possible U+ configurations was not sought, which would be a
subject of future studies. For the U atoms that are not oxidized,
the density of states of the U [Fig. 6(b)] atoms is similar to that
of stoichiometric UO, with the cubic structure. The density
of states contribution of the interstitial oxygen [Fig. 6(e)] is
different from that of the lattice O atoms [Fig. 6(d)]. All the
oxygen atoms, including the interstitial O atom, have similar
effective charges and negligible magnetic moments. This result

PHYSICAL REVIEW B 88, 024109 (2013)

suggests that the interstitial O atom receives the two electrons
from the two oxidized U atoms (i.e., U>") three bonds away.
Without using the Hubbard U-ramping method, the main
change is that most of the bands are shifted to lower energies
[dashed lines, Fig. 6(a)]. For U** and lattice and interstitial O,
the energy shift is ~0.4 eV, and for U™, the shift is ~0.8 eV.
The as-converged structure without the Hubbard U -ramping
method also indicates some bands from U* in the middle of
the gap [Fig. 6(a)], which may be caused by the metastability of
the system. One of the two U+ atoms is located at the nearest
neighbor of the interstitial oxygen, and the other U is three
bonds away from the interstitial oxygen, different from those
using the U-ramping method. These results suggest that the
metastability could lead to a different defect band structure.
For hyperstoichiometric UO; o3 with orthorhombic cotun-
nite structure, the band gap is reduced to 1.3 eV [Fig. 7(a)],
0.8 eV smaller than the stoichiometric UQO, with the
same structure. The calculated magnetic moment of U is
~2.0 ug, except for two U atoms with a magnetic moment of
~1.2 up, indicating two U*. The total density of states
and the densities of states of all species (Fig. 7) are

DOS

-10 -8 6 4 2 0 2 4 6 8 10
Energy (eV)

FIG. 7. Electronic density of states (DOS) of UO,; with the
cotunnite structure with (solid lines) and without (dashed lines) the
Hubbard U -ramping method. (a) The total density of states. (b) Partial
density of states of an up-spin U** atom. (c) Partial density of states
of a down-spin U>* atom with the U-ramping method. Without the
U-ramping method, all the U atoms are the same as in panel (c).
(d) Partial density of states of a lattice O atom. (e) Partial density
of states of the interstitial oxygen atom. The vertical dashed line is
the location of the Fermi level. Each DOS is arbitrarily rescaled for
clarity.
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similar to those of UO, 3 with the fluorite structure. The
calculated bulk modulus is 138.2 GPa, similar to the sto-
ichiometric UO, with the same structure, or a 22% de-
crease from the fluorite-structure UO; 3. Without using the
Hubbard U-ramping method, the main difference is that
the interstitial oxygen (and one of the lattice O atoms)
has new deep bands appearing around —6.4 and —7.4 eV
below the Fermi level [Fig. 7(e)]. In contrast to the hyper-
stoichiometric UQ, o3 with the cubic fluorite structure, the
calculated magnetic moment of U is ~2.0 up for all U atoms,
similar to the stoichiometric UO,. This result suggests that
there is no oxidation state change for any of the U atoms in
the system and all the U atoms still have 4 + oxidation states.
Apparently, without using the Hubbard U-ramping method,
the system is converged to a different electronic state and
defect structure, which will be discussed in the next section.

C. Charge transfer induced by the interstitial oxygen
in hyperstoichiometric UO, 3

The interstitial O atom introduced into hyperstoichiometric
UO, 03 interacts with the neighboring atoms and the rest of
the system and causes a redistribution of the electron density
with respect to stoichiometric UO,. For hyperstoichiometric
UO;, 3 with the fluorite structure, without using the Hubbard
U -ramping method, the charge density around the interstitial
oxygen shifts towards one of the six neighboring U atoms
[Fig. 8(a)]. This U atom has a magnetic moment of 1.10
up and 5+ oxidation state. With the Hubbard U-ramping
method, the charge density around the interstitial oxygen shifts
towards two neighboring U atoms [Fig. 8(b)], and these two U
atoms are U** and two bonds away from the U°* atoms [not
showing in Fig. 8(b)]. Note that the average distance between
the interstitial oxygen and the neighboring U atoms is 2.77 A,
larger than the distance (2.34 A) between the lattice oxygen
and lattice uranium. The U>* atoms near the interstitial O may
be the reason why the center of the U octahedron interstitial
site is not the most stable position for the interstitial oxygen.
The interstitial oxygen is shifted from the center of the U
octahedron by ~0.15 A in the (100) direction [Fig. 8(a)] and
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+0,05
+0,19
+0,66
+2,31
+8,14
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001
L )

L0011}
m

FIG. 8. (Color online) Total charge density maps of hyperstoi-
chiometric UO, 3 of the cubic structure without (a) and with (b) the
Hubbard U -ramping method. The arrows point to the regions showing
the charge density with increased sharing between the interstitial
oxygen and neighboring U atoms. The interstitial oxygen (the small
ball) moves off center of the U (large balls) octahedron. The dotted
lines connect the octahedral U atoms, indicating the center of the U
octahedron. Charge density is represented by a (natural) logarithmic
scale and the values are in atomic units (e/A%).
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FIG. 9. (Color online) Partial (band-decomposed) charge density
map of hyperstoichiometric UO, 3 of the cubic structure. Without the
Hubbard U-ramping method, the energy ranges of the density maps
are —6.0 > —2.4 ¢V (a), —2.4 - —2.0eV (b), —1.9 > —1.2 eV
(c), and —1.2 — 0.0 eV (d). With the Hubbard U-ramping method,
the energy ranges of the density maps are —6.0 — —2.0 eV (e),
—1.5 - —1.1eV (f), —1.1 - —0.8 eV (g), and —0.8 — 0.0 eV
(h). Isosurfaces (yellow) are plotted along with the charge density
and its value is shown in the figure. The density scales are in natural
logarithm. The values are in atomic units (e/A%).

0.21 A in the (110) direction [Fig. 8(b)] without and with the
U -ramping method, respectively.

The redistribution of the electron density associated with
such a shift and oxidation of the U atoms is also reflected in
the partial charge density maps (Fig. 9). Without the Hubbard
U -ramping method, the charge density map [Fig. 9(a)] for the
electron band energies between —6.0 and —2.4 eV shows ex-
tended electronic states contributed mainly from O 2p (lattice
and interstitial) orbitals. For the energy range between —2.4
and —2.0 eV, Fig. 9(b) indicates mostly localized states, mainly
from 5 f orbitals of the oxidized U (e.g., U’*) and its neigh-
boring O 2 p orbitals, and hybridization between them is also
clearly shown, suggesting that the electronic orbitals are also
partially delocalized. For energies between —1.9 and —1.2 eV,
the map [Fig. 9(c)] suggests localized states associated with
the interstitial oxygen, which is extended to the next nearest
neighbor oxygen atoms. The extended states involving both the
O2pand US f electrons are also observed in the energy range
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FIG. 10. (Color online) Total charge density maps of hyperstoi-
chiometric UQO, o3 of the orthorhombic structure projected along [100]
and [010] without (a), (b) and with (c), (d) the Hubbard U-ramping
method, respectively. The arrows point to the interstitial oxygen atom.
The dashed arrow shows the moving direction of the interstitial
oxygen. The peroxide unit is shown in panel (b). Charge density
is represented by a (natural) logarithmic scale, and the values are in
atomic units (e/A%).

of —1.2 and 0.0 eV, [Fig. 9(d)]. With the Hubbard U -ramping
method, the partial charge densities for the energies in all the
ranges are similar to those without the Hubbard U-ramping
method in comparable energies, as shown in Figs. 9(e)-9(h).
These results indicate that the metastability has a noticeable
effect on the location of the U atoms but has a minor effect
on the charge density distribution.

For hyperstoichiometric UO, o3 with the cotunnite struc-
ture, without the Hubbard U -ramping method, the total charge
densities around the U atoms neighboring the interstitial
oxygen are similar to the densities of the remaining U atoms.
However, as shown in Figs. 10(a) and 10(b), the interstitial
O atom migrates about ~1.0 A away from its initial position
parallel to [001] direction and forms a bond with a lattice
oxygen with a bond distance of 1.44 A [Fig. 10(b)]. Compared
with the O-O bond distance of the peroxide unit in studtite
([(U0,)(0,)(H,0),]1(H,0),, 1.46 A),®? in hydrogen peroxide
(H,0,, 1.48 A), in ozone (O3, 1.23 A), and in the O, molecule
(1.21 A),%* the O-O bond distance in hyperstoichiometric
UO; 03 with the cotunnite structure suggests that a peroxide
unit with a single bond between the oxygen atoms is formed.
The peroxide unit acts as a single charge entity accepting
two electrons, one for each of the peroxide O atoms. The
rest of the O atoms are unperturbed and similar to those of
stoichiometric UO,. With the Hubbard U-ramping method,
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FIG. 11. The total energy (a) and bond distance (b) between
the interstitial oxygen and a lattice oxygen as a function of the
optimization step of the orthorhombic structure with the U-ramping
method at U = 0.2 eV. The starting configuration with a peroxide unit
is the converged structure without the U-ramping method optimized
with U =3.8eVand J =04 eV.

the total charge densities [Figs. 10(c) and 10(d)] are sim-
ilar to those obtained without U-ramping, except that the
peroxide unit is not formed. Instead, the distances between
the interstitial O and the two nearest O atoms are 2.30 and
2.41 A, similar to the distance between the interstitial O and
the nearest O atoms (i.e., ~2.44 A) in UO, o3 with the fluorite
structure. In order to test whether the peroxide unit is stable,
the structure with a peroxide unit, converged from without the
U -ramping method, was used as the starting configuration,
and the U -ramping method and allowing positions of atoms to
relax were then used to ramp up the U parameter. As Fig. 11
shows, the peroxide unit is dissociated during the U-ramping
procedure with the U at 0.2 eV. This result suggests that the
different optimization procedures could direct the system to go
through different paths, leading to different defect structures
with different energies. However, the final energy difference
between the two defect structures resulting from without
and with the U-ramping method is rather small (i.e., ~0.07
eV/12-atom cell). It would be interesting to find out if the
peroxide unit in hyperstoichiometric UO,, with the cotunnite
structure, predicted without using the U-ramping method,
can be detected experimentally (e.g., using a spectroscopic
method).

Similar to the fluorite structure, partial (band-decomposed)
charge density maps for the cotunnite structure are shown
in Fig. 12. Without the Hubbard U-ramping method, for the
energy range between —8.0 and —7.0 eV, the electronic states
are highly localized at the peroxide unit from the peroxide
unit [Fig. 12(a)]. Similar electron localization is observed
for the energies between —7.0 and —6.0 eV [Fig. 12(b)].
These two bands form a bonding and an anti-bonding state
of the O-O single bond with O 2p orbital characters in
the peroxide unit. States in the energy range between —5.5
and —1.5 eV are associated with O atoms [Fig. 12(c)]. For
energies between —1.0 and 0.0 eV [Fig. 12(d)], both U and O
atoms contribute to the density. With the Hubbard U -ramping
method, the map with the energies between —6.0 and —1.5 eV
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FIG. 12. (Color online) Partial (band-decomposed) charge den-
sity map of hyperstoichiometric UO; 3 of the orthorhombic structure.
Without the Hubbard U-ramping method, the energy ranges of the
density maps are —8.0 - —7.0eV (a), —=7.0 > —6.0eV (b), —5.5 —
—1.5eV (¢), and —1.0 — 0.0 eV (d). With the Hubbard U -ramping
method, the energy ranges of the density maps are —6.0 - —1.5eV
(e),—1.5—> —1.2eV (f), -1.2 > —0.8 eV (g), and —0.8 — 0.0eV
(h). Isosurfaces (yellow) are plotted along with the charge density,
and the values are shown in the figures. The scales for the density are
in natural logarithm. The values are in atomic units (e/A%).

[Fig. 12(e)] is similar to that between —5.5 and —1.5 eV
without the Hubbard U -ramping method [Fig. 12(c)], except
for the density surrounding the peroxide unit. For the energies
between —1.5 and —1.2 eV [Fig. 12(f)], the charge density
shows mainly the states from 5f of U* with contributions
from O 2p, similar to that of Ut states of UO, 3 with the
fluorite structure in the energies between —2.4 and —2.0 eV.
For the energies between —1.2 and —0.8 eV [Fig. 12(g)],
the charge density is mainly from the interstitial O atom. For
the energies between —0.8 and 0.0 eV [Fig. 12(h)], the charge
density is mainly from the lattice U**, with contributions from
02p, similar to lattice U** in UO, g3 with the fluorite structure
[Fig. 9(h)].
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As aresult, the calculated charge densities in Figs. 8—10 and
12 show that the defect states in the cubic and orthorhombic
structures are both partially localized and partially delocalized
around the interstitial oxygen. The local defect structures are
similar in both structures. However, without the U-ramping
method, the interstitial oxygen atoms in the orthorhombic
structure form a peroxide unit with adjacent lattice O atoms,
leading to fully localized states around the interstitial oxygen.
This result suggests that without the U-ramping method,
the calculation could converge the orthorhombic UO; 3 to
a metastable state with a different defect structure.

D. Phase transitions of UO, and UQ; ¢; under pressure

At high pressure, UO, undergoes a cubic Fm3m to
orthorhombic Pnma structural phase transition as observed
by experiments.’®3° In a recent high-pressure and high-
temperature experimental study, a cubic modified-fluorite Pa3
phase and an orthorhombic Pbca phase were observed using
a natural UO, sample with ~8 wt% of PbO.>* In that study,
the phase transition from the cubic fluorite structure to the
orthorhombic cotunnite structure was not detected, probably
because of a large number of impurities in the samples and
the high temperatures of the experiments. In this paper, the
focus is the phase transition from the cubic fluorite structure
to the orthorhombic cotunnite structure under pressure as a
function of stoichiometry. Theoretically, the phase transition
pressure between two phases can be readily estimated by using
the following two equivalent approaches. At the transition
pressure and assuming equilibrium conditions, the two phases
coexist and have the same pressure, Py = —dE¢(V;)/dV; =
P. = —dE.(V.)/dV.,and the same enthalpy, H; = E((V;) +
P*Vy = H. = E.(V.) + P*V,, where E is the total energy of
the system and H the enthalpy, P is the system pressure, and V
is the system volume. The subscripts indicate the cubic fluorite
(f) phase and orthorhombic cotunnite (c) phase. Therefore, the
phase transition pressure can be estimated by the slope of the
cotangent of the two-phase curves from a plot of total energy
as a function of volume based on the first equation, or by the
pressure from the solution of the second equation. At ambient
temperature, the vibrational entropic contribution, which is
the main contribution to the entropy, to the free energy for
oxides is expected to be small. This has been demonstrated for
another oxide, TiO,.%> Thus, the entropic contribution to the
total energy is neglected in this study, and enthalpy is used in
place of free energy.

The total energy as a function of volume is plotted for
the fluorite and cotunnite phases (Fig. 13). The calculated
phase transition pressure from the fluorite structure to the
cotunnite structure is significantly affected by a small amount
of interstitial oxygen, as the slopes in Fig. 13 show. Without the
U -ramping method [Fig. 13(a)], for stoichiometric UO,, the
calculated phase transition pressure is ~17 GPa, in line with
the result of ~20 GPa from a similar DFT + U calculation.'?
In contrast, for hyperstoichiometric UQO; g3, the calculated
transition pressure is ~27 GPa, a significant increase (~59%)
from that of the stoichiometric UO,. With the U-ramping
method, the results are similar [Fig. 13(b)]. This means that
with a small amount of extra oxygen (i.e., 0.2 wt% in this
study), the estimated transition pressure is much closer to
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FIG. 13. (Color online) Total energy as a function of system
volume without (a) and with (b) the Hubbard U-ramping method.
For hyperstoichiometric UO, 3 using the 97-atom cell, the volumes
and calculated energies are scaled by a factor of one-eighth to be
comparable to the cells with 12 atoms. The dashed line is the cotangent
of the two curves involving a phase transition. Symbols are calculated
values: circles (UO,-fluorite), squares (UO,-cotunnite), diamonds
(UO, p3-fluorite), and triangles (UO, g3-cotunnite). The thin lines are
eye guides.

the experimentally observed transition pressures of 29 GPa*
and 42 GPa.’® It is unknown if the samples used in these
experiments are ideal stoichiometric UO,. For natural UO,
samples, a large deviation from the ideal chemical composition
leads to a different phase transition behavior under pressure, as
demonstrated in a recent experimental high-pressure study.>*
However, the details of the stoichiometry (i.e., oxygen content)
of the samples were not provided in that study.’* As shown
in Fig. 13, the increase of the estimated transition pressure
is mainly caused by a difference in the energy changes near
their equilibrium volumes between UO, and UO, o3 for the
two phases. For the fluorite structure, the energy difference
is —0.9 eV from UO; to UO;03, and —0.6 eV for the
cotunnite structure [Fig. 13(b)]. For the hyperstoichiometric
UO, o3 calculations, metastable electronic states of UQO, o3
affect the calculated energies, as indicated by a deviation
of the calculated data points from the parabolic curves near
the equilibrium volumes [Fig. 13(a)] without the U-ramping
method. The deviation is more pronounced for the fluorite
phase than for the cotunnite phase.

As discussed in the methods section and shown in Fig. 13,
the electronic metastability causes an error on the calculated
energies, which could potentially affect the accuracy of the
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FIG. 14. (Color online) Total energy as a function of system
volume without and with the Hubbard U -ramping method for UO, (a)
and UO, o3 (b). The effect of the U -ramping method on the calculated
energy appears clearly.

calculated phase transition pressures (e.g., the slopes of the
cotangents). In order to clearly show the magnitude of energy
differences, Fig. 14 plots together the total energy as a
function of volume with and without the U-ramping method
for UO, [Fig. 14(a)] and UO, o3 [Fig. 14(b)]. As shown, the
largest difference is near the equilibrium volume. Without
the U-ramping method, the as-converged states of UO, are
0.08 and 0.04 eV/12-atom cell above the ground state for the
cubic and orthorhombic structures, respectively, and 0.16 and
0.07 eV/12-atom cell for UO,y; for the two structures,
respectively. Although metastability has a noticeable effect
on the ground state energies, it has a negligible effect on the
calculated phase transition pressure. The reason is that the
magnitude of the errors (i.e., ~0.1 eV) is rather small with
respect to the energy difference between the two structures
(i.e., ~1 eV) and that the errors are partially canceled out in
the calculated energy difference between the two structures,
leading to an even smaller error in the calculated phase
transition pressure.

The calculated volume as a function of pressure, which can
be readily determined experimentally, is plotted in Fig. 15.
Without the U-ramping method [Fig. 15(a)], at low pressures
for both the fluorite and cotunnite structures, the volumes of
hyperstoichiometric UQO, o3 are less than for stoichiometric
UO,, in line with the results that show that the incorporation
of excess oxygen into UO; reduces the volume of the cubic
fluorite phase without using any of the methods to remove
metastable states.”!””> At high pressures (>35 GPa), the inter-
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FIG. 15. (Color online) Volume as a function of pressure values
without (a) and with (b) the Hubbard U-ramping method. Symbols
are calculated. Thin lines are eye guides. The vertical dashed lines
with arrows show the volume changes of the phase transitions at the
transition pressures.

stitial oxygen increases the volumes for both the cubic and or-
thorhombic structures of hyperstoichiometric UO; o3 with re-
spect to stoichiometric UO,. The volume change for the phase
transition at the transition pressure (~17 GPa) is 7.2% for UO5,
compared with an earlier theoretical calculation of 7.3% with-
out any of the methods to remove the metastable state.'”> For
UO; 03, the volume change is 8.7% at ~27 GPa. With the U-
ramping method [Fig. 15(b)], the calculated volume change at
the phase transition pressures are 7.3% and 6.4% for UO, and
UO; 03, respectively, in agreement with an experimental value
of 7%.%® The U-ramping method leads to a smaller volume
change for UO; 3 and a similar change for UO,, compared
with volume changes without the U-ramping method. For the
fluorite structure, the volumes of both compositions are similar
over the pressures studied. For the cotunnite structure, UO; g3
has alarger volume than UO;, caused by the interstitial oxygen.

In order to clearly show the effect of metastability on
the calculated volume, Fig. 16 plots together the calculated
pressure as a function of volume with and without the U-
ramping method for UO, [Fig. 16(a)] and UO, o3 [Fig. 16(b)].
For UQ,, the volumes are almost identical for both structures
in the pressure range studied. The equilibrium volumes are
also similar with and without the U-ramping method. For
UO; 03, the U-ramping method predicts a less steep pressure
vs. volume curve for both structures. For the fluorite structure,
the calculated equilibrium volumes are similar with and
without the U-ramping method. For the cotunnite structure,
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FIG. 16. (Color online) Volume as a function of pressure without
and with the Hubbard U-ramping method for UO, (a) and UO, 3
(b). The effect of the U-ramping method on the calculated volume
appears clearly.

the calculated equilibrium volume is larger with the U-
ramping method compared with that without the U-ramping
method. This is because the interstitial oxygen forms a
peroxide bond with a lattice oxygen without the U-ramping
method but stays as an interstitial using the U-ramping
method.

E. Effect of interstitial oxygen on the electronic and
structural properties of UO; g3

The dramatic effect of interstitial oxygen on the phase
transition pressure indicates a fundamental difference in the
way in which the interstitial oxygen is incorporated into the
fluorite and cotunnite structures. In terms of electronic struc-
ture, for the fluorite structure, the electronic states associated
with the defect are partially localized and partially delocalized,
as evident from the charge transfer to interstitial oxygen from
two U atoms three bonds away. In addition, new bands appear
at the top of the band gap of UO,, which mainly originate from
the 5 f electrons of the oxidized U>* atoms. For the cotunnite
structure, the electronic states are also partially localized and
partially delocalized, similar to those of the fluorite structure.
The charge transfer to the interstitial oxygen is similar to
that of the fluorite structure. It is interesting to observe that,
without the U-ramping method to remove metastable states,
the calculation predicts localizations of the electronic states
associated with the interstitial oxygen, as evident from the
formation of a peroxide unit (interstitial O and one lattice O)
and the more or less unperturbed density of states and charge
density of the rest of the system.
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In terms of the local structure around the interstitial oxygen
atom, the cubic fluorite structure provides a vacancy, the so-
called octahedral interstitial site. Incorporating an O atom into
this position is energetically favorable?' and does not cause
the system volume to increase.’”” In contrast, the high-pressure
phase with the cotunnite structure is denser and more compact
with respect to the low-pressure phase. The structure does not
have a site where the interstitial oxygen can be easily located,
resulting in an increase of the calculated volumes [Table III,
Fig. 15(b)].

The energy of incorporating an interstitial O atom into the
cubic or orthorhombic structure provides a measure on how
difficultitis for the structure to accommodate an excess oxygen
atom. The difference in energies between the two structures,
which can be readily obtained from Fig. 13(b), shows that, at
ambient pressure, the cotunnite structure requires 0.3 eV more
energy to incorporate the interstitial oxygen than does the flu-
orite structure. At 10 GPa, the incorporation energy difference
increases to 0.5 eV, indicating that it is even more difficult
to incorporate the interstitial oxygen into the orthorhombic
structure as pressure increases. As shown in Fig. 13(b), the
energy difference results in a significant increase of the phase
transition pressure for hyperstoichiometric UO; 3. The effect
of the interstitial oxygen is also reflected in the calculated
bulk modulus of each phase (Table IIT). Comparing the bulk
modulus of UO, o3 with UO,, the bulk modulus of the fluorite
structure is reduced by 8% to 176.5 GPa from 191.6 GPa, but
that of the cotunnite structure is increased by 3% to 138.2 GPa
from 134.5 GPa.

IV. CONCLUDING REMARKS

One of the unique features of the cubic fluorite structure
of UO,,, is that it can have a range of stoichiometries
depending on the temperature and oxygen pressure. Although
variations in the oxygen diffusivity of UO, have long been
documented, 2% the effect on other properties of fun-
damental interest, such as the phase transition pressure as
investigated in this study, has not previously been explored.
The present results show an unexpected effect of the interstitial
oxygen on the phase transition pressure between the cubic and
orthorhombic phases. As the x value of UO,,, increases from
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0.00 to 0.03, the calculated phase transition pressure from the
fluorite structure to the cotunnite structure increases from 18
to 27 GPa, an ~50% increase. These findings can be tested
by systematic experimental studies of the pressure-induced
phase transition as a function of composition. In addition, these
calculations reveal interesting electronic structures of UOp
upon incorporation of the excess oxygen. The details of the
effects, including the defect bands, defect structure, charge
transfer, and oxidation of uranium from 4 + to 5+ in both
of the structures, can be tested by experimental techniques
including spectroscopic methods. The electronic metastability
of UO, using the DFT+ U method, as demonstrated in
the recent literature, indeed causes errors in the calculated
properties, such as density of states, electron density, defect
structure, equilibrium volume, and phase transition pressure.
Although the metastability could lead to a state for which
its energy is as high as 0.16 eV/12-atom cell above the
ground state, in many cases, the errors of the calculated
properties are small. For instance, the effect on the calculated
phase transition pressure between the fluorite and cotunnite
phases is negligible. One exception is that metastability
could lead to a completely different defect structure in
the orthorhombic phase, where a peroxide unit is formed
between interstitial oxygen and lattice oxygen. These results
suggest that the electronic metastability of UO, needs to
be carefully checked for stoichiometric or nonstoichiometric
systems, or systems with defects, if the DFT 4+ U method
is used.
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