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First-principles investigation of higher oxides of uranium and neptunium: U3;Og and Np,Os
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A computational study is presented of the structural, electronic, and magnetic properties of U;Og and Np,Os,
which are actinide oxides in a higher oxidation state than the tetravalent state of the common dioxide phases,
UO; and NpOs,. The calculations are based on the density functional theory +U approach, in which additional
Coulomb correlations on the actinide atom are taken into account. The calculated properties of these two higher
oxidized actinide oxides are analyzed and compared to those of their tetravalent analogs. The optimized structural
parameters of these noncubic oxides are found to be in reasonable agreement with available experimental data.
U;Os is predicted to be a magnetic insulator, having one U atom in a hexavalent oxidation state and two U atoms
in a pentavalent oxidation state. For Np,Os, which is also predicted to be an insulator, a complicated noncollinear
magnetic structure is computed, leading to a nonzero overall magnetization with a slight antiferromagnetic
canting. The calculated electronic structures are presented and the variation of the U 5f or Np 5f-O 2p
hybridization with the oxidation state is analyzed. With increasing oxygen content, the nearly localized 5f
electrons of the actinide elements are more positioned near the Fermi level and the hybridization between 5f and

2p states is markedly increased.
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I. INTRODUCTION

Binary oxides of uranium and neptunium are very interest-
ing materials, not only from a technological point of view as
important constituents of the nuclear fuel cycle, but also from
a scientific point of view as interestingly strongly correlated
materials with a partially filled 5f-electron shell. U and Np are
known to exhibit various oxide phases with different oxidation
states. The dioxides, UO, and NpO,, are the most well-known
stable oxide phases for both U and Np. UO; is a widely used
nuclear fuel material. The electronic structure of UO; has been
studied extensively using both experimental'° and theoretical
techniques.*'3 Neptunium dioxide has recently attracted
growing attention due to its complicated and mysterious
magnetic multipolar ordering.'*'7 Both UO, and NpO, are,
at elevated temperatures, paramagnetic and crystallize in the
cubic fluorite structure, where each U or Np is surrounded
by a cubic oxygen cage [see Fig. 1(a)]. Both dioxides exhibit
a low-temperature phase transition. UO, undergoes a phase
transition to an antiferromagnetic phase at 30.8 K accompanied
by a lattice distortion.'®>" The low-temperature properties of
NpO, are more complicated than those of UO, and somewhat
controversial. Especially the curious ordering phenomenon
occurring below 25 K has attracted a lot of attention. Long-
range magnetic ordering is absent in the low-temperature
order state in spite of the 5 f* configuration of the tetravalent
Np ion. Instead of the expected dipolar magnetic ordering, a
second-order phase transition to a magnetic multipolar ordered
phase occurs at low temperatures in NpO,.'*!7

Whereas most experimental and theoretical studies have
focused on the dioxides, there is still quite a lack of knowledge
on the higher U and Np oxides. The higher oxides have
more complicated crystal structures compared to the dioxides
and contain various inequivalent U-O or Np-O bonds. Some
of the higher oxides crystallize even in several different
crystallographic phases for the same chemical composition.
Moreover, it is known to be very difficult to prepare single
crystals of higher oxidized actinide compounds, because of

1098-0121/2011/83(7)/075109(10)

075109-1

PACS number(s): 71.28.4+d, 71.20.—b

the coexistence of various oxides with different oxidation
states.”! «-Triuranium octoxide, U3Og, is well known as
one of several stable uranium oxides.”>?* It is one of the
essential materials in the nuclear industry because it is the
major product of oxidation of UO, during fuel reprocessing
or during long-term fuel storage.”*>” The volume of U3Og
is increased by 38% relative to UO,, which can lead to a
breakdown of the fuel pellets into powder.”®=" A similar
hazard exists for long-term storage of spent nuclear fuel, as
under oxidizing conditions UQO, transforms to U3;Og, which
is actually the more stable binary uranium oxide.?>* At
room temperature, «-U3Og is paramagnetic and crystalizes in
the orthorhombic crystal structure.””?* Its electronic structure
has been investigated with x-ray photoelectron and x-ray-
absorption spectroscopy'~*!~** and electron-spin resonance.**
In contrast to the structural variety found for U, only two sta-
ble oxides have been found for neptunium, NpO, and Np,Os.
Unfortunately, very little is known about the properties of
Np,Os. Only recently, detailed crystal structure data of Np,Os
have become available; Np,Os crystallizes in a monoclinic
primitive cell and appears to order antiferromagnetically below
22 K.% Its volume is increased by 40% relative to that of NpO5.
The ordered magnetic moments on the Np ions in Np,Os are
not yet known.*> Detailed electronic structure calculations for
U30g and Np;,Os in their established crystal structures have
not yet been reported. Pickard et al.3® computed the optimized
lattice parameters of hexagonal U3;QOg, which is the stable
variant of U3Og above 400 °C.>” Furthermore, only several
computational studies of the possible oxidation of actinide
oxides through incorporation of additional interstitial oxygen
atoms in the cubic dioxide lattice have been performed.38*!
Here we present computed electronic structure results for
these uranium and neptunium oxides with a higher actinide
oxidation state, using a density functional theory (DFT) based
approach, supplemented with an additional on-site Coulomb
U parameter on the actinide ions (so-called DFT + U method).
The main part of this paper is devoted to providing a
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first-principles based explanation of the electronic structures
of the two higher oxides, «-U3Og and Np,Os. In particular,
we focus on the oxidation state of the actinide ions, the
behavior of 5f electrons, and compare the electron density
of states of 5f states and the 5f—O 2p hybridization effects
between the dioxides and the other higher oxides. Moreover,
we compare the optimized structural properties to available
experimental data. We also investigate the magnetic and
metallic/insulating properties of all the oxides. The employed
computational methodology is presented briefly in the next
section. Subsequently, in Sec. III we present the computed
results together with a detailed discussion.

II. COMPUTATIONAL METHODOLOGY

Our computational investigations have been performed
using two different program packages, the VASP package,*>*3
which is a full-potential plane-wave code, in which pseu-
dopotentials and the projector augmented wave (PAW)
method are used, and the all-electron, full-potential linearized
augmented plane-wave (FP-LAPW) code, in the WIEN2K
implementation.**

To investigate the optimized crystal structures, we have
employed the VASP code. A kinetic energy cutoff of 500 eV
has been used for the plane waves in the basis set. The gen-
eralized gradient approximation (GGA) in Perdew-Wang *91
parametrization® of the exchange-correlation functional has
been adopted, and, in order to treat electron correlations
beyond those already included in the GGA, an additional
Coulomb U on the actinide atoms was included (GGA 4+ U
method). The value of the Coulomb U has been varied in the
range of 3—-5 eV—which is the accepted range—using the +U
scheme of Dudarev and co-workers.*® The exchange J was
chosen to be 0.5 eV.

We have furthermore used the WIEN2K code** in two
different versions for calculations of the electronic and mag-
netic structures. These are the standard WIEN2K (FP-LAPW)
version for collinear magnetic systems as well as WIEN-
NCM, the version for systems with noncollinear magnetism.*®
In the standard FP-LAPW calculations we employed the
GGA Perdew-Burke-Ernzerhof (PBE)* exchange-correlation
functional, but in the WIEN-NCM calculations we used the
Perdew-Wang ’92 local spin-density approximation (LSDA)
parametrization.*® In the FP-LAPW DFT + U calculations we
used both the around mean-field (AMF)* and fully localized
limit (FLL)*° forms of the double counting term (for details
of the +U implementation in an FP-LAPW method, see
Ref. 51). The self-consistent FP-LAPW DFT + U calculations
have been performed including the spin-orbit coupling®” and
including semicore states.”> We used for the Hubbard U
parameter values ranging from 3 to 5.5 eV and for the
exchange J values of 0.0 or 0.5 eV. We have determined
the required number of k-mesh points from monitoring the
saturated energy value of total-energy calculations performed
for each system. For antiferromagnetic UO,, 12 x 12 x 8
k-points were used for the charge density integration within
the Brillouin zone of the tetragonal unit cell. Paramagnetic
NpO, has the conventional cubic fluorite unit cell, and the
number of k points was increased up to 20 x 20 x 20 points.
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FIG. 1. (Color online)

The crystallographic unit cells of
(a) NpO,, (b) UO,, (c) Np,Os, and (d) U;Og. Green (large light
gray) spheres depict Np or U atoms, the red (small dark gray) spheres
show oxygen atoms.

For U30g and Np;Os5, 6 x 6 x 9and 5 x 6 x 5 k points were
used, respectively.

III. RESULTS AND DISCUSSION

A. Crystal structures

Figure 1 shows the unit cells of the four actinide oxides.
Both dioxides, NpO, and UQ,, crystalize in the cubic fluorite
structure at elevated temperatures. NpO, stays in this cubic
structure down to low temperatures, even though it undergoes
a phase transition to a complex multipolar ordered state
below 25 K.*>° Figure 1(a) shows the conventional cubic
unit cell of NpO,. UO, undergoes a phase transition to an
antiferromagnetically ordered state below 30 K,'®!° causing
a symmetry breaking and a small tetragonal deformation.?’
For antiferromagnetic UO,, we have used a double, tetragonal
unit cell (with ¢ = +/2a) as shown in Fig. 1(b) where the
magnetic ordering is along the [001] direction.!"?° Figure 1(c)
shows the unit cell of Np,Os, which has been determined®
recently to be monoclinic with 8 = 116.09°. There are four
formula units in the monoclinic unit cell. The Np atoms form a
chain consisting of two pentagonal bipyramids and one square
bipyramid by sharing edges with adjacent pyramids. «-U3Og
has an orthorhombic structure,?223:26:28 puilt of three different
pentagonal pyramids. The orthorhombic unit cell of U30g, as
shown in Fig. 1(d), has one formula unit per primitive cell.
The atomic positions in the orthorhombic cell are such that the
structure is close to a monoclinic primitive cell.

B. Charge densities

We start the presentation of our results with the computed
electron charge density for the GGA + U optimized structures,
which helps us to understand further the crystal structures and
complex bonding of «-U3;Og and Np,Os.

Figure 2 shows the (FP-LAPW) GGA + U (PBE) computed
charge density contour plot of Np,Os in the z = 0 plane. The
plotted charge densities pertain to the valence states only,
summed over both spin directions; the electron density is
indicated by the (logarithmic) color scale on the side. The
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FIG. 2. (Color online) Contour plot of the GGA+U (U =
3.5 eV) calculated electron charge density of Np,Os in the z =0
plane. The three inequivalent Np atoms are located at the center of
the dashed-line pentagons and rectangles. The red (dark gray) circles
depict the O atoms.

unit cell of Np,Os consists of two different kinds of pentagons
and one rectangular structure, formed by the arrangement of
Np and O atoms. The inequivalent Np atoms are located at the
center of the two pentagons [denoted Np(1) and Np(2)] and the
square [denoted Np(3)]; each of these Np atoms has a different
distance to the nearest O atoms, which are 1.865, 1.885, and
1.958 A, respectively. These distances are very short—Iess
than 2.00 A—approaching thus the possible limit according
to the ionic radii of Np and O. The ionic radii of tetra-,
penta-, and hexavalent Np ions are 1.01, 0.89, and 0.86 A,
respectively. The ionic radius of O?>~ is known to be about
1.26 A.5° Hence the minimum distance between Np and O
atoms is considered to be around 2.00 A. Consequently, this
suggests that Np,Os could be the highest oxidized compound
of Np.”° This expectation is supported by the charge-density
distribution in Fig. 2, too. The charge densities of Np and O
atoms are located very close to one another and there is almost
no interstitial region or low-density bridge region between Np
and O atoms. If we compare to the (FP-LAPW) GGA + U
computed electron charge density of U3Og, which is shown in
Fig. 3 (bottom), we observe that some low-density interstitial
region still exists between the central U atom and some of the
O atoms in each pentagon (e.g., see the regions denoted by @
and @ in Fig. 3). This would imply that U3;Og could still be
further oxidized. In fact, U3Og has been found to be permeable
to oxidation up to UO3.578

The cross section of the crystal structure of w-U3;Og in
Fig. 3 (top) illustrates that this uranium oxide also is built of
pentagonal structures in the z = 0 plane. In the orthorhombic
unit cell there are two equivalent U(2) atoms and one U(1)
atom, and hence there are two different kinds of pentagons
in the unit cell, related to the different distances between U
and O atoms as indexed by @ and @ in Fig. 3 (top). Indices ®
and @ label the distance between the central U and the most
distant O atom in each pentagon; these distances are 2.54 and
2.72 A in the two different pentagons, respectively. However,
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FIG. 3. (Color online)
of o-U30g in the basal plane, showing the pentagons of oxygen
atoms surrounding the uranium atoms. Bottom: Contour plot of the
GGA + U calculated electron charge density of UzOg in the z =0
plane (with U = 4.5 eV). The symbols @ and @ indicate the different
distances between the central U atom and the most distant O atoms

Top: Cross section of the unit cell

in the pentagons. The positions of the two inequivalent U atoms U(1)
and U(2) are indicated in this panel.

the distances between the U’s and the nearest O atoms are the
same, 2.07 A, for both pentagons.

C. Optimized structural data

In Table I we present the calculated structural data and
available experimental data for the four oxides. The VASP-PAW
approach was used for the structural optimization as this
code is efficient for minimizing all atomic forces.®' For the
GGA+ U (PW91) calculations presented in Table I, we
have used U =4.5 eV for the U atoms, a value that in
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TABLE 1. Calculated optimized structural properties of UO,,
U304, NpO», and Np,Os, compared with experimental data, 333360
The Hubbard U energies used in the GGA + U calculations are 4.5
eV for U atoms and 3.5 eV for Np atoms, respectively.

Lattice constant (A)

Crystal structure Expt. Calc.

Uo0, cubic (Fm3m) 5.47 5.51
a=11.96 a=11.61

«-U30g  orthorhombic (C2mm) b=6.72 b =120
c=4.14 c=4.21

NpO, cubic (Fm3m) 5.43 5.42
a=8.17 a=38.28

Np,Os monoclinic (P2c¢) b =6.58 b = 6.69
c=9.31 c=9.46

B =116.09° B =119.20°

previous studies*® was determined through a comparison
to experiment. For the Coulomb U on the Np atoms, we
have investigated the effect of the adopted U parameter by
calculating the electronic band gap and the magnetic moment
for a range of effective U values, from Uy = U — J =3 to
5 eV. As will be discussed below, there is a sensitivity of the
individual Np moments to the adopted U and J values, as
well as to the double counting term used. The results listed in
Table I are for U = 3.5 eV.

The computed equilibrium lattice parameters of the oxides,
presented in Table I, are in reasonable agreement with the
available experimental data.?*3*>>-% UO, undergoes a small
tetragonal distortion at low temperatures,”’ corresponding to
a volume change of ~1072, but we have ignored this in our
optimization, as the precise structural properties of UO, are
not in the focus of the present study. The computed total
moment per U atom is, with 1.69u g, close to the experimental
moment of 1.74u5.5 For NpO, we assume in this study a
paramagnetic state, however, it is experimentally known to
have a complex magnetic multipolar order below 25 K, with
no or at the most a very small magnetic dipole moment.®364
This multipolar magnetic order of NpO, is a unique feature
of this material, which has been found experimentally,>*>3
but is still not well understood. We have chosen here to
treat NpO, in the paramagnetic state, with the aim to come
as close as possible to its magnetic ground state having no
ordered dipolar moment. Even in spite of this approximation,
our computed lattice parameter of NpO, agrees well with
the experiment.’ A recent GGA + U structural optimization,
which, in contrast to our calculations, did not include the
spin-orbit interaction, obtained a smaller lattice constant of
5.40 A.% Tt is known that the inclusion of spin-orbit interaction
in the structural optimization of actinide compounds leads to
larger equilibrium lattice constants.’> We note, however, that
while the inclusion of a Coulomb U normally leads to the
increase of a gap for typical Mott-Hubbard insulators, we find
here that nonmagnetic GGA + U calculations fail to explain
the opening of a gap; also GGA calculations cannot explain
the insulating state. A precise value of the excitation gap
in the magnetic multipolar state is not known, but it is estimated
to be larger than 0.4 eV,%* and to be comparable® to the gap
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in antiferromagnetic UO,.®” The Np ions in cubic NpO, are
expected to be in a tetravalent 5 £ configuration that normally
should sustain a magnetic, metallic state.

The optimized lattice parameters of U3Og and also Np,Os
deviate more (about 6%) from the experimental data than
those computed for the dioxides (about 2%). The deviation
appears to be largest for U3Og. It is not clear what the origin
of this difference is. A deviation of the oxygen stoichiometry
in the higher actinide oxides might have some influence on
the experimental data. Noteworthy, a previous investigation®
of hexagonal U3Og, using the LDA exchange-correlation
parametrization without additional Coulomb U and neglecting
the spin-orbit interaction achieved quite good agreement with
experiment for the structural parameters. Although we do not
investigate the high-temperature hexagonal phase of U3Og
here, we have tested the performance of the GGA (PW91)
functional for the optimization of orthorhombic U3;0g. We
obtained a = 11.85 A, » = 6.81 A, and ¢ = 4.16 A. These
values are closer to the experimental data than those obtained
from optimization on the GGA 4 U level. A reason for the
better performance of the GGA optimization is not evident. It
is to be expected that the Coulomb U and also spin-orbit
interaction should play a role to achieve an appropriate
electronic structure. In particular, for uranium dioxide the
additional Coulomb U must be included to achieve agreement
with experiment for electronic structure properties such as
the band gap and magnetic moments. However, in contrast
to LDA or GGA calculations the +U calculations might
be affected by convergence to a metastable state. We can
safely exclude this possibility For UO, and NpO,, because
for these materials convergence to the overall ground state
is readily obtained. For Np,Os we have performed many
different +U calculations, but always converged to a similar
ground state, which is a strong indication that a metastable
state can be excluded for Np,Os as well. We can, however,
not completely exclude the existence of a metastable state for
U30g. It deserves, furthermore, be noted that the GGA + U
structural optimization for Np,O3 provided results in better
agreement with the experimental data,® also for the internal
atomic positions. To describe the electronic structures of U3Og
and Np,Os as accurately as possible we have adopted the
experimental coordinates in the following.

D. Computed electronic properties of U3Og

The electronic and magnetic properties of orthorhombic
UsOg to be discussed below have been computed with
the FP-LAPW GGA + U approach, using the experimental
coordinates. To start with, we mention that calculations for
UO; have shown that the VASP-PAW and FP-LAPW approaches
provide very similar electronic structures. The partial DOS
of antiferromagnetic UO,, computed with VASP-PAW (see
Ref. 11) is very similar to the FP-LAPW partial DOS shown
in Fig. 4. We turn now to U3Og. The magnetic properties
of Us;Og have not yet been investigated in detail. Several
experiments reported that o-Us;Og has a paramagnetic state
at room temperature.”>® Our (FP-LAPW) GGA + U (PBE)
calculations predict that «-U3;Og should have a magnetic
ground state at 7 = 0 K. A simple consideration of the valency
of uranium in «@-U3Og indicates that two U ions could be
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FIG. 4. (Color online) Calculated GGA + U partial DOS of UO,
(top panel), ferromagnetic U3;Og (middle panel), and of paramagnetic
U305 (bottom panel), for U = 4.5 eV.

hexavalent and one U ion tetravalent, or, alternatively, two U
ions could be pentavalent and one U ion hexavalent. Thus either
one or two of the three uranium atoms would be magnetic. As
discussed in more detail below, our GGA + U and LSDA + U
calculations predict the latter case, i.e., that one U atom is
hexavalent. We obtained the minimal total energy of a-U3Og
for a ferromagnetic state with a total magnetic moment of
0.74u5/U30s. This magnetically ordered state has a deeper
total energy (by about 1.5 eV) than the nonmagnetic state.
We have furthermore checked the stability of the magnetic
phase of UsOg by decreasing the Coulomb U from 4.5 to
0 eV. We found that the ferromagnetic state remains stable,
having the deepest total energy regardless of the U value. The
relatively small total magnetic moment of U3Og derives from
the difference of the orbital and spin moment of 5f electrons,
which are antiparallel to each other, as presented in Table II.
Counting also the spin moment on the oxygen atoms and in
the interstitial space, we obtain a total spin moment of 0.98 4.
Uranium atoms in the second position contribute also with an
antiparallel orbital moment of 1.72u 5 per formula unit. Both
orbital and spin moments are calculated to be much smaller in
U;Og than in UO;. This variation of the local magnetism on
the U atoms is obviously related to the 5 f oxidation, which
is associated with the configuration of nearest-neighbor (NN)
O atoms. Comparing these distances in UO, and U;Og, we
see that the nearest-neighbor distance between U and O atoms
is about 13% shortened, from 2.37 A in UO, to 2.07 A in
U;30Og. This leads to the increased hybridization of U 5 f and
O 2p states, a higher oxidation of the U atoms, and hence a
decrease of the magnetic moment. One of the U atoms in the
unit cell, U(1), is predicted to have completely no magnetic
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TABLE II. Calculated magnetic moment (in wg) of the two
inequivalent U atoms in U3Og, indexed U(1) and U(2), which have
multiplicity 1 and 2, respectively. M; and My are the orbital and
antiparallel spin moment, respectively, and M, is the total magnetic
moment of each U atom, along the ¢ axis.

M, M Mo,
u@) 0.00 0.00 0.00
[8[¢))] —0.86 0.45 0.41

moment, which could imply that this U ion corresponds to a
highly oxidized, 5 f° hexavalent state. This point of view is
supported by the configuration of the NN O atoms surrounding
the U(1) atom. The seven NN O atoms of U(1) are in a very
symmetric configuration, in which three pairs of O atoms are
located at opposite directions to one another with regard to the
U(1) in the center, and their distances to the U(1) atom are
exactly the same (see Ref. 23). The distances of the oxygen
atoms in the polygons surrounding the central U atoms are
summarized in Table III for convenience. Except for the first
NN O pair positioned at the pyramid’s apex in the £z directions
as 2.07 A [see Fig. 1(d)], the other NN O atoms are located
in the plane of the pentagonal structure (z = 0 plane, see
Fig. 3). The spin moment on U(2) is 0.45up (see Table II),
and the total spin moment of the cell is nearly 1. These
values are moderately consistent with the Hund’s rules for
a 5f! configuration. The spin moment on U(2) is reduced
from the maximal Hund’s rule value of 1ug. This can be
due to the effects of the relativistic spin-orbit interaction
beyond Russell-Saunders coupling. The orbital moment on
U(2) appears to be quenched through the crystal field. The
configuration of the seven NN O atoms surrounding the U(2)
atom in the pentagon’s plane is not symmetric, as each of
the O atoms has a slightly different distance to the U(2). In
particular, there is one O atom that has a much longer distance
(of 2.72 A) to the U(2) atom (see Table IIT). For the U(1) atom
the longest U-O distance is 2.54 A. Hence these data also
support the view that the U(2) atom is not as highly oxidized
as the U(1) atom. We mention that the uranium valencies in
U30g have been controversially discussed in the literature.
X-ray photoemission spectroscopy (XPS) measurements on
UO,, U30g, and UO3 have been interpreted as evidence for the
presence of one tetravalent and two hexavalent U atoms.'-3!32
Electron spin resonance (ESR) measurements, on the other
hand, have been interpreted as evidence for a configuration
consisting of one hexavalent and two pentavalent U atoms.**
From our calculations we obtain that «-U3Og has a
magnetic ground state which corresponds to one nonmagnetic,
i.e., suggesting hexavalent U atom and two relatively weakly
magnetic, possibly pentavalent, U atoms per formula unit. The
computed magnetic order is ferromagnetic. We mention that
we have tried to obtain a symmetry-broken, antiferromagnetic
coupling between the two U atoms, however, within the
self-consistent cycle the antiferromagnetic state converged to
a ferromagnetic state. Nonetheless, it cannot be fully excluded
that a more complex antiferromagnetic order exists. Earlier
experiments found no indication of magnetism in «-U3Og at
room temperature,”*® which would suggest the existence of a
possible Néel or Curie point at lower temperatures. We propose
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TABLE III. Distances (in A) of the surrounding nearest-
neighboring oxygen atoms to the two inequivalent uranium ions in
U;0Og and the three inequivalent Np ions in Np,Os, respectively.

Oxygen ud) U@ Np(1) Np(2) Np(3)
IstNN O 2.07 2.07 1.87 1.89 1.96

2nd NN O 2.07 2.07 1.87 1.89 1.97

3rd NN O 2.16 2.13 2.29 2.35 2.13

4th NN O 2.16 2.15 241 2.35 2.16

5th NN O 2.26 2.18 2.41 2.44 231

6th NN O 2.26 221 2.60 2.60 2.35

7th NN O 2.54 2.72 2.60 2.60

that low-temperature experiments on single-crystalline «-
U30Og could shed light on this issue.

To compare further the hybridization between the U 5f and
oxygen 2p states in UO, and «-U3Og, we have calculated
their partial density of states (DOS). In Fig. 4 we show the
DOS of UO; and of ferromagnetic and paramagnetic U3Og.
Both antiferromagnetic UO, and ferromagnetic U;Og are
calculated to be insulators with energy band gaps of 1.84 eV
and 0.50-0.63 eV (depending on +U parameters and double
counting form, respectively). The computed energy gap of
UO, is in good agreement with experiment (2.0 eV),®” but no
data are available for U3Og. Paramagnetic U3Og, however, is
computed to be metallic, due to a very narrow 5 f band that
becomes pinned at the Fermi energy (E ). Figure 4 shows that
the valence bands are dominated by O 2p and U 5 f states both
in UO; and U30g. In both compounds there is a clear U 5 f—O
2 p hybridization, as can be recognized from the coinciding
peak positions in the partial DOS below Ep. From UO; to
UsOg a strong increase of the U 5f partial DOS is clearly
visible in the energy range of —6 to 0 eV, and the peaks of U
5f DOS coincide with those of the O p states. This shows a
significantly increased hybridization between U 5 f and O 2p
states in U3Og. The U 6d states, conversely, are not notably
changed through further oxidation of the uranium dioxide.
Figure 4 furthermore illustrates that the exchange splitting of
the uranium 5 f orbitals is responsible for the formation of the
energy gap. In the ferromagnetic phase there is a majority spin
peak 0.8 eV below Ef and also a sharp peak at 0.7 eV above
Er. In the paramagnetic phase, these two peaks collapse to
one peak which is—due to its filling—pinned at the Fermi
level. As a result of the exchange splitting, the 5 f partial
DOS of U3;0g above Ef is broader in the ferromagnetic than
in the paramagnetic phase. We mention furthermore that the
computed DOS of magnetic U3Os is in reasonable agreement
with XPS experiments.®® XPS measurements®® indicate a
5f peak between 0 and 2 eV binding energy, which would
correspond to the computed 5 f intensity at about —1 eV. The
measurements also reveal an oxygen dominated broad hump
in the XPS extending from 2 to 8 eV binding energy, also
seen in x-ray emission experiments.>* This corresponds to the
computed O 2p partial DOS, which, however, extends only to
—6 eV in the calculations.

To clarify further the electronic structure of «-U3;Og
we show in Fig. 5 the computed energy-band dispersions
along the high-symmetry points I'-Y-A(-I"-Z-T-By-Z, in the
orthorhombic Brillouin zone (BZ). In addition we highlight the
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FIG. 5. (Color online) Calculated energy-band structure of mag-
netic U;Og along the high-symmetry directions of the orthorhombic
Brillouin zone. The special points are defined by I' = (0,0,0), ¥ =
(1,0,0), Ag = (1,u,0), Z = (0,0,3), T = (1,0,1), and By = (1,u,3)
[with u = 1 + (a®> — b*)/ab]. The three panels highlight through the
fatness of the bands the amount of spin-polarized 5f character in
the energy dispersions that is due to the inequivalent U(1) and U(2)
atoms. For the nonmagnetic U(1) atom only the spin-up projection is
shown as spin-up and -down contributions are identical.

amount of spin- and atom-projected 5 f character in the energy
bands through the fatness of the bands, separately for the U(1)
and U(2) atoms. At the bottom of the conduction band, at 1 and
2 eV, there are several flat bands that are nearly dispersionless
throughout the BZ, except for some dispersion along I'-Z.
The fatness character shows that these bands are due to the
U(1) 5f states, which, in this energy interval, practically do
not hybridize with unoccupied O 2p states. Below Ep there
is practically only a contribution from the U(2) spin-majority
5 f states, which hybridize strongly with the oxygen p states
between Er and 2 eV below. Unoccupied 5 f states of the U(2)
atom appear again 2.5 eV above Ep.

E. Computed electronic properties of Np,Os

We now turn to Np,Os. The calculated crystallographic
results for Np,Os agree reasonably well with the recent
experimental data;* see Table I. Calculating the total energy
of Np,Os for different magnetic configurations, we find that
an overall ferromagnetically ordered state is the most stable
one for Np,Os. Magnetic ordering is in itself in accordance
with experiment,®> in which magnetic order was concluded
from a maximum in the temperature-dependent susceptibility
at 22 K. However, the drop of the susceptibility below 22 K
suggested antiferromagnetic Np-Np interactions.*® Our initial
calculations assuming a collinear magnetic structure indicated
strong spin-off-diagonal components due to strong spin-
orbital interaction, which predicted a deflection of the orbital
moment from the spin quantization axis. Hence we performed
subsequent noncollinear magnetic calculations, testing both
AMF and FLL variants of the LSDA + U (PW92) approach
and varying the U value between 3 and 5.5 eV, and the J value
was set to 0.0 or 0.5 eV. The resulting noncollinear magnetic
structure is depicted in Fig. 6. It leads to a net ferromagnetic
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FIG. 6. (Color online) The LSDA + U computed noncollinear
magnetic structure of Np,Os and its projections along the a,b, and ¢
monoclinic unit-cell axes.

moment approximately along the ¢ axis and in addition it has
a weak antiferromagnetic component within the a-b plane.

A summary of the calculated magnetic moments is pre-
sented in Table IV (for the sake of brevity not all calculated
variants are listed). Generally, calculations with the same
effective Uy = U — J give very similar magnetic moments—
typically calculations with zero J enhance the magnetic mo-
ments by less than 0.1 5. The only notable exception is a FLL
calculation with effective U = 3 eV, where the magnetism on
the Np(3) sublattice becomes more strongly enhanced at zero
J. The change of moments with different values of U is found
to be surprisingly weak in these calculations, the moments even
slightly decrease with increased U. This, and the presence of
strongly reduced moments on the Np(3) site, indicates some
sort of frustration of the magnetic structure, which gets more
pronounced with increased localization of 5 f electrons (i.e.,
with larger U value). The here-suggested magnetic frustration
is consistent with experiment, in which competing exchange
interactions were deduced from the measured susceptibility.>
The magnetic order in Np-O compounds appears to depend
sensitively on the Np-O-Np superexchange pathways. Both
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antiferromagnetic® and ferromagnetic’~’> orders have been

found in Np(V) oxide complexes, as well as paramagnetic
complexes,’? but ferromagnetic order generally dominates.”®

By far the largest difference in the computed moments
stems from the different LSDA + U double counting variants.
In FLL calculations the spin magnetic moments become
substantially enhanced (by approximately 0.5.¢ ). The orbital
moments are also enhanced, but by a smaller amount. As
the orbital moments are oriented in opposite directions, this
implies a net decrease of the total magnetic moment per
formula unit in the FLL calculation. The total magnetic
moment varies, depending on the LSDA + U variant and used
parameters, between 2.4 5 and 2.8 5. An experimental value
is presently not available.

We have also calculated the band gap as a function of U.
The computed energy band gap varies from 1.8 to 2.7 eV,
depending on the double counting variant and parameters of
the +U scheme (generally, the gap size increases with Uk,
and also FLL leads to wider gaps than AMF). We mention that
from the available results it is not yet possible to extract the
applicable value of U. An effective U value of 3 eV provides
good agreement with experiment for the crystal structure, but
itis not yet obvious why the U value would be smaller than for
the uranium oxides. At present there is not yet a sufficient body
of experimental data for the Np oxides available to compare
with the computed properties.

From a simple valency consideration one would expect all
Np ions in Np,Os to be in the pentavalent 5f2 state. Due
to the complex crystal structure, however, there are some
distinct differences between the three inequivalent Np ions.
Table IV illustrates that the on-site Np spin moments of the
first two inequivalent Np atoms are nearly the same, while
the magnetism is strongly suppressed on the third Np atom
position, hence this atom (which has a multiplicity of 4)
contributes dominantly to the lowering of the total magnetic
moment of Np,Os. The similarity of the Np(1) and Np(2)
moments can be traced back to their rather similar Np-O
coordination of seven NN oxygens in similar pentagonal
bipyramids (see Fig. 2), with comparable average Np-O
distances (see Table III). The Np(3) ion, however, has six NN
oxygens and is located in a square bipyramid of four oxygen
atoms in the z = 0 plane having an averaged Np-O bond length
shorter than that in the pentagonal bipyramids (Fig. 2). Hence
the Np-O bonding as well as crystal field is different for

TABLE IV. Calculated magnitudes of spin (M), orbital (M), and total (M) magnetic moments in pp of the three inequivalent Np ions
in Np,Os, as a function of the U and J parameters, as well as the variant of the LSDA + U scheme.

LSDA + U parameters Mg M Mo,
Method V) Np(1) Np(2) Np(3) Np(1) Np(2) Np(3) f.u.
AMF U=3.0,J=00 1.22 1.19 0.17 —4.01 —3.88 —0.15 2.63
AMF U=35J=05 1.21 1.18 0.09 —4.08 —4.02 —0.03 2.69
AMF U=50,J=0.0 0.97 0.94 0.06 —3.94 —-3.83 —0.04 2.80
AMF U=55,J=05 1.01 0.98 0.06 —4.03 —3.94 —0.01 2.82
FLL U=30,J=00 1.68 1.67 0.75 —4.16 —4.13 —-0.76 244
FLL U=35J=05 1.59 1.57 0.17 —4.24 —4.22 —0.09 2.54
FLL U=50,J=0.0 1.67 1.67 0.38 —4.26 —4.21 —-0.39 2.56
FLL U=55J7=05 1.59 1.58 0.14 —4.30 —4.27 —0.09 2.63
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the Np(3) ion. The NN distances of the six oxygens to the
Np(3) ion are more similar, whereas the distances of the seven
surrounding NN oxygens are more spread out for Np(1) and
Np(2); see Table III. This suggests that the oxygen surrounding
of Np(3) might lead to a larger crystal-field quenching of the
orbital moment on Np(3). Alternatively, the smaller moment
on Np(3) could be attributed to a different oxygen bonding or
to some influence of the magnetic frustration on the system.
The occurrence of relatively large moments on the Np(1) and
Np(2) ions appears to be compatible with a pentavalent 5 f
configuration, which, according to Hund’s rules for free atoms,
would have a 25 spin moment and —5up orbital moment.
The computed moments in Table IV are, however, reduced
from these theoretical values. The Np(3) ion could also have
a pentavalent configuration, but be affected by a different
bonding and crystal field. As mentioned above, the latter is
more cubic. By looking at the number of 5 f electrons in the
muffin-tin spheres, we obtain a similar amount of electrons for
all Np positions and all U and J combinations, although Np(3)
has systematically 0.1 f electron less compared to Np(1) and
Np(2). Nonetheless, this suggests a pentavalent configuration
for the Np(3) ion, too.

The computed partial DOSs of the two Np oxides are
shown in Fig. 7. The presented DOS was obtained by using a
Coulomb U of 3.5 eV in GGA + U calculations. Paramagnetic
NpO; is predicted to be metallic, whereas magnetic Np,Os
is predicted to be an insulator with a band gap of about 2 eV.
Experimentally, NpO; in the magnetic multipolar ordered state
is an insulator, but paramagnetic single-particle DFT 4- U cal-
culations fail to capture this complex many-electron behavior.
The Npion in NpO, has a 5 3 configuration, which, according
to Hund’s rules, should prefer a 3up spin moment, but
experimentally it is known that this does not happen, rather, a
magnetic multipolar state is formed.'>~'7 When a paramagnetic
solution is enforced in GGA + U calculations, NpO, must
become metallic, due to the incomplete 5 f state filling. It has
been shown recently that, assuming an ordered large-moment
antiferromagnetic configuration for NpO,, an insulator state
can be obtained,'®® but the large ordered moment on the
Np is in contradiction with experiment.>>% Another recent
investigation showed that the formation of a triple-k magnetic
multipole ordered state indeed leads to the opening of a
respectable band gap.”* The computed DOS of nonmagnetic
NpO, in Fig. 7, however, consists of an unhybridized narrow
Np 5f band positioned at the Fermi level. At higher binding
energies of 3—6 eV, there is a manifold of hybridized O 2p
and Np 5f states. Comparing the partial DOS of Np,Os to
that of NpO,, it can be recognized that the intensity of the Np
5f contribution in the manifold of occupied states becomes
clearly enhanced for Np,Os, which implies a marked increased
Np 5f—0 2p hybridization. The possibility of a strong Np-O
hybridization in Np,Os has been considered recently. Forbes
et al.®® observed that the experimental effective moment in the
paramagnetic regime is, with 2.2 g, substantially smaller than
the Np>* free ion value of 3.58t5. This was attributed to an
amount of delocalization of the Np 5 f electrons due to strong
oxygen 2p bonding or to a quenching of the orbital moments
by the crystal field.*> Our above discussion pinpoints a mixing
of these two effects. A strong oxygen bonding is present for all
three Np ions, causing an amount of delocalization of the 5 f
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FIG. 7. (Color online) Calculated GGA 4 U partial DOS of
paramagnetic NpO, (top panel) and ferromagnetic Np,Os (bottom
panel) for U = 3.5eV.

electrons. The larger contribution to the reduction of the total
moment stems, however, from the crystal-field quenching on
Np(3), which, with its multiplicity of 4, contributes markedly
to the reduction of the moment. A change in Np-O bonding
with oxygen stoichiometry has also been observed in recent
ultraviolet photoemission spectroscopy (UPS) measurements
of oxidized Np surfaces.” In these experiments the reaction
of a Np surface with oxygen was studied under variation of
the oxygen concentration and the energy positions of the O p
and Np f electronic densities were determined with UPS.
Although the crystalline structure of the oxide layers cannot
be accurately determined, UPS for a Np : O compositionof 1 : 2
shows a separated oxygen and neptunium response, at —8 to
—3 eV, respectively, —3 to —1 eV. These energies correspond
to the partial DOSs of NpO, in Fig. 7, except that in the calcu-
lation the Np 5 f are shifted more toward Er. Upon oxidation
the oxygen and neptunium UPS responses shift and merge.”
The oxygen DOS from an oxidized surface (expected to have
a close to 2 : 5 stoichiometry) extends from —7 to —1 eV,
whereas the 5 f response appears dominantly between —2 and
—1 eV. In Fig. 7 a similar energy shift in the O p DOS and
merging with the Np 5 f states is visible in the computed DOS.
Figure 7 furthermore illustrates that the conduction bands in
both Np oxides, which are mainly due to unhybridized Np 5 f,
do not change much, apart from a widening of the unoccupied
5 f states being again due to the exchange splitting in Np,Os.
A confirmation of the existence of a band gap in magnetically
ordered Np,Os does not yet exist. Experimental investigations
of the temperature-dependent resistivity of Np,Os would
hence be a definite test of the predicted insulating state.

IV. CONCLUSIONS

We have performed DFT 4 U electronic structure inves-
tigations of «w-U3;0g and Np,Os. The structural parameters
of these actinide oxides, as well as of the tetravalent actinide
oxides UO; and NpO,, have been studied through total-energy

075109-8



FIRST-PRINCIPLES INVESTIGATION OF HIGHER . ..

optimization. The calculated structural parameters are found
to agree reasonably well with experimental data. Both U;Og
and Np,Os are predicted to be magnetic insulators in the
ground state. Our calculations suggest that in U3Og one of
the inequivalent U atoms is in a hexavalent oxidation state,
and the other two U atoms are in a pentavalent oxidation
state. For Np,Os our calculations reveal differences between
the three inequivalent Np ions, due to differences in the
nearest-neighboring oxygen surrounding. The valencies of the
Np ions are nonetheless expected to be identical. Inspection
of the computed electron density of Np,Os reveals that, due
to a close packing of Np and O atoms, there is not much
low-density region available. This indicates that pentavalent
Np is the highest known oxidation state for Np in a neptunium
oxide. It can, however, not be excluded that further oxidation
might occur at the surface of Np,Os, similar to what has
possibly happened for PuO, (see, e.g., Ref. 76). Comparing
to «-U30g, its computed electron-density map contains more
low-density regions between the U and O atoms, indicating
that U3Og can be further oxidized, which is in accord with
experimental observations.””

UsOg is predicted to order ferromagnetically, whereas for
Np,Os our calculations predict noncollinear magnetic order,
with a ferromagnetic exchange coupling along the ¢ axis and a
weaker antiferromagnetic coupling in the a-b plane. The latter
system is observed to exhibit some magnetic frustration, within
the asymmetrically connected Np-O network. Connected
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to this is that we find the calculated magnetic moments
in Np,Os to be rather sensitive to the used Hubbard U
parameter as well as to the form of the +U double counting
term.

A comparison of the hybridization of the actinide 5 f states
with oxygen 2p states in the higher oxides with that of the
dioxides reveals a much enhanced hybridization. The actinide
5f electron density is spread throughout the O 2p density
in the valence band, whereas in the actinide dioxides the 5 f
density is much more disjunct from the O 2p density. Hence
the amount of covalent bonding has markedly increased in the
higher oxides. This finding is consistent with XPS and UPS
data.®®7

We have proposed that the here-predicted magnetic and
insulator properties of U3Og and Np,Os could be tested by
low-temperature resistivity and susceptibility measurements.
Experimental investigations of the predicted valencies could
provide further valuable information about the electronic
structures.
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