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Abstract

Research efforts on the description of the low temperature magnetic order and electronic prop-
erties of U3Og have been inconclusive so far. Reinterpreting neutron scattering results, we use
group representation theory to show that the ground state presents collinear out-of-plane magnetic
moments, with antiferromagnetic coupling both in-layer and between layers. Charge order relieves
the initial geometric frustration, generating a slightly distorted honeycomb sublattice with Néel
type order. The precise knowledge of the characteristics of this magnetic ground state is then used
to explain the fine features of the band gap. In this system, spin-orbit coupling (SOC) is of critical
importance, as it strongly affects the electronic structure, narrowing the gap by ~38%, compared
to calculations neglecting SOC. The predicted electronic structure actually explains the salient
features of recent optical absorption measurements, further demonstrating the excellent agreement

between the calculated ground state properties and experiment.

*

rolando.sanizQuantwerpen.be

t gianguido.baldinozzi@centralesupelec.fr



I. INTRODUCTION

The actinide element uranium is the main component of nuclear fuels, being most com-
monly applied in the form of the binary oxide uraniumdioxide (UO,) or as an alloyed metal.
These compounds are very susceptible to oxidation and their resulting physico-chemical
properties have been investigated extensively over the past decades [1-4]. Particular focus
has been given to the solid-state transformations occurring due to oxidation, which result
in the formation of the mixed-valence uranium oxides such as U3O7 and U3Og [5-10]. From
an application point of view, this interest relates mainly to the safe and sustainable man-
agement of nuclear fuel during fabrication, handling and storage or disposal. Additionally,
there has been a more fundamental interest to understand the properties and behavior of
actinide compounds, owing to peculiar electronic interactions between 5f and 6d orbitals

and the states of neighboring atoms [11-13].

The room temperature crystal structure of U3Og was determined with good accuracy by
Loopstra in 1964 [14], and electrical conductivity measurements demonstrated the semicon-
ductor nature of U3Og around the same time [15]. However, no measurements of the band
gap were reported at that time. Only during the past decade have experimental researchers
started studying pointedly the electronic structure and the magnetic properties of UsQOg.
There are now several reports of measurements using spectroscopy techniques to assess the
chemical state of the uranium atoms, and of the band gap [12, 16-20]. Furthermore, from the
theoretical point of view, various studies using first-principles methods have been published
[20-24].

U;30g is a system that stands out among oxide systems because of the expected anisotropic
character of magnetic interactions. Indeed, the crystal structure is layered, charge localiza-
tion is expected to occur, and magnetic moments are localized onto an almost undistorted
underlying triangular lattice. Interactions among layers produce strong anisotropic effects
generated by including further neighbors or using a different exchange coupling [25, 26].
Therefore, in this quasi-two-dimensional system, display of long-range magnetic correlations
is expected. The question of the description of the actual magnetic correlations in U3Og at
low temperature has been addressed in two recent research papers [24, 27]. Neutron scat-
tering was used to investigate magnetic order at low temperature, and the results provided

irrefutable evidence of magnetic superlattice reflections below 25 K. The phase correlates



with a heat capacity anomaly [28] and a magnetic susceptibility peak [29]. This supports
the onset of an antiferromagnetic (AFM) order below Ty =~ 25 K. Following the experi-
mental evidence, electronic structure calculations using density function theory (DFT) were
used to determine their respective energies [24]. However, to confidently assign the ground
state, all possible arrangements should be evaluated, which becomes an enormous effort if
the magnetic symmetry restrictions are not taken into account.

In this paper we adopt an approach based on group representation theory to settle the
matter of the ground state of U3Og. We compare the results of theory with DFT-based
calculations and with the experimental evidence, predicting systematic absences of mag-
netic reflections, and using this feedback to determine the unique model that explains the
experimental observations. Then we discuss the implications of this model of anisotropic
interactions among magnetic moments, that can be described by a generalized AFM Heisen-
berg spin Hamiltonian with in-layer inter-site anisotropic interactions between a ring of six
spins, while on-site interactions are responsible for a direct superexchange mechanism me-
diated by the px orbital of the O atoms bridging the layers. We find that, in the ground
state, the frustration of magnetic moments is lifted by charge order, producing a classical
Néel-type AFM state where the nearest-neighbor magnetic moments (intra-layer, but also
inter-layer) display an antiferromagnetic coupling. The precise knowledge of the character-
istics of this magnetic ground state is then used to evaluate the uranium chemical state by

Hirshfeld and Bader charge analysis, and to explain the fine features of the band gap.

II. COMPUTATIONAL METHOD

We performed our calculations with the VASP code [30], using the projector augmented-
wave method (PAW) [31]. The PAWSs for oxygen and uranium counted 6 and 14 valence
electrons, respectively (6s%6p°5f36d'7s, for the latter). The exchange-correlation interac-
tions were described within the PBE+U approximation, as applied by Dudarev et al. [32],
using Ueg = U — J = 3.96 €V, as in that seminal work. The energy cut-off was set to 600 eV,
energies were converged to within 107 eV, and forces to 0.03 eV/A. As mentioned above,
SOC was taken into account in all our calculations because of its important effect on the
electronic properties in other uranium oxide systems: for instance, calculations neglecting

SOC yield incorrect U 5f occupancies in U3O7, incorrectly predicting a metal instead of



a semiconductor character [33]. We also performed a GW calculation to benchmark our
PBE+U results [34]. We applied the partially self-consistent quasi-particle approximation
to GW (QPGWj,), which uses the spectral method to iterate the Green’s function and in-
cludes the non-diagonal components of the self-energy, as implemented in VASP [35]. The
dielectric function was calculated using a 9 x 14 x 14 k-point mesh. The complex shift n for

the Kramers-Kronig calculation was set at 0.02 [36].

III. RESULTS AND DISCUSSION
A. Symmetry analysis of the possible magnetic ground state

The symmetry group describing the crystal structure of the room and low temperature
phase of UsOg is Amm?2 (#38), with reported lattice parameters of a = 4.14(8) A, b =
11.96(6) A, and ¢ = 6.71(7) A[14]. The U atoms are coordinated with seven oxygen atoms,
forming edge-sharing UO; pentagonal bipyramids. The O atoms forming the pentagons and
the U atom sit in a plane, forming a stack of dense layers bridged by the apical O atoms
of the bipyramids (See Fig. S1 in the Supplemental Material [37]). In this structure, there
are two independent U atoms, Ul (Wyckoff position 2a) and U2 (Wyckoff position 4d),
associated to formal U and U°T, respectively [17, 18]. Miskowiec et al. [27] report the
appearance of superlattice reflections below T that can be generically indexed as (%kl)
This observation implies that the magnetic unit cell is twice the size of the crystallographic
unit cell along the direction of the a lattice parameter. The uranium magnetic moments
display a collective antiferromagnetic order below T which, as in UO,, can be represented
in terms of quantized spin waves (magnons). Below Ty, the magnetic order can be described
by a magnetic irreducible representation at the qz = (%OO) point of the Brillouin zone of
the non-magnetic phase (for further remarks on this, see Section II in the Supplemental
Material [37]). It is worth mentioning that several magnetic reflections of the type (101) are
extinct, a key piece of information for the final choice of the magnetic space group. The
magnetic irreducible representations at qz allow the determination of the complete set of
compatible magnetic structures that can be used to simulate the scattered intensities of a
neutron diffraction experiment. We add that the spin waves can couple with a zone center

phonon of symmetry A; producing a static distortion of the structure.
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There are only 4 possible magnetic configurations of magnetic moments localized at U
atom positions that generate magnetic reflections of the type (%kl) Each configuration be-
longs to a different magnetic irreducible representation (I',,qy = mZ1B3mZy@3mZs@E2my).
Two of these configurations involve collinear magnetic moments along the z-axis, the di-
rection normal to the dense layers (all magnetic moments have m, = m, = 0): the
magnetic space group induced by the mZ; irreducible magnetic representation is As,mm2
(OG#38.6.270 according to Litvin’s notation [38]) and the one induced by mZ, is the mag-
netic space group A;,mm'2" (OG#38.9.273). The two other configurations involve non-
collinear arrangement of the magnetic moments that align in the yz-plane (all magnetic mo-
ments have m, = 0). The mZ, magnetic irreducible representation gives the magnetic space
group As,mm’2" [OG#38.9.273, origin shifted by (3 0 0)], while mZs gives the magnetic
space group As,mm?2 [OG#38.6.270, origin shifted by (3 0 0)]. These four configurations
are the only ones compatible with the experiment and their specific arrangements of the
magnetic moments are directly responsible for different intensities of the predicted magnetic

reflections. They are depicted in Fig. 1.

Only the magnetic arrangement induced by the mZ; irreducible representation produces
the correct set of systematic extinctions for the (%Ol) magnetic reflections compatible with
the experiment. The corresponding magnetic structure displays interesting features: first of
all, the Ay, magnetic centring operator requires a stack of two layers of bipyramids UO~ to
describe the structure, effectively doubling the lattice along the x direction. Interestingly, the
magnetic symmetry induced by the mZ; irreducible representation forbids magnetic moment
localization at Ul. This correlates favorably with the hypothesis that Ul atoms have 6+
oxidation state [17]. Note that the magnetic structure induced by the other irreducible
representations would in principle permit magnetic moments on Ul. Moreover, symmetry
constrains the magnetic moments of nearest neighbor U2 atoms of a same layer in an AFM
configuration without breaking the A-centring or changing the (z,y) unit cell dimension
and, moving along x from one layer to the next, the magnetic moments of the the U2 atoms
also display an AFM coupling (see Fig. S1(d) in the Supplemental Material [37]). The low
q magnetic reflections predicted by the mZ; AFM model are listed in Table I.

Actually, the mZ; configuration corresponds to the one with smaller energy among those
analyzed in the set of DFT calculations in 24. Unfortunately, that set does not include

the three other configurations that are also predicted for magnetic instabilities at qz and



FIG. 1. The schematic figures above display the characteristic ordering of the magnetic moments
of U atoms within each one of the four possible structures. Only one of the two layers composing

the magnetic structure is represented. In the next layer magnetic moments are always flipped.

that are candidates to represent excited configurations of the ground state. Our calculations
provide slightly higher energies for these alternative models; actually, the mZ3 configuration
seems unstable and it converges to a configuration equivalent to the one induced by mZs.
To summarize, As,mm?2 is the space group of the ground state of U3Og compatible with
the experimental evidence and it corresponds to a stack of two opposite Néel-type magnetic
states where all U2 magnetic moments in the next layer systematically flip along z, and
where the U2 atoms within a same layer form a six-spin ring of alternating ordered AFM
moments. This is illustrated in Figures 2, where we show the calculated magnetization
density m,. The gold (cyan) color indicates that the magnetic moment is in the positive
(negative) direction. Figure 2(a) displays a top view of the unit cell, clearly showing that
the magnetic moments arrange to form a honeycomb lattice with Néel type AFM order. We
note that the magnetic moments are quite localized. The magnetization isosurfaces shown
correspond to a value of only 5% of the maximum value. The bonding between U2 atoms

is asymmetric in the in-plane directions, suggesting an effective coupling of the magnetic



TABLE 1. Low q magnetic reflections predicted by the mZ; AFM model.

HKL ¢ (A~!) Model prediction Miskowiec [27]

(100) 0.76 extinct absent
(110) 0.92 extinct absent
(101) 1.20 extinct absent
(120) 1.29 extinct absent
(111) 1.31 “strong” observed
(121) 1.60 extinct absent
(130) 1.75 extinct absent
(131) 1.98 very weak quite weak
(102) 2.02 extinct absent
(112) 2.09 extinct absent
(140) 2.23 extinct absent
(300) 2.27 extinct absent
(122) 2.28 very weak observed
(310) 2.33 extinct absent

instability with the I'; phonons. Figure 2(b) shows a side view, exhibiting the interlayer
AFM coupling.

B. Electronic structure: spin-orbit coupling and charge ordering

The electronic density of states was reported in Ref. 24, following a DFT+U approach
including SOC. Our results agree qualitatively; see the bands and density of states plots in
Section IIT in the Supplemental Material [37]. We just note here that our band gap value is
1.27 eV, and that the spin and orbital magnetic moments of the U2 atoms are +0.90 up and
F1.17 ugp, respectively [39]. It is important to recognize that there is a notable cooperative
effect between charge localization and SOC. Without charge order, i.e., without the electron
correlation provided by the Hubbard U, U3Og is predicted to be a metal, with the manifold
of 5f states of the Ul and U2 atoms quasi degenerate in energy. Localization splits the the
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FIG. 2. Magnetization density along the direction of the a-axis. Gold indicates a positive mag-
netization and cyan a negative one. (a) Top view of the orthorhombic unit cell. This shows the
in-plane honeycomb Néel type AFM order. (b) Side view of the unit cell, showing the inter-layer
AFM coupling. This strongly suggests a type of superexchange mechanism mediated by the oxygen

atoms between the U2 atoms.

Ul and U2 atoms f states around the Fermi level, allowing the opening of the gap, with the
U2 f states dominating the upper valence band and the Ul f the lower conduction band.
Therefore, a finite U value is required to drive the system into the AFM phase: from a
fundamental point of view, this might have interesting consequences in substituted systems
as tuning the Hubbard value can lead to critical properties. Moreover, minimal seeds of
+0.01 pp are sufficient to obtain the correct AFM order and correct magnetic moments.
On the other hand, SOC acts to strongly lower the cost of occupying the Ul states in the
conduction band, thus reducing significantly the band gap. This is illustrated in the upper
panel in Fig. 3, where we compare the total density of states of a calculation including
SOC and a calculation neglecting it (with same magnetic moment configuration). In the
latter case the band gap widens to 2.05 eV, a dramatic change from the 1.27 eV of the SOC
calculation. Such a giant SOC effect on the conduction band has been reported in other
systems, such as hybrid perovskites [40]. Moreover, the amplitude of the magnetic moment
of the U2 atoms is strongly affected by SOC, as they are estimated to be 1.13 ug, i.e., ~26
% larger, when SOC is neglected (further analysis of the effect of SOC on the U 6p and 5 f
projected densities of states, see Section IV in the Supplemental Material [37]).

To gauge the band gap value obtained with a PBE+U+SOC calculation, we considered



TABLE II. Calculated U atom charge states

U atom Formal charge Hirshfeld-I Bader®

Ul 6+ 4.144 3.068
U2 5+ 3.723 2.910

Bader charge state: # valence e —Bader charge

a more accurate approach. As already indicated, for this purpose we performed a partially
self-consistent quasiparticle QPGW) calculation, including SOC. In this approach the self-
energy (i.e., exchange and correlation) is described in a more fundamental way, yielding
band gap values much closer to experiment [35]. Our QPGW) calculation gives a band gap
value of ~1.20 eV, only ~6% below the PBE+U+SOC result. We judge that this finding
strongly supports the quality and robustness of our results. The small difference could be an
indication that the Hubbard U electronic screening correction value used in our calculation
is slightly larger than what is optimally required for U3Og. Be that as it may, a slightly
lower U value would have no significant qualitative impact on our results, bringing only
small quantitative changes. In the lower panel of Fig. 3 we show rapid rapid convergence of

the QPQW, band gap value with iteration number.

A decomposition of the charge density in an extended solid can be performed by AIM
methods that have the advantage of providing a sum rule for the expectation values of the
charge obtained by a topological partition of the whole system [41]. Two methods provide
a good correlation between the quantum mechanical charge density and the qualitative
concepts of atomic charge: the iterative Hirshfeld method (Hirshfeld-I) and the Bader charge
analysis. The Hirshfeld-I method is based on sharing the charge density at each point in
space among the surrounding atoms in proportion to a reference density at the corresponding
distances from the nuclei [42]. In the Bader charge analysis the charge is divided among
atoms by what are called zero-flux surfaces in the 3D charge density [43]. Results of both
methods are reported in Table II. The higher value associated to the Ul atomic site indicates
this site has a higher formal valence state as compared to atomic site U2, as is expected from
experimental evidence [17]. Furthermore, the values assigned from the Bader charge analysis
agree well with reported values for U™ (3.070) and U (2.965) in U3Og [44]. Similarly, the
Hirshfeld-I charge values are in agreement with those in U%* and U environments reported

recently in the related structure of UsO7 [33].
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C. Proposed superexchange coupling mechanism between U2 atoms in adjacent

layers

We posit that the AFM coupling between U2 atoms across layers can be understood
in terms of the 180° cation-anion-cation superexchange mechanism advanced by Anderson,
Kanamori, and Goodenough in the 1950s (see Refs. 45-47). A precise discussion of the
mechanism is complicated by the fact that spin is no longer a good quantum number be-
cause of SOC. However, SOC can be reasonably ignored in a qualitative discussion of the
mechanism. First, we point out that the approximate point group of the U2 atoms is C'hv.
Crystal field splits the f orbitals into states belonging to four irreducible representations of
the approximate point symmetry group Chv: Ay, Ey, Es(1), and F(2), as shown in Fig. 4.
The Ey(1) states have the lowest energy, while the non-degenerate A; state has the highest
energy, represented by the f,s spherical harmonic base function. Using Anderson’s termi-
nology [45], in the “lonic configuration” the U2 ions have a formal 5+ valence state and the
bridging O ion a 2— valence state. The U2 ions are in their high spin state, while the O
ion has zero spin. In the superexchange mechanism, an electron from the O ion is excited
via a virtual process to an empty state in one of the U2 ions. Here this can occur because
the A; f,s orbital overlaps with the O p, orbital, and, following Hund’s rule, the virtual
electron maximizes the total spin virtual configuration of U2. At the same time, the other
electron of the O~ ion, which has opposite spin, couples ferromagnetically to the other U>*
ion (because the p, orbital is orthogonal to the states belonging to F5(1)). This mechanism
can explain the resulting AFM U2-U2 coupling across layers. The in-plane AFM coupling is
simpler and may be described by a traditional anisotropic Heisenberg hamiltonian. Similar
anisotropic couplings, generating a very rich phenomenology, were seen in other systems

(25, 26].

D. Optical absorption and band gap

To provide a further comparison with experiment, we calculated the dielectric function
and absorption coefficient of U3Og. As can be expected, U3QOyg is optically anisotropic, close
to uniaxial. We considered, thus, the isotropic averages (i.e., one third of the trace of the

tensors), which can be directly compared with data from a polycrystalline sample (for more
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details on the calculations, see Section V in the Supplemental Material [37]). We use the
report of He and co-workers [16] as benchmark, as it is more detailed than other studies
[19, 20]. We assert that our results explain the reasons for the specific structural features
observed in the absorption spectrum. In Fig. 5(a) we present plots of the imaginary part of
the dielectric function and of the absorption coefficient. Absorption starts to develop only
as energies approach ~2 eV, clearly indicating that the joint density of states at lower
energies is nearly negligible. After a dip around ~2.7 eV, a second strong increase in
absorption develops around ~3 eV. These features are readily interpreted as arising from
U2 to Ul transitions [see the projected densities of states in Fig. S2(b)]. For comparison
with Ref. 16, in Fig. 5(b) we present the plots of two types of Tauc plots. Such plots are
often used in experiment to interpret absorption spectra. Typically, the absorption edge
is assumed to indicate the value of the fundamental band gap. The plots presented in
Ref. 16 are remarkably close to ours, regarding both the absorption coefficient and the Tauc
extrapolations [48]. From the extrapolations, He and co-workers deduce that their sample
would contain a mix of U3Og and UQOj3, with the lower absorption edge indicating the band
gap of U3Og and the one above the band gap of UOj3 [49]. As our calculation shows, however,
the lower absorption edge does not indicate the band gap value of U3Og. Indeed, the density
of states at the top of the valence band is too low to result in a significant absorption. It is
the strong increase of the density of states at energies approaching 0.6 eV below the valence
band that gives rise to the sharp increase in the absorption (peaking just above 2 eV). The
linear extrapolations only indicate at what energy this apparent absorption onset begins.
Thus, the conclusion in Ref. 16 that the band gap of U3Og falls between 1.67 and 1.81 eV

appears to be due to a misinterpretation of the Tauc plots they analyze [50].

IV. CONCLUSIONS

In this work, starting from neutron scattering data, we use group representation theory
to irrefutably determine the ground state magnetic order in U3Og. First-principles methods
were subsequently used to show that the low temperature phase of U3Og has the configura-
tion of a Néel state, with simultaneous in-layer and inter-layer AFM coupling. The in-layer
geometric frustration is relieved by charge localization. In this system, SOC is of critical

importance, and it was found to strongly affect the states of the conduction band, narrowing
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the gap by ~38% compared to calculations neglecting it. The predicted electronic structure

explains the salient features observed in optical absorption measurements and it provides

an excellent match between the description of the electronic structure of the ground state

model and experiments.
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