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Context

Mixed oxides (MOX), such as (Ui, Puy)Oo, play a key role in the
production of nuclear energy. Recycling loop: 10% of France national
electricity production, using spent nuclear fuel

CEA codes modeling fuel behavior in production

ALCYONE (PWR - Pressurized Water Reactor)
GERMINAL (SFR - Sodium-cooled Fast Reactor)

Aim

Need to improve current models to obtain larger safety margins

Generate a Machine Learning Interatomic Potential (MLIP)

Accurate: based on DIFL BEE BRI Bec
Fast: classic MD

. . . Final
Portable: tailored database T el AT

Characteristics
Energy, Forces, Stress

Eliott Dubois’ PhD work: MLIP for UO, |3] — Transfer to PuO,

Experiments vs. DFT predictions

Difficulties
Doubts about PuO, ground state magnetic phase

Apparent diamagnetic state at 4K [4], but large temperature-dependent
magnetic susceptibility may indicate AF'M structure, as seen in

Thl_XPuXOQ [5] and Ul_XPU.XOQ [6]

Small Néel’s temperature (transition to paramagnetism) |6
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DI Ul.leuxlog 1
| Neéel temperatures as a function of Pu content (gure from [6))
EZ <5HK for (U0-5,PUOO5)OQ
E
Difficult to obtain experimental results because of
radioactive decay, and inhomogeneity of the samples

concentration of diluent

DFT setup

PBEsol xc tunctional
Hubbard corrections: DFT4U
(U,J)=(6,0) eV: match band gap and lattice parameter [1]
Noncollinear magnetism + Spin Orbit Coupling (SOC)

No Occupation Matrix Procedure (OMC) |2

Hope SOC is enough to prevent metastability in the electronic landscape. ..

PBEsol+-U+4S0OC+3k

FCC [Fm3m (225) space group] AFM 3k stable phase [1]
— Same as in UOs, about 1eV/F.U. difference with diamagnetic structure

Computational details

Pu (5£°65%6p°6d!7s?) ; O (1s%25%2p?)
Liechtenstein scheme, E, = 600eV, 2 /4° k-points
AFM 3k initial magnetic state with 4up per Pu atom

<110> AFM
Dudarev et al, Parametrization of LSDA+U for noncollinear magnetic
configurations: Multipolar magnetism in UO,. Phys.Rev.Mater., 2019

<001> AFM 3k
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Singh et al. A first principles investigation of defect energetics and
diffusion in actinide dioxides. Journal of Nuclear Materials, 2024

BSD3 defect NEB

Predict the impact of defect migrations: diffusion path of one Pu atom
between stable fce sites (magnetism change between -+ and +++)
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Magnetic state of the (0,0,0) atom

Spontaneous magnetization

| Coupling of magnetic components between blue and red Pu
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Jump of observable values matching magnetic transitions

(U,Pu)O; systems

Magnetic Moments (Conf: 1) Magnetic Moments (Conf: 12) Magnetic Moments (Conf: 123)
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3k for Pu, 2k for U or 3k with small magnetic norm

This work was granted access to the HPC resources of IDRIS under the
allocation 2025-A0180906008 made by GENCI. We acknowledge EuroHPC
Joint Undertaking for awarding us access to Leonardo at CINECA, Italy
and MareNostrumb as BSC, Spain.

Conclusion and
perspectives

[1] Pegg, et al. Hidden magnetic order in plutonium dioxide nuclear fuel,
Phys. Chem. Chem. Phys., 2018

[2] Dorado et al. DFT + U calculations of the ground state and

Lack Of GXpeI‘imental d&ta metastable states of uranium dioxide, Phys. Rev. B, 2009

[3] Dubois, Utilisation des méthodes de machine learning pour la
description des oxydes mixtes a |'échelle atomique, Aix-Marseille
Université, 2024

[4] Raphael and Lallement, Susceptibilité magnétique de PuO,, Solid State
Communications

DEF'T setup is complex and computations
are costly, convergence is difficult
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Mixed oxydes are even harder
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