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The mechanical properties and elementary deformation processes of ceria nanoparticles are investigated under uniaxial compression using quasi-static atomistic simulations and a fixed charge empirical potential. Results show a strong size-dependence of both the stress response and the plastic deformation phenomena that are characterized by amorphization and recrystallization processes that initiate from the surfaces in smaller-size samples, while the the propagation of {111} nanotwins is observed in larger nanoparticles. In particular, we point out that the recrystallized phase is made of reoriented fluorite that behaves as a structural seed for the nucleation of 1 6 <112> {111} partial dislocations at the origin of the nanotwins. Similarities with plastic deformation processes of FCC metals at the nanoscale are outlined and discussed.

Introduction

Ceria (CeO 2 ) and its derivatives such as reduced ceria, doped ceria, ceria-based composites are currently employed in various domains of applications among which reactive chemistry, energy materials and medicine [START_REF] Montini | Fornasiero, Fundamentals and catalytic applications of ceo2-based materials[END_REF][START_REF] Seal | Engineered defects in cerium oxides: tuning chemical reactivity for biomedical, environmental, & energy applications[END_REF]. Most of nanoceria applications are related to its catalytic properties [START_REF] Aneggi | 3 -catalytic applications of cerium dioxide[END_REF] involved in hydrocarbon conversion reactions [START_REF] Li | gold core)@(ceria shell) nanostructures for plasmon-enhanced catalytic reactions under visible light[END_REF], three way catalysts [START_REF] Diwell | The role of ceria in three-way catalysts[END_REF], and water splitting reactions [START_REF] Demir | Nanoceria-supported ruthenium(0) nanoparticles: Highly active and stable catalysts for hydrogen evolution from water[END_REF]. Regarding energy applications, cerium oxide is used in supercapacitors [START_REF] Jeyaranjan | Morphology and crystal planes effects on supercapacitance of ceo2 nanostructures: Electrochemical and molecular dynamics studies[END_REF], batteries [START_REF] Han | Ceo 2 nanoparticles embedded into one dimensional n doped carbon matrix as a high performance anode for lithium ion batteries[END_REF], solid oxide fuel cells [START_REF] Raza | Functional ceria-based nanocomposites for advanced low-temperature (300-600 °c) solid oxide fuel cell: A comprehensive review[END_REF] and solar cells [START_REF] Sayyed | Eosin-y sensitized bi-layered zno nanoflower-ceo2 photoanode for dye-sensitized solar cells application[END_REF]. More recently, ceria attracted a renewed interest in the field of biomedicine [START_REF] Shcherbakov | 8 -biological, biomedical and pharmaceutical applications of cerium oxide[END_REF], as for instance in enzymemimetic chemistry [START_REF] Pirmohamed | Nanoceria exhibit redox state-dependent catalase mimetic activity[END_REF], as well as for cancer [START_REF] Shcherbakov | Advances and prospects of using nanocrystalline ceria in cancer theranostics[END_REF] and neurological therapeutics [START_REF] Naz | Cerium oxide nanoparticles: a 'radical' approach to neurodegenerative disease treatment[END_REF]. Most of these applications rely on the redox properties of CeO 2based nanomaterials that can easily be reduced to produce Ce 3+ ions and oxygen vacancies. Several parameters regulate the Ce 3+ /Ce 4+ ratio and redox reactions. Among these, the surface over volume ratio (particularly high at the nanoscale) and the surface orientations are of primary importance [START_REF] Sayle | Oxidising co to co2 using ceria nanoparticles[END_REF][START_REF] Sayle | The role of oxygen vacancies on ceria surfaces in the oxidation of carbon monoxide[END_REF]. The most reactive surface of nanoceria is {100}, it is also the less stable when compared to {110} and {111} [START_REF] Sayle | The role of oxygen vacancies on ceria surfaces in the oxidation of carbon monoxide[END_REF][START_REF] Skorodumova | Surface properties of ceo 2 from first principles[END_REF][START_REF] Lundberg | Crystallography and porosity effects of co conversion on mesoporous ceo2[END_REF][START_REF] Zhou | Enhanced catalytic activity of ceria nanorods from well-defined reactive crystal planes[END_REF]. The chemical composition of the environment and alloying elements as well impact the oxygen vacancy concentration in ceria and its chemical reactivity [START_REF] Lawrence | Defect engineering in cubic cerium oxide nanostructures for catalytic oxidation[END_REF][START_REF] Landau | Grain boundaries in nanocrystalline catalytic materials as a source of surface chemical functionality[END_REF][START_REF] An | Grain boundary blocking of ionic conductivity in nanocrystalline yttria-doped ceria thin films[END_REF][START_REF] Symington | The role of dopant segregation on the oxygen vacancy distribution and oxygen diffusion in CeO2 grain boundaries[END_REF]. Interestingly, several studies evidence the influence of strain on the oxygen transport and chemical reactivity [START_REF] Landau | Grain boundaries in nanocrystalline catalytic materials as a source of surface chemical functionality[END_REF][START_REF] An | Grain boundary blocking of ionic conductivity in nanocrystalline yttria-doped ceria thin films[END_REF][START_REF] Symington | The role of dopant segregation on the oxygen vacancy distribution and oxygen diffusion in CeO2 grain boundaries[END_REF]. In particular, grain boundaries have been shown to hamper the oxygen diffusion [START_REF] An | Grain boundary blocking of ionic conductivity in nanocrystalline yttria-doped ceria thin films[END_REF][START_REF] Symington | The role of dopant segregation on the oxygen vacancy distribution and oxygen diffusion in CeO2 grain boundaries[END_REF]. Despite these applications, the mechanical properties of ceria nanocrystals have been scarcely characterized. The mechanical properties of nanocrystals generally show a strong dependence on size and shape and raised a renewed interest since the early 2000' and the work of Uchic et al. [START_REF] Uchic | Sample dimensions influence strength and crystal plasticity[END_REF][START_REF] Greer | Plasticity in smallsized metallic systems: Intrinsic versus extrinsic size effect[END_REF][START_REF] Mordehai | Nucleationcontrolled plasticity of metallic nanowires and nanoparticles[END_REF][START_REF] Amodeo | Modeling the mechanical properties of nanoparticles: a review[END_REF]. Essentially, the main characteristics of nano-objects mechanical properties when compared to bulk can be summarized as follows: (i) they typically show an extended elastic limit; (ii) dissipation mechanisms are often triggered by a dislocation nucleation process (instead of the classical multiplication one); (iii) plastic deformation tends to occur at particularly high stress (in the GPa range) due to the lack of preexisting defects. The characterization of plastic deformation elementary processes in nano-objects is quite demanding from an atomistic modelling point of view, and often require system sizes of at least several thousands of atoms which limits the applicability of electronic structure methods. To reach a sufficiently large system size in ceria, Sayle and coworkers employed dedicated empirical interatomic potentials to study the effect of large strains on ceria nanoparticles and nanowires. Mechanical properties of ceria nano-objects were investigated under compression [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF][START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF][START_REF] Morgan | Protecting ceria nanocatalysts-the role of sacrificial barriers[END_REF] and tension [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF][START_REF] Sayle | Elastic deformation in ceria nanorods via a fluorite-to-rutile phase transition[END_REF], some effects due to the nanoparticle shape were also discussed [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF]. Several elementary processes responsible for plastic dissipation in ceria nanocrystals were identified including amorphization under compression in cuboidal, polyhedral and coreshell particles [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF][START_REF] Morgan | Protecting ceria nanocatalysts-the role of sacrificial barriers[END_REF], surface dislocation nucleation in compressed ⟨110⟩-oriented nanorods [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF], and fluorite-to-rutile phase transformation in ⟨110⟩oriented nanorods under tension [START_REF] Sayle | Elastic deformation in ceria nanorods via a fluorite-to-rutile phase transition[END_REF]. Park et al. reported another phase transformation mechanism from the fluorite structure to a tetragonal phase occurring during the nanoindentation of CeO 2 thin films [START_REF] Park | Deformation-induced charge redistribution in ceria thin film at room temperature[END_REF].

In the present paper, we perform nanocompression simulations of CeO 2 nanocubes with size ranging from 3 to 22 nm to investigate the elementary processes responsible for ceria deformation at the nanoscale. As the size increases, successive plastic dissipation mechanisms are identified while the yield stress increases. Among these mechanisms, a recrystallization process (local fluorite subgrain reorientation) is evidenced and discussed. The observed size dependent plastic behavior is rationalized and compared with observations made in other oxide and metal nanosystems.

Computational methods

Material properties calculations

Atomistic simulations in CeO 2 are performed using the open-source code LAMMPS [START_REF] Thompson | LAMMPS -a flexible simulation tool for particle-based materials modeling at the atomic, meso, and continuum scales[END_REF] with the Born model parameterization of Sayle et al. [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF] which was successfully employed in numerous nanomechanical studies [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF][START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF][START_REF] Morgan | Protecting ceria nanocatalysts-the role of sacrificial barriers[END_REF][START_REF] Sayle | Strain and architecture-tuned reactivity in ceria nanostructures; enhanced catalytic oxidation of co to co2[END_REF]. Charge summation is performed using the Multilevel Summation Method (MSM) with an accuracy on relative forces of 10 -4 to efficiently assess the electrostatic interactions [START_REF] Hardy | Multilevel summation of electrostatic potentials using graphics processing units[END_REF]. Structural energy minimizations were handled using either the conjugate gradient or the FIRE algorithms [START_REF] Bitzek | Structural relaxation made simple[END_REF] until all atomic force components were found below a stopping criterion f m =10 -6 eV/ Å.

To further validate the use of atomic interaction potentials, parts of the properties are also computed with DFT calculations using the VASP software [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a planewave basis set[END_REF][START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented waves method[END_REF] with the projected augmented wave method (PAW) [START_REF] Blöchl | Projector augmented-wave method[END_REF]. The DFT+U approach is employed to take into account strongly correlated and localized 4f electrons of Ce. A Hubbard U term is added to the LDA functional [START_REF] Perdew | Self-interaction correction to density-functional approximations for many-electron systems[END_REF] (LDA+U ) within the simplified rotationally invariant approach, introduced by Dudarev et al. [START_REF] Dudarev | Electron-energy-loss spectra and the structural stability of nickel oxide: An lsda+u study[END_REF]. The effective Hubbard term U ef f (U ef f = U -J) is chosen to be 5.3 eV. To model the fluorite bulk structure , we use a unit cell of 12 atoms with a Monkhorst-Pack mesh of 4 × 4 × 4, as well as a cutoff energy of 500 eV for the Kohn-Sham wavefunctions. Geometry optimisations done with DFT are stopped whenever all the ionic force components are brought below a 10 -3 eV/ Å convergence criterion. Lattice and elastic properties computed for bulk ceria using the Sayle potential as well as DFT+U are presented in Table 1.

Table 1: Lattice and elastic properties of bulk CeO2 computed using the Sayle [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF] and DFT+U-PAW potentials. a is the lattice parameter in Å. C ij are the components of the elastic constants tensor in GPa. The bulk modulus B, the shear modulus G, the Young's moduli E (in GPa) and the Poisson ratio ν are calculated using the Voigt approximation. E is the average Young modulus, E [hkl] provides the Young moduli in the [hkl] direction.

Properties

Exp. [ 164.0 193.9 353.3

In addition to lattice and elastic properties, Generalized Stacking Fault Energies (GSFE) [START_REF] Vítek | Intrinsic stacking faults in bodycentred cubic crystals[END_REF] are also computed using the Sayle potential [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF] to help at interpreting nanocompression outcomes. GSFE inform on the stability and energy cost of various stacking faults providing valuable piece of information to dislocation models [START_REF] Chen | Deformation twinning in nanocrystalline aluminum[END_REF][START_REF] Van Swygenhoven | Stacking fault energies and slip in nanocrystalline metals[END_REF]. GSFE calculation basically consists in computing the excess energy generated when shifting the atoms contained in the half-part of a columnar supercell along a single direction within the stacking fault plane (e.g., along a Burgers vector direction) or mapping the entire plane, what leads to γ-line or γ-surface energy plots, respectively. Here, constrained GSFE are computed following the methodology employed by Guénolé et al. [START_REF] Guénolé | Unexpected slip mechanism induced by the reduced dimensions in silicon nanostructures: Atomistic study[END_REF]. Starting from a 1 × 1 × 10 supercell, the cell is reduced in the z direction perpendicular to the stacking fault plane, using a compressive strain ranging from 0 to 30% with strain steps of 5%. Practically, the upper-half part of the atoms is iteratively shifted along the x-and/or yaxis directions (in-plane directions) by a translation vector ⃗ t while the third direction is tilted respect to z-axis by the same vector to preserve the simulation cell periodicity.

The energy of the system is minimized after each displacement down to a force norm of f m =10 -6 eV/ Å. During each minimization, atoms are allowed to relax only perpendicularly to the fault plane (i.e., along the z-axis) whereas the simulation box is kept unchanged to maintain the imposed strain condition.

Nanocompression simulation method

⟨100⟩-oriented CeO 2 nanocubes with edge length of 3, 6, 11, 16 and 22 nm are built replicating the ceria unit cell in the 3 dimensions of space. Due to the polar nature of the {001} fluorite surfaces (type 3 surface following the Tasker classification [START_REF] Tasker | The stability of ionic crystal surfaces[END_REF]), the in silico fabrication of CeO 2 nanocubes leads to hetero-surfaces i.e., each ⟨100⟩ surface is entirely made up of cerium or oxygen atoms leading to charged surfaces. In order to avoid high energy and large forces in the initial configuration, [START_REF] Tasker | The stability of ionic crystal surfaces[END_REF][START_REF] Noguera | Polar oxide surfaces[END_REF], half of the oxygen atoms from the O-rich surfaces are displaced to the opposite Ce-rich ones. This transformation reduces by a factor of two the surface effective charge as expected by charge redistribution mechanisms that allow the energetic stabilization of polar oxide surfaces [START_REF] Noguera | Polar oxide surfaces[END_REF]. After building, samples are relaxed using a force norm criterion of f m =10 -6 eV/ Å.

Compression simulations are carried out using the quasi-static method where successive configurations are obtained after a deformation followed by the minimization of the potential energy [START_REF] Albaret | Mapping between atomistic simulations and eshelby inclusions in the shear deformation of an amorphous silicon model[END_REF].

To model the compression, two infinite and planar force fields representing the nanoindenter and the substrate are initially set at the top and bottom surfaces of the sample following the approach introduced by Issa and collaborators [START_REF] Issa | In situ investigation of mgo nanocube deformation at room temperature[END_REF]. Each force field is defined as a repulsive harmonic potential with its normal aligned along the compression axis and a spring constant K = 100 eV/ Å. During compression, the indenter is iteratively displaced along z, the compression axis direction, with a stepwise displacement corresponding to an engineering strain increment of ∆ε zz =-0.1 %. The zero strain state reference is fixed at the onset of contact homogeneity between the surfaces of the nanocube and the indenters. This state is usually preceded by a transient accomodation stage characterized by a partial contact. The axis of compression z is fixed and intially coincides with the [001] direction of the nanocrystal. In the following we only consider nanocubes under compression, for simplicity we will denote by "strain" the compressive strain using the notation ε = -ε zz to track the compressive strain as a positive quantity. After each indenter step the potential energy of the nanocube is minimized using a stopping criterion f m =10 -6 eV Å, the both indenter force fields being kept fixed. The true compressive stress, σ = f /S, is calculated at each step using the instant indenter force f and contact area S, assuming a rectangular shape for the latter. σ is then estimated as the average between top and bottom surfaces. Atomic configurations are visualized using OVITO [START_REF] Stukowski | Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool[END_REF] and local crystal structures are identified using the Common Neighbor Analysis (CNA) algorithm [START_REF] Honeycutt | Molecular dynamics study of melting and freezing of small lennard-jones clusters[END_REF] applied to the FCC Ce sublattice only.

Results

Mechanical response of CeO 2 nanocubes under compression

Stress-strain curves inferred from compression simulations of CeO 2 nanocubes are displayed in Figure 1(a). The data are reported after an accommodation stage during which pending atoms reorganize under the indenter which may lead to a non-zero initial stress observable in the figure at the lowest sizes. From this initial reference, all the curves display a nearly-linear regime consistent with a dominant elastic behaviour. At larger strain, a highly non-linear plastic deformation regime is obtained. During the first stages of compression (ε <5%), small atomic rearrangements are observed in the vicinity of the surfaces, close to the indenters and substrate. These rearrangements evolve into disordered surface regions (see Figure 2(a.1)-(b.1)), in agreement with the high mobility of ceria ions of {001} polar surfaces [START_REF] Castanet | Controlling the 111/110 surface ratio of cuboidal ceria nanoparticles[END_REF]. For the larger nanocubes in the 11-22 nm size range, these regions are rather thin (∼5.5 Å ) i.e., two times the interplanar distance between cerium layers in the <001> direction. Thicker disordered regions that expand up to ∼7.75-11 Å (i.e. 3 to 4 {001} cerium layers) are generated in the smaller nanocubes (3 and 6 nm).

The onset of plastic deformation occurs at almost same strain whatever the system size, namely at 8 % ± 0.5 %, but at different yield stress. Indeed, the strength of ceria nanocubes decreases with size (smaller is softer ) as shown by the comparative evolution of the [001] Young's modulus and the yield stress with respect to the size shown in Figure 1(b). This strength behaviour contradicts recent conclusions drawn from similar MD compression simulations performed in Si or Ni 3 Al nanocubes for which the authors emphasize the lack of size-effect on the sample strength [START_REF] Amodeo | Modeling the mechanical properties of nanoparticles: a review[END_REF][START_REF] Amodeo | Mechanical properties and dislocation nucleation in nanocrystals with blunt edges[END_REF][START_REF] Kilymis | Uniaxial compression of silicon nanoparticles: An atomistic study on the shape and size effects[END_REF]. Indeed, the stress distribution in cubic-shaped sample is quasi-homogeneous what normally impedes sizeeffect if one assumes a unique deformation mechanism. However in ceria nanocubes, we will see that the size-effect can be attributed to changes in the elementary deformation processes rather than on size/shape-dependent stress concentration, as commonly observed in (non-cubic shaped) nanoparticles. For the smallest samples and up to 11 nm, the stress-strain curves show successive stress drops and reloads consecutive to the yield point followed by a steady-state regime at lower stress starting at about ε ∼17%. For larger sizes (16 and 22 nm), the initial plastic regime consists in a low-amplitude stress drop followed by a stress increase (strainhardening) up to ε ∼12% where a large-amplitude stress drop happens, the rest of the stress-strain curves being characterized by a reload and similar steady-state regimes than in smaller-size nanoparticles.

Size-dependent elementary deformation processes of CeO 2 nanocubes 3.2.1. Sub-10 nm size nanocubes

The first significant stress drops observed between 8% and 10% strain in Figure 1(a) for the 3-nm and 6-nm samples are characterized by local amorphization starting from the surface. The Indeed, ⟨001⟩ is the strongest direction in ceria (see E [hkl] in Table 1), and any deviation from the compression axis induces softening. The maximum stress reduction σ max tilt , due to homogeneous sam-ple reorientation can roughly be estimated from anisotropic elasticity:

σ tilt (θ, ε) = (E [001] -E(θ))ε, (1) 
where θ is the tilt angle, ε is the engineering compressive strain imposed during the simulation and E(θ) is the azimuthal average of the Young's modulus over the directions showing a θ tilt angle with respect to [001]. E(θ) is calculated using the anisotropic elasticity in a cubic crystal (see [START_REF] Wortman | Young's modulus, shear modulus, and poisson's ratio in silicon and germanium[END_REF] for an example in diamond silicon). Using Equation 1, the crystal reorientation contribution to stress is moderate up to ε =10% strain with a stress reduction of 0.2 GPa in the 3-nm and 6-nm cubes for a tilt angle of ∼ 4.3 • . It increases at 20 % strain up to 2.7 GPa and 5.9 GPa for the 3-nm and 6-nm samples and tilt angles of ∼ 11.1 • and ∼ 17.2 • , respectively.

In summary, the dominant plastic mechanism of sub-10 nm size ceria nanocubes relies on an amorphization process starting from the surfaces. Nonetheless, this process can be associated with crystal reorientation with respect to the compressive axis that enhances the plastic deformation process.

Intermediate size nanocubes

Initially, the plastic behavior of the 11-nm edge nanocubes compares with smaller samples: from 8 % of strain, amorphous regions appear on the opposite top and bottom edges/corners of the nanocubes what leads to the reorientation of the rest of the sample. At slightly larger strain (ε≳12%), phase transformation occurs in pyramidal-shape domains which appear as triangular regions in Figure 2 ). During the transformation, the network of Ce atoms follows a smooth and continuous evolution driven by the compression which is comparable to the FCC-to-BCC Bain transformation observed in metals [START_REF] Bain | The nature of martensite[END_REF]. However, the transformation observed in CeO 2 involves the disruption and creation of Ce-O bonds that make the transformation irreversible. Both configurations can easily be recognized using plane projections. As seen in Figure 4, the Ce 2Dunits of the original structure initially draw a leftoriented parallelogram while the transformed Ce 2D-units are arranged as squares using the same projection.

Before examining further the recrystallization process, we verified whether the observed plastic process is a bias of the Sayle interaction potential or if it can be validated by a more accurate electronic structure model. To do so, we performed Nudged Elastic Band (NEB) calculations [START_REF] Jónsson | Nudged elastic band method for finding minimum energy paths of transitions[END_REF] with the climbing technique [START_REF] Henkelman | A climbing image nudged elastic band method for finding saddle points and minimum energy paths[END_REF] using DFT (VASP code) and the Sayle's potential on the same CeO 2 fluorite unit cell containing 6 atoms. The NEB calculations are designed with the starting point as the original fluorite unit cell (as oriented before recrystallization) and the ending point as the recrystallized configuration. The cell parameters of the intermediate images are fixed as a linear interpolation between these two limits, 11 images are built for the VASP and classical calculations. We checked that increasing the number of images to 101 images in the NEB classical calculation changes the energy barriers by less than 0.1 meV per crystal unit. The only variational parameters are the positions of the atoms for each image. A spring constant of 1 eV/ Å2 is used between the atoms of neighbouring images along the NEB path and the convergence criterion on the atomic forces is set to 5×10 -3 eV/ Å. To mimic the compression simulation, the starting NEB configuration is deformed to ε=15% and ε=30%. Simulation results are provided in Figure 5. Activation energy barriers computed using DFT and the Sayle potential are reasonably comparable up to ε=15% strain, which is above the critical strain for triggering recrystallization in the quasi-static compression simulation. Both DFT and Sayle potential NEB simulations show that increasing strain in the original fluorite structure is favourable to the recrystallization process reducing the activation energy barrier. From a configurational point of view, the two models show similar configurations with 6-fold coordinated cerium atoms at the saddle point (Figure 5, top panel). While an approach including Grain Boundary (GB) formation energy would help at providing a more comprehensive description of the recrystallization process in nanoceria, here we confirm the capability of the Sayle inter- atomic potential to reproduce elementary atomic processes involved during transformation by a direct comparison to DFT. These results confirm that the recrystallization process observed in CeO 2 is not an artefact due to the Sayle's potential.

In the 11-nm cube, recrystallized regions develop preferentially from the bottom contacting surface and shrink as they progress inside the nanoparticle as shown by the triangular domain obtained in Thus, the same kind of structural and shape changes as those observed in smaller cubes are observed here but triggered this time by a recrystallization process (intermediate size nanocubes) rather than by amorphization (sub-10 nm size nanocubes). Furthermore, two additional plastic relaxation mechanisms associated to the recrystallization process can be identified in intermediate size samples. First, plastic strain is produced along the compression direction where the [001] direction of the original fluorite structure changes into [110] after recrystallization. Here, the lattice spacing changes from 5.423 Å to 3.835 Å what corresponds to a diminution of about ∼30%. Second, stress dissipation also arises from the reduction of the Young's modulus in the recrystallized zone when switching from the hard [001] direction to the softer [110] (see Young's moduli in table 1). Using local atomic stress field and Voronoi's volumes averaged over ∼300 atoms inside the transformed region, we estimate a stress relaxation of about ∆σ zz =-22 GPa between ε=10.05% and ε=12.05% inside the recrystallized domain. This variation is roughly a factor 3 larger than the true stress relaxation in the same strain interval what confirms recrystallization as a major dissipation process in nanoceria. The definition of the recrystallized region boundaries is not straightforward due to near surface and corners disordering. However, {111} GBs can be identified with respect to the pristine fluorite crystal structure. As the deformation proceeds, already recrystallized domains continue to grow while new recrystallized embryos nucleate close the the top and bottom surfaces of the nanocube. 

Larger size nanocubes: 16 and 22 nm

Up to ε ∼12%, all the deformation mechanisms described previously operate in larger nanocubes. While amorphization and disorientation are observed to a lesser extent, the recrystallization process is easily recognized as shown in the 22-nm ceria nanocube (Figure 2(c.1)). Note that because the former FCC cerium sublattice in the recrystallization domain is widely strained, cerium atoms are labelled as BCC by OVITO. This feature also confirms the evolution of the recrystallized Ce network in terms of Bain transformation. Recrystallizationinduced plastic relaxation is identified on the stressstrain curve by the first stress diminution at ε=8.5% and in the consecutive strain-hardening regime (up to ε=12.5%) where the recrystallized phase spreads over the surfaces in contact with the indenter and substrate before the occurrence of a massive load drop. The stress dissipation mechanism associated with this catastrophic load drop in larger nanocubes relies on the nucleation of 1/6<112>{111} partial dislocations that quickly evolve into {111} nanotwins that propagate through the nanoparticle. Locally, the nanotwin process initiates from the aformentioned recrystallized domain. Indeed, when Ce layers slip along {111} during the crystal reorientation, an additional slip event leads to the formation of a twinned structure characterized by the well-known mirror symmetry with respect to the perfect crystal structure. One can note that Ce-O bonds in this structural transition tend to align perpendicularly to the compressive axis to reduce the local stress (see Figure 4(c)). Figure 4 shows that the nanotwin process can operate requiring the recrystallized fluorite as an intermediate step between the perfect fluorite crystal and the symmetrically twinned structure. This behaviour is confirmed in Figure 6 where the formation of a nanotwin during the quasi-static compression of 22nm size nanocube is illustrated. In this case, dislocation nucleation occurs at the GB between the strained perfect crystal and a recrystallized domain, GBs (and more commonly defects) being known to behave as sources for the dislocation nucleation process at small-scale [START_REF] Swygenhoven | Nucleation and propagation of dislocations in nanocrystalline fcc metals[END_REF][START_REF] Kacher | Dislocation interactions with grain boundaries[END_REF][START_REF] Li | Direct observation of the grain boundaries acting as dislocation sources in nanocrystalline platinum[END_REF]. Consistently, we observe that the nanotwin expands preferentially towards neighbouring recrystallized regions, already in the intermediate structure thus facilitating the twin formation. Interestingly, as visible on the left part of Figure 6(c ⟨100⟩ [START_REF] Evans | Dislocations in the fluorite structure[END_REF][START_REF] Portelette | Crystal viscoplastic modeling of UO2 single crystal[END_REF]. To better assess the nucleation of 1/6<112>{111} partial dislocations in ceria ⟨100⟩ nanoparticles under compression, we perform GSF calculations in several slip planes including {001}, {110}, and {111} under compression perpendicular to the SF plane. On the one hand, ⟨112⟩{111} γlines have a double camel humps shape where first maximum and minimum refer to unstable and stable SFE, respectively (see Figure 7(a)). Both properties when computed along ⟨112⟩{111} are commonly used to model dislocation or twin nucleation in FCC metals [START_REF] Chen | Deformation twinning in nanocrystalline aluminum[END_REF][START_REF] Van Swygenhoven | Stacking fault energies and slip in nanocrystalline metals[END_REF][START_REF] Weinberger | Plasticity of metal nanowires[END_REF]. On the other hand, ⟨110⟩{100} and ⟨110⟩{110} γ-lines are rather typical of cubic ceramics (not shown). They have a single-hump shape without stable SFE that usually emphasizes the perfect character of 1/2⟨110⟩ dislocations in cubic oxides. For single-hump SFE curves, the unstable SFE is often used to argue on dislocation nucleation, core properties or mobility [START_REF] Issa | In situ investigation of mgo nanocube deformation at room temperature[END_REF][START_REF] Amodeo | Multiscale modelling of MgO plasticity[END_REF][START_REF] Skelton | Peierls-Nabarro modeling of dislocations in UO2[END_REF]. For the sake of simplicity, we compare here several unstable SFE in the {100}, {110} and {111} planes, as a function of an imposed compressive strain (see Figure 7(b)). At low strain (ε<10%), the {001} slip plane has the lowest SFE. However, 1 2 ⟨110⟩{100} slip systems are character-ized by null Schmid factors when compressing along ⟨100⟩ what makes them particularly unfavourable here. Then, up to 30% strain, SFs in the {111} plane are energetically more favorable compared to {100} and {110}, especially when considering ⟨112⟩ directions. Indeed, the ⟨112⟩{111} γ-line is particularly sensitive to the applied strain. Below 15%, the ⟨112⟩{111} γ-lines show a double-camel hump curve with two maxima with comparable orders of magnitude. This kind of γ-line is often observed in oxides (see e.g., Ref. [START_REF] Xu | Atomistic simulation and interatomic potential comparison in α-Al 2 O 3 : lattice, surface and extended-defects properties[END_REF]) but very different to the asymetrical curve computed in FCC metals [START_REF] Zimmerman | Generalized stacking fault energies for embedded atom FCC metals[END_REF]. However, the ⟨112⟩{111} γ-line changes shape when increasing strain further to rather look like the FCC metal ⟨112⟩{111} γ-line i.e., the deformation has an unexpected effect on the SFE in {111} ceria: the effect of ionic charges repulsion on the GSF is reduced by an additional relaxation of oxygen atoms at the in interface (see insets in Figure 7). This makes the 1/6⟨112⟩{111}, FCC-like, stacking-fault more favorable when compared to other stackingfaults in {110} or {100}. Consequently, a new SFE minimum appears at 2.205 Å matching the 1/6<112> partial Burgers vector of the {111} slip plane (b 1/6<112> = 2.214 Å). When this shift is performed on two parallel and adjacent {111} planes, the local atomic configuration coincides with the nanotwin structure observed during nanocube compression simulations where CeO 2 units are symmetrically tilted out of the original fluorite structure (see structures displayed in Figure 7(a)). Therefore, we believe that {111} twinning associated to local recrystallization might be the main plastic deformation mechanism in pristine nanoscale ceria. One can note that at lower compressive strain, the 1/2⟨110⟩{111} slip system is energetically favourable. This should promote the nucleation of perfect dislocation, especially when nucleation at low strain is possible as in experimental conditions of deformation where the sample may already contain defects.

Discussion

Size effect

Quasi-static atomistic simulations show that plastic deformation mechanisms in ceria nanoparticles depend on size. For small and intermediate sizes, plasticity is dominated by amorphization and/or recrystallization processes which initiate from the surfaces of the cube. The efficiency of these dissipation mechanisms are therefore determined by the surface/volume ratio: in small nanocube, this ratio is large and transformation near the surface region provides a significant contribution to the overall stress reduction. The imposed strain can therefore be accommodated by amorphization and/or recrystallization while the stress remains bounded to relatively small values. When increasing the size of the cube, the surface/volume ratio decreases together with the stress dissipation efficiency induced by amorphization and/or recrystallization. This increases the maximum stress with the size of the cube while the system will explore new regions of the potential energy surface, giving access to other dissipation mechanisms. This is what is observed in our larger size nanocubes where surface amorphization and recrystallization both appear but do not account for the largest stress drops. These are due to bulk-like plasticity involving partial dislocations and twins formation. The size dependence of the main plastic deformation mechanism of nanoceria confirms how important it was here to model larger sizes than what is generally done with atomistic simulation of oxides. The largest system sizes investigated in this work are found within the range of ceria nanoparticles usually designed experimentally (from few to hundreds of nm) [START_REF] Castanet | Controlling the 111/110 surface ratio of cuboidal ceria nanoparticles[END_REF][START_REF] Bugnet | Direct visualization and control of atomic mobility at 100 surfaces of ceria in the environmental transmission electron microscope[END_REF][START_REF] Trenque | Shape-selective synthesis of nanoceria for degradation of paraoxon as a chemical warfare simulant[END_REF][START_REF] Trenque | Synthesis routes of ceo2 nanoparticles dedicated to organophosphorus degradation: a benchmark[END_REF]. However, the 22-nm size remains smalller than the typical dimension (∼ hundred nm) of nanoparticles that are mechanically tested and observed under electronic microscopes [START_REF] Issa | In situ investigation of mgo nanocube deformation at room temperature[END_REF][START_REF] Deneen | In situ deformation of silicon nanospheres[END_REF][START_REF] Carlton | In situ tem nanoindentation of nanoparticles[END_REF][START_REF] Sharma | When more is less: Plastic weakening of single crystalline ag nanoparticles by the polycrystalline au shell[END_REF].

Comparison with plasticity in FCC metals

The plastic mechanisms involved during the compression of ceria nanocubes can be described as the rearrangements of two atomic sublattices: (i) the Ce sublattice that tends to deform in a rather progressive and continuous manner starting from an FCC structure, (ii) the rearrangement of the oxygen atoms which is more erratic and contributes to the irreversible aspects of the transformations. Focusing on the Ce sublattice, the recrystallization process can be compared to a Bain transformation from a FCC to BCC, as observed in metals. In both cases, the transformation is characterized by the progressive evolution of the cell parameters driven by an external stress. In metallic nanowires, the Bain transformation can be caused solely by the surface stress in absence of other mechanical load [START_REF] Diao | Surface-stress-induced phase transformation in metal nanowires[END_REF][START_REF] Gall | Tetragonal Phase Transformation in Gold Nanowires[END_REF][START_REF] Haftel | Density functional theory investigation of surface-stress-induced phase transformations in fcc metal nanowires[END_REF].

Another similarity with FCC metals is the presence of 1/6<112>{111} partial dislocation in our simulations. In FCC systems, a leading partial dislocation along a 1/6<112> Burgers vector results in an intrinsic stacking fault (ISF) from which three paths are possible: (i) A second trailing partial dislocation with a complementary 1/6<112> Burgers vector nucleates in the same slip plane, both shaping a perfect (or full) dislocation with a Burgers vector of 1/2<110>. Alternatively, successive leading partial dislocations arise on parallel slip planes, they can be (ii) located on non-adjacent planes, slip is thus driven by partial dislocations, or (iii) located in an adjacent slip planes, thus generating nanotwins. This completes the similarities between FCC metals and our simulations of ceria nanocubes where the same twin formation represents the main plastic mechanism for sizes in the 20 nm range.

Comparison with other systems

At small and intermediate sizes our results on ceria nanocubes under compression show plastic deformations corresponding to amorphization and recystallization which are local phase transformations driven by the compressive stress. Such kind of plastic transformations are commonly met in mechanical tests of nanosized systems [START_REF] Amodeo | Modeling the mechanical properties of nanoparticles: a review[END_REF][START_REF] Machon | Perspective: High pressure transformations in nanomaterials and opportunities in material design[END_REF]. On the one hand, Raman spectroscopy performed on Y 2 O 3 [START_REF] Piot | Amorphization in nanoparticles[END_REF] and TiO 2 [START_REF] Machon | Interface energy impact on phase transitions: the case of tio2 nanoparticles[END_REF] particles under pressure suggests that amorphization takes place at very small size (≲ 10 nm) and crucially depends on the surface treatment of the nanoparticle. These experiments are in line with our simulations where amorphization occurs at the smaller sizes and is probably favoured by the disordered structure of the initial surfaces. Moreover, other MD studies also report amorphization in TiO 2 [START_REF] Pischedda | Ultrastability and enhanced stiffness of 6 nm tio 2 nanoanatase and eventual pressure-induced disorder on the nanometer scale[END_REF] and CeO 2 [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF] nanoparticles. On the other hand, phase transformation in ceria has been reported in the literature both under tension and compression [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF][START_REF] Sayle | Elastic deformation in ceria nanorods via a fluorite-to-rutile phase transition[END_REF]. Sayle et al. simulated nanorod deformed along [110] where the relaxation process is driven by a reversible fluorite-to-rutile transition. Another tetragonal phase transition was identified by Park et al. as a result of the compression of a thin film [START_REF] Park | Deformation-induced charge redistribution in ceria thin film at room temperature[END_REF]. This tetragonal phase was found to be consistent with STEM imaging after compression experiments. In the present work, we evidence a recrystallized phase characterized by the fluorite structure where the hard [001] direction switches from the compression axis to a perpendicular plane while a softer [110]-like crystallographic direction aligns with the compression axis. All these works report different final phases for various systems and dimensions: nanorods under traction, thin films, and nanocubes under compression. However, common features can be highlighted: (i) the CeO bonds tend to rearrange along the plane/direction perpendicular to the effective compression axis (Figure 5 of Ref. [START_REF] Sayle | Elastic deformation in ceria nanorods via a fluorite-to-rutile phase transition[END_REF], Figure 4 of Ref. [START_REF] Park | Deformation-induced charge redistribution in ceria thin film at room temperature[END_REF]); (ii) all the structures (both initial and final) can be described by a slight and continuous variation of the Ce atoms while the main difference between them lies in the arrangement of the oxygen sublattice.

In the work of the Sayle's group, only few dislocations were detected such as screw-type dislocations in a simulated crystallized mesoporous structure [START_REF] Sayle | Strain and architecture-tuned reactivity in ceria nanostructures; enhanced catalytic oxidation of co to co2[END_REF], in a compressed 8-nm nanocube [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF], as well as ⟨110⟩{100} dislocations in compressed nanorods oriented along [110] and [211] [START_REF] Sayle | Mechanical properties of ceria nanorods and nanochains; the effect of dislocations, grain-boundaries and oriented attachment[END_REF]. A first explanation for the low amount of dislocations reported in these works comes from the small sizes investigated (≲10 nm). Moreover, the preparation of the initial systems relies on the crystallization from liquid particles using MD quenches. As a consequence, their initial structures incorporate many structural defects and deform more easily than our nearly defect-free nanocubes. For instance, the 8nm nanocube built and compressed in Ref. [START_REF] Caddeo | Tuning the properties of nanoceria by applying force: Stressinduced ostwald ripening[END_REF] reaches a yield stress of 12 GPa, against 22 GPa for our 6-nm nanocube. These various simulation conditions make those studies particularly complementary.

Conclusion

Defect-free CeO 2 nanocubes with size ranging from 3 to 22 nm are compressed under uniaxial strain along [001] using a classical interatomic potential and quasi-static atomistic simulations. The mechanical properties of CeO 2 nanocubes show a size dependence attributed to changes in the plastic deformation processes. Up to 6 nm edge length (small size), amorphization starting from the sample surface supported by slight crystal reorientations ignite rapidly and accommodate the imposed compression. At intermediate size, amorphization occurs in a lesser extent since the formation of recrystallized regions close to the top and bottom planes is preferred as the main plastic mechanism. The recrystallized phase is identified as a fluorite structure where a local reorganization of the Ce-O bonds leads to a reorientation regarding the compressive direction i.e., switching from a hard [001] direction (in the initial structure) to a soft [110] direction after recrystallization. At larger sizes, the predominant plastic mechanism relies on 1/6<112>{111} partial dislocations similar to those observed in FCC metals that nucleate from the recrystallized regions and rapidly form nanotwins propagating into the volume.

Our simulations show an increase of the yield stress with the size of the nanocube in agreement with both the variation of the Young's modulus and the dissipation processes (amorphization and recrystallization) that is reduced as the characteristic size of the nanoparticle increases. Interestingly, our findings exhibit similarities with the plasticity of FCC metals which share the same structure as the Cerium sublattice in ceria. Beyond the characterization of original plastic mechanisms and setting a major benchmark to interpret further experimental and theoretical works about ceria nano-object mechanical properties, our simulations results could help to better understand nanoceria functional properties such as catalysis that is known to be intrinsically related to material defects [START_REF] Wu | Enhancing the electrocatalytic activity of 2h-ws 2 for hydrogen evolution via defect engineering[END_REF].
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Figure 1 :

 1 Figure 1: Mechanical response of ceria nanocubes under compression using MD. (a) Stress-strain curves, (b) Young's modulus (purple symbols) and yield stress (green symbols) with respect to the nanocube size. The yield stress is defined as the maximum stress along the stress-strain curve.

  (b.3) after a 2D projection in the (100) plane. Further crystallographic analysis show that the local atomic arrangement in the transformed region still correspond to the fluorite structure but with a different orientation as in a recrystallization process. Considering the original frame {[110],[110],[001]} shown before transformation in Figure 4(a), the recrystallized fluorite structure has a {[001],[110],[110]} orientation (Figure 4(b)

Figure 2 :

 2 Figure 2: Plastic deformation processes in ceria nanocubes under compression as a function of size. (a) 6, (b) 11, and (c) 22-nm edge size nanocubes. Various deformation processes are illustrated as a function of size including amorphization and reorientation (a.2, a.3, b.2), recrystallization (b.3, c.1), and dislocation and nanotwin formations (c.2, c3). Vertical black dashed lines in (a.2, a.3, b.2) show the compression axis (z-axis), and the oblique black dashed line in (a.3) is the projection of the [001] direction in the drawing plane. In (a.3) the region inside the red dashed circle highlights an extruded amorphous bead at the corner of the sample. The recrystallized phase is detected in (b.3) by the triangular-shape inside the blue dashed rectangle at the bottom of the cube, and by the blue regions of BCC-like symmetry of Ce atoms in (c.1) and (c.2). In (c.2), the (111) nanotwin is analyzed in (c.3) using the dislocation analysis (DXA) algorithm, where dislocation fronts of the nanotwin steps are represented by the green lines, and the Burgers vector directions are indicated by the blue arrows. The Thompson tetrahedron shows these directions. Ce and O atoms are respectively colored in orange and turquoise in (a) and (b), while only Ce atoms are displayed in (c) according to their local symmetry, i.e. blue, red, and white atoms correspond to bcc, hcp, and no symmetry, respectively.

Figure 3 :

 3 Figure 3: Evolution of the population of Ce atoms with coordination numbers from 4 to 9 as a function of the compressive strain, (a) 3nm nanocube and (b) 6nm nanocube. Ce atoms with coordination numbers out of the [4-9] range represent less than 1% of the total population and are not shown. A cut-off radius of 3 Å has been used to define a Ce-O bond.
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 2 Figure 2(b.3) after a projection in the (100) plane. Since recrystallization increases lattice spacing in the original <110> directions, it favors the extrusion of atoms along the same directions close to the indents. Consequently, we observe the development of a tilt angle θ between the compression axis and the original [001] crystallographic direction, as already observed in sub-10 nm size samples. Both of these effects are spotted in Figure 2(b.2).

Figure 4 :

 4 Figure 4: Successive atomic rearrangements during plasticity processes in nanoceria (a) the perfect fluorite structure, (b) recrystallization into a reoriented fluorite structure (c) twinned fluorite structure. Each fluorite structure observed within the compression simulation (middle panel) has been retrieved by orienting an ideal model of the fluorite structure (right panel) according to the directions indicated in the left panel. Ce and O atoms are respectively colored in orange and turquoise in the middle panel, and in yellow and red in the right panel. The compression axis is represented by the black arrow.
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 5 Figure 5: Activation energy for ceria recrystallization (Bain transformation) computed using DFT (full line) and Sayle's potential (dashed line) NEB. The starting NEB configuration is either unconstrained (black) or pre-strained at 15 % (red) or 30 % (blue) strain while the final (recrystallized) configuration is maintained unconstrained. The unit cells of initial, saddle point and final NEB configurations at 0% strain are shown on the top panel.

  ), local and transient recrystallized structures always compose the nanotwin front region. In all cases, partial dislocations (Figure 6(b)) and nanotwins (Figure 2(c.2) and (c.3)) have 1/6<112> Burgers vectors and {111} slip plane. Few information exists about ceria slip systems and {111} slip planes typical of FCC metals are not particularly expected in spite of their large maximum Schmid factor (∼ 0.47) when compressed along

Figure 6 :

 6 Figure 6: From recrystallization to nanotwin nucleation in ceria nanocube (16 nm edge size, ε=15.7%). (a) Perfect crystal (green atoms) and a thin recrystallized region (blue atoms) near the bottom surface. Local structures characteristic of the perfect crystal (right-oriented Ce parallelogram) and recrystallized phase (square) are highlighted in red. (b) Disorganized and recrystallized regions are produced while a partial dislocation nucleates at the GB (right oriented Ce parallelogram inside the twin boundaries). (c) The nanotwin propagates in the crystal with a twin near-front characterized by a recrystallized structure.

Figure 7 :

 7 Figure 7: Generalized stacking fault energy profiles as function of strain and slip system. (a) γ-line computed along [112] in the (111) slip plane as function of strain (form 0 to 30 %). Insets show the relaxed local atomic configuration computed at displacement 0 and 2.205 Å(15-% GSF curve), respectively. The ceria sublattice is characterized here using the polyhedral template matching algorithm of OVITO. Atoms colored in green, red, purple and light-grey refered to atoms in defective location (FCC, HCP, simple cubic, and no symmetry environment, respectively). (b) Values of the first peak maximum (unstable SFE) of all the computed energy profiles, i.e. GSFs on (001), (110), and (111) along coherent slipping directions, with respect to applied strain.