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Abstract

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.
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1. Introduction

Ceria (CeO2) and its derivatives such as reduced
ceria, doped ceria, ceria-based composites are cur-
rently employed in various domains of applications
among which reactive chemistry, energy materi-
als and medicine [1, 2]. Most of nanoceria appli-
cations are related to its catalytic properties [3]
involved in hydrocarbon conversion reactions [4],
three way catalysts [5], and water splitting reac-
tions [6]. Regarding energy applications, cerium
oxide is used in supercapacitors [7], batteries [8],
solid oxide fuel cells [9] and solar cells [10]. More
recently, ceria attracted a renewed interest in the
field of biomedicine [11], as for instance in enzyme-
mimetic chemistry [12], as well as for cancer [13]
and neurological therapeutics [14]. Most of these
applications rely on the redox properties of CeO2-
based nanomaterials that can easily be reduced to
produce Ce3+ ions and oxygen vacancies. Several
parameters regulate the Ce3+/Ce4+ ratio and re-
dox reactions. Among these, the surface over vol-
ume ratio (particularly high at the nanoscale) and
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the surface orientations are of primary importance
[15, 16]. The most reactive surface of nanoceria is
{100}, it is also the less stable when compared to
{110} and {111} [16, 17, 18, 19]. The chemical com-
position of the environment and alloying elements
as well impact the oxygen vacancy concentration
in ceria and its chemical reactivity [20, 21, 22, 23].
Interestingly, several studies evidence the influence
of strain on the oxygen transport and chemical re-
activity [21, 22, 23]. In particular, grain bound-
aries have been shown to hamper the oxygen dif-
fusion [22, 23]. Despite these applications, the me-
chanical 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. [24, 25, 26, 27]. Essentially,
the main characteristics of nano-objects mechanical
properties when compared to bulk can be summa-
rized as follows: (i) they typically show an extended
elastic limit; (ii) dissipation mechanisms are often
triggered by a dislocation nucleation process (in-
stead of the classical multiplication one); (iii) plas-
tic deformation tends to occur at particularly high
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stress (in the GPa range) due to the lack of pre-
existing 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 inter-
atomic potentials to study the effect of large strains
on ceria nanoparticles and nanowires. Mechanical
properties of ceria nano-objects were investigated
under compression [28, 29, 30] and tension [29, 31],
some effects due to the nanoparticle shape were
also discussed [28]. Several elementary processes
responsible for plastic dissipation in ceria nanocrys-
tals were identified including amorphization un-
der compression in cuboidal, polyhedral and core-
shell particles [28, 30], surface dislocation nucle-
ation in compressed ⟨110⟩-oriented nanorods [29],
and fluorite-to-rutile phase transformation in ⟨110⟩-
oriented nanorods under tension [31]. Park et al.
reported another phase transformation mechanism
from the fluorite structure to a tetragonal phase
occurring during the nanoindentation of CeO2 thin
films [32].
In the present paper, we perform nanocompres-

sion simulations of CeO2 nanocubes with size rang-
ing from 3 to 22 nm to investigate the elementary
processes responsible for ceria deformation at the
nanoscale. As the size increases, successive plas-
tic dissipation mechanisms are identified while the
yield stress increases. Among these mechanisms,
a recrystallization process (local fluorite subgrain
reorientation) is evidenced and discussed. The ob-
served size dependent plastic behavior is rational-
ized and compared with observations made in other
oxide and metal nanosystems.

2. Computational methods

2.1. Material properties calculations

Atomistic simulations in CeO2 are performed
using the open-source code LAMMPS [33] with the
Born model parameterization of Sayle et al. [29]
which was successfully employed in numerous
nanomechanical studies [28, 29, 30, 34]. 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 [35]. Structural energy

minimizations were handled using either the con-
jugate gradient or the FIRE algorithms [36] until
all atomic force components were found below a
stopping criterion fm=10−6eV/Å.

To further validate the use of atomic interac-
tion potentials, parts of the properties are also
computed with DFT calculations using the VASP
software [37, 38] with the projected augmented
wave method (PAW) [39]. 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 [40] (LDA+U)
within the simplified rotationally invariant ap-
proach, introduced by Dudarev et al. [41]. The
effective Hubbard term Ueff (Ueff = 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 con-
vergence 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 com-
puted using the Sayle [29] and DFT+U-PAW potentials. a
is the lattice parameter in Å. Cij 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 approxima-
tion. E is the average Young modulus, E[hkl] provides the
Young moduli in the [hkl] direction.

Properties Exp. [42] DFT Sayle
a 5.411 5.393 5.423
C11 403 386.7 513.8
C12 105 126.6 139.7
C44 60 71.6 138.3
B 204.3 213.8 264.4
G 95.6 95.3 157.8
ν 0.297 0.306 0.251
E 248.1 248.8 394.8
E[001] 359.6 324.4 454.1
E[110] 189.8 215.8 374.1
E[111] 164.0 193.9 353.3

In addition to lattice and elastic properties, Gen-
eralized Stacking Fault Energies (GSFE) [43] are
also computed using the Sayle potential [29] to help
at interpreting nanocompression outcomes. GSFE
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inform on the stability and energy cost of various
stacking faults providing valuable piece of informa-
tion to dislocation models [44, 45]. GSFE calcula-
tion basically consists in computing the excess en-
ergy generated when shifting the atoms contained
in the half-part of a columnar supercell along a sin-
gle 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 en-
ergy plots, respectively. Here, constrained GSFE
are computed following the methodology employed
by Guénolé et al. [46]. Starting from a 1 × 1 × 10
supercell, the cell is reduced in the z direction per-
pendicular to the stacking fault plane, using a com-
pressive 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 y-
axis directions (in-plane directions) by a translation
vector t⃗ 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 af-

ter each displacement down to a force norm of
fm=10−6eV/Å. During each minimization, atoms
are allowed to relax only perpendicularly to the
fault plane (i.e., along the z-axis) whereas the sim-
ulation box is kept unchanged to maintain the im-
posed strain condition.

2.2. Nanocompression simulation method

⟨100⟩-oriented CeO2 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 [47]),
the in silico fabrication of CeO2 nanocubes leads
to hetero-surfaces i.e., each ⟨100⟩ surface is en-
tirely made up of cerium or oxygen atoms leading
to charged surfaces. In order to avoid high energy
and large forces in the initial configuration, [47, 48],
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 sur-
face effective charge as expected by charge redistri-
bution mechanisms that allow the energetic stabi-
lization of polar oxide surfaces [48]. After building,
samples are relaxed using a force norm criterion of
fm=10−6 eV/Å.
Compression simulations are carried out using

the quasi-static method where successive configu-
rations are obtained after a deformation followed
by the minimization of the potential energy [49].

To model the compression, two infinite and pla-
nar force fields representing the nanoindenter and
the substrate are initially set at the top and bot-
tom surfaces of the sample following the approach
introduced by Issa and collaborators [50]. Each
force field is defined as a repulsive harmonic po-
tential with its normal aligned along the compres-
sion axis and a spring constant K = 100 eV/Å.
During compression, the indenter is iteratively dis-
placed along z, the compression axis direction, with
a stepwise displacement corresponding to an engi-
neering strain increment of ∆εzz=-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 = −εzz to track the compressive strain
as a positive quantity. After each indenter step the
potential energy of the nanocube is minimized us-
ing a stopping criterion fm=10−6eVÅ, the both in-
denter force fields being kept fixed. The true com-
pressive 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 visual-
ized using OVITO [51] and local crystal structures
are identified using the Common Neighbor Analy-
sis (CNA) algorithm [52] applied to the FCC Ce
sublattice only.

3. Results

3.1. Mechanical response of CeO2 nanocubes under
compression

Stress-strain curves inferred from compression
simulations of CeO2 nanocubes are displayed in
Figure 1(a). The data are reported after an ac-
commodation 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
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(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 [53]. For the larger nanocubes
in the 11-22 nm size range, these regions are rather
thin (∼5.5Å ) i.e., two times the interplanar dis-
tance between cerium layers in the <001> direc-
tion. Thicker disordered regions that expand up to
∼7.75-11Å (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. In-
deed, the strength of ceria nanocubes decreases
with size (smaller is softer) as shown by the com-
parative evolution of the [001] Young’s modulus
and the yield stress with respect to the size shown
in Figure 1(b). This strength behaviour contra-
dicts recent conclusions drawn from similar MD
compression simulations performed in Si or Ni3Al
nanocubes for which the authors emphasize the lack
of size-effect on the sample strength [27, 54, 55]. In-
deed, the stress distribution in cubic-shaped sample
is quasi-homogeneous what normally impedes size-
effect if one assumes a unique deformation mecha-
nism. 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 com-
monly observed in (non-cubic shaped) nanoparti-
cles. 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 (strain-
hardening) 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 nanopar-
ticles.

3.2. Size-dependent elementary deformation pro-
cesses of CeO2 nanocubes

3.2.1. Sub-10 nm size nanocubes

The first significant stress drops observed be-
tween 8% and 10% strain in Figure 1(a) for the
3-nm and 6-nm samples are characterized by lo-
cal amorphization starting from the surface. The

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.

associated local plastic rearrangements are mostly
made of bond-breaking and rebonding events, with
a net production of under-coordinated 6-fold and
7-fold cerium atoms, compared to the 8-fold coor-
dinated cerium in bulk fluorite (see details in Fig-
ure 3). During the larger stress drops, more intense
structural rearrangements are located at the edges
and corners of top and bottom surfaces where ex-
truded beads are produced (Figure 2(a.2) and Fig-
ure 2(a.3)). Concurrently with the formation of the
largest beads, the sample disorients as shown in Fig-
ure 2(a.3) where (010) atomic planes tilt out from
their original orientation (the z compression axis).
The presence of a tilt angle represents an additional
route for stress dissipation.

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 σmax

tilt , due to homogeneous sam-
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ple reorientation can roughly be estimated from
anisotropic elasticity:

σtilt(θ, ε) = (E[001] − E(θ))ε, (1)

where θ is the tilt angle, ε is the engineering com-
pressive strain imposed during the simulation and
E(θ) is the azimuthal average of the Young’s mod-
ulus 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 [56] 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 reduc-
tion 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◦, re-
spectively.
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 compres-
sive axis that enhances the plastic deformation pro-
cess.

3.2.2. 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 transfor-
mation occurs in pyramidal-shape domains which
appear as triangular regions in Figure 2(b.3) after
a 2D projection in the (100) plane.
Further crystallographic analysis show that the

local atomic arrangement in the transformed re-
gion still correspond to the fluorite structure but
with a different orientation as in a recrystal-
lization 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)). Dur-
ing 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 met-
als [57]. However, the transformation observed in
CeO2 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 2D-
units of the original structure initially draw a left-
oriented 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 [58] with
the climbing technique [59] using DFT (VASP
code) and the Sayle’s potential on the same CeO2

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 start-
ing 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 descrip-
tion of the recrystallization process in nanoceria,
here we confirm the capability of the Sayle inter-
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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.

atomic potential to reproduce elementary atomic
processes involved during transformation by a
direct comparison to DFT. These results con-
firm that the recrystallization process observed in
CeO2 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 nanoparti-
cle as shown by the triangular domain obtained in
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Figure 3: Evolution of the population of Ce atoms with coor-
dination 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 3Å has been used to define a Ce-O bond.

Figure 2(b.3) after a projection in the (100) plane.
Since recrystallization increases lattice spacing in
the original <110> directions, it favors the extru-
sion 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 al-
ready observed in sub-10 nm size samples. Both of
these effects are spotted in Figure 2(b.2).

Thus, the same kind of structural and shape
changes as those observed in smaller cubes are ob-
served here but triggered this time by a recrys-
tallization process (intermediate size nanocubes)
rather than by amorphization (sub-10 nm size
nanocubes). Furthermore, two additional plastic
relaxation mechanisms associated to the recrystal-
lization process can be identified in intermediate

Figure 4: Successive atomic rearrangements during plastic-
ity 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.

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 ∆σzz=-22 GPa
between ε=10.05% and ε=12.05% inside the recrys-
tallized domain. This variation is roughly a factor
3 larger than the true stress relaxation in the same
strain interval what confirms recrystallization as a
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major dissipation process in nanoceria. The defi-
nition of the recrystallized region boundaries is not
straightforward due to near surface and corners dis-
ordering. However, {111} GBs can be identified
with respect to the pristine fluorite crystal struc-
ture. As the deformation proceeds, already recrys-
tallized domains continue to grow while new recrys-
tallized embryos nucleate close the the top and bot-
tom surfaces of the nanocube.

Figure 5: Activation energy for ceria recrystallization (Bain
transformation) computed using DFT (full line) and Sayle’s
potential (dashed line) NEB. The starting NEB configura-
tion 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.

3.2.3. 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 ob-
served to a lesser extent, the recrystallization pro-
cess 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 recrystalliza-
tion domain is widely strained, cerium atoms are
labelled as BCC by OVITO. This feature also con-
firms the evolution of the recrystallized Ce network
in terms of Bain transformation. Recrystallization-
induced plastic relaxation is identified on the stress-
strain 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} nan-
otwins 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 reori-
entation, an additional slip event leads to the for-
mation 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 be-
tween the perfect fluorite crystal and the symmet-
rically twinned structure. This behaviour is con-
firmed in Figure 6 where the formation of a nan-
otwin 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 be-
have as sources for the dislocation nucleation pro-
cess at small-scale [60, 61, 62]. Consistently, we ob-
serve that the nanotwin expands preferentially to-
wards neighbouring recrystallized regions, already
in the intermediate structure thus facilitating the
twin formation. Interestingly, as visible on the left
part of Figure 6(c), local and transient recrystal-
lized 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 infor-
mation exists about ceria slip systems and {111}
slip planes typical of FCC metals are not partic-
ularly expected in spite of their large maximum
Schmid factor (∼ 0.47) when compressed along
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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 character-
istic 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 character-
ized by a recrystallized structure.

⟨100⟩ [63, 64]. 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} γ-
lines have a double camel humps shape where first
maximum and minimum refer to unstable and sta-
ble SFE, respectively (see Figure 7(a)). Both prop-
erties when computed along ⟨112⟩{111} are com-
monly used to model dislocation or twin nucleation
in FCC metals [44, 45, 65]. On the other hand,
⟨110⟩{100} and ⟨110⟩{110} γ-lines are rather typ-
ical of cubic ceramics (not shown). They have a
single-hump shape without stable SFE that usu-
ally 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
[50, 66, 67]. For the sake of simplicity, we com-
pare here several unstable SFE in the {100}, {110}
and {111} planes, as a function of an imposed com-
pressive 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 partic-
ularly 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. [68]) but very different to
the asymetrical curve computed in FCC metals [69].
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 re-
duced 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 stacking-
faults 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 (b1/6<112> = 2.214 Å). When this shift is per-
formed on two parallel and adjacent {111} planes,
the local atomic configuration coincides with the
nanotwin structure observed during nanocube com-
pression simulations where CeO2 units are symmet-
rically tilted out of the original fluorite structure
(see structures displayed in Figure 7(a)). There-
fore, we believe that {111} twinning associated
to local recrystallization might be the main plas-
tic deformation mechanism in pristine nanoscale
ceria. One can note that at lower compressive
strain, the 1/2⟨110⟩{111} slip system is energeti-
cally favourable. This should promote the nucle-
ation of perfect dislocation, especially when nucle-
ation at low strain is possible as in experimental
conditions of deformation where the sample may
already contain defects.

4. Discussion

4.1. Size effect

Quasi-static atomistic simulations show that
plastic deformation mechanisms in ceria nanopar-
ticles depend on size. For small and intermedi-
ate sizes, plasticity is dominated by amorphiza-
tion and/or recrystallization processes which initi-
ate from the surfaces of the cube. The efficiency
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Figure 7: Generalized stacking fault energy profiles as func-
tion 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 us-
ing 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.

of these dissipation mechanisms are therefore de-
termined by the surface/volume ratio: in small
nanocube, this ratio is large and transformation
near the surface region provides a significant contri-
bution to the overall stress reduction. The imposed
strain can therefore be accommodated by amor-
phization 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 recrys-
tallization. This increases the maximum stress with
the size of the cube while the system will explore
new regions of the potential energy surface, giv-
ing 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 deforma-
tion mechanism of nanoceria confirms how impor-
tant 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 hun-
dreds of nm) [53, 70, 71, 72]. However, the 22-nm
size remains smalller than the typical dimension (∼
hundred nm) of nanoparticles that are mechanically
tested and observed under electronic microscopes
[50, 73, 74, 75].

4.2. Comparison with plasticity in FCC metals

The plastic mechanisms involved during the com-
pression of ceria nanocubes can be described as the
rearrangements of two atomic sublattices: (i) the
Ce sublattice that tends to deform in a rather pro-
gressive and continuous manner starting from an
FCC structure, (ii) the rearrangement of the oxy-
gen atoms which is more erratic and contributes to
the irreversible aspects of the transformations. Fo-
cusing on the Ce sublattice, the recrystallization
process can be compared to a Bain transforma-
tion 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 [76, 77, 78].

Another similarity with FCC metals is the pres-
ence of 1/6<112>{111} partial dislocation in our
simulations. In FCC systems, a leading partial dis-
location 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 dis-
location with a complementary 1/6<112> Burgers
vector nucleates in the same slip plane, both shap-
ing a perfect (or full) dislocation with a Burgers
vector of 1/2<110>. Alternatively, successive lead-
ing 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) lo-
cated 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.

4.3. Comparison with other systems

At small and intermediate sizes our results on ce-
ria nanocubes under compression show plastic de-
formations corresponding to amorphization and re-
cystallization which are local phase transformations
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driven by the compressive stress. Such kind of plas-
tic transformations are commonly met in mechani-
cal tests of nanosized systems [27, 79]. On the one
hand, Raman spectroscopy performed on Y2O3 [80]
and TiO2 [81] 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. More-
over, other MD studies also report amorphization
in TiO2 [82] and CeO2 [28] nanoparticles. On the
other hand, phase transformation in ceria has been
reported in the literature both under tension and
compression [29, 31]. 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 [32]. This tetragonal phase was found to
be consistent with STEM imaging after compres-
sion 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, com-
mon features can be highlighted: (i) the CeO bonds
tend to rearrange along the plane/direction perpen-
dicular to the effective compression axis (Figure 5
of Ref. [31], Figure 4 of Ref. [32]); (ii) all the struc-
tures (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 dis-

locations were detected such as screw-type disloca-
tions in a simulated crystallized mesoporous struc-
ture [34], in a compressed 8-nm nanocube [28],
as well as ⟨110⟩{100} dislocations in compressed
nanorods oriented along [110] and [211] [29]. A first
explanation for the low amount of dislocations re-
ported 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 con-
sequence, their initial structures incorporate many
structural defects and deform more easily than our

nearly defect-free nanocubes. For instance, the 8-
nm nanocube built and compressed in Ref. [28]
reaches a yield stress of 12 GPa, against 22 GPa
for our 6-nm nanocube. These various simulation
conditions make those studies particularly comple-
mentary.

5. Conclusion

Defect-free CeO2 nanocubes with size ranging
from 3 to 22 nm are compressed under uniaxial
strain along [001] using a classical interatomic po-
tential and quasi-static atomistic simulations. The
mechanical properties of CeO2 nanocubes show a
size dependence attributed to changes in the plas-
tic deformation processes. Up to 6 nm edge length
(small size), amorphization starting from the sam-
ple surface supported by slight crystal reorienta-
tions 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 bot-
tom planes is preferred as the main plastic mech-
anism. The recrystallized phase is identified as a
fluorite structure where a local reorganization of
the Ce-O bonds leads to a reorientation regard-
ing 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 re-
lies on 1/6<112>{111} partial dislocations simi-
lar to those observed in FCC metals that nucle-
ate 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 character-
istic size of the nanoparticle increases. Interest-
ingly, our findings exhibit similarities with the plas-
ticity of FCC metals which share the same struc-
ture as the Cerium sublattice in ceria. Beyond
the characterization of original plastic mechanisms
and setting a major benchmark to interpret fur-
ther 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 [83].
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