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Abstract. Unlike the perfect models often used in numerical simulations, real
nanoparticles are usually characterized by an oxidized or passivated surface,
whose the effect on mechanical properties is not well known. In the present
work we perform first principles molecular dynamics calculations to simulate
the flat punch compression of small hydrogen passivated silicon and silicon
carbide nanoparticles. They reveal that the nanoparticles yield at high strains
and preferentially by amorphization. Small rotations are often observed before
yielding. Our investigations suggest that these rotations are favored by the
presence of the hydrogen passivated layer. Another consequence is a notable
reduction of stiffness, due to the lower bending strength of Si/C-H bonds compared
to the compression strength of the Si/C lattice. At last it is found that the
amorphization of silicon carbide is facilitated by the presence of the hydrogen
passivated layer.
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1. Introduction

Mechanical properties like strength, ductility, or
toughness, depend on materials dimensions because
they hinge on multiple mechanisms occurring at
different scales [1, 2]. For instance, it is well
documented that nanopillars become stronger when
their dimensions are reduced up to the nanoscale [3].
The commonly agreed explanations are that usual
bulk plasticity sources are hindered or not active due
to the reduced dimensions, and that other plasticity
mechanisms are triggered at higher stresses [4, 5]. It
is also observed that the toughness and ductility of
bulk brittle materials tend to largely increase when
dimensions are reduced [6]. Below a certain size, all
brittle materials are expected to plastically deform
with no cracks [7, 8]. It is then not surprising that the
mechanical properties of nanomaterials like nanowires,
nanopillars, nanoparticles, can be strikingly different
from bulk material.

Nanoparticles (NP) form an especially interesting
class of systems for the investigations of mechanical
properties. NP are in fact used in various contexts
and in numerous applications, for which the knowledge
of their mechanical properties is desirable [9]. For
instance, NP can be reinforcement materials in bulk
or coating composite materials. They can also be used
as abrasives to perform chemical-mechanical polishing
of thin films, or as additives in lubricants for tribology
applications [9]. It is then important to achieve a good
knowledge of their mechanical properties.

As mentioned above, one of the most spectacular
characteristic of NP is their extremely high strength.
Most of available data concern metallic FCC [10–
19], and BCC [20–22] NP. Large values are also
reported for other classes of materials, like for instance
oxides [23–25] and carbon-based systems [26–29]. This
suggests that the strength increase associated with size
reduction is a general phenomenon in nanoparticles.
Another interesting finding is the increase of toughness
and ductility in brittle materials like Si and SiC
as dimensions are reduced. This aspect is well
documented for NP, in particular thanks to a large
number of dedicated investigations [8, 30–38].

These outstanding NP mechanical properties
are observed in both experiments and numerical
simulations, with an overall consensus [39]. Yet
theoretical models are usually characterized by perfect
geometries with well defined shapes, edges and facets.

This is at odds with real NP, which may exhibit
rough surfaces, blunt shapes, and include internal
structural defects. Another overlooked parameter is
the presence at the NP surface of oxide or surfactants
in experiments. In fact most metals or semiconductors
surfaces are highly reactive, and the formation of a
thin oxide layer is difficult to avoid. It is not clear
whether the presence of an oxide surface layer has
a significant influence on the mechanical properties.
Wagner et al. report no strength differences between
oxide-free and oxidized cubic Si NP [34]. This contrasts
with another experiment showing a large strength
increase for oxidized spherical Si NP [40]. Finally,
using molecular dynamics simulations Zare Pakzad et
al. show that the strength of Si nanowires is reduced
in presence of an oxide layer [41].

The formation of a surface oxide layer can be
prevented by using a surfactant to cover the surface and
suppress reactivity. For instance hydrogen passivation
is a simple way to saturate the surfaces of Si NP [42]. A
legitimate and unresolved question is the influence of
this hydrogen-passivation layer (HPL) on mechanical
properties. On the one hand, it is reasonable to assume
that an atomically thick HPL could be neglected,
especially for NP with dimensions of several tens or
hundreds of nm. On the other hand, the onset of
plasticity is often associated with the heterogeneous
nucleation of dislocations. And past investigations
reveal that dislocation nucleation at silicon surfaces
could be inhibited in presence of an HPL [43]. To gain
more insights on the influence of HPL on mechanical
properties we investigate in the present work the
mechanical properties of small hydrogen passivated Si
and SiC NP (1-2 nm). The uniaxial compression of
these NP is simulated using first principles molecular
dynamics. We find that amorphization is the main
stress relaxation mechanism, and that it occurs at
strains greater than 0.2. It is also shown that the HPL
reduces the stiffness, favors the rotation of the NP, and
also facilitates the initiation of amorphization.

2. Methods

First principles molecular dynamics compression sim-
ulations are performed using Car-Parrinello formal-
ism [44], as implemented in the Quantum Espresso
package [45]. All NP models are encompassed in su-
percells large enough to allow for at least 10 Å be-
tween periodic replicas. A 25 Ry plane wave cutoff



3

Figure 1. Configurations of Si NP models (Si123H100, ⟨001⟩ compression (a) and Si148H110, ⟨111⟩ compression (b)) at selected
strain values. Leftmost structures represent the relaxed NP prior to compression. Silicon atoms are represented by golden spheres
and hydrogen atoms by white spheres. Interatomic bonds are drawn according to distance criteria.

and a Γ-point sampling is used to compute the elec-
tronic structure. Exchange-correlation contributions
are evaluated with the PBE functional [46], and the
electron-ion interactions are modeled using ultrasoft
pseudopotentials [47]. Stable dynamics are obtained
with a timestep of 0.2 fs. We set the effective electron
mass and the electron mass cutoff to 600 a.u. and 5 Ry,
respectively [48]. Electronic and ionic degrees of free-
dom are controlled by Nose-Hoover thermostats, with
an electronic kinetic energy target of 0.005 a.u. and
an oscillation frequency of 90 THz for electrons, and
a temperature target of 300 K and an oscillation fre-
quency of 30 THz for the ions [49]. These parameters
are appropriate for reliable dynamics [50, 51].

The compression of each NP is achieved according
to the method described in Ref. [52]. Two planar
classical repulsive force fields moving towards each
other at a speed of 0.05 Å/ps are included in the
simulation, yielding a compression speed of 0.1 Å/ps.
All atoms with a height greater (lower) than the top
(bottom) force field position feel a force proportional
to the square of the height difference. A friction force is
also added to these atoms, in order to prevent rotations
about the compression axis [52]. The repulsion
strength is set to 30 a.u., mimicking a very hard flat-
punch indenter, and the friction strength is set to 500
a.u. [52]. At the start of each simulation, the force
field positions are set so as to allow thermalization of
the NP before compression.

We consider six NP models, two made of cubic
silicon, and the other four made of cubic silicon
carbide. Half of the NP are compressed along the
⟨001⟩ crystallographic orientation, and the other half

along ⟨111⟩. These models exhibit cuboctahedron or
truncated octahedron shapes. Note that they are
similar to those used in a previous investigation [53].
All surfaces are passivated by hydrogen atoms. ⟨001⟩
oriented NP exhibits contact surfaces with dihydride
Si/C atoms, and ⟨111⟩ oriented NP contact surfaces
with monohydride Si/C atoms.

The variations of the potential energy and of the
compression forces exerted by the planar repulsive
force fields are monitored during the compression.
The reference energy is calculated by computing
the average of potential energy during a molecular
dynamics simulations with no applied compression
(thermalization). The strain is determined relatively to
the positions of the planar repulsive force fields, with a
reference corresponding to forces deviating from zero.

3. Results

The atomic positions evolution during compression
for all NP are provided as Supplementary Materials
files in the xyz format. Figure 1-(a) shows Si123H100

at different strains when compressed along the ⟨001⟩
orientation. Up to ε ≃ 0.22, no topological changes
are observed and the corresponding compression force
variation is approximately linear (Fig. 2, green line),
suggesting that the deformation is elastic. The
deformation is nonetheless not homogeneous, with the
largest distortions occurring at the contact surfaces.

In particular, we observe a significant increase of ĤSiH
angles for dihydride Si atoms (the initial value being
about 107◦), leading to Si-H bonds almost parallel
to the contact surfaces. Energy and compression
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Figure 2. Compressive applied force (top graph) and energy
(bottom graph) as a function of engineering strain for all NP
models.

force drops occur when ε is 0.22 − 0.24 although our
analyses do not reveal specific structural changes. In
a previous work we identified an elastic softening for
the ⟨001⟩ compression of Si NP without HPL [53]. It
is likely that the same phenomenon is happening here.
Increasing further the strain leads to the progressive
amorphization of the NP (Figure 1-(a)). The force
and energy drops occurring at ε ≃ 0.29 (Fig. 2, green
lines) correspond to a large structural relaxation of
the disordered phase. The maximum contact force
preceding the drop is 16.2 nN.

The second Si NP model is compressed along the
⟨111⟩ orientation (Figure 1-(b)). The compression
force grows linearly only up ε ≃ 0.10, with a slope
approximately twice the one for Si123H100 (Fig. 2,
orange line). A similar stiffness difference is observed
for non-passivated Si NP [53], which suggests that
silicon elastic anisotropy is the main cause here, and
not the HPL. A small force drop occurs at ε ≃ 0.10,
corresponding to the rotation of the NP of about 10-15◦

around a ⟨110⟩ axis perpendicular to the compression
orientation (Fig. 1-(b)). We emphasize that there is
no plastic deformation when the NP rotates, although
the contact force is noticeably decreased. Yield begins
at ε ≃ 0.19 when the NP starts to amorphize from its
center, with a maximum contact force of 18.8 nN. This
mechanism is associated with small energy and force
drops (Fig. 2, orange lines). When the strain is further

increased the compression force fluctuates around a
constant level while the energy grows as a whole,
corresponding to the stress-assisted amorphization
expanding over the NP. Structural analyses of the
disordered phase in Si123H100 and Si148H110 reveal that
the Si atoms coordination remains mostly 4-fold with
a limited increase of 5-fold occurences, in agreement
with previous works [54].

Figure 3 shows the four SiC NP at various
stages of compression. We focus first on Si80C92H120

compressed along ⟨001⟩ (Fig. 3-(a)). The most
prominent feature of this case is the impressive strain
range of the elastic regime. In fact, we find that the
NP can be compressed up to ε ≃ 0.34, while preserving
the initial crystalline structure. At this strain, the Si-
H bonds at the contact surfaces are bent so as to have
the ĤSiH angles close to 180◦, with surface Si/C/H
atoms at the same height. Small ripples in the force
curve for ε < 0.34 are associated with slight rotations
of the NP (Fig. 2, purple line). At ε ≃ 0.34 and
a contact force of 47.0 nN, we observe the initiation
of amorphization (Fig. 3-(a)), followed by significant
drops in both force and energy. A close behavior is
obtained for Si71C56H100 and the same compression
orientation (Fig. 3-(b)). A linear variation of the
compression force can be here observed up to ε ≃ 0.39.
The SiC structure is markedly compressed, and the
Si-H bonds at the surfaces are progressively flattened,
like in the previous case. At larger strains, the NP
becomes disordered, which decreases both the force and
the energy (Fig. 2, grey lines). The maximum contact
force associated with the onset of plasticity is 52.5 nN.

For ⟨111⟩ compressed SiC NP the predicted stress
relaxation scenarios are slightly different. Si61C61H90

can be compressed up to ε ≃ 0.23 with a linear force
variation (Fig. 3-(c)), which corresponds to a maximum
compressive force of 63 nN, the largest attainable
value amongst all NP (Fig. 2, red line). Large force
and energy drops are next observed when the strain
increases. It corresponds to the rotation of the NP of
about 20◦ around a ⟨110⟩ axis perpendicular to the
compression orientation, which seemingly orientates
the compression along a ⟨112⟩ direction. After a
short reloading stage, a second relaxation stress event
is observed at about ε ≃ 0.30 and a contact force
of 51.0 nN. It consists of a collection of atomic
displacements with small amplitudes, which appear
to be mostly concentrated in the middle of the NP
and lead to a shear seemingly localized in a {111}
shuffle plane. Although shuffle set dislocations are
known to be active during the plastic deformation
at low temperature of covalent materials like Si [55–
57] and SiC [58], it is not possible to claim that a
dislocation nucleated and propagated as there is a lack
of evidence and a significant amount of disorder. The
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Figure 3. Configurations of SiC NP models (Si80C92H120, ⟨001⟩ compression (a); Si71C56H100, ⟨001⟩ compression (b); Si61C61H90,
⟨111⟩ compression (c); and Si79C68H100, ⟨111⟩ compression (d)) at selected strain values. Leftmost structures represent the relaxed
NP prior to compression. Silicon atoms are represented by golden spheres, carbon atoms by black spheres, and hydrogen atoms by
white spheres. Interatomic bonds are drawn according to distance criteria.

structure at the maximum strain overall retains its
crystalline character (Fig. 3-(c)). At ε ≃ 0.35 a third
stress relaxation mechanism is observed, leading to the
partial amorphization of the NP (Fig. 3-(c)).

The last studied system is Si79C68H100 compressed
along ⟨111⟩. As for Si123H100, the linear variation
domain of compression force is much smaller than
the other NP, with a significant inflexion occurring at
ε ≃ 0.1 (Fig. 2, blue line). Visual inspection reveals
that it corresponds to the progressive rotation of the
NP up to a strain of ε ≃ 0.15 (Fig. 3-(d)). The
rotation appears to be similar than for Si123H100, with
an amplitude of about 10-15◦ and a ⟨110⟩ rotation
axis. This mechanism is nearly invisible on the energy
curve (Fig. 2, blue line). A second force decrease
and an energy inflexion occur at ε ≃ 0.21. They
are associated with the progressive rotation of the NP,
again of about 10-15◦, but now with a ⟨112⟩ rotation
axis perpendicular to the previous one (Fig. 3-(d)). As

for other SiC NP, the Si/C-H bonds at contact surface
are completely flattened at such a strain. Finally we
observe large energy and force decreases starting at
ε ≃ 0.27 (Fig. 2, blue lines). They are caused by the
rupture of Si-C bonds at one of the contact surface,
which allows for decreasing the NP height and relaxing
the applied stress (Fig. 3-(d)). ε ≃ 0.27 is then the
elastic limit at which plastic deformation starts, with
a contact force of 42.7 nN.

In a nutshell, it is found that the first consequence
of compressing the H-passivated Si and SiC NP is the
progressive bending of Si-H and C-H bonds at the
contact surfaces, which essentially occurs during the
elastic regime. The primary drop in contact forces is
often associated with a low amplitude rotation of the
NP, especially for ⟨111⟩ compression cases. The next
ones correspond to amorphization, which is the main
stress relaxation mode. This result is in agreement
with the literature. In fact amorphization is known to
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be an efficient plasticity mechanism in high stress low
temperature conditions [59, 60], as encountered here.
It has also been observed or predicted in silicon [61,
62] and silicon carbide [63]. Other stress relaxation
mechanisms are identified for Si123H100 compressed
along ⟨001⟩, with an elastic softening preceding the
amorphization, and for Si61C61H90 compressed along
⟨111⟩ where some shear is observed. The NP strength,
defined as the contact force at the beginning of plastic
deformation, ranges from 16.2 to 18.8 nN for Si,
and from 42.7 to 52.5 nN for SiC. These ranges are
relatively narrow, which is reasonable given that our
investigated systems have similar shapes and sizes.

4. Influence of HPL on mechanical properties

Table 1. Identified mechanisms during the compression of Si
and SiC NP (Ref. [53]), and with a compressed HPL (present
work): elastic softening (ES), amorphization (A), rotation (R),
dislocation nucleation (D), and shear (S).

Case Ref. [53] With HPL
Si123 ⟨001⟩ ES → A ES → A

Si148 ⟨111⟩ A R → A

Si80C92 ⟨001⟩ R → A R → A

Si71C56 ⟨001⟩ A A

Si61C61 ⟨111⟩ D → A R → S→ A

Si79C68 ⟨111⟩ D → A R → R → A

In this section, we discuss the influence of the
HPL on the mechanical properties of NP. Some of us
have recently investigated the mechanical properties
of similar NP models and orientations using a similar
setup, but without a compressed HPL [53]. It is then
interesting to compare these results to the present ones
in order to reveal its influence. Table 1 shows the
identified mechanisms in both cases. Similar scenarios
are obtained for ⟨001⟩ compressed NP. However, for
the ⟨111⟩ orientation, the compressed HPL favors the
rotation of the NP in all cases, which hinders the
nucleation of dislocation at higher strains [53]. A
possible cause is the different conformation of Si/C-
H bonds at {111} and {001} surfaces. Those are
monohydride bonds for the former, and dihydride
bonds for the latter. Monohydride bonds are
initially parallel to the compression axis and bend in
random directions during compression, which induces
a restoring force parallel to the contact surface thus
favoring the rotation. Conversely the two Si/C-H
bonds of a dihydride surface bend symmetrically, with
a restoring force parallel to the compression axis.
Another interesting point is the occurrence of elastic
softening in both cases for Si123 compressed along

Figure 4. Si148H110 NP model, with (left) and without the
hydrogen atoms (right). The cyan area shows the space occupied
by silicon atoms, while the pink area shows the extra space
associated with hydrogen atoms. The height of the NP is d+2δH,
with d the height of the uncovered NP and 2δH the extra height
due to the H atoms.

Figure 5. Influence of the HPL on the stiffness (nN Å−1) for
all investigated systems. The blue bars refer to the H-covered
NP (present work), while the orange bars refer to NP with no
compressed HPL (Ref. [53]).

⟨001⟩, which suggests that the HPL has little influence
on this mechanism.

We now try to achieve a quantitative assessment
of the influence of HPL. Note that it is difficult to use
normalized quantities such as the compression stress
and the strain, since the initial dimensions of the
NP with or without compressed HPL obviously differ
(Fig. 4). In the remainder of this section, we then
analyse the variations of the stiffness and of the height
difference between the topmost and bottommost Si/C
atoms, called d in the following (Fig. 4).

Figure 5 shows the stiffness values computed from
the initial linear variation of the compression force in
Fig. 2 associated with the elastic regime. We first note
that the stiffness variations as a function of materials
and orientations are qualitatively comparable to Young
modulus variations. In fact, E001

Si = 129 GPa < E111
Si =

189 GPa < E001
SiC =345 GPa < E111

SiC =541 GPa [64, 65].
Then we observe that there is a clear reduction due
to the HPL in all cases. Using a core-shell model,
it is straightforward to show that the inverse of the
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stiffness of the H-passivated NP is the sum of the
inverses of the stiffnesses of the HPL and of the Si/C
core. With the reasonable assumption that the stiffness
associated with Si-H and C-H bonds bending is lower
than the stiffness for Si-Si and Si-C bonds compression,
it explains why the stiffness of the H-passivated NP is
reduced.

Next we examine the influence of HPL on the
onset of plasticity. We compare d at which plastic
deformation occurred, for a given NP with and with
no compressed HPL. Si123 and Si71C56 are considered
since these are the only two NP for which the plasticity
mechanisms does not depend on the HPL (Tab. 1). For
H-passivated Si123, amorphization starts when the Si
core height is d = 10.3 Å. This value is close to the
one predicted for the amorphization of Si123 with no
compressed HPL, i.e. 10.2 Å [53]. It suggests that the
HPL influence is limited in that case. For H-passivated
Si71C56 the amorphization occurs when the SiC core
height is d = 6.81 Å. This is significantly larger than
the value d = 6.35 Å at the onset of plasticity when
no HPL is present. Therefore a higher compression
level must be reached to initiate the amorphization of
the SiC core with no compressed HPL. It suggests that
the HPL has a substantial influence on the initiation
of plasticity in that other case. A possible explanation
is that the progressive bending of Si/C-H bonds in
the HPL tends to lower the stability of the crystalline
lattice in the vicinity of the concerned Si/C atoms, with
respect to an amorphous phase.

5. Conclusions

In this work, first-principles molecular dynamics
calculations are carried out to simulate the uniaxial
compression of H-covered silicon and silicon carbide
nanoparticles. It is found that the main stress
relaxation mechanism is the amorphization of the NP
at high strains, typically greater than 0.2. It is
in most cases preceded by a low amplitude rotation
of the NP associated with noticeable energy and
compression force decreases. It is possible that these
rotations could be dampened if the NP is not isolated
and in contact with a liquid or other NP. We also
observe one occurrence of elastic softening for the
⟨001⟩ compression of a Si NP, and a shear event for
a SiC NP compressed along ⟨111⟩. The comparison of
these results with a previous investigation [53] reveals
that the presence of the HPL tends to favor the
rotation of the NP during compression, especially for
⟨111⟩ oriented NP which exhibit monohydride contact
surfaces. The presence of HPL also markedly decreases
the stiffness, because it is easier to bend Si/C-H
bonds in the HPL than to compress the Si or SiC
lattice. Finally, the analysis of the two cases where

similar mechanisms are observed with and without
HPL, reveals that amorphization is facilitated by the
presence of the HPL for a SiC NP.

The main limitation of this work is the limited
set of investigated systems and their sizes. This is
the price to pay for first-principles molecular dynamics
calculations, which remain mandatory given the low
reliability of interatomic potentials for describing
nanoparticles or highly strained materials [66]. This
issue could be circumvented in the future by designing
appropriate machine learning potentials. Until then,
it is always possible to speculate on the validity of
our results for larger NP sizes. Regarding stiffness,
the influence of HPL is expected to diminish as the
NP size increases. However, the situation might be
drastically different for plastic deformation, since its
onset is expected to keep a local character. In that
case, it is possible that the local weakening of the
Si/SiC crystalline structure in the vicinity of the HPL
could continue to play an important role even for much
larger NP. Further investigations will be welcome to
confirm or refute our predictions.
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