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Influence of strain on dislocation core in silicon
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ABSTRACT
First principles, density functional-based tight binding and semi-
empirical interatomic potentials calculations are performed to
analyse the influence of large strains on the structure and stability
of a 60◦ dislocation in silicon. Such strains typically arise during
the mechanical testing of nanostructures like nanopillars or
nanoparticles. We focus on bi-axial strains in the plane normal to
the dislocation line. Our calculations surprisingly reveal that the
dislocation core structure largely depends on the applied strain,
for strain levels of about 5%. In the particular case of bi-axial
compression, the transformation of the dislocation to a locally
disordered configuration occurs for similar strain magnitudes.
The formation of an opening, however, requires larger strains,
of about 7.5%. Furthermore, our results suggest that electronic
structuremethods should be favoured tomodel dislocation cores
in case of large strains whenever possible.
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1. Introduction

Covalent systems are characterised by strong and directional chemical bonds
between atoms. Their mechanical behaviour is well known: stretched or bent
materials first respond elastically, then yield by brittle fracture at relatively low
deformation. Plastic deformation by dislocation motion only occurs at high
temperature, or in dedicated experiments using a confining pressure preventing
crack initiation and propagation [1,2]. This picture, valid for bulk systems, has
been recently questioned when one or several system dimensions are reduced.
Michler and co-workers reported the plastic deformation of gallium arsenide
micropillars at room temperature [3,4]. Similar conclusionsweremade for silicon
[5–7] and indium antimonide micropillars [8]. Furthermore, Gerberich and co-
workers also observed the plastic deformation of silicon nanospheres [9,10] and
nanocubes [11]. These results revealed a brittle to ductile transition as a function
of the smallest dimension of the probed system [3–8,12–16], recently confirmed
by molecular dynamics simulations [17].

The elastic regime also appears to be greatly extended when the dimension is
reduced, with several investigations reporting very large strains prior to plastic
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deformation [11,18–21]. This is especially true for stretched nanowires [18,20,
22,23], with measured elastic limits ranging from 5% to 13%. Wagner et al.
also reported the elastic compression of silicon nanocubes up to 7% [11]. Such
intriguing findings open the way for potential applications in strain engineering
and nanoelectromechanics.

These large strains are likely to substantially influence the plastic deformation,
and more specifically, the properties of dislocations. For instance, it has been
shown that an hydrostatic compression of only 1–2% would sizeably alter the
stability and mobility of a screw dislocation core in silicon [24]. Few studies also
suggested that large strains can drastically modify dislocations properties [25–
27]. Aside from these rare works, the influence of large strains, as encountered
in nanosized systems, is usually overlooked, and a thorough investigation is
critically lacking.

In this work, we investigate how large strains, up to 10% in tension or
compression, change the structure and the stability of a dislocation core in a
covalent material. We focus here, on silicon for the following reasons: (i) it is
considered as the archetypal covalent material, (ii) it remains very important
for technological applications and (iii) most of reported experiments on the
mechanical properties of nanosized covalent systems concern silicon. At last, our
knowledge of dislocation properties is better for silicon than for other covalent
materials [28,29]. A 60◦ dislocation has been selected in our investigations, since
this dislocation has been experimentally observed in severely deformed silicon
nanowires at room temperature [30,31]. We considered five different initial core
structures, simulated using different theoretical frameworks: density functional
theory (DFT) [32,33], density functional-based tight binding (DFTB) [34] and
three semi-empirical interatomic potentials. For each initial core configuration,
we examined 11 strain states using DFT, the most accurate and expensive
method, 41 with DFTB, and 441 with potentials. This large set of calculations
allows us to analyse the influence of strain on the stability of a dislocation core
with accuracy, and in particular to determine the thresholds corresponding to
structural transformations in void opening and local disorder. Furthermore, we
also evaluate the reliability of potentials to model silicon dislocations in these
conditions.

The structure of the paper is as follows. First, a brief recall of the known core
properties of the 60◦ dislocation in silicon is made. The models and the numer-
ical simulation setups are then detailed. The results obtained using electronic
structure approaches (DFT and DFTB), and potentials are reported in the next
two sections. Finally, our findings are discussed in relation with the current state
of the art.
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2. 60◦ dislocation in silicon

Dislocations in silicon glide in {1 1 1} planes and are characterised by a Burgers
vector equal to a/2〈110〉 (a being the lattice parameter). Due to the high lattice
friction, they appear as straight segments lying in deep Peierls valleys, with
screw and 60◦ orientations. Above the brittle to ductile transition temperature
(around 900 ◦C), these dislocations are dissociated in 30◦ and 90◦ partials [35].
At low temperatures, roughly below the transition temperature, no dissociation
is usually observed [28], although there are hints that partial dislocations could
be active in specific cases [11].

The cubic diamond structure of silicon is characterised by two inequivalent
families of {1 1 1} planes, historically called ‘glide’ and ‘shuffle’ [35]. High-
temperature partial dislocations are located in ‘glide’ {1 1 1} planes. The situation
is more complex for non-dissociated dislocations, for which several core con-
figurations have been identified. In the case of the screw dislocation, the most
stable core structure is located in ‘glide’ planes [36,37], but it is deemed that the
active configuration for plastic deformation is a ‘shuffle’ core [38–40]. For the 60◦
dislocation , the lowest energy core is also located in ‘glide’ planes. However, it
has not been detected in previous investigations, and it appears to be sessile [41].
Three other configurations, all located in ‘shuffle’ planes, have been identified
[37]. The S1 core, represented in the Figure 1, is known for a long time [42]
and is usually obtained from classical molecular dynamics simulations [43–47].
However, first principles calculations indicate that this configuration is not stable,
and spontaneously relaxes to other structures, called S2 and S3 [41] (Figure 1).
Unexpectedly, the same study also pointed that these two core structures are
sessile too, hinting that the core S1, despite being unstable, is active during
plastic deformation. For other covalent systems with cubic diamond, zinc blende
or wurtzite structures, our knowledge is much scarce. However, we emphasise
that the available information suggest that similar properties could be expected
for these materials [29].

In this work, we aim at determining how large strains could affect the disloca-
tion core stability. With its different possible core structures, the 60◦ dislocation
is a good candidate. Furthermore, it has been shown to be active during the
room temperature plastic deformation of nanostructures [17,30,31] and thin
films [44,46]. A secondary objective is to investigate if strains could make the
S1 core stable. Finally, it has been recently speculated that a 60◦ dislocation
could be a precursor of a crack [48]. Our calculations should reveal whether an
applied tension would eventually lead to breaking of bonds in the dislocation
core, accounting for a possible nano-crack formation.

In our calculations, we first considered S1, S2 and S3 as initial configurations.
S1 and S2 cores only differentiate by the bonds between atoms labelled i, j and
k in Figure 1: a j–k bond (and no i–j bond) for S1, and a i–j bond (and no
j–k bond) for S2. It is possible to generate two additional core configurations
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Figure 1. (colour online) 60◦ dislocation core configurations investigated in this work. The S1–S5
core structures can be easily identified by determining the presence of bonds between the atoms
labelled i, j and k (see text for details). Two silicon atoms are considered bonded when their
separation is lower than 2.85 Å.

with either two i–j and j–k bonds, or no bonds between i, j and k (Figure 1).
These are respectively, called S4 and S5 hereinafter, to keep in line with the
previous terminology [41]. S4 could be expected to be stable in compression,
while S5 sounds like a small opening which may be energetically favoured in
tension. Both S4 and S5 are also tested as initial configurations. Note that this
classification is solely based on the topology of the dislocation core. For instance,
two dislocation cores relaxed using DFT or a semi- empirical potential could be
identified as S2, even with small differences in geometry. Finally, we do not take
into account the ‘glide’ core G since it does not appear to be active during plastic
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Figure 2. (colour online) Atomistic model used in the calculations (here, a S1 core configuration).
The black frame shows the dimensions of the supercell along x̂ = 1/

√
6[1̄ 1 2] and ŷ =

1/
√
3[1 1̄ 1]. The system is periodic along ẑ = 1/

√
2[1 1 0], the out of the plane direction.

Silicon atoms are shown as yellow spheres and hydrogen atoms (used to passivate Si surface
atoms in electronic structure calculations) as white spheres. Two silicon atoms are considered
bonded when their separation is lower than 2.85 Å.

deformation, and it is not possible to get ‘shuffle’ core structures transformed in
G by a conservative displacement.

3. Numerical simulationsmethods

First principles calculations are performedusing theDFTplane-wave codePWscf
in the Quantum Espresso package [49,50]. The plane-wave cut-off is set to 20 Ry,
which is a good compromise between the desired accuracy and the computational
cost. It is an important issue here, due to the large set of computed cases, and
the fact that the ionic structure relaxation of strained configurations requires an
unusually high number of iterations to converge. The exchange and correlation
contribution to the total energy is calculated using local density approximation
(Perdew–Zunger), because it allows for an excellent description of the silicon 60◦
dislocation [41]. Furthermore, our preliminary tests show that it greatly improves
the convergence of the electronic structure relaxation compared to generalised
gradient approximations. We use projector augmented wave pseudopotentials
in order to explicitly include only valence electrons in the calculations. With
this setup, we compute a silicon lattice parameter a = 5.4044Å and a bulk
modulus equal to 99.5GPa, in good agreement with experimental data. Due to
the specific geometry of the dislocation model (detailed in the next section),
electronic structure calculations are carried out using two k-points along the
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dislocation line, generated with a 1
2-shifted (1 × 1 × 2) Monkhorst–Pack grid

[51]. In case of highly strained configurations, we often find necessary to add
an electron distribution smearing according to the Methfessel–Paxton method.
At last, the ionic relaxation, performed using the Broyden–Fletcher–Goldfarb–
Shanno algorithm, is considered achieved when the maximum force is below
10−2 eV Å−1.

In addition to first principles calculations, we also performed self-consistent
charge DFTB calculations. The DFTB+ code [52] and the Slater–Koster param-
eters in the pbc-0.3 set [53–55] are used. The electronic structure is calculated
with five k-points equally distributed along the dislocation line and a charge
convergence criterion set to 10−5. The maximum force criterion for ionic con-
vergence using conjugate gradient is set to 10−3 eVÅ−1. The DFTB calculated
lattice parameter is a = 5.4597 Å.

Finally, atomistic simulations are also performed with the LAMMPS code
[56,57] and three different interatomic potentials, aiming at determining the
most reliable one and also at assessing the influence of factors such as the small
model size used in first principles calculations. Those are (i) an improved version
of the Stillinger–Weber potential [58] (a = 5.431 Å), (ii) the Tersoff potential
[59] (a = 5.432 Å) and (iii) a modified embedded atom method (MEAM)
potential1 [60] (a = 5.417 Å). These three potentials have already been used to
describe the mechanical properties of silicon in earlier studies [58,60–62].

4. Numerical simulationsmodels

To model dislocations in finite supercell, it is necessary to carefully deal with
the long-range strain field that they generate [35]. Several methods are possible
[29,63], among which we select the one where a single dislocation is introduced
in a infinite cylinder, i.e. with periodicity along the dislocation line only. This
allows for avoiding annihilation between dislocations, which could occur for
the 60◦ dislocation . We first consider a large rectangular parallelepiped silicon
crystal with the following orientations x̂ = 1/

√
6[1̄ 1 2], ŷ = 1/

√
3[1 1̄ 1] and

ẑ = 1/
√
2[1 1 0]. The last axis corresponds to the dislocation line. A ‘shuffle’

60◦ dislocation is generated in the crystal by displacing atoms according to
anisotropic elasticity theory [64]. Different initial core configurations are ob-
tained by slightly shifting the dislocation centre relative to the lattice, and by
displacing selected core atoms by hand. We then cut a smaller piece of crystal,
centered on the dislocation and with the geometry represented in the Figure
2. The final structure includes 336 silicon atoms, and is periodic along ẑ. The
dimension along this axis is 2b (b = a/

√
2 is the Burgers vector norm), since it is

needed for describing the reconstructed S3 core. It also allows for more freedom
when relaxing deformed configurations. It is next embedded in a supercell of
dimensions 45.16Å×41.53Å× √

2a, i.e. with vacuum in the x̂ and ŷ directions.
This setup ensures a minimal separation of 9 Å between the model and periodic
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images even when large tensile strains along x̂ and ŷ are investigated. Note that
larger models have also been considered in interatomic potential calculations.

In the next step, the initial configuration given by elasticity theory is relaxed
using the Tersoff potential, so as to obtain a stable core configuration. The final
structure, represented in the Figure 2, corresponds to the S1 core. Note that
during relaxation, and for all the calculations reported hereinafter, 106 silicon
atoms in the two first surface layers are not allowed to relax. This scheme
minimises the interaction between the surface and the dislocation core, in case of
surface reconstruction for instance, and allows for a meaningful comparison of
the different core energies. The other dislocation cores are obtained by manually
displacing atoms in the core, followed by a second force relaxation.With the Ter-
soff potential, all the investigated core configurations are stable after relaxation.
These configurations are then used as input for the other potential simulations
and in electronic structure calculations, after an appropriate scaling accounting
for the different lattice parameters.

In the case of electronic structure calculations, undercoordinated silicon sur-
face atoms are also passivated with hydrogen atoms. Those are initially located
at a distance of 1.494 Å which corresponds to the Si–H separation in a calculated
SiH4 molecule, and are allowed tomove during relaxation. This procedure allows
for a more efficient electronic structure relaxation.

The influence of a bi-axial strain along x̂ and ŷ is investigated. Practically, we
apply a homogeneous strain on all atoms before force relaxation, the imposed
deformation being conserved during relaxation thanks to the frozen surface
atoms. A negative (positive) strain corresponds hereinafter to a compressive
(tensile) state, respectively. The notation (−5%, 10%) indicates a strain state
with a 5% compression along x̂ and 10% tension along ŷ.

Our calculations allow us to determine (i) the relaxed core geometry from each
initial structure (relative stability), (ii) themost stable core configuration amongst
all of these (absolute stability), by comparing the total energies after relaxation
for the same strain state. The outcome of these calculations is represented as
stability maps (in Figures 3 and 5). The upper right quadrant corresponds to a
bi-axial tension and the lower left one to bi-axial compression. The two other
quadrants are strain states mixing compression and tension.

5. Electronic structure calculations

Figure 3 summarises the results of our DFT and DFTB calculations. Focusing
first on the most stable geometry from DFT (upper left part of Figure 3), it
appears that the S3 configuration is characterised by the lowest energy in the
unstrained state, in agreement with our previous investigation [41]. We also find
that both initial S2 and S3 structures converge to S3, while S1, S4 and S5 relax
to S2, concurring with the reported metastability of S2 and the instability of S1.
The energy difference of 1.29 eV b−1 between S2 and S3 is larger than previously



1158 L. PIZZAGALLI ET AL.

Figure 3. (colour online) Stability strain maps for DFT (left) and DFTB (right) calculations. Each
white point corresponds to an investigated strain state. The colour code indicates themost stable
structure amongst all calculated configurations (top), or the final structure after relaxation of an
initial S1 configuration (bottom). The colour domains are drawn by interpolating the results of
the calculations.

calculated [41]. S3 is also the most stable core in low strain conditions, especially
for bi-axial tension.However, at (7.5%, 7.5%), it becomes energetically favourable
to turn the dislocation core into a S5-like small opening, which is represented in
Figure 4(a). The latter is obtained during relaxation when starting from S1, S2,
S4 and S5 as initial configurations, with a final energy 0.76 eV b−1 lower than
for the relaxed S3 core. Interestingly, for a slightly less strained state of (6.25%,
6.25%), an opening is also obtained from the same initial configurations, but
the relaxed strained S3 core is now significantly more stable (with an energy
difference equal to 0.45 eV b−1 in favour of S3). This suggests that the transition
between an opening and a S3 core is sharp, and occurs in a narrow strain range.
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Figure 4. (colour online) Selected stable geometries after relaxation: (a) a S5-like opening
obtained from DFT relaxation at (7.5%, 7.5%), (b) a specific geometry (noted ‘S3+8/9 rings’
in Figure 3) commonly obtained from DFTB relaxation and a tensile state along ŷ, (c, d) two final
structures characterised by a local disorder obtained from DFT and (−5%,−5%), and DFTB and
(10%,−10%), respectively. Two silicon atoms are considered bonded when their separation is
lower than 2.85 Å.

DFT calculations also reveal that S2 becomes the most stable 60◦ dislocation
core at (5%, −5%), the energy difference with the strained S3 being 0.15 eV b−1.
Conversely, at (5%, −5%), the S1 structure becomes energetically favoured, also
with a small energydifference compared to S3 (0.09 eVb−1). These two last results
are consistent with the fact that a deformation along x̂ will promote or prevent
j–k bonding (Figure 1), whereas a deformation along ŷ will affect i–j bonding.
Following the same logic, one would expect an increased stability of S4 in case of
bi-axial compression. This is indeed the case, S4 being obtained after relaxation
of S1 and S4 initial configurations at (5%,−5%). However, an even lower energy
is found for the configuration represented in Figure 4.c, obtained by relaxing an
initial S5 configuration. The presence of highly coordinated atoms and distorted
bonds is the fingerprint of a local disorder. This configuration is 0.19 eV b−1

lower than the S3 configuration. Nevertheless, a stable S4 configuration can be
observed at (−5%, 0%), as the product of the relaxation of S1, S2, S4 or S5
initial configurations. The converged structure is characterised by an energy
0.25 eV b−1 lower than S3.
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The outcome of DFTB calculations are reported in the upper right side of
Figure 3. Since DFTB is less accurate than DFT, it is interesting to assess the
reliability of these results. Comparing DFTB and DFT results, some similar
trends can be observed, like the occurrence of S1, S2, S4 and S5 in roughly the
same strain conditions. However, several differences appear also clearly. The
most prominent one comes from a slightly different S3 geometry, represented in
Figure 4(b), and called S3+8/9 rings in Figure 3. This configuration is obtained
as the most stable state from the relaxation of an initial S3 core, mainly in the
case of a tensile deformation along ŷ. Compared to S3, it is characterised by
the formation of a eight- or nine-fold ring due to the rupture of a bond in
the dislocation core (marked as a dashed line in Figure 4(b)). Another relevant
feature is the lack of local amorphisation in bi-axial compression with DFTB,
a preserved S4 core being the most stable structure even at (−10%,−10%).
Furthermore, a disordered state is obtained in case of large tension along x̂
and compression along ŷ. For instance, the final geometry at (−10%,−10%) is
represented in Figure 4(d).

DFTB, likeDFT, predicts a stable opening in case of bi-axial tensile strain, with
approximately the same threshold. The strain domains associatedwith S1, S2 and
S4 as being most stable states are also approximately in agreement, although for
S1 and S4 they are shifted to larger compressive strains along x̂. This is probably
due to DFTB overrating the stability of S3 compared to DFT. In the case of S2,
DFT predicts that it should be the most stable state in a wide range of strain
states.

Bottom quadrants of Figure 3 also show stability strain maps obtained from
both DFT and DFTB, but only from calculations with S1 as initial configuration.
Those are especially interesting since S1 has been identified in previous investi-
gations as the mobile 60◦ dislocation core [17,30,41,44,46]. The objective is here
to investigate if a nucleated S1 dislocation core could turn into another, more
stable, geometry depending on the strain conditions.

The analysis of these strainmaps reveal that the twomethods yield comparable
results, except for a moderate compression along x̂ and an unstrained state. For
the latter, the DFT relaxation of S1 leads to the formation of S2, in agreement
with previous works [41], whereas S3 is obtained using DFTB. Note that this is
the only case where S3 is obtained from S1, probably because the bondings of the
two configurations are too different, and a transformation requires significant
displacements of atoms. Overall, these maps indicate that S2 is the most stable
core in case of tension along x̂ (except when combined with a high tension along
ŷ), and in specific bi-axial compression conditions. Also, local amorphisation
with DFT is not observed anymore, which would suggest that it is favoured by
the complex S3 core geometry which already contains five-fold and seven-fold
rings. Finally, only considering S1 as initial configuration allows for a slight
increase of the stability domain of a stable S5 or even large opening, but large
bi-axial tensile strains are still required.
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6. Interatomic potential calculations

Thanks to a reduced computational cost, interatomic potential investigations
can be performed on a finer grid of strain states compared to electronic structure
calculations. Strains along x̂ and ŷ range from −10% to 10% with a step of
1%, leading to 441 possible bi-axial strain states, i.e. 2205 calculations for each
potential. This large number motivates us to develop an automatic analysis of
the final configurations. The identification of the different geometries was first
based on the presence or not of bonds between atoms labelled i, j, and k in
Figure 1. For instance, a S3 core includes k–i and i–j bonds, but no k–j bond.
A covalent bond is assumed when the interatomic distance is equal or lower
than 2.85Å, since the electron density between two atoms has been shown to
be negligible in amorphous silicon above this threshold [65,66]. In addition, the
atoms coordination is calculated and used for further analysis. In case of several
three-fold coordinated atoms, an opening is assumed to be present. With this
criterion, a S5 geometry is considered as an opening. Also, a structure is tagged
as locally disordered if there are at least two five-fold coordinated atoms. Finally,
there are some cases for which the identification is not possible or ambiguous,
because the final configuration largely departs from the initial one. This occurs
for instance when the dislocation core moves during forces relaxation.

The results of the calculations and identification procedure are reported in
Figure 5, for the three potentials. The comparison with Figure 3 reveals that the
modified Stillinger–Weber potential roughly reproduces the DFT results for the
most stable strained configuration, except for tension along x̂ and compression
along ŷ. In fact, with this potential, the S2 configuration is rarely the lowest energy
configuration, unlike withDFT. The situationworsens when considering only S1
as initial configuration. S4 and to a lesser extent S1 then become favoured over
large strain domains, still withno S2 configuration. Finally, in case of compressive
strain greater than 7%, one often obtains not well defined structures, including
local disorder for instance.

Conversely, the Tersoff potential always preserves the bonding of the initial
configuration during the relaxation, allowing for an unambiguous identification
of the final geometry. Also, the strain map for the most stable structure exhibits
clear separated domains, in agreement with electronic structure calculations.
However, it tends to favour both S4 andS5, compared to S1 andS3.The formation
of openings would then be overestimated with the Tersoff potential. Analysing
now the configurations obtained by relaxing a strained S1 core, one finds that the
latter is stable except when a compressive strain greater than about 4% is applied
along ŷ. This is consistent with the fact that the Tersoff potential overstate the
strength of bonds, thus preventing the breaking of bonds during relaxation.

Using MEAM, we find that it is difficult to identify relaxed structures, espe-
cially in compression. Analysis of selected cases reveals that the final configura-
tions are often messy, with a core transformation towards a locally disordered
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state. However, in case of tension along x̂, the most stable structure is in fair
agreement with electronic structure calculations, reproducing the stability do-
mains for S2, S3, and for openings. With an initial S1 core, this potential favours
S2 in case of tension along x̂ and compression along ŷ, like in DFT. However,
it also overestimates S5, which is obtained even for small tensile strains along x̂
and ŷ.

At last, interatomic potential calculations are also useful to check the validity
of our computational model. First, we perform calculations to determine the
most stable dislocation configurations within the same x̂ and ŷ strain ranges, but
with a larger system. Results similar to those shown in Figure 5 are obtained, thus
validating our computational setup. Second, we investigate the possible influence
of the relaxation of the system along ẑ, i.e. the dislocation line. Here again, we
find negligible differences compared to calculations described above.

7. Discussion

Our results all point to the same conclusion: the energetically most stable con-
figuration for a 60◦ dislocation in silicon strongly depends on strain. All five
investigated structures can be obtained. One may argue that these structures are
topologically rather close, and that it does not greatly modify the properties of a
60◦ dislocation . This argumentmay hold true for S1 and S4, but not for the other
configurations, which involve significant structural differences. For instance, the
known transformation S2→S3 cannot be reversed [41]. This is also obvious by
comparing a compact core like S1 with the stable distorted S5 geometry such
as the one shown in Figure 4(a). Furthermore, we also predict that a moderate
compressive state could lead to the transformation of the dislocation core into a
locally disordered structure.

Focusing on the most reliable DFT data, we find that configurations S1,
S2, and S4 could be more stable than S3 for strains of the order of 5%. Such
levels can hardly be attained in bulk materials, even when using dedicated
experiments. At low scale, though, similar or even greater strainmagnitudes have
been reported in several experiments [11,18,20–23], and our conclusions are then
pertinent in this context. 5% is also the threshold in bi-axial compression above
which a local disorder becomes energetically favoured.However, our calculations
suggest that the formation of one opening directly from the dislocation core
requires at least strain levels of about 7.5% in bi-axial tension. Such conditions
might be encountered in highly stretched nanowires [18,22,23], but are probably
too unusual to conclude that cracks could be directly initiated from a simple
dislocation core in silicon.

Overall, we emphasise that it is difficult to assert that we have determined the
most stable dislocation core for different strain conditions. This issue has been
recognised as critical for a long time, in particular, for dislocations in covalent
materials [29,37,67]. A common approach to generate an initial core structure is
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to directly apply to atoms the displacements as given by elasticity theory, even
if it is recognised that such a continuum theory cannot describe the non-elastic
core. Different configurations can be obtained by shifting the dislocation centre
relative to the crystal, and by subsequently displacing few selected core atoms.
This is what we do here. But there is no guarantee that one does not miss the
most stable structure. This issue is especially heightened in our work due to the
presence of large strains. Using as initial configurations five stable structures
first relaxed using the Tersoff potential, then strained, we try to explore as much
as possible the configuration space, but we cannot exclude the hypothesis that
unforeseen geometries might have lower energies.

In addition to investigating the most stable core configuration, we also ex-
amine a possible structural evolution of the S1 core geometry in presence of
an applied strain. In fact, several studies have shown that this dislocation core
plays an important role during the plastic deformation of silicon nanostructures.
Comparing first to our previous work [41], its transient character is confirmed in
the absence of strain, with a transformation to the S2 geometry. However, we also
discover that it is possible to preserve a stable S1 configuration in specific strain
conditions (tension along 〈1 1 1〉, and compression along 〈1 1 2〉). Besides, our
investigations suggest that in case of bi-axial compression, S4 will become more
stable than S1, which will probably be an intermediate state during dislocation
motion. Finally, we show that the transformation of the S1 core into an opening
would occur in case of bi-axial tension, for strain levels of about 6.5%.

Our calculations also allow for estimating the reliability of different theo-
retical frameworks in the specific situation of silicon dislocations under large
strains. Assuming that DFT is the reference, we determine with no surprises that
an electronic structure approach like DFTB is far superior to semi-empirical
potentials. DFTB appears to be a good alternative to DFT, since it is reliable
enough to qualitatively reproduce most of DFT results. Conversely, interatomic
potentials are not very reliable, in particular, in case of compressive state. A better
agreement is obtained for tensile states, but it remains qualitative at best.

It is tempting to compare the results reported above with those available in
the literature, and in particular with experiments where the strain state is well
characterised. Unfortunately, such a comparison is rather difficult in most cases.
Indeed, here, we investigated bi-axial deformations along 〈1 1 1〉 and 〈1 1 2〉, the
two canonical orientations for dislocations [35]. Only normal strains are then
considered. In mechanically tested nanostructures, shear strains can be present,
which have not been considered in the present work. Since it is unreasonable to
investigate all possible strain states, the comparison with a specific experiment
could bemade only by performing calculationswithin the same strain conditions,
if the latter are known. Note that the presence of shear strains could significantly
complicate the theoretical investigations though, since it could lead to dislocation
displacement during relaxation.
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At last, we perform 0 K static calculations in this work, with conjugated
gradients relaxation of forces. Nonetheless, the dynamical motion of dislocations
is probably an important factor, that can influence the properties of dislocation.
A known example is precisely the 60◦ dislocation in silicon, which we have
shown tomove with the S1 core although this core is not stable at rest [41]. Then,
one could wonder whether dynamics will significantly preserve the geometry
of a propagating dislocation core, by inertia, or if alternatively it will favour its
transformation. An interesting analogy can be made with crack propagation in
silicon, which depends on the fine structure of the crack tip, but also on the dy-
namics [68]. The use of approximate electronic structure calculations like DFTB,
or of multiscale approaches [68], seems a good strategy for studying dynamical
aspects since our investigations revealed that semi-empirical potentials are not
well suited for describing dislocation cores in largely deformed states.

8. Conclusions

In this work, we investigate the influence of large strains on the structure and
stability of a 60◦ dislocation in silicon, by performing electronic structure and
semi-empirical potentials calculations. Such a study is especially needed since
recent experimental advances at low scale allow for the mechanical deforma-
tion of covalent nanostructures at very large strains, although the properties of
dislocations are usually studied without considering an applied strain.

We find out that the core structure strongly depends on the strain state,
resulting in different geometries, for strain levels of about 5%. In compression,
a dislocation core could also lead to a locally disordered state. Larger strains
are however required for the dislocation core transformation into an opening.
Our analyses also reveal that the transient character of the glissile S1 core is lost
in case of appropriate strain conditions. Finally, a comparison of the different
approaches suggests that semi-empirical interatomic potentials should be used
with caution, because their reliability can be questionable for the description of
highly strained dislocation cores. These results hint that future works should be
aimed at investigating how large applied strains would influence the dynamics
of dislocations.

Notes

1. TheMEAMpotential we use in this work is a slightly modified version of the potential
published in Ref. [60], with the following parameters: delr = 3.0, Cmin = 1.0, Cmax =
2.8.
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