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of buckling should be always present in silicene, indepen-

dently of the strain value19. For hydrogenated silicenes (the

so-called silicanes), it has been proposed that the buckling

should decrease linearly with the strain19. In the last years

silicene has been object of many experimental and theoreti-

cal investigations20–22. Silicene nanoribbons have been ex-

perimentally produced over Ag(110) surface21. Larger sil-

icene nanosheets have been also synthesized23. Some of the

theoretical aspects investigated include tuning of electronic

properties under stress load18,24, transitions from semimetal

to metal25, bandgap dependence on buckling geometries26,

mechanical properties18,27–29, formation of silicene between

graphene layers30, the influence of defects31 and chemical

functionalizations32. However, most studies in the literature

have been based on small structures.

There are several studies regarding fracture mechanisms on

silicene membranes under strain28,33,34. The contribution of

the present work comes from an investigation of the relative

importance of aspects such as edge terminations (armchair

and/or zigzag), membrane size and temperature effects. We

have carried fully atomistic molecular dynamics (MD) sim-

ulations of silicene under dynamical strain at finite tempera-

tures using reactive classical molecular dynamics in associa-

tion with ab initio density functional theory (DFT) and tight

binding methods.

2 Methodology

We studied the structural and dynamical aspects of silicene

membranes under strain and their fracture patterns using clas-

sical and quantum methods. Equilibrium geometries were

studied with three different methods, DFT, with the code

Dmol336,37, density functional based tight-binding method,

with DFTB+38 and reactive classical molecular dynamics, via

ReaxFF39. DFT calculations offer higher accuracy, however,

in order to reliable simulate the rupturing dynamics of silicene

membranes we need to use large systems, precluding the use

of DFT due to the high computational costs. Thus, for the dy-

namical studies we used only tight-binding and reactive clas-

sical molecular dynamics calculations. The structural calcula-

tions with DFT were used in order to validate the accuracy of

the other used methods.

For the DFT calculations, we used the Dmol3 package

as implemented on the Accelrys Materials Studio suite36,37.

We carried out geometry optimization calculations with the

Perdew-Burke-Ernzerhof (PBE) functional under the gener-

alized gradient approximation (GGA), with all atoms free to

move and full cell optimizations. The convergence criteria

were 10−4 eV in energy, 0.05eV/ Å for the maximum force

and 0.005 Å as the maximum displacement. Core electrons

were explicitly treated and a double numerical plus polariza-

tion (DNP) basis set was used. Since the largest silicene mem-

branes studied in this work contain approximately 1600 atoms,

far beyond the reasonable size for a long-time all electron dy-

namical calculation using DFT methodology, we also used

the density functional based tight-binding method (DFTB) for

systems of intermediate size (hundreds of atoms) as well as a

reactive force field method for systems of large size (∼ 1600)

atoms.

The tight-binding calculations were carried out using

the Self-Consistent Charge Density Functional based Tight-

Binding (SCC-DFTB)40,41 method, as implemented on

DFTB+38. The Density Functional based Tight-Binding

(DFTB) is a DFT-based approximation method and can treat

systems composed by a large number of atoms. SCC-DFTB

is an implementation of DFTB approach and has the advan-

tage of using self-consistent redistribution of Mulliken charges

(SCC) that corrects some deficiencies of the non-SCC stan-

dard DFTB methods41. Dispersion terms are not, by default,

considered in any DFTB method and were included in this

work via Slater-Kirkwood Polarizable atomic model, as im-

plemented in the DFTB+ package38.

Reactive classical molecular dynamics simulations were

carried using the ReaxFF method39. ReaxFF is a reac-

tive force field developed by van Duin, Goddard III and co-

workers for use in MD simulations of large systems. It is sim-

ilar to standard non-reactive force fields, like MM342 in which

the system energy is divided into partial energy contributions

associated with, amongst others; valence angle bending, bond

stretching, and non-bonded van der Waals and Coulomb inter-

actions. A major difference between ReaxFF and usual, non-

reactive force fields, is that it can handle bond formation and

dissociation. It was parameterized using density functional

theory (DFT) calculations, being the average deviations be-

tween the heats of formation predicted by ReaxFF and the ex-

periments equal to 2.8 and 2.9 kcal/mol, for non-conjugated

and conjugated systems, respectively39. We use this force

field as implemented in the Large-scale atomic/molecular

massively parallel simulator (LAMMPS) code43. The ReaxFF

force field was recently used to investigate several chemical

reactions and mechanical properties of systems containing sil-

icon atoms, such as the oxidation of silicon carbide44 as well

as silicene stabilized by bilayer graphene30.

Large systems consisting of semi-infinite strips under pe-

riodic boundary conditions for both edge morphologies, i.e.,

zigzag and armchair membranes (ZZM and ACM), were used

to study the dynamical aspects of fracturing processes. Typical

size of these membranes for ReaxFF simulations were 95Å by

100 Å, for armchair and zigzag edge terminated structures,

respectively. Smaller structures were considered for DFTB+
calculations, in which membrane sizes were 28Å and 28Å,

for armchair and zigzag edge terminated membranes, respec-

tively. All structures were initially thermalized using molecu-

lar dynamics (MD), in a NPT ensemble with the external pres-
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Table 1 Comparison between our data and available results in the literature. a0 is the lattice parameter, ∆ is the buckling value, dSi−Si is the

Silicon bond distance, C is the plane stiffness, ν is the Poisson ratio and εc is the critical strain. (ZZ) and (AC) stand for Zigzag and Armchair

directions, respectively. ’*’ means this value was estimated from the curve in Fig. 1 (g), from Topsakal and Ciraci18.

Method Structure a0 ∆ dSi−Si C ν εc

Ref. - Å Å Å N/m -

DFT-LDA10 Silicene 3.83 0.44 2.25 62 0.30 -

DFT - LDA24 Silicene 3.83 0.42 2.25 63.0 0.31 20

DFT-GGA-ours Silicene 3.83 0.48 2.28 - - -

ReaxFF-ours Silicene 3.80 0.67 2.3 - - -

SCC-DFTB-ours Silicene 3.87 0.59 2.32 - - -

DFT-GGA35 Silicene - - 62.4(ZZ)/59.1(AC) - -

DFT-GGA18 Silicene - - - 62.0 - -

DFT-GGA19 Silicene - 0.45 2.28 60.06(ZZ)/63.51(AC) 0.41(ZZ)/0.37(AC) 14(ZZ)/18(AC)

MD-EDIP35 ACM/ZZM - - - 64.6/65.0 19.5/15.5
SCC-DFTB-ours ACM/ZZM - 0.59 2.32 62.7/63.4 0.30/0.30 17/21

ReaxFF-ours ACM/ZZM - 0.67 2.3 43.0 0.28/0.23 15/30

DFT-GGA18 ACM - - - 51.0 - 23*

DFT-GGA19 Silicane - 0.72 2.36 54.50(ZZ)/54.79(AC) 0.25(ZZ)/0.23(AC) 33(ZZ)/23(AC)

DFT-GGA32 Silicane 3.93 0.72 2.38 52.55 0.24 -

sure value set to zero along the periodic direction before the

stretching process is started. This procedure guaranteed the

initial structures were at equilibrium dimensions and temper-

ature, thus excluding any initial stress stemming from thermal

effects. In order to simulate this stretching two different tem-

peratures were considered, 10K and 150 K, controlled either

by a Nose-Hoover45 or an Andersen46 thermostat as imple-

mented on LAMMPS and DFTB+, respectively. Strain was

generated by the gradual increase of the unit cell value along

the periodic direction. We have used time-steps of 0.05 f s and

a constant strain rate of 10−6/ f s was applied for the ReaxFF

simulations. For the SCC-DFTB we used time-steps of 1 f s

and applied a strain equal to 10−5 at intervals of 10 f s, re-

sulting in a strain rate of 10−6/ f s as in the ReaxFF case.

These conditions were held fixed until the complete mechan-

ical rupture of the membranes. Other strain rate values were

tested, ranging from 10−7/ f s to 10−3/ f s. It was verified that

for a value of 10−5/ f s or lower the results were equivalent.

This strain rate is comparable to the ones used in previous

studies28,33,35. Repeated runs under same conditions yielded

equivalent results.

In order to obtain useful information regarding the dynam-

ics of deformation and rupturing throughout the simulations,

we calculated the virial stress tensor47,48 which can be defined

as

σi j =
∑

N
k mkvki

vk j

V
+

∑
N
k rki

· fk j

V
, (1)

where N is the number of atoms, V is the volume, m the mass

of the atom, v is the velocity, r is the position and f the force

acting on the atom. Stress-strain curves were obtained con-

sidering the relation between the uniaxial component of stress

tensor in a specific direction, namely σii, and the strain de-

fined as a dimensionless quantity which is the ratio between

deformation along the considered direction and the length on

the same direction48

εi =
∆Li

Li
, (2)

where i = 1,2 or 3. Using this quantity it is also usefull to

define the Young Modulus, Y = σii/εi, and the Poisson ratio,

which is the negative ratio between a transverse and an axial

strain

ν =−
dεi

dε j

, (3)

where i 6= j. We also calculated a quantity

which is related to the distortion state of the sys-

tem, known as von Mises stress48, defined as

σvm =

√

(σ11−σ22)
2+(σ22−σ33)

2+(σ11−σ33)
2+6(σ

2
12+σ

2
23+σ

2
31)

2
, (4)

components σ12, σ23 and σ31 are called shear stresses. von

Mises stress provides very helpful information on fracturing

processes because, by calculating this quantity for each

timestep, it is possible to visualize the time evolution and

localization of stress on the structure. This methodology

was successfully used to investigate the mechanical failure

of carbon-based nano structures such as graphene, carbon

nanotubes49 and also silicon nanostructures48.
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10 H. Şahin, S. Cahangirov, M. Topsakal, E. Bekaroglu, E. Akturk, R. T.

Senger and S. Ciraci, Physical Review B, 2009, 80, 155453.

11 S. Cahangirov, M. Topsakal, E. Aktürk, H. Şahin and S. Ciraci, Physical
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