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germanene coupled by covalent bonding†
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Germanene, a two-dimensional buckled hexagonal structure of germanium atoms, has attractive

mechanical, optical, thermal and electronic features. Recently it has been reported that covalent bonding

between two monolayer germanene sheets leads to the integration of intrinsic magnetism and band gap

opening that makes it attractive to future nanoelectronics. In order to use the captivating features of this

structure, its mechanical characterization needs to be studied. In this study, molecular dynamics

simulations have been performed using optimized Tersoff potential to analyze the effect of chirality,

temperature and strain rate on the uniaxial tensile properties of this structure. This study suggests that

bonded bilayer germanene shows higher mechanical strength compared to monolayer germanene.

Uniaxial loading in the armchair direction shows higher fracture strength and strain compared to the

zigzag direction which is contrary to the monolayer germanene. It also reports that with increasing

temperature, both the fracture strength and strain of the structure decrease. It has been found that at

a higher strain rate, the material exhibits higher fracture strength and strain. Mechanical properties and

fracture mechanisms of defected structures have also been reported below the curie temperature.

Moreover, the interlayer shear characteristics of the bilayer structure have been looked into. These

results will provide significant insight to the investigation of this structure as a potential nano-electronics

substitute.
1. Introduction

Graphene, a single atom thick planar hexagonal array of sp2

bonded carbon atoms, attracted immense interest among
researchers due to its novel mechanical,1–4 electrical5–7 and
other physical8,9 properties that have made it the most exten-
sively studied two-dimensional material. The discovery of gra-
phene paved the way for the discovery of other members of
group-IV elemental 2D atomic-layer systems including sili-
cene, germanene and stanene.

Germanene, the graphene based analogue of germanium,
was predicted to exist and have a stable, two-dimensional, low-
buckled, honeycomb structure in 2009.10 Synthesis of free
standing germanene has not yet been achieved. At rst, the
hydrogenated partner of germanene (germanane) was synthe-
sized by wet chemistry starting from solid calcium digermanide
(CaGe2),11 which was then stabilized by methyl replacement of
the H termination.12 Synthesis of germanene on a Pt surface was
rst reported by Li, et al.13 Nearly at the same time, germanene
had also been grown by dry deposition of germanium onto Au
surface14 followed by growth of continuous germanene layer on
ngladesh University of Engineering and
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Al reported by Derivaz et al.15 Recently it has been shown that
few layer germanene grown on Au, allows reduced interaction
resulting in better Dirac fermion characteristics compared to
monolayer germanene.16

Unlike graphene, the energy needed to hybridize p orbitals is
much less in free standing germanene, and also due to the Ge–
Ge bond being much larger than C–C bond, weak overlapping
between the pz orbitals make pi bond formation difficult in
germanene. So, mixed sp2 and sp3 hybridization leads to
a buckled structure.17–19

Despite having remarkable properties, the integration of
graphene in the current Si and Ge based technology seems to be
challenging compared to silicene and germanene.20 Another
advantage both silicene and germanene have over graphene is
due to the buckled structure that makes it possible to open
a tunable bandgap by vertical electric eld.21 The potential
optical and optoelectronic applications22,23 predicted robust 2D
topological insulator character nearly up to room temperature
resulting from the large effective spin–orbit coupling,24 opening
the way to the quantum spin Hall effect,25,26 the possibility of
very high Tc superconductivity,27 suitability of being anode
material in Na and Li-ion batteries28 all make germanene
a potent 2D material.

A recent study done by Wang et al.29 revealed that intrinsic
magnetism and band gap opening can be simultaneously ach-
ieved in 2D bilayer silicene and germanene system if strong
RSC Adv., 2019, 9, 34437–34450 | 34437
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Fig. 1 (a) Two AB stacked 75 Å � 75 Å germanene sheets coupled by
covalent bond along with its loading directions (b) view along zigzag
direction (c) view along armchair direction with interlayer and intra-
layer bond lengths.

Table 1 Parameters for optimized Tersoff potential for germanene

A ¼ 1760.1 eV B ¼ 415.0 eV l1 ¼ 2.4451 Å�1 m ¼ 3
l2 ¼ 1.71 Å�1 l3 ¼ 0.000 Å�1 n ¼ 0.75627 lijk ¼ 1
C ¼ 106 430 b ¼ 5.017 � 10�7 d ¼ 15.2
cos q0 ¼ �0.35 R ¼ 2.95 Å D ¼ 1.25 Å
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covalent interlayer bonds are established. The bonds break the
original pi bonding network within each layer leaving localized
and unpaired electrons that are able to carry magnetic
moments. So, presence of interlayer bonds can turn nonmag-
netic germanene sheets into innite magnetic sheets where the
atoms couple ferromagnetically within each layer while anti-
ferromagnetically between two layers with an estimated curie
temperature of 33 K which is much lower than room tempera-
ture. Many potential applications of the bilayer bonded ger-
manene structure shown in this study can be realized in future
nanoelectronics, spin-based computation and data storage.

A study done by Sharma et al. suggested that adsorption of Li
atoms at hollow sites of this structure is energetically favorable
and it can serve as a prospective anode material for Li-ion
batteries.30 Although a number of studies have been per-
formed on the mechanical,31,32 electrical,20,33 optical34 and
magnetic35,36 properties of single layer germanene and
magnetic29 properties of bilayer germanene, there is hardly any
research found on the mechanical properties of bilayer bonded
germanene structure (BBGS). The study of mechanical proper-
ties of this BBGS under various loading conditions is critical in
order to utilize this material in designing electronic compo-
nents. This work aims to explore the mechanical properties of
this structure with the help of Molecular Dynamics (MD) using
optimized Tersoff potential. MD is a simulation method that
has been applied by many researchers effectively to investigate
mechanical properties of two-dimensional materials.37–40

In this study the effect of tensile loading along the armchair
and zigzag directions at different temperatures have been
investigated and compared with the single layer germanene
structure. Effect of various strain rates have also been studied.
As exfoliation is the only synthesis process of germanene so far,
structural defects like vacancies and Stone–Thrower–Wales
(SW) are common in germanene. Presence of these defects
enables germanene to sense gas molecules.41 In this study the
effect of defects onmaterial strength at a temperature below the
curie temperature has also been reported.

Interlayer shear between germanene sheets plays an impor-
tant role in germanene-based materials and devices. To shed
light on the interlayer shear mechanism between germanene
sheets, the interlayer shear characteristics subjected to pulling
force along both the armchair and zigzag directions have been
studied.

2. Methodology

To investigate the mechanical properties of bonded bilayer
germanene sheets MD simulations have been performed in
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).42 The simulation model used in this study is shown
in Fig. 1. This simulation model has previously been used to
investigate magnetic property and band gap opening of bilayer
germanene29 and also to investigate the suitability of bi-layer
germanene for Li absorption.30 The intra-layer and inter-layer
bond lengths are 2.475 Å and 2.678 Å respectively. The cova-
lent interlayer bonds in the BBGS are generated by moving the
bottommost atom of the buckled top layer and the topmost
34438 | RSC Adv., 2019, 9, 34437–34450
atom of the buckled bottom layer to the bond distance forming
AB stacking conguration. The armchair and zigzag directions
of the BBGS are oriented along the X and Y axes, respectively.
Periodic boundary conditions are applied in both the X and Y
directions to reduce the nite length effect, while a sufficiently
large vacuum depth of 35 Å is applied on both sides in Z
direction in order to decouple the periodic images. The
dimension of the model is 75 Å� 75 Å consisting of 1440 atoms.
This size has been chosen because all the mechanical properties
of the bilayer model converge with this size as the size of the
model is gradually increased from 46 Å � 47 Å under periodic
boundary condition (details of the effect of size are in Section 1
of ESI†).

To dene atomic interactions, optimized Tersoff potential
parameters for germanene have been used.19,43 In Tersoff
potential, cutoff function is found to overestimate the
maximum force needed to break an interatomic bond.44

Previous studies32,45 indicate that it consequently contributes to
the overestimation of stress and strain. In order to prevent this
anomalous overestimation, the small cutoff is decreased and
the large cutoff is increased. The optimized parameters used in
this study are listed in Table 1. (Details of the optimized
potential parameters are in Section 2 of ESI†). The results
indicate that this atomic potential maintains the initial buckled
structure of germanene in both layers (Fig. 2) during the
structure relaxation and equilibrium.

The equations of atomic motion are integrated with a time
step of 0.001 picosecond. Geometries are relaxed using conju-
gate gradient (cg) minimization scheme. Aer geometry
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Snapshot of bilayer bonded germanene after energy, pressure
and thermal equilibration. The structure is seen well relaxed and the
buckled form remains true.

Fig. 3 Stress strain curves of monolayer germanene sheet along the
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relaxation, to equilibrate the system, equilibration simulations
are performed using NVE (microcanonical ensemble) for 200
picoseconds. Then Pressure equilibration is performed for 200
picoseconds using NPT (isothermal isobaric ensemble) at
a pressure of 1 bar. NPT simulation results in reconguration of
the structure and removes internal stress developed. Subse-
quently, NVT (canonical ensemble) is executed for 100 pico-
seconds (ps) for thermal equilibrium.

The atomic stress values of each atom during deformation in
the simulation system is calculated based on the denition of
virial stress, which is expressed as46

sij ¼ 1

UTot

X
a¼1;n

 
1

2
mavi

avj
a þ

X
b¼1;n

rab
irab

j

|rab|

dV

drab

!
(1)

Here i and j denote the indices in Cartesian coordinate systems
1, 2, and 3, while a and b are the atomic indices.

The summation is over all the atoms occupying total volume
UTot,ma and va denote themass and velocity of atom a. rab is the
distance between atoms a and b. The term dV/drab is the scalar
of force exerted on atom a by atom b.

In order to simulate the tensile loading, the model structure
is stretched in both armchair and zigzag directions. Tempera-
ture is varied from 25 K to 400 K at constant strain rate of 0.01
ps�1 to determine temperature dependency. The effects of
loading direction and temperature have been compared with
those of single layer germanene. Further strain rates of 0.001,
0.01, 0.02, 0.05 ps�1 are used to investigate strain rate depen-
dency. Defective BBGS is subjected to uniaxial tensile loading at
a constant temperature of 25 K and strain rate of 0.01 ps�1. Five
different types of defects are investigated. First type is a mono-
vacancy created by removing a single atom of the top layer while
the second type corresponds to mono-vacancy defect in each
layer of the structure.47 While creating mono-vacancy one atom
approximately from the center of the sheet's layer is removed.
Third type of defect is bi-vacancy in both layers where two
adjacent atoms from each layer are removed. Two types of Stone
This journal is © The Royal Society of Chemistry 2019
walls (SW) defects are created on both layers. SW-1 defect is
produced by rotating a horizontal intra-layer Ge–Ge bond by
90�, while in SW-2 defect an angular intralayer Ge–Ge bond is
rotated by 90�.

Finally, behaviours of BBGS under shear loading is investi-
gated by applying a displacement loading. Before doing so, the
system is equilibrated at 5 K for 50 ps (following Wang S. et al.48)
in which the bottom layer is totally xed and the upper layer can
move freely in the x and y directions. The top layer is then
moved at a constant speed of 1.0 m s�1 with a time-step of 0.2 fs
at 5 K in both armchair and zigzag directions.

Considering the equilibrium van der Waals interaction
distance of 4.22 Å for germanene49 and an interlayer distance of
2.668 Å, an effective thickness of 6.898 Å is used in this study.
Due to the buckled structure of germanene, the thickness in the
germanene structure cannot be easily determined experimen-
tally. This ambiguity for the thickness of mono-atomic crystal
structures such as germanene and similarly silicene, graphene
and carbon nanotubes has been discussed in previous
studies.50–52 So, stresses and elastic moduli of the system are
reported in force per unit length (GPa nm or Nm�1) rather than
force per unit area (Pa).50,52
3. Results and discussions
3.1. Methodology validation

In order to validate the optimized Tersoff potential and
computational results, MD simulations have been carried out
on a monolayer germanene to determine its Young's modulus
and ultimate tensile strength (UTS) in the armchair and zigzag
directions. A monolayer germanene sheet containing 64 atoms
is elongated in both armchair and zigzag directions at a strain
rate of 0.003 ps�1 and at a temperature of 300 K.53 The
computational results have been shown in Table 2 and the
corresponding stress strain behaviour along the armchair
direction has been depicted in Fig. 3.

These results are in good agreement with previous
studies.32,53,54 In order to eliminate stress overestimation, cutoff
function is removed from the Tersoff potential in the study of
armchair direction.

RSC Adv., 2019, 9, 34437–34450 | 34439
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Fig. 5 Atomic configuration (a) before application of strain (b) just
before fracture in case of zigzag loading.

Table 2 Mechanical properties of monolayer germanene sheet

References

2D Ultimate tensile
strength, N m�1

Strain at maximal stress,
%

2D Young's modulus, N
m�1

Armchair Zigzag Armchair Zigzag Armchair Zigzag

Our calculation 5.66 6.02 16.32 17.73 42.01 36.42
Fracture study by Minh-Quy Le32 4.6 5.1 15.9 21.4 37.5 36
DFT calculations by Mortazavi et al.53 4.7 4.1 20 20.5 44 43.4
DFT calculations by Zhang and Wang54 41.4 41.4
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Minh-Quy Le32 which is not done in this study leading to slightly
higher values of strength.

The cohesive energy (eV per atom) is calculated to be 2.93 eV
at 0.2 K which is in agreement with the values from previous
studies by Kaloni (3.09 eV)55 and Minh-Quy Le (3.02 eV).32 The
agreement of results also veries the effectiveness of optimized
Tersoff potential for germanene in the analysis of germanene
based structures. All the results shown in the manuscript are
subjected to statistical error of �1% in UTS, �2% in fracture
strain and�0.05% in Young's modulus (details of error analysis
are in Section 3 of the ESI†).

3.2 Effect of loading direction on fracture stress and strain

The bonded bilayer germanene structure has been stretched
along both the armchair and zigzag directions at a constant
strain rate of 0.01 ps�1 and at a constant temperature of 25 K to
determine the material properties along both directions. In
order to compare the result with bilayer germanene sheet,
a single layer germanene sheet has been modelled and similar
loading test has been performed in this case too as shown in
Fig. 4.

In case of bilayer germanene, the overall strength is found to
increase due to the contribution of covalent bonding between
Fig. 4 Stress strain curves for tensile loading test of (a) monolayer german
and zigzag directions.

34440 | RSC Adv., 2019, 9, 34437–34450
the two layers. The strength increases from �6.28 N m�1 in
single layer to �18.7 N m�1 in bilayer for armchair direction
and from �6.85 N m�1 in single layer to �14.6 N m�1 in bilayer
for zigzag direction. This nding is in agreement with previous
study of Mahata et al. for single layer and bilayer stanene.56 The
results reveal that in case of single layer germanene sheet,
tensile strength along the zigzag direction is higher than that of
the armchair direction, which is in accordance to the effect of
ene sheet (b) bilayer germanene sheets at 25 K along both the armchair

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Atomic configuration past the yield strain (�20%) at (a) 25%
strain and (b) 32% strain in zigzag loading.

Fig. 6 Atomic configuration (a) before application of strain (b) just
before fracture in case of armchair loading.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 2
:1

9:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chirality as found in previous studies of monolayer germa-
nene31,32 and many other similar studies of graphene,57 sili-
cene,39 stanene58 etc. However, the opposite effect is observed in
case of bilayer germanene sheets, where tensile strength along
the armchair direction is higher than that of the zigzag direc-
tion. Greater strength along the armchair direction than the
zigzag direction has also been reported previously in the study
of Mortazavi et al.53 in rst principle investigation of germanene
and also in the study of Mahata et al.56 in single and bi-layer
stanene.

In single layer Ge sheet, when strain is applied along the
zigzag direction, no chemical bond is parallel to the loading
direction. The bond angles undergo deformation and suppress
the elongation of the zigzag bonds. On the other hand, when
armchair loading is applied, some bonds that are parallel to the
loading direction get elongated easily and consequently break
at a much lower strain. So, the fracture strain of monolayer
sheet in the zigzag loading (�22%) is much higher than that of
the armchair loading (�17%) as shown in Fig. 4(a).
Fig. 7 Stress strain curves of bonded bilayer germanene at different t
directions.

This journal is © The Royal Society of Chemistry 2019
However, different scenario occurs in the BBGS in case of
armchair and zigzag loadings. In Fig. 5 and 6, the atomic
congurations during both type of loading in BBGS are visually
represented. The atoms in the bottom layer of the structure have
been illustrated in red colour while the atoms in the upper layer
have been illustrated with blue colour. In Fig. 5(a), the bond
between a & b represents all the interlayer bonds and the bonds
between a & c and a & d represent all the similar intralayer
bonds. Atom marked with b is just beneath atom a and they
share an interlayer bond.

In case of zigzag loading in the BBGS, the deformation of
bond angles gets hindered due to the presence of interlayer
bonds. When loading is applied along the zigzag direction,
bond angles of both layers corresponding to atoms a and
b would tend to enlarge. They come to a position as shown in
Fig. 5(b) just before fracture and the bond angle cannot deform
any further. So, bond angle deformation is much lower here
than in single layer Ge sheet. When further loading is applied,
the bond a–c tends to elongate towards the loading direction
but the interlayer bond a–b restricts the movement of a. This
causes stress concentration and breakage of the bond a–c at
emperatures under tensile loading along (a) armchair and (b) zigzag

RSC Adv., 2019, 9, 34437–34450 | 34441
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Fig. 9 Effect of temperature on the (a) ultimate tensile strength (b) Young's modulus (c) fracture strain of bothmonolayer and bilayer germanene
sheet.
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a strain of about 19% at a temperature of 25 K whereas fracture
strain of single layer sheet is �22%. So, in case of zigzag
loading, the structure fails due to the rupture of intralayer
bonds like a–c.

In case of armchair loading, it is observed from Fig. 6(a) and
(b) that, the bond a–b and all the other similar horizontal
intralayer bonds that are parallel to the loading direction get
elongated. The interlayer bonds do not cause any hindrance in
these elongations because both the layers get elongated equally
and simultaneously. So, the bonds break at a fracture strain of
about 27% at 25 K which is higher than that of zigzag loading.
3.3 Effect of temperature on mechanical properties

The mechanical properties of BBGS are investigated by per-
forming simulations at different temperatures ranging from 25
K to 400 K. Uniaxial tensile loadings in both armchair and
Fig. 10 Stress strain curves for defected bonded bilayer germanene shee

34442 | RSC Adv., 2019, 9, 34437–34450
zigzag directions at a strain rate of 0.01 ps�1 have been applied.
The obtained stress–strain curves at different temperatures are
shown in Fig. 7. Temperature exerts strong effect on the fracture
strength and fracture strain. An increase in temperature causes
the ultimate strength and fracture strain of germanene sheet to
decrease in both armchair and zigzag directions. This happens
due to the increased mean distance between the atoms result-
ing from high atomic mobility.

For instance, the ultimate tensile strength (�13.9 N m�1) of
the BBGS in armchair loading at 400 K is about 8% and 26%
lower than those at room temperature (�15.1 N m�1) and at 25
K (�18.7 N m�1) respectively. While in zigzag loading the UTS
(�11.3 Nm�1) at 400 K is about 7% and 23% lower than those at
room temperature (�12.1 N m�1) and at 25 K (�14.6 N m�1)
respectively. The fracture strain also reduces from �27% to
�18% in armchair loading and �20% to �16% in zigzag
ts in case of (a) armchair loading (b) zigzag loading at 25 K temperature.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Stress concentration in defected BBGS having point vacancy in center in case of (a) armchair loading (b) zigzag loading and bi-vacancy in
the center in case of (c) armchair loading (d) zigzag loading just before the initiation of failure. The colour contour represents the atomic stress
level.
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loading in temperature range of 400 K to 25 K. The Young's
modulus reduces by �22% (from �140.2 N m�1 at 25 K and
�109.5 N m�1 at 400 K) in case of armchair loading and by
�19% (from �133 N m�1 at 25 K and �108 N m�1 at 400 K) in
case of zigzag loading. This nding is in accordance with the
temperature dependency of UTS and fracture strain of pristine
monolayer germanene,31 graphene,57 silicene.39 It is also
This journal is © The Royal Society of Chemistry 2019
observed that with the temperature rise, the ultimate strength,
fracture strain and Young's modulus in armchair directional
loading reduce more signicantly compared to that of zigzag
loading which is also consistent with previous studies.58

For armchair direction the fracture pattern is more brittle in
nature than zigzag direction and no apparent plastic deforma-
tion is observed in the stress–strain curves. Sudden drops in the
RSC Adv., 2019, 9, 34437–34450 | 34443
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stress curves can be attributed to the major atomic rearrange-
ment past the yield point of the BBGS. For zigzag loading, aer
going past the yield point, due to relative position of the two
layers, there occurs an atomic rearrangement where the atoms
that were previously non-bonded come close and form new
bonds as shown in Fig. 8(a) and (b). These newly created bonds
do not break abruptly. So, aer the initiation of the rst crack,
the propagation of the crack gets hindered due to recongured
structure which is shown in the darkened portion of Fig. 8(a)
and (b). That is why the structure shows a ductile behaviour and
the curves do not fall as sharply as in the case of armchair
loading.

A similar loading test has been performed for single layer
germanene structure at the same strain rate and same range of
temperatures to highlight the differences between the two
structures as shown in Fig. 9. It is observed that the percentage
of reduction in UTS, fracture strain and Young's modulus while
decreasing temperature is more signicant in case of bilayer
structure than single layer structure. In case of single layer
structure, the UTS reduces by �19% in zigzag direction and
�16% in armchair direction, whereas in BBGS it reduces by
�22% and �26% in these directions, respectively. In case of
fracture strain, it is observed that fracture strain along the
zigzag direction is higher in monolayer germanene than in
bilayer germanene at all temperatures due to the geometrical
imperfections created by the interlayer bonds that leads to
reduction in fracture strain.56
3.4 Effect of defects on mechanical properties

Different types of defects have been introduced in the BBGS
system to investigate the mechanical properties of the defected
systems at a temperature of 25 �C. The formation energies of all
the defects have been reported in the study of Padilha et al. and
it is observed that Stone Wales defect is most likely to occur in
germanene as it has the lowest formation energy.59 The ob-
tained stress–strain curves are shown in Fig. 10. It is revealed
from the results that all the defected germanene structures have
lower UTS and lower fracture strain compared to that of the
Fig. 12 Change in atomic configuration due to (a) SW-1 and (b) SW-2 d

34444 | RSC Adv., 2019, 9, 34437–34450
pristine structures. Key observation here is that, presence of
defect has less effect on the structure when it is subjected to
zigzag loading.

3.4.1 Point vacancy and bi-vacancy defects. With mono-
vacancy in one layer, the atom between atoms a & b is missing as
shown in Fig. 11(a). So, a new bond is formed here between
a and b which is the longest bond present in the structure. This
bond is more inclined towards armchair direction. So, when
loading is applied in the armchair direction, stress is concen-
trated mostly in this bond and eventually it breaks causing the
failure of the structure. For bivacancy, stress concentration
occurs only in the atoms adjacent to the defect which is shown
in Fig. 11(c). But in case of zigzag loading in Fig. 11(b) and (d),
stress is concentrated not only near the point of defect but also
it is scattered at many intra-layer bonds at the same time due to
the reason explained in the previous Section 3.2. A similar
scenario occurs when the point vacancy is present in both
layers. As a result, the presence of these defects in zigzag
loading cannot play a signicant role.

3.4.2 SW-1 and SW-2 defects. Effect of SW-1 and SW-2
defects have been observed for both armchair and zigzag
loadings. It is seen that along the armchair loading direction,
the UTS with SW-1 defect is lower than the UTS with SW-2
defect, while the reverse effect is seen in zigzag loading direc-
tion. This result is in agreement with the previous study on
monolayer germanene.31

SW-1 defect has been created by 90-degree rotation of the
bond a–b as shown in Fig. 12(a). From the gure it is observed
that due to this defect, bond a–c and other similar bonds close
to the defect become the largest bonds. All these bonds are
more inclined towards the armchair direction and away from
the zigzag direction. So, as shown in Fig. 13(a), when loading is
applied along the armchair direction, stress concentration
occurs in all the bonds close to the rotated bond. This is why the
UTS is lower when SW-1 defect is present in bilayer bonded
germanene structure.

Its observed from Fig. 13(b) that when loading is applied in
the zigzag direction, stress concentration does not occur in the
atoms near the rotated bonds, rather it occurs in the other
efects.

This journal is © The Royal Society of Chemistry 2019
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Fig. 13 Stress concentration in defected germanene bilayer structure having SW-1 defect in both layers in the center in case of (a) armchair and
(b) zigzag loading and SW-2 defect in both layers in the center in case of (c) armchair and (d) zigzag loading just before the initiation of failure. The
colour contour represents the atomic stress level.
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atoms. So, effect of SW-1 defect is low here as in cases of other
defects discussed earlier.

SW-2 defect has been created by 90-degree rotation of the
bond c–d as shown in Fig. 12(b). From the gure it can be
observed that due to this defect, the bond c–e and other similar
bonds near the defect become the largest bonds. These bonds
are pushed towards the zigzag direction and away from
armchair direction. By noticing Fig. 13(c), it is observed that in
case of armchair loading the defect is not causing that much
stress concentration, so its effect is not very signicant.

It is to be noted that SW-2 defect has the lowest effect in the
tensile strength of the bilayer structure in case of armchair
loading. In case of zigzag loading as shown in Fig. 13(d), stress
concentration occurs near the defect unlike the case for SW-1
defect. So UTS is lower in case of SW-2 defect than SW-1 for
zigzag loading.
This journal is © The Royal Society of Chemistry 2019
3.5 Effect of strain rate on mechanical properties

The strain rate is an important factor affecting the mechanical
properties of bonded bilayer germanene in the light of kinetic
theory of solid fracture. The inuence of different strain rates
on stress strain curves is depicted along both the armchair and
zigzag directions as shown in Fig. 14.

In case of armchair loading the UTS is increased by �1.4%
from (�18.5 N m�1 at 0.001 ps�1 to �18.76 N m�1 at 0.05 ps�1)
and in case of zigzag loading the UTS is increased by �4.33%
from (�14.33 Nm�1 at 0.001 ps�1 to�14.95 Nm�1 at 0.05 ps�1).
This is a common phenomenon because slower strain rate
allows more time for the thermal uctuation of atoms and
therefore increasing the chance for the atoms to overcome the
energy barrier required for breaking bonds. As a result, at
higher strain rate material shows higher strength due to not
RSC Adv., 2019, 9, 34437–34450 | 34445
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Fig. 14 Stress strain curves of bonded bilayer germanene at different strain rate under tensile loading along (a) armchair and (b) zigzag directions
at 25 K temperature.
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getting sufficient time to break the bonds. However, compared
to the temperature effect on the fracture strength, the strain rate
effect is less signicant in terms of magnitude. It is also
observed that at higher strain rate, the zigzag loading direction
shows ductile failure due to atomic reconguration beyond
yield point.

Effect of strain rate on fracture strength at different
temperatures for both armchair and zigzag loading is depicted
in Fig. 15. It is observed that the effect of strain rate is also liable
to temperature change. Very little effect on fracture strength is
seen at low temperature (25 K) in armchair loading. For zigzag
Fig. 15 Effect of strain rate on the fracture strength in case of (a) arm
different temperatures (results are represented in logarithmic scale).

34446 | RSC Adv., 2019, 9, 34437–34450
directional loading the change is more signicant. At elevated
temperature (300 K) the slope is steeper in both armchair and
zigzag directional loading. This behaviour is consistent with
previous studies.58

A general relationship between fracture stress and strain
rate, at constant temperature and strain is

s ¼ C�3m (2)

It can be written as,

ln s ¼ ln(C) + m ln �3 (3)
chair loading and (b) zigzag loading of bonded bilayer germanene at

This journal is © The Royal Society of Chemistry 2019
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where s is the fracture stress, �3 is the strain rate, C is a constant
and m is a coefficient known as the strain-rate sensitivity. The
strain-rate sensitivity (m) may be dened as the ratio of the
incremental change in ln(s) to the resultant change in ln(3), at
a given strain and temperature. m is obtained from the slope of
the plot of Fig. 15 and represented in Table 3. It can be seen that
temperature has a strong effect on the strain-rate sensitivity. At
low temperatures it is signicantly low while it increases
dramatically at the temperatures of 200 K and 300 K. It is also
observed that in case of armchair loading m has a higher value
at higher temperature. It can be understood that the fracture
strength of bonded bilayer germanene is less sensitive to strain
rate at a temperature below 200 K.
3.6 Effect of interlayer shear loading

The response of bonded bilayer germanene structure under
interlayer shear loading is investigated at 5 K temperature. The
interlayer shear characteristics are plotted in Fig. 16 for both
armchair and zigzag loadings. The periodic stress response is in
well agreement with previous studies of graphene.48,60
Fig. 16 Stress strain behaviour of bilayer bonded germanene structure un

Table 3 Strain rate sensitivity values from curve fitting for different
loading conditions and temperatures

Temperature

m

Armchair directional
loading

Zigzag directional
loading

25 K 0.003 0.011
100 K 0.027 0.023
200 K 0.049 0.042
300 K 0.066 0.043

This journal is © The Royal Society of Chemistry 2019
3.6.1 Interlayer shear along the armchair direction. The
top layer is displaced with respect to the bottom layer along the
armchair direction to obtain the interlayer shear characteristics
of BBGS as shown in Fig. 16(a). Due to the periodicity of ger-
manene lattices, the interlayer shear characteristics are
repeated in every shear strain of m(x)/a ¼ 2.8, where a is the
interlayer bond length, and m(x) is the total displacement of the
top sheet along the armchair direction.

In Fig. 17, the initial position of the system is shown in A.
The system is at A–B stacking in the initial stable position where
the two layers are bonded together. When the system is dis-
placed from this initial position, shear force acts in an opposite
direction to prevent that movement. This opposing shear stress
keeps increasing up to m(x)/a ¼ 0.55 where it reaches its
maximum value of nearly 628MPa. When the top layer is further
displaced, the shear stress decreases and reaches zero at m(x)/
a ¼ 0.75 at position B (the strains corresponding to the atomic
congurations in Fig. 17 and 18 are marked in Fig. 16). From
there the system approaches A–A stacking, acquires A–A stack-
ing at position C (shown in Fig. 17) and holds its inuence until
position D. Due to the relative position of the two layers in this
B–C–D range, the corresponding shear force is comparatively
low. It is observed that in A–A stacking the distance between the
atoms of the two layers is 3.14 Å, so no covalent bond can be
formed in this stacking. Hence less force is required to displace
the top sheet in this range. When the top layer is further
translocated from D, the shear force remains zero through the
D–E–F region because in position E shown in Fig. 17, the
topmost atoms of the top layer are above the bottommost atoms
of the lower layer, so the interaction between the two layers
become very less as their distance (3.81 Å) exceeds the cutoff of
the potential between the two layers. When further displace-
ment from position F is applied, shear force favours the
displacement until it reaches G completing one period.
der shear loading along (a) armchair direction and (b) zigzag direction.

RSC Adv., 2019, 9, 34437–34450 | 34447
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Fig. 18 Configurations at different shift positions while interlayer sliding along zigzag direction.

Fig. 17 Configurations at different shift positions while interlayer sliding along armchair direction.
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3.6.2 Interlayer shear along the zigzag direction. The top
layer is displaced with respect to the bottom layer along the
zigzag direction to obtain the interlayer shear characteristics of
bilayer bonded germanene system as shown in Fig. 16(b). Due to
the periodicity of germanene lattices, the interlayer shear
characteristics are repeated in every shear strain of m(y)/a ¼
1.55.

Aer the system is displaced from initial position as shown
in Fig. 18 with conguration A, shear force rst opposes the
movement increasingly up to m(y)/a ¼ 0.52 where it reaches
maximum value of 600 MPa. Then with further displacement,
shear force decreases and reaches zero at m(y)/a ¼ 0.8.

Then with further displacement, the shear force favours the
movement and so the shear stress remains negative until one
period is completed. It is observed that the shear strength is
higher by �5% along the armchair direction when compared to
34448 | RSC Adv., 2019, 9, 34437–34450
the zigzag direction. Interlayer bonds are broken when the top
layer tries to slide with respect to the bottom layer. It is observed
that the number of bonds per unit area that break under
armchair loading is higher than that of zigzag loading direction.
So, when shear loading is applied on the top layer along the
armchair direction, more bonds have to be broken, so more
force is required to displace it. Hence, the shear strength is also
higher in this direction.
4. Conclusions

Presented herein is the investigation of mechanical properties
of bonded bilayer germanene structure using optimized Tersoff
potential with MD simulations. It is found from the study that
fracture strength of bilayer germanene is sensitive to chirality,
temperature, defects and strain rate. Fracture strength along
This journal is © The Royal Society of Chemistry 2019
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the armchair direction is found to be greater than that along the
zigzag loading direction which is an interesting phenomenon
for 2D honeycomb structures. Higher temperature reduces
fracture strength and fracture strain and these reductions are
more signicant in case of armchair loading. It has been
observed that temperature has more signicant effect in case of
the bilayer structure than the single layer structure. Moreover, it
is found that higher strain rate results in higher fracture
strength. However, this effect is less signicant than that of
temperature. Analysis of strain rate sensitivity shows that the
structure is more sensitive to strain rate variation in higher
temperatures. In this research, ve different defected structures
have been studied and the results reveal that in case of zigzag
loading, presence of defects has less effect on mechanical
properties. Further analysis shows that bi-vacancy on both
layers causes maximum reduction in fracture strength in both
loading directions, while mono-vacancy on a single layer causes
the minimum change in this property. The interlayer shear
characteristics have also been elucidated in this study. Shear
strength along the armchair direction is found to be higher than
that of the zigzag direction for the BBGS. In summary, this study
reveals the effect of temperature, defects and strain rate on the
mechanical properties of bilayer germanene sheets coupled by
covalent bonding as well as interlayer shear characteristics and
it is expected to serve as a guide for further analysis of germa-
nene based structure in nanoelectronics applications.
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